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ABSTRACT

Objective: Cav3.2, a T-type low voltage-activated calcium channel widely expressed throughout the central nervous system, plays a vital role in
neuronal excitability and various physiological functions. However, the effects of Cav3.2 on energy homeostasis remain unclear. Here, we
examined the role of Cav3.2 expressed by hypothalamic GABAergic neurons in the regulation of food intake and body weight in mice and explored
the underlying mechanisms.

Methods: Male congenital Canath (the gene coding for Cav3.2) global knockout (Cav3.2K0) mice and their wild type (WT) littermates were first
used for metabolic phenotyping studies. By using the CRISPR-Cas9 technique, Cav3.2 was selectively deleted from GABAergic neurons in the
arcuate nucleus of the hypothalamus (ARH) by specifically overexpressing Cas9 protein and Cav3.2-targeting sgRNAs in ARH Vgat (VgatARH)
neurons. These male mutants (Cav3.2K0-Vgat"™) were used to determine whether Cav3.2 expressed by Vgat*™" neurons is required for the
proper regulation of energy balance. Subsequently, we used an electrophysiological patch-clamp recording in ex vivo brain slices to explore the
impact of Cav3.2K0 on the cellular excitability of Vgat*™ neurons.

Results: Male Cav3.2K0 mice had significantly lower food intake than their WT littermate controls when fed with either a normal chow diet (NCD)
or a high-fat diet (HFD). This hypophagia phenotype was associated with increased energy expenditure and decreased fat mass, lean mass, and
total body weight. Selective deletion of Cav3.2 in Vga’fARH neurons resulted in similar feeding inhibition and lean phenotype without changing
energy expenditure. These data provides an intrinsic mechanism to support the previous finding on ARH non-AgRP GABA neurons in regulating
diet-induced obesity. Lastly, we found that naringenin extract, a predominant flavanone found in various fruits and herbs and known to act on
Cav3.2, decreased the firing activity of Vgat*™ neurons and reduced food intake and body weight. These naringenin-induced inhibitions were fully
blocked in Cav3.2K0-Vgat"™ mice.

Conclusion: Our results identified Cav3.2 expressed by VgatARH neurons as an essential intrinsic modulator for food intake and energy ho-

meostasis, which is a potential therapeutic target in the treatment of obesity.
© 2021 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION Cav1.2, Cav1.3, and Cav1.4), P/Q-type (Cav2.1), N-type (Cav2.2), R-

type (Cav2.3), and T-type (Cav3.1, Cav3.2, and Cav3.3) [1—4]. T-

Neuronal functions, including action potential (AP) generation,
neurotransmitter release, and synaptic plasticity, are tightly modu-
lated by the cytosolic calcium ion (Ca2+), the most common signal
transduction element in neurons and excitable cells. Voltage-gated
calcium channels (VGCCs) are widely expressed in mammalian
neurons and excitable cells. They are subdivided into L-type (Cav1.1,

VGCCs are widely expressed in tissues throughout the body, including
the central nervous system (CNS) [2,5—7]. They have been reported
to play a vital role in the proper regulation of neuronal firing patterns
and burst-firing activity in the CNS, and contribute to various phys-
iological functions, including sleep regulation [8,9], acute itch [10],
and pain [11].
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It is well established that the hypothalamus is an essential brain
structure for the regulation of feeding behavior and energy homeo-
stasis [12—15]. One of the vital hypothalamic nuclei engaging in this
regulation is the arcuate nucleus of the hypothalamus (ARH). Several
lines of studies have suggested that ARH neurons that express an
amino acid neural transmitter gamma-aminobutyric acid (GABA) play a
vital role in promoting food intake and inhibiting energy expenditure
[16—18]. Recent studies revealed that GABA transmission mediates
the orexigenic effects of classic agouti-related peptide (AgRP) and
other GABAergic neurons in the ARH [16,18,19]. Activation of
GABAergic, agouti-related protein (AgRP), or non-AgRP GABAergic
neurons in the ARH leads to hyperphagia and obesity. In contrast,
inhibition of GABA+-, but not AgRP neurons in the ARH reduces aging-
related weight gain and alleviates leptin deficiency-induced obesity
[16]. Together, modulation of ARH GABAergic neuron activity is a
fundamental mechanism for body weight regulation. There is a po-
tential to prevent obesity by inhibiting ARH GABAergic neurons.

Most of the previous studies focused on the effects of Cav3.2 on
neuronal firing activity control in the regulation of anxiety [20], memory
[20], chronic pain [11], and epilepsy [21—23]. However, the role of
Cav3.2 in feeding behavior and energy homeostasis is still not well
understood. Here, we first used a germline loss-of-function mouse
model to examine the effects of Cav3.2 on feeding behavior and energy
balance in a normal chow diet (NCD) or high-fat diet (HFD) fed con-
dition. Mice with Cav3.2 selectively deleted from vesicular GABA
transporter (Vgat)-expressing ARH neurons (Vgat"™) were used to
examine the roles of Cav3.2 expressed by ARH GABA -+ neurons in
energy homeostasis. We explored the potential Cav3.2-dependent
mechanisms in the beneficial metabolic effects mediated by the
supplementation of naringenin, a predominant flavanone in a variety of
fruits and herbs. Our studies provide compelling evidence to support
targeting Cav3.2 expressed by ARH GABA + neurons in the treatment
of obesity and related metabolic diseases.

2. METHODS

2.1. Mice

Several genetically modified mouse models were used in the current
study. Canath™” (Cav3.2K0) mice (Jackson Laboratory, #013770)
were maintained on a C57BL/6J background. Both WT and Cana1l h=""
littermates were generated from heterozygous Canath*’ breeders.
We also bred Vgat-ires-Cre mice (Jackson Laboratory, #028862) with
Rosa26-EGFP-L10 mice (Jackson Laboratory, #024750) to generate
Vgat-ires-Cre/Rosa26-EGFP-L10 mice. Lastly, we breed Canatlh ™"
mice with Vgat-ires-Cre/Rosa26-EGFP-L10 mice to generate Vgat-
ires-Cre/Rosa26-EGFP-L10/Cacnath /" mice.

Care of all animals and procedures were approved by Pennington
Biomedical Research Center (PBRC) and The University of lllinois at
Chicago Institutional Animal Care and Use Committees. Mice were
housed in a temperature-controlled environment at 22—24 °C, using a
12-h light and 12-h dark cycle. Unless otherwise stated, the mice were
fed with a standard normal chow diet (Cat#5001, LabDiet), and water
was provided ad libitum unless otherwise indicated.

2.2. Characterization of feeding behavior and energy homeostasis

Cav3.2KO mice and their control littermates were weaned at three
weeks of age on a standard chow diet (5.0% fat, #5001, LabDiet) and
singly housed afterward. Some mice were switched to an HFD (60% fat,
#D12492, Research Diets) at six weeks of age. Body weight and food
intake were measured every four days. Body composition was

determined using quantitative magnetic resonance (QMR). At the end of
monitoring, the mice were deeply anesthetized with inhaled isoflurane
and sacrificed. The gonadal white adipose tissue (QWAT), the inguinal
white adipose tissue (iWAT), and the interscapular brown adipose tissue
(BAT) were isolated and weighed.

To characterize the food intake and energy expenditure, we generated
another male cohort (Cav3.2KO mice and their control littermates at 12
weeks of age). They were acclimated into the Promethion system (Sable,
NV, USA). Mice were housed individually at room temperature (22 °C)
under an alternating 12:12-h light—dark cycle. After adaptation for three
days, 0, consumption, CO, production, and energy expenditure were
monitored when mice were fed ad libitum with NCD. The body compo-
sition was measured before and after the mice entered the Promethion
system. The energy expenditure was corrected per lean body mass.

2.3. CRISRP-Cas9 deletion of Cav3.2 in the ARH GABA -+ neurons
AAV vectors carrying sgRNAs targeting mouse Cacnatlh were designed
and constructed by Vector Builder (Chicago, IL). Exon 6 and exon 11
were chosen to be targeted by CRISPR-Cas9. A total of 21 sgRNAs
were designed, with seven targeting exon 6 and fourteen targeting
exon 11. These sgRNAs were selected using the CRISPR tool (https:/
www.sanger.ac.uk/htgt/wge/) with minimal potential off-target effects.
To generate sgRNA expression plasmids, oligonucleotides containing
gRNA sequence were created and cloned into the final rAAV backbone
with mCherry reporter by Gateway recombination. All 21 sgRNAs were
screened for on—target activity using electrophysiology. We used the
pCS(puro)-positive plasmid, which expressed a proven positive-SgRNA,
as the positive control. The sgRNA#1 (CTGGGCATGTTCCGGCCCTGT)
and sgRNA#2 (CTGTTCGGCCAGAAATGCTAC) were selected to target
exon 6 and exon 11 of the Cacnalh gene, respectively, due to their
relatively high on—target activity and low off-target potentials. As a
control, scramble RNAs (GTGTAGTTCGACCATTCGTG) and (GTTCAG-
GATCACGTTACCGC) was used to replace the sgRNA#1 and sgRNA#2,
respectively. U6 promoter-sgRNAs, CAG promoter-DIO-mCherry-bGH
polyA cassettes were cloned into the plasmid # VB201223-1293enk
vector (http://www.addgene.org/61591/) and further verified by full
sequencing. The viruses were packaged and produced by the Vector
Builder (Chicago, IL).

At 12 weeks of age, male Vgat-ires-Cre mice were anesthetized with
isoflurane and received stereotaxic injections of AAV-FLEX-saCas9
mixed with AAV-DIO-Cav3.2 sgRN/mCherry into both sides of the
ARH (Cav3.2K0-Vgat*™: 250 nl/sit, —1.7 mm posterior,
+0.25 mm lateral and —5.8 mm ventral to the Bregma, based on
Franklin & Paxinos Mouse Brain Atlas). Another group of male Vgat-
ires-Cre mice at the same age received AAV-FLEX-saCas9 mixed
with AAV-DIO-scramble sgRN/mCherry injections into the ARH. One
week after the virus injections, mice were singly housed and fed a
chow diet for 5 weeks. Body weight and food intake were monitored
weekly. Body composition was measured at the end of the chow diet-
feeding phase. All mice were then switched to HFD feeding for
another 6 weeks. To validate accurate and sufficient infection of AAV
vectors, all mice were perfused with 10% formalin. Brain sections
were cut at 25 um (5 series) and subjected to histological validation.
Only those mice with mCherry on both sides of the ARH were included
in data analyses.

In another experiment, a different cohort of male Cav3.2K0-Vgat*™
and control mice were used to test naringenin’s effects on feeding
behavior. Two weeks after the virus injection, all mice received nar-
ingenin intraperitoneal injection for two days (40 mg/kg body weight/
day). Food intake and body weight were measured daily for 7 days.
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2.4. Electrophysiological recordings

Male and female Vgat-ires-Cre/Rosa26-EGFP-L10, Vgat-ires-Cre/
Rosa26-EGFP-L1 0/Cacna1h*/', and AAV-injected Vgat-ires-Cre (12
weeks of age) were used for electrophysiological recordings. Mice
were deeply anesthetized with isoflurane and transcardially perfused
with a modified ice-cold sucrose-based cutting solution (pH 7.3)
containing 10 mM NaCl, 25 mM NaHCO3, 195 mM sucrose, 5 mM
glucose, 2.5 mM KCI, 1.25 mM NaH,PQ4, 2 mM Na-Pyruvate, 0.5 mM
CaCl,, and 7 mM MgCl,, bubbled continuously with 95% 0, and 5%
€0, [24,25]. The mice were then decapitated, and the entire brain was
removed and immediately submerged in the cutting solution. Slices
(200 pum) were cut with a Leica VT1000 S microtome vibratome (Leica,
Germany). Three brain slices containing the LH, ZI, TN, and ARH were
obtained for each animal (Bregma —2.06 mm to —1.46 mm; Interaural
1.74 mm—2.34 mm). The slices were recovered for 1 h at 34 °C and
then maintained at room temperature in artificial cerebrospinal fluid
(aCSF, pH 7.3) containing (126 mM NaCl, 2.5 mM KCl, 2.4 mM CaCl,,
1.2 mM NaH,P0O4, 1.2 mM MgCl,, 5.0 mM glucose, and 21.4 mM
NaHCOs) saturated with 95% 0, and 5% CO, before recording [15,25].
Slices were transferred to a recording chamber and allowed to
equilibrate for at least 10 min before recording. The slices were
superfused at 34 °C in oxygenated aCSF at a flow rate of 1.8—2 ml/
min. EGFP or mCherry labeled neurons in the ARH and vIVMH were
visualized using epifluorescence and IR-DIC imaging on an upright
microscope (Eclipse FN-1, Nikon) equipped with a movable stage (MP-
285, Sutter Instrument). For GABA neurons firing activity recording, the
patch pipettes with resistances of 3—5 MQ were filled with intracel-
lular solution (pH 7.3) containing 128 mM K-Gluconate, 10 mM KClI,
10 mM HEPES, 0.1 mM EGTA, 2 mM MgCl,, 0.05 mM Na-GTP and
0.05 mM Mg-ATP [25]. Recordings were made using a MultiClamp
700B amplifier (Axon Instrument), sampled using Digidata 1440A and
analyzed offline with pClamp 10.3 software (Axon Instruments). The
firing frequency and membrane potential were recorded under current
clamp. For voltage-gated calcium current recording, the pipette so-
lution (pH 7.2) contains 135 mM KMeS03, 4 mM NaCl, 10 mM HEPES,
1 mM MgCI2, 0.5 mM EGTA, 3 mM Mg-ATP, and 0.3 mM Tris-GTP.
The voltage-gated calcium currents were evoked by 100-ms pulse
delivered every 10 s from —90 mV to —30 mV followed by return
to —90 mV holding for 500 ms [26]. Neurons were held at —70 mV
between sweeps. Series resistance was monitored during the
recording, and the values were generally <10 MQ and were not
compensated. The liquid junction potential was +12.5 mV and was
corrected after the experiment. Data were excluded if the series
resistance increased dramatically during the experiment or without
overshoot for action potential. Currents were amplified, filtered at
1 kHz, and digitized at 20 kHz.

To examine the naringenin’s function on GABA neurons, neurons were
recorded under the current-clamp mode in response to a puff treat-
ment of different doses of naringenin or vehicle (1% DMSO0) [27]. The
values for firing rate were averaged within 2-min bin in the presence or
absence of naringenin. Neurons that were inhibited (>10% decrease
of firing rate) or neurons that were activated (>10% increase of firing
rate) in response to naringenin were identified as responsive. Neurons
that showed responses less than 10% change of firing rate were
identified as non-responsive. To further test whether naringenin reg-
ulates calcium currents via the PKA signal pathway, Vgat"™ neurons
were pretreated by Rp-cAMP before the naringenin puff treatment.

2.5. Statistical analyses
The data are presented as mean + SEM (standard error of the mean).
Statistical analyses were performed using GraphPad Prism 8.3 to
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evaluate normal distribution and variations within and among groups.
Methods of statistical analyses were chosen based on the design of
each experiment and are indicated in figure legends or main text.
p < 0.05 was considered to be statistically significant.

2.6. Study approval
Care of all animals and procedures were approved by the PBRC and
UIC Institutional Animal Care and Use Committee.

3. RESULTS

3.1. Cav3.2K0O mice showed decreased body weight and food
intake on a NCD

To examine the physiological roles of Cav3.2 in the regulation of
feeding behavior and energy expenditure, we generated a cohort of
male and female Cav3.2 deficient Canath™" (Cav3.2K0) mice and
their control littermates (Supplemental Fig. 1A). We measured their
food intake and body weight after they were weaned at 3 weeks of age.
When fed with a NCD, the Cav3.2KO male mice started to show sig-
nificant body weight difference at around 7 weeks of age compared to
their control littermates (Figure 1A). The body weight gain and cu-
mulative food intake were consistently decreased at a similar age
(Figure 1B—D). No gender difference was observed in the metabolic
effects induced by Cav3.2KO. Female Cav3.2KO also displayed
significantly lower body weight and food intake compared to their
control littermates (Supplemental Figs. 1B—C). However, we failed to
observe any difference in body length of male and female Cav3.2K0
mice and their control littermates (Figure 1H and Supplemental
Fig. S1D). The body weight difference was due to the loss of both
lean and fat mass as indicated by lower lean and fat mass in male
Cav3.2K0 mice observed at 9 weeks of age (Figure 1E—G).

3.2. Abnormal energy metabolism in Cav3.2KO mice

To determine the mechanisms underlying the lean phenotypes seen in
Cav3.2K0 mice, another cohort of NCD-fed male Cav3.2KO males and
their control littermates (12 weeks of age) were adapted into the Sable
Promethion Systems metabolic chambers to measure energy expen-
diture. Compared to control mice, Cav3.2KO males showed signifi-
cantly higher energy expenditure primarily during the light cycle when
fed ad libitum (Figure 11—K).

3.3. Cav3.2KO Mice have an attenuated response to HFD

We then characterized body weight phenotypes in male Cav3.2KO
mice switched to an HFD at 6 weeks of age. Consistent with our
observations in the NCD-fed condition, HFD-fed male Cav3.2K0O mice
gained significantly less body weight, which was associated with
lower HFD intake, compared to their control littermates (Figure
2A—D). In particular, HFD-fed Cav3.2KO males started to have a
lower body weight as early as 4 days after HFD feeding, and after 48
days of HFD feeding, Cav3.2KO males gained 6.14 g less body
weight than controls (about 15% of control body weight) (Figure
2A—B). This reduced body weight observed in Cav3.2KO males
was associated with decreased lean mass, fat mass, and body fluid
(Figure 2E—G). Weights of different fat depots, including brown fat
(BAT), inguinal white fat (i\WAT), and gonadal white fat (QWAT) were
significantly lower in Cav3.2 males compared with control littermates
(Figure 2H—J). We found that HFD-induced obesogenic expansion
with abnormal adipocyte enlargement (hyperplasia) in both iWAT and
gWAT depots was largely attenuated in Cav3.2KO males (Figure 2K).
In addition, we observed that Cav3.2KO restored BAT morphology
with fewer lipid droplets compared to control littermates under HFD
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Figure 1: (See also Fig. S1). Cav3.2KO mice showed decreased body weight gain and food intake when fed with chow diet. (A) Body weight, (B) body weight gain, and (C)
cumulative food intake of control and Cav3.2K0 mice under chow diet feeding (n = 8 in control and n = 6 in Cav3.2KO0 groups). (D) Representative image of control and Cav3.2KO
mice at age of 8 weeks when fed with chow diet. (E) Lean mass, (F) fat mass, and (G) fluid of control and Cav3.2K0 mice (n = 8 in control and n = 6 in Cav3.2KOgroups). (H) Body
length of control and Cav3.2KO male mice. (I) 24 h energy expenditure curve, (J) daily energy expenditure, and (K) energy expenditure during light and dark cycle of control and
Cav3.2K0 mice. (n = 5 in control and n = 5 in Cav3.2K0 groups). Results are presented as mean + SEM. *, P < 0.05, **, P < 0.01, *** P < 0.001, **** P < 0.0001 in two-
way ANOVA analysis followed by post hoc Sidak tests. ####, P < 0.0001 in unpaired t-tests.

feeding (Figure 2K). Together, our data suggest that the loss of
Cav3.2 decreases susceptibility to DIO in male mice.

3.4. Selective knockout of Cav3.2 in Vgat*™ neurons inhibits
Vgat*™ neuronal firing activity

The activity dynamics of GABAergic neurons in different hypothalamic
regions, including ARH [28,29], lateral hypothalamus (LH) [30,31],
tuberal nucleus (TN) [32,33], and zona incerta (ZI) [34,35], plays a
vital role in the regulation of feeding behavior, body weight, and
energy expenditure. It has been demonstrated that neural excitability
is regulated by subtypes of neuronal voltage-activated Ca®" chan-
nels, including CAV3.2 [36,37]. CAV3.2 may serve as a critical
intrinsic modulator for the neural excitability of hypothalamic
GABAergic neurons to control energy homeostasis. To test this hy-
pothesis, we generated both Vgat-ires-Cre/Rosa26-EGFP-L10/
Cacnath™" (Vgat-Cre/EGFP/Cav3.2K0) mice and control littermates
Vgat-ires-Cre/Rosa26-EGFP-L10 mice (Vgat-Cre/EGFP) (Figure 3A).
We used the ex vivo brain slice whole-cell patch-clamp method to
characterize electrophysiological properties of Vgat neurons in the
ARH, LH, TN, and ZI (Figure 3B).

Vgat*™ neurons from Vgat-Cre/EGFP/Cav3.2K0 mice showed signifi-
cantly lower firing activity and hyperpolarized resting membrane po-
tential (RMP) compared to the Vgat*™ neurons from control Vgat-Cre/
EGFP mice (Figure 3C—E). We also found that total voltage-gated
calcium currents were smaller in Cav3.2-deficient Vgat*™" neurons
(Figure 3F,G). However, we failed to observe any changes in electro-
physiological properties of Cav3.2-deficient Vgat-", vgat™, or Vgat”
neurons (Supplemental Figs. 2A—I). These data revealed an essential
role of Cav3.2 in the activity dynamics of Vgat*™" neurons.

To further test the effects of Cav3.2 expressed by Vgat*™ neurons on
food intake and body weight, we used Clustered Regularly Interspaced
Short Palindromic Repeats (CRISPR) Cas9 technique to selectively
delete Cav3.2 only in the Vgat*™ neurons. We designed and identified
two sgRNAs that efficiently induced indel mutations in exon 6 and 11 of
the Cacnalh gene (Supplementary Fig. 3A). Both these sgRNAs were
constructed into one AAV vector followed by a Cre-dependent FLEX-
mCherry sequence (AAV-Cav3.2/sgRNAs-FLEX-mCherry). At 8 weeks
of age, male Vgat-ires-Cre mice received stereotaxic injections of a
mixture of AAV-Cav3.2/sgRNAs-FLEX-mCherry and AAV-FLEX-saCAS9
(1:1;  Cav3.2K0-Vgat*™) or AAV-scramble-Cav3.2/sgRNAs-FLEX-
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Figure 2: Cav3.2K0O mice showed decreased body weight gain and food intake when fed
and Cav3.2K0 mice under HFD feeding (n = 7 in control and n = 5 in Cav3.2KO0 groups)
HFD. (E) Lean mass, (F) fat mass, and (G) fluid of control and Cav3.2KO mice. (H) BAT, (I)
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with HFD. (A) Body weight, (B) body weight gain, and (C) cumulative food intake of control

. (D) Representative image of control and Cav3.2KO mice at age of 8 weeks when fed with

iWAT, and (J) gWAT tissue weight from control and Cav3.2K0 mice after 8 weeks of HFD

feeding (n = 7 in control and n = 5 in Cav3.2KO groups). (K) H&E staining of gWAT, iWAT, and BAT tissue. Results are presented as mean + SEM. *, P < 0.05, **, P < 0.01,

*E P < 0.001, ¥*¥** P < 0.0001 in two-way ANOVA analysis followed by post hoc

mCherry and AAV-FLEX-saCAS9 (1:1; control) in both sides of the ARH
(Figure 4A). The injection accuracy and infection efficiency were
validated by mCherry fluorescence (Figure. 4B). We first use the ex vivo
brain slice patch-clamp method to validate the successful deletion of
Cav3.2 in Vgat*™ neurons (Figure 4C). We found that Vgat"™ neurons
from male Cav3.2K0-Vgat"™ mice showed lower firing frequency,
hyperpolarized RMP, and smaller voltage-gated calcium current when
compared to Vgat"™ neurons from control mice (Figure 4D—H). This is
consistent with our earlier observations in Vgat-Cre/EGFP/Cav3.2K0
mice and validates the Cav3.2K0-Vgat*™ model.

3.5. Selective knockout of Cav3.2 in Vgat*™ neurons reduces food
intake and body weight gain

Consistent with the metabolic effects caused by Cav3.2 global KO,
selective deletion of Cav3.2 Vgat"™ led to decreased body weight gain
and food intake when fed an NCD or an HFD (Figure 5A,B). Cav3.2K0-
Vga RH mice also showed reduced food intake and feeding efficiency
compared to their control littermates when fed with NCD or HFD
(Figure 5C—F). The body weight difference on HFD feeding was
attributed mainly to decreases in fat mass, more specifically iWAT and
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gWAT, but not the other body components (Figure 5G—L). These male
Cav3.2K0-Vgat*™ mice showed a similar level of energy expenditure
compared to the control mice under NCD feeding before they displayed
body weight and lean mass difference (Supplementary Fig. 3A—C),
suggesting a hypophagia-induced weight loss. These results demon-
strate that Cav3.2 expressed by Vgat*™™ neurons is physiologically
relevant for the regulation of feeding behavior and subsequent body
weight homeostasis.

3.6. Naringenin extract reduces food intake and body weight gain
by inhibiting VgatARH neurons in a Cav3.2-dependent mechanism
Naringenin, a flavonoid present in sweet oranges and grapefruit, was
recently found to improve glucose and lipid homeostasis and mitigate
adipose tissue inflammation in rodents and humans [27,38—40].
Naringenin has been shown to interact with voltage-gated ion channels
and potentially block VGCCs, including Cav3.2 [41—43]. We speculated
that Cav3.2 expressed by Vga RH neurons partially mediates the
beneficial metabolic effects of naringenin. To test this, we examined the
direct electrophysiological effects of naringenin on Vgat*™ neurons and
tested whether Cav3.2 is required for these effects. We found that


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com

Original Article

A

Vgat-cre/EGFP

Vgat-cre/EGFP
Cav3.2 KO

Brightfield

D VgatARH neurons E

— 67 -30-
g . 2 _
> ° >
2 4 SE
S | . 5=
8' Jekek £ :—3
F c
= 21 » 29
c = 0
= 32
] (o4
o O
a2
co Gaq?’

vgat*®™ neurons F

C Control

gl I - P
N — -55.2 mV
2s
G Vgat*®™ neurons
-30 mV
800
-90 mVI |-90 mV -
<
Gtﬁ ! 600+ e
39 )
°3
== Control €3 400+ dekeke
Cav32KO 3 &
- ARH —] 4
Vgat' 8 g 200
100 pA | ol
50 ms w0
co® Ga\l?"'l

Figure 3: (See also Fig. S2). Vgat*™ neurons firing activity is decreased in Cav3.2K0 mice (A) Schematic of Vgat-cre/EGFP and Vgat-cre/EGFP Cav3.2KO mice. (B) Representative
images of Vgat-cre/GFP neurons under whole-cell patch clamp recording. Scale bar = 20 pum. (C) Representative spontaneous action potential firing traces and (D) calcium current
trace from control and Cav3.2K0 VgatARH neurons. (E) Summary of action potential firing frequency, (F) resting membrane potential, and (G) calcium current amplitude from control
or Cav3.2K0 Vgat*™ neurons (n = 14—21 neurons in each group). Results are presented as mean = SEM. *** P < 0.001 in two-way ANOVA analysis followed by post hoc Sidak

tests.

naringenin dose-dependently inhibited Vgat*™ neurons (Supplementary
Fig. 4A—D). 30 uM naringenin was sufficient to block firing activity,
reduce RMP, and decrease the voltage-gated calcium current
(Figure 6A—E) in control mice. Naringenin stimulated Cl~ secretion in
colonic epithelium via a signaling pathway involving the cAMP-
dependent protein kinase (PKA) [44]. Native T-type (Cav3.1, Cav3.2,
and Cav3.3) channels are differentially regulated by PKA [45—47]. We
speculated that Cav3.2 acts through PKA signaling to regulate Vga R
neural activity. To directly test this speculation, we pretreated Vgat™"
neurons with 10 uM Rp-cAMP (a membrane-permeable PKA inhibitor)
[45] for 10 min and then puff treated Vgat*™ neurons with 30 puM
naringenin. The results showed that naringenin failed to decrease firing
activity, RMP, and the voltage-gated calcium current in the presence of
Rp-cAMP (Supplementary Figure 4 E-G), suggesting a PKA-dependent
mechanism. More importantly, the inhibitory effects of naringenin on
Vgat"™ neurons were fully blocked in Cav3.2KO-Vgat"™ mice
(Figure 6A—B, and F—H), suggesting a Cav3.2-dependent inhibition on
Vgat** neurons. Together, our results indicate that naringenin inhibits
Vgat*™ neurons by regulating the Cav3.2 channel via the PKA signal
pathway to reduce voltage-gated calcium current.

Considering the metabolic effects of Cav3.2 and the blood—brain
barrier permeability of naringenin [48], we hypothesize that circu-
lating naringenin acts on Cav3.2 expressed by Vgat"™ neurons to
regulate energy homeostasis. We found that while two days of nar-
ingenin injection (40 mg/kg, once/day, intraperitoneal) significantly
decreased food intake and body weight in male control mice, these
inhibitory effects of naringenin were blocked in male Cav3.2K0-Vga-
""" mice. Intracerebroventricular (ICV) injection of naringenin (1 M,
1.5 pl) in DIO mice reduced HFD intake during dark time compared to
the vehicle injection (Supplemental Fig. 4E—F). Together, these data

support that Cav3.2 expressed by Vgat*™ neurons is required for the
hypophagia and body weight lowering effects of naringenin.

4. DISCUSSION

T-type calcium channels (Cav3.1, Cav3.2, and Cav3.3) play a vital role
in the neuronal burst-firing activities in many brain regions [49—51],
representing a promising pharmacological target for various diseases
or behavioral disorders. However, little is known about the specific
functions of these channels in the regulation of energy homeostasis.
Here, by using congenital KO mice, we report for the first time that one
isoform of T-type calcium channels, Cav3.2, plays an essential role in
the regulation of body weight and adiposity by modulating feeding
behavior and energy expenditure. Data generated from Cav3.2KO-
Vgat*™ mice further demonstrated that the metabolic effects of Cav3.2
are at least partly mediated by modulating spontaneous AP firing and
RMP of GABAergic neurons in the ARH. We also provided evidence to
support a mediating role of Cav3.2 expressed by Vga RH heurons in
the beneficial metabolic effects of naringenin, a flavonoid present in
citrus fruits, which has been discovered as a potential blocker for T-
type calcium channels, including Cav3.2. Together, our data suggest
that Cav3.2 expressed by Vgat"™ neurons is a physiological modulator
for food intake and energy homeostasis, serving as a prospective
therapeutic target in the treatment of obesity.

The best characterized orexigenic neural population in the ARH is the
AgRP-expressing neurons. AgRP neurons co-express genes for neu-
ropeptide Y (NPY) [52] and GABA [28] and use AgRP, NPY, and GABA as
neurotransmitters to regulate feeding. These neuropeptides play
distinct but complementary roles in the regulation of feeding; either
GABA or NPY is required for the rapid stimulation of feeding [14]. NPY
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followed by post hoc Sidak tests.

contributes to maintaining the sustaining hunger selectively on the
timescale of a meal [53]. It was recently discovered that AgRP neurons
are inhibited within seconds by the sensory detection of food and can
drive feeding via a long-lasting hunger signal [54]. This unusual
mechanism for controlling behavior is mediated through NPY [53],
which extends the duration of AgRP neurons’ behavioral effects for
tens of minutes beyond the window of their immediate firing. NPY may
mediate these sustaining orexigenic effects by acting directly on post-
synaptic targets of AgRP neurons to cause durable changes in their
activity [55]. Conversely, the neuropeptide AgRP, through action on
melanocortin 4 receptor, is sufficient to induce long-lasting potentia-
tion of feeding behavior that persists for days. These prolonged
orexigenic effects require several hours to emerge when endogenous
AgRP release is stimulated [14,56]. By working together, these neu-
ropeptides contribute to the regulation of temporally distinct phases of
eating.

Consistent with the rapid orexigenic effects of GABA released from
AgRP neurons, the GABAergic neurons in the ARH potently regulate
short-term feeding behavior, as previously reported in the mouse
models with neuronal activity acutely manipulated [57—59]. How-
ever, the intracellular mechanisms intrinsically modulating ARH
GABAergic neurons firing activity and subsequent food intake are
unclear. Here we combined Vgat-ires-Cre mice and targeted de-
livery of AAV vectors carrying Cav3.2 gRNA and Cas9 to selectively
knockout Cav3.2 from GABAergic neurons in ARH. Cav3.2K0-Vga-
AR significantly inhibited the firing activity of ARH GABAergic
neurons. In line with the regulatory effects of ARH GABAergic
neurons on food intake, we also found Cav3.2KO-Vgat*™" mice
showed phenotypes of hypophagia and associated body weight loss,
suggesting a pivotal role of Cav3.2-Vgat"™" in the regulation of
feeding behavior. Although our stereotaxic targeting to the Vgat*™
neurons is precise because of the selective Vgat expression in the
ARH structure, we observe a small number of dorsal medial

hypothalamic (DMH) neurons in some animals with a viral infection.
We did not observe any differences in food intake and body weight
in these animals compared to ARH selectively targeted mice. Thus,
we believe that the feeding behavior and body weight changes in
these “leaking” mice were mainly attributed to the selective deletion
of Cav3.2 in ARH GABAergic neurons. However, a role of Cav3.2
expressed by DMH neurons in body weight regulation cannot be
completely ruled out.

Emerging evidence has shown a direct link between the activity of ion
channels and systemic energy homeostasis, including central regu-
lation of food intake [15,60—62], energetic balance [63—65], hormone
release and response [66—68], as well as the adipocyte cell prolif-
eration [69—72]. Consistently, we found that Cav3.2KO-Vgat**"
resulted in hyperpolarization and hypophagia-induced body weight
loss, suggesting an important role of the central Ca?* ion channel in
energy balance regulation. It has been extensively reported that
intracellular Ca®* appears to be involved in metabolic derangements,
including obesity and insulin resistance [73]. Cav3.2K0-Vgat"™ likely
modulates the calcium influx to change the firing activity of Vgat"™"
neurons and food intake. In supporting this point of view, the RMP and
calcium current amplitude were decreased after Cav3.2KO from the
Vgat*™ neurons. Acute naringenin treatment hyperpolarized VgatA™!
neurons via inhibition of Cav3.2-mediated calcium currents, however,
these data do not entirely exclude the possibility of a calcium influx-
independent mechanism mediated by the Cav3.2 ion channel in
vgat"™ neurons.

Two different mouse models were used in this study to investigate the
metabolic function of Cav3.2. We found Cav3.2KO dramatically
reduced body weight, associated with decreased food intake and
increased energy expenditure. CRISPR-mediated Cav3.2K0-Vgat**"!
also resulted in decreases in food intake and body weight. However,
we failed to observe any changes in energy expenditure of Cav3.2K0-
Vgat*™" mice, suggesting a Vgat*™-independent mechanism.
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Figure 5: (See also Fig. $3). Knockout Cav3.2 from Vgat*™ neurons reduced animals’ food intake and body weight on normal chow diet. (A) Body weight gain on chow diet, and
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on chow diet, and (F) HFD feeding of control and Cav3.2K0 Vgat**!

mice. (G) Lean mass, (H) fat mass, and () fluid of control and Vgat*™ Cav3.2K0 Vgat"™ mice. (J) BAT, (K) iWAT,

and (L) gWAT tissue weight from control and Cav3.2K0 Vgat*™ mice after 8 weeks of HFD feeding (n = 5 in control and n = 5 in Vgat"™ Cav3.2K0 groups). All data are presented
as mean £ SEM. *, P < 0.05, **, P < 0.01, *** P < 0.001, **** P < 0.0001 in two-way ANOVA analysis followed by post hoc Sidak tests. ####, P < 0.0001 in unpaired t-

tests.

Compared to the control mice, the increased energy expenditure
induced by Cav3.2K0 is mainly in the light phase. This data indicated
that Cav3.2 regulates energy expenditure in a circadian-dependent
way via some non-Vga RH heurons. The gene coding Cav3.2 is
strongly expressed in the suprachiasmatic nucleus (SCN) [74,75].
Given that voltage-gated Ca’* currents contribute to the diurnal
properties of action potential firing in SCN neurons [76] and that SCN
neurons interact with ARH neurons to regulate energy balance [77,78],
Cav3.2 expressed by SCN neurons may modulate energy expenditure
in a circadian-dependent manner. A further study focusing on the
metabolic effects of Cav3.2 in SCN neurons is warranted.

The regulatory effects of Cav3.2 on energy expenditure may also work
through peripheral mechanisms. The Cav3.2 encoding gene expresses
in cells from many peripheral tissues, including the adipocytes from
WAT and BAT [79], myocytes from skeletal muscle [80] and smooth
muscle [81], sensory dorsal root ganglion (DRG) neurons, and spinal
dorsal horn (SDH) neurons, but not sympathetic neurons [82]. Cav3.2
has been shown to play essential roles in the physiological functions of
excitable tissues, i.e., neurons and muscle. For clarification, Cav3.2
expressed by the neurons in the DRG and SDH contributes to in-
flammatory hyperalgesia and chronic pain [83,84], Cav3.2 expressed
by the skeletal muscle contributes to the maintenance of muscle mass
and normal function [80], CaV3.2 in the smooth muscle hyperpolarizes
and relaxes arteries [85,86].

Conversely, no direct evidence exists to support a physiological
function of Cav3.2 expressed by adipocytes. More accurately, the
physiological roles of ion channels inside adipose tissue are poorly
characterized, due to the fact that adipocytes are non-excitable cells
without the ability to generate action potential as neurons or muscles.
However, RMP does exist in adipocytes and is maintained by the
complement of ion channels. Whereas most biologists would perceive
that the RMP is primarily about excitability, the recent data identified a
range of critical roles that the RMP has in various cell types beyond the
action potential [87]. There is emerging evidence supporting the
connection between adipocyte RMP and adipose tissue metabolic

function. In a recent Cell paper [79], Chen et al. have identified a critical
K*-Ca”-adrenergic signaling axis hyperpolarizing brown adipocytes
to dampen thermogenesis and maintain tissue homeostasis. This
finding reveals an electrophysiological regulatory mechanism of
adipocyte function. In line with this crucial observation, we have found
that the RMP of adipocytes was metabolically influenced by body
weight in both humans and mice (data not shown), suggesting a vital
role of adipocyte RMP in adipose tissue function. Considering the
regulatory effects of Cav3.2 on RMP, we hypothesize that Cav3.2
expressed by BAT adipocytes plays an essential role in the regulation of
energy expenditure. Currently, our laboratory is testing this hypothesis
by selectively deleting Cav3.2 from UCP1-positive BAT adipocytes.

The energy expenditure inhibitory phenotype has been previously
observed in a Vgat™™ chronic inhibition mouse model, which was
generated by overexpression of an inward rectifying potassium
channel, Kir2.1, selectively in the Vgat"™ neurons (Kir2.10E-Vgat**)
[16]. This discrepancy suggests an ion channel-dependent inhibition
on energy expenditure, which may be attributed to different levels of
hyperpolarization in these two models. Although both Cav3.2KO-
vgat*™™ and Kir2.10E-Vgat*™ deceased spontaneous AP firing and
RMP, Kir2.10E-Vgat"™ showed much higher inhibitory effects
compared to Cav3.2K0-Vgat"™ (Kir2.10E-Vgat*™: —50.6 mv—-
70.5 mV in RMP; Cav3.2K0-Vgat"™: —52.7 mV— -58.2 mV in RMP).
The same phenotype on feeding was observed in both global Cav3.2K0
mice and Cav3.2K0-Vgat*™" mice, despite the wide distribution of
Cav3.2s in the brain. According to the distribution data from the
published Cav3.2 EGFP knock-in mice, Cav3.2 is highly expressed in
the hippocampus, cortex, amygdala, hypothalamus, cerebellum, and
hindbrain [82]. Our data showed that the loss of Cav3.2 in Vgat*™
neurons reduced the firing activity in Vgat*™ neurons, which we
believe potentially contributes to the feeding behavior changes in both
global and Vgat*™ neuron-specific Cav3.2 KO mice. However, our data
do not exclude the potential regulatory effects of Cav3.2 expressed by
other brain regions on food intake. It has been shown by many human
and animal studies that hippocampus [88], cortex [89], amygdala [90—
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92], cerebellum [93], and hindbrain [94,95] are all involved in regu-
lating food intake. Cav3.2 expressed by these brain regions may
contribute to different aspects of appetite control. These aspects may
include declarative memory processes evaluating when, what, and
how much to eat (hippocampus), interoception of food craving and
executive functioning (cortex), integration of hunger, satiation, and
thirst (cerebellum), sensing of peripheral hormone or nutrient fluctu-
ation (hindbrain), and stimulation of stress-related eating (amygdala).
Cav3.2 in different brain regions could regulate food intake via multiple
interconnected pathways, many of which are unstudied and
understudied.

Naringenin, a flavonoid belonging to the flavanones subclass, is widely
distributed in various herbs and fruits, including grapefruit, citrus fruits,
bergamot, tomatoes, cocoa, Greek oregano, water mint, as well as in
beans [96]. Dietary naringenin supplementation within a dose range of
150—900 mg is safe in healthy adults according to a recent clinical
study [40]. Ingestion of 300 mg naringenin three times/day was found
to increase insulin sensitivity and decrease body weight in a recent
human case study [27], suggesting naringenin as a promising thera-
peutic agent. However, the underlying mechanism in which naringenin
modulates energy homeostasis is largely unknown. Recently, nar-
ingenin has been found to enter blood—brain barrier (BBB) [97] and

acts as a potential blocker for VGCCs, including Cav3.2 [41—43],
indicating a possible central mechanism through Cav3.2. In our ex vivo
brain slice recording study, we found that naringenin decreases the
firing activity of Vgat*™" neurons by inhibiting Cav3.2-mediated cal-
cium currents. In line with these ex vivo observations, the inhibitory
effects of naringenin on food intake and body weight were largely
attenuated in Cav3.2KO mice, suggesting a Cav3.2-dependent
mechanism. Our data support a model that naringenin blocks the
Cav3.2 channel expressed by ARH GABAergic neurons to reduce food
intake and body weight. These results also strongly argue the thera-
peutic potential to target Cav3.2 expressed by Vgat*™ neurons in the
treatment of obesity.

A majority of the rodent studies showed that 12 weeks of naringenin
supplementation reduces body weight, increases insulin sensitivity,
and improves lipid metabolism without affecting food intake in the
obese models [98—100]. This is inconsistent with our observations
that naringenin decreases food intake via Cav3.2 expressed by VgatA™"!
neurons. This discrepancy may be attributed to different ways of
treatment or mouse models: oral supplementation vs. intraperitoneal
injection; genetically obese mice vs. wild-type mice. It would also be
essential to administer naringenin for a more extended period and
determine whether it can induce malaise or conditioned taste aversion.
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5. CONCLUSIONS

In conclusion, we found a new role of the Cav3.2 ion channel
expressed by Vgat*™ neurons in feeding control. In addition to the
anorexic actions in animals fed ad libitum, Cav3.2 is also expected to
maintain normal energy expenditure. We further provided evidence
that the BBB permeable naringenin produces hypophagia-induced
body weight loss by inhibiting Vga RH neurons via Cav3.2 blockage.
These results extend our understanding of Cav3.2’s effects on the
regulation of feeding behavior and body weight, suggesting Cav3.2 as
a promising target for treating obesity and diabetes.
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