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The ventromedial hypothalamus (VMH) regulates glucose

and energy metabolism in mammals. Optogenetic stimu-

lation of VMH neurons that express steroidogenic factor

1 (SF1) induces hyperglycemia. However, leptin acting via

the VMH stimulates whole-body glucose utilization and

insulin sensitivity in some peripheral tissues, and this

effect of leptin appears to be mediated by SF1 neurons.

We examined the effects of activation of SF1 neurons with

DREADD (designer receptors exclusively activated by

designer drugs) technology. Activation of SF1 neurons by

an intraperitoneal injection of clozapine-N-oxide (CNO), a

specific hM3Dq ligand, reduced food intake and increased

energy expenditure in mice expressing hM3Dq in SF1 neu-

rons. It also increased whole-body glucose utilization and

glucose uptake in red-type skeletal muscle, heart, and

interscapular brown adipose tissue, as well as glucose pro-

duction and glycogen phosphorylase a activity in the liver,

thereby maintaining blood glucose levels. During hyper-

insulinemic-euglycemic clamp, such activation of SF1 neu-

rons increased insulin-induced glucose uptake in the same

peripheral tissues and tended to enhance insulin-induced

suppression of glucose production by suppressing gluco-

neogenic gene expression and glycogen phosphorylase a

activity in the liver. DREADD technology is thus an impor-

tant tool for studies of the role of the brain in the regula-

tion of insulin sensitivity in peripheral tissues.

The ventromedial hypothalamus (VMH) plays a key role in

the control of energy homeostasis (1) and glucose metabo-

lism (2,3). Electrical stimulation of the VMHwas thus found

many years ago to increase glucose production by the liver

(4). Expression of steroidogenic factor 1 (SF1), also known

as adrenal 4 binding protein (AD4BP), defines a specific

subset of VMH neurons (5–7). Genetic disruption of gluta-
mate release from SF1 neurons in mice attenuated recovery

from insulin-induced hypoglycemia, suggesting that gluta-

matergic SF1 neurons are responsible for the ability of the

VMH to increase the blood glucose concentration (8). Elec-

tromagnetic manipulation also showed that activation of the

transient receptor potential vanilloid 1 (TRPV1) ion channel

in glucokinase (GK)-expressing neurons of the VMH elicited

1Division of Endocrinology and Metabolism, Department of Homeostatic Regula-

tion, National Institute for Physiological Science, National Institutes of Natural

Sciences, Okazaki, Aichi, Japan
2Department of Physiological Science, School of Life Sciences, SOKENDAI (The

Graduate University for Advanced Studies), Hayama, Kanagawa, Japan
3Division of Visual Information Processing, Department of Fundamental Neuro-

science, National Institute for Physiological Sciences, National Institutes of Nat-

ural Sciences, Okazaki, Aichi, Japan
4Global Research Center for Innovative Life Science, Hoshi University School of

Pharmacy and Pharmaceutical Sciences, Tokyo, Japan
5Department of Diabetes and Metabolic Diseases, Graduate School of Medicine,

The University of Tokyo, Tokyo, Japan
6Department of Human Life Science, Nagoya University of Economics, Inuyama,

Aichi, Japan
7Center for Experimental Animals, National Institutes of Natural Sciences,

Okazaki, Aichi, Japan
8Section of Viral Vector Development, Center for Genetic Analysis of Behavior,

National Institute for Physiological Sciences, National Institutes of Natural

Sciences, Okazaki, Aichi, Japan

9Department of Molecular Endocrinology and Metabolism, Graduate School of

Medical and Dental Sciences, Tokyo Medical and Dental University, Tokyo,

Japan
10Department of Medicine and Bioregulatory Science, Graduate School of

Medical Sciences, Kyushu University, Fukuoka, Japan
11Japan Agency for Medical Research and Development, CREST (AMED-CREST),

Tokyo, Japan

Corresponding author: Yasuhiko Minokoshi, minokosh@nips.ac.jp.

Received 2 November 2016 and accepted 8 June 2017.

This article contains Supplementary Data online at http://diabetes

.diabetesjournals.org/lookup/suppl/doi:10.2337/db16-1344/-/DC1.

© 2017 by the American Diabetes Association. Readers may use this article as

long as the work is properly cited, the use is educational and not for profit, and the

work is not altered. More information is available at http://www.diabetesjournals

.org/content/license.

2372 Diabetes Volume 66, September 2017

M
E
T
A
B
O
L
IS
M

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://d

ia
b
e
te

s
jo

u
rn

a
ls

.o
rg

/d
ia

b
e
te

s
/a

rtic
le

-p
d
f/6

6
/9

/2
3
7
2
/5

8
5
5
2
4
/d

b
1
6
1
3
4
4
.p

d
f b

y
 g

u
e
s
t o

n
 2

6
 A

u
g

u
s
t 2

0
2
2

https://doi.org/10.2337/db16-1344
http://crossmark.crossref.org/dialog/?doi=10.2337/db16-1344&domain=pdf&date_stamp=2017-08-02
mailto:minokosh@nips.ac.jp
http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db16-1344/-/DC1
http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db16-1344/-/DC1
http://www.diabetesjournals.org/content/license
http://www.diabetesjournals.org/content/license


a hyperglycemic response (9), whereas optogenetic stimu-
lation of SF1 neurons via channelrhodopsin 2 (ChR2) in-

duced hyperglycemia and enhanced the counterregulatory

response to glucopenia (10).

In contrast to such elicitation of a hyperglycemic response,

the VMH has been found to increase glucose utilization and

insulin sensitivity in some peripheral tissues. Electrical stim-

ulation of the VMH increases glucose utilization in inter-

scapular brown adipose tissue (BAT), heart, and skeletal
muscle, but not in white adipose tissue (WAT), and induces

hepatic glucose production (11). Leptin, which increases the

activity of a subset of SF1 neurons in the VMH (12–14),

also promotes both glucose uptake in peripheral tissues, in-

cluding red-type skeletal muscle, and endogenous glucose

production and thereby maintains blood glucose levels

(15–17). Under hyperinsulinemic-euglycemic clamp condi-

tions, leptin acting via the VMH enhanced both insulin-
induced glucose utilization in some peripheral tissues,

including red-type skeletal muscle, and suppression of hepatic

glucose production (17). The VMH contains a heterogeneous

population of neurons. A subset of VMH neurons expresses

the long form of the leptin receptor (18), and most of these

neurons also express SF1 (12,19). Whereas SF1 neurons in

the VMH are required for maintenance of normal glucose

and energy metabolism (20–22) and mediate the anorexic
and metabolic effects of leptin (12,19,23,24), specific acti-

vation of leptin receptor–expressing neurons in the VMH

by optogenetic stimulation of ChR2 did not induce hyper-

glycemia (10).

DREADD (designer receptors exclusively activated by

designer drugs) technology allows spatial and temporal

control of the activity of specific neurons. The hM3Dq

designer receptor activates signaling by the G protein Gq,
and its expression and activation in SF1 neurons of the

VMH may therefore have effects on glucose and energy

metabolism distinct from those of optogenetic stimulation

via ChR2 (25). In the current study, we activated SF1 neu-

rons in the VMH of mice via hM3Dq. Such activation in-

creased whole-body glucose utilization, glucose uptake in

some peripheral tissues—including red-type skeletal mus-

cle, heart, and BAT—as well as endogenous glucose pro-
duction and glycogen phosphorylase a activity in the liver,

thereby maintaining blood glucose levels. During a hyper-

insulinemic-euglycemic clamp, activation of SF1 neurons by

hM3Dq increased insulin-induced glucose uptake in the

same peripheral tissues and tended to enhance insulin-

induced suppression of endogenous glucose production. In

addition, activation of SF1 neurons by DREADD technology

suppressed food intake and increased energy expenditure.

RESEARCH DESIGN AND METHODS

Animals

SF1-Cre recombinase (SF1-Cre) transgenic mice (Stock Tg

[Nr5a1-cre] 7Lowl/J) were obtained from The Jackson Lab-

oratory (Bar Harbor, ME) (12). Heterozygous transgenic

mice were crossed with FVB/N Jcl mice (Clea, Tokyo, Japan),

and the genotype of the resulting offspring was determined
by PCR analysis (see Supplementary Table 1 for primer

sequences). Mice were housed individually in plastic cages

at 24° 6 2°C with lights on from 0600 to 1800 h and were

given free access to laboratory chow (CE-2 diet, Clea) and

water. All experiments were performed at the same room

temperature and under the same light-dark cycle. Only male

SF1-Cre or wild-type (WT) mice (12–16 weeks of age) were

used in the current study. All animal experiments were per-
formed in accordance with institutional guidelines for the

care and handling of experimental animals and were ap-

proved by the National Institutes of Natural Sciences Insti-

tutional Animal Care and Use Committee (Okazaki, Japan).

Surgical Procedures

Stainless steel cannulas were implanted bilaterally into the

VMH of WT or SF1-Cre mice at 12–14 weeks of age, as de-

scribed previously (17). The stereotaxic coordinates for

the position of the VMH (anterior to posterior posi-
tion, 1.32 mm caudal to the bregma; height, 5.72 mm

below the surface of the skull; lateral, 0.3 mm lateral to

the bregma on each side) were obtained from the Mouse

Brain Atlas (26). For measurement of 2-deoxyglucose

(2DG) uptake and hyperinsulinemic-euglycemic clamp

analysis, self-made polyethylene-silicone catheters were

surgically implanted into the right jugular vein and carotid

artery 3 days before experiments (17).

Preparation and Injection of an Adeno-Associated Virus

Vector and Administration of Clozapine-N-Oxide

Two weeks after cannula implantation, 500 nL (1.9 3 1010

copies $ mL21) of an adeno-associated virus (AAV, serotype 2)

encoding AAV-hSyn-DIO-hM3Dq-mCherry-WPRE (AAV-

hM3Dq) (25,27) were injected into each side of the VMH

of SF1-Cre mice at a rate of 50 nL/min with the use of a pump

(to yield SF1-Cre:AAV-hM3Dq mice). The DREADD plasmid
is based on the FLEx (FLip-Excision) Switch system, which

relies on two pairs of heterotypic, anti-parallel loxP-type

recombination sites to achieve Cre-mediated transgene inver-

sion and expression of an hM3Dq-mCherry fusion protein

under the control of the mouse synapsin 1 gene promoter.

It was obtained from B. L. Roth (25,27) and was expanded

and packaged with the use of an AAV helper-free packaging

system (Cell Biolabs, San Diego, CA). Mice were used for
experiments 2 weeks after infection. With the exception of

hyperinsulinemic-euglycemic clamp experiments, clozapine-

N-oxide (CNO; 3 mg $ kg21) (Enzo Life Sciences, Farmingdale,

NY) was injected intraperitoneally into SF1-Cre:AAV-hM3Dq

mice to activate the DREADD receptor hM3Dq, with PBS

(saline) being injected into the same mice on a different

day as a control. Half of the mice were injected first with

saline and others with CNO, with there being no difference
in the effects of CNO between mice injected first with CNO

or with saline. For hyperinsulinemic-euglycemic clamp

analysis, CNO (3 mg $ kg21) or saline was injected into

SF1-Cre:AAV-hM3Dq mice through a jugular vein catheter.

Preliminary experiments showed that injection of a low
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dose (0.3 mg $ kg21) of CNO had no effect on food intake
or whole-body glucose metabolism in SF1-Cre:AAV-hM3Dq

mice (data not shown). Furthermore, the effects of bilateral

injection of CNO (30 mmol/L; 1.5 pmol in 50 nL physiolog-

ical saline) into the VMH on food intake and in an insulin

tolerance test (ITT) were similar to those of an intraperitoneal

injection. We therefore adopted intraperitoneal or intrave-

nous injection of CNO (3 mg $ kg21). To examine whether

hM3Dq is expressed in SF1 neurons in a Cre recombinase-
dependent manner, we also injected AAV-hM3Dq into the

VMH of WT mice (WT:AAV-hM3Dq mice).

Immunofluorescent Analysis of hM3Dq-mCherry and

cfos Expression

To validate the activation of SF1 neurons by hM3Dq in vivo,

AAV-hM3Dq was unilaterally infected into the VMH of SF1-

Cre mice. The contralateral side of the VMH was used as a
control in the same mice. Mice were injected intraperitone-

ally with CNO 2 weeks after the infection, and 60 min later,

mice were anesthetized with ketamine and xylazine and

perfused transcardially with 4% paraformaldehyde in 0.1

mol/L phosphate buffer. Brain tissue was removed, fixed

again, and embedded in optimal cutting temperature com-

pound (Sakura Finetechnical, Tokyo, Japan). Serial cryosec-

tions (7 mm thick) were exposed to 10% normal horse
serum (Santa Cruz Biotechnology, Dallas , TX) for 1 h at

room temperature, and incubated first overnight at 4°C

with rabbit polyclonal antibodies for cfos (1:200 dilu-

tion; Santa Cruz Biotechnology) and then for 90 min

at room temperature with Alexa 488–labeled donkey an-

tibodies for rabbit immunoglobulin G (1:400; Life Technol-

ogies). To validate endogenous fluorescence of mCherry in

SF1-Cre:AAV-hM3Dq and WT:AAV-hM3Dq mice, those mice
were also deeply anesthetized and perfused transcardially

with 4% paraformaldehyde in 0.1 mol/L phosphate buffer.

Fluorescence of mCherry and Alexa 488 was detected by a

fluorescence microscope (AX-70; Olympus, Tokyo, Japan).

Basal Blood Glucose Concentration and Intraperitoneal

Glucose Tolerance Test and ITT Analyses

To examine the effect of activation of SF1 neurons in the
VMH on basal blood glucose levels, we deprived SF1-Cre:

AAV-hM3Dq mice of food for 3 h and then injected them

intraperitoneally with saline or CNO at time t = 0. Blood

was collected from the tail vein at the indicated times for

measurement of blood glucose concentration with the use

of a OneTouch Ultra glucometer (LifeScan Japan, Johnson

& Johnson, Tokyo, Japan). For the glucose tolerance test

(GTT), SF1-Cre:AAV-hM3Dq mice were deprived of food
overnight for 16 h and then injected intraperitoneally first

with saline or CNO at t = 2180 min and then with glucose

(2 g $ kg21) at t = 0. Blood glucose and plasma insulin

concentrations were measured with the use of a OneTouch

Ultra glucometer and an insulin ELISA kit (Shibayagi,

Gunma, Japan). For the ITT, SF1-Cre:AAV-hM3Dq mice

were deprived of food immediately before intraperitoneal

injection with saline or CNO at t = 2180 min. They were

injected intraperitoneally with insulin (1 unit $ kg21)
(Sigma-Aldrich Japan, Tokyo, Japan) at t = 0, and the blood

glucose concentration was measured at the indicated times.

Hyperinsulinemic-Euglycemic Clamp and 2DG Uptake

A hyperinsulinemic-euglycemic clamp was imposed, and
2DG uptake was measured in conscious and free-moving

mice as previously described (17). Jugular vein and carotid

artery catheters were connected to an infusion pump and a

saline-filled syringe, respectively, at 4 h before the start of

the experiment, after which time only water was available.

CNO (3 mg $ kg21) or saline was injected through the jugular

vein catheter at t =2180 min in SF1-Cre:AAV-hM3Dq mice.

A priming dose (5 mCi) of [3-3H]glucose (American Radio-

labeled Chemicals, St. Louis, MO) was also administered via

the jugular vein catheter at t = 2120 min and was followed

by infusion of the tracer at a rate of 0.05 mCi $ min21 until

the end of the experiment. Beginning at t = 0, corresponding

to the steady-state condition, bovine insulin (Sigma-Aldrich

Japan) was infused continuously (bolus of 16 mU $ kg21,

followed by a rate of 2.5 mU $ kg21
$ min21) through the

jugular vein catheter. Blood was collected from the carotid

artery catheter, and blood glucose was monitored with the

use of a OneTouch Ultra glucometer. Glucose (30%, wt/vol)

was infused at a variable rate via the jugular vein catheter to

maintain the blood glucose concentration at 100 mg $ dL21.

Withdrawn erythrocytes were suspended in sterile 0.9%

saline and returned to each animal.
For assessment of 2DG uptake during the basal period,

mice were infused with 2-[14C]DG (5 mCi) (American

Radiolabeled Chemicals) through the jugular vein catheter

at t = 245 min. At t = 2180, 245, 240, 230, 220, 210,

and 0 min, arterial blood samples (50 mL) were collected for

assessment of blood glucose Ra and Rd, which reflect endog-

enous glucose production and whole-body glucose utilization,

respectively, as well as of 2DG uptake. For measurement of

2DG uptake during the clamp period, another group of mice

was infused with 2-[14C]DG (5 mCi) at t = 60 min, and blood

samples (50 mL) were collected at t = 2180, 25, 5, 10, 20,

30, 40, 50, 60, 65, 75, 85, 95, and 105 min. Rd is equal to Ra
plus the glucose infusion rate (GIR) during the clamp pe-

riod, whereas Rd is equal to Ra during the basal period. Rd
and Ra were determined during the basal (t =245 to 0 min)

and clamp (t = 60 to 105 min) periods, as described pre-

viously (17). Immediately after collection of the final blood

sample (t = 0 or 105 min), soleus muscle, red (Gastro Red)

and white (Gastro White) portions of the gastrocnemius,

heart, interscapular BAT, spleen, inguinal WAT (iWAT), ep-

ididymal WAT (eWAT), liver, and brain (cerebral cortex)

were removed and frozen in liquid nitrogen. Gastro Red

was dissected from the inner surface of the muscle attached

to the soleus, whereas Gastro White was dissected from the

outer surface of the muscle. The plasma concentration of

insulin was measured at t = 25 and 105 min with the use

of an ELISA kit (Shibayagi). Glycogen phosphorylase a ac-

tivity in the liver was measured as described previously (17).

We also determined GIR, Ra, and Rd in WT mice injected
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intraperitoneally with saline as well as in CNO-injected SF1-
Cre mice (without infection).

Food Intake

For measurement of food intake during refeeding after

fasting, SF1-Cre:AAV-hM3Dq and SF1-Cre (without infec-
tion) mice were deprived of food overnight from 1700 to

0900 h, saline or CNO was injected intraperitoneally at

0830 h, and consumption of laboratory chow (CE-2) was

determined during refeeding from 0900 to 1200 h. For

measurement of food intake at the start of the dark period,

saline or CNO was injected 30 min before the dark period

(1730 h) into SF1-Cre:AAV-hM3Dq and SF1-Cre (without

infection) mice fed ad libitum, and consumption of labora-
tory chow (CE-2) was measured over 3, 12, and 24 h after

the start of the dark period.

Energy Expenditure, Locomotor Activity, and

Respiratory Quotient

Energy expenditure and respiratory quotient (RQ) were

measured by indirect calorimetry. Gas analysis was per-

formed with a CO2 and O2 mass spectrometric analyzer

(Arco-2000; Arco System, Chiba, Japan). Locomotor activity
was measured with the use of a force plate system (Actracer-

2000; Arco System) that was placed below the cage and

which detects low-intensity activities (28). Mice were accli-

matized to the analytic cage for 3 days before experiments.

On the day of the experiment, SF1-Cre:AAV-hM3Dq mice

were deprived of food at 0800 h (t = 21 h) and were

injected with saline or CNO at 0900 h (t = 0). The VO2

and VCO2 as well as locomotor activity were measured every
minute from 2100 h on the day before the experiment to

0900 h on the day after the start of the experiment (total of

36 h). The data were averaged for each consecutive 1-h

period. Energy expenditure and the amount of carbohydrate

or fat oxidized were calculated from VO2 and VCO2 as de-

scribed previously (29) according to the following equations:

energy expenditure (cal $ min21) = (3.816 3 VO2) +

(1.231 3 VCO2); carbohydrate oxidation (cal $ min21) =
([4.51 3 VCO2] 2 [3.18 3 VO2]) 3 4.1; fat oxidation

(cal $ min21) = (1.67 3 [VO2 2 VCO2]) 3 9.3.

RNA Extraction and RT-PCR Analysis

Total RNA was isolated from tissue and subjected to reverse

transcription as described previously (17). The resulting
cDNA was analyzed by PCR or by quantitative PCR with

SYBR Green PCR Mix (Takara Bio, Shiga, Japan) in an ABI

7500 real-time PCR system (Thermo Fisher Scientific,

Yokohama, Japan). Data were normalized by the amount

of 36B4 mRNA. The sequences of PCR primers are shown

in the Supplementary Table 1.

Immunoblot Analysis

The extent of Akt phosphorylation was examined in soleus

muscle and liver of SF1-Cre:AAV-hM3Dq mice injected

with CNO or saline and subjected to a hyperinsulinemic-

euglycemic clamp. It was also examined in soleus and liver

of SF1-Cre:AAV-hM3Dq mice fed ad libitum and injected

intraperitoneally first with saline or CNO at time t =2180 min
and then with saline or insulin (1 unit $ kg21) at t = 0, with

the animals being sacrificed at t = 10 min by intraperitoneal

injection of an overdose (70 mg $ kg21) of pentobarbital

sodium. Tissue samples were prepared as described pre-

viously (17) and were subjected to immunoblot analysis

with antibodies specific for phosphorylated or total forms

of Akt (Cell Signaling Technology Japan, Tokyo, Japan),

horseradish peroxidase–conjugated secondary antibodies
(Santa Cruz Biotechnology), and enhanced chemiluminescence

reagents (GE Healthcare, Tokyo, Japan).

Electrophysiology

The brain was removed from 3- to 4-month-old SF1-Cre:

AAV-hM3Dq or WT mice under deep anesthesia with
isoflurane, and coronal slices of the hypothalamus

(300 mm thick) were prepared and transferred to artificial

cerebrospinal fluid (126 mmol/L NaCl, 3 mmol/L KCl, 1.3

mmol/L MgSO4, 2.4 mmol/L CaCl2, 1.2 mmol/L NaH2PO4,

26 mmol/L NaHCO3, 10 mmol/L glucose) at 33°C, as de-

scribed previously (30). To reduce spontaneous firing of

hypothalamic neurons during recording, we lowered the

glucose concentration in the artificial cerebrospinal fluid
to 5 mmol/L. SF1 neurons in the VMH labeled with

mCherry were targeted by patch pipettes with the use of

a BX51 microscope (Olympus) under fluorescent and infra-

red differential interference contrast optics. The patch pi-

pettes (4 to 6 MV) were filled with a solution containing

130 mmol/L potassium gluconate, 8 mmol/L KCl, 1 mmol/L

MgCl2, 0.6 mmol/L EGTA, 10 mmol/L HEPES, 3 mmol/L

ATP (Mg2+ salt), 0.5 mmol/L guanosine-5’-triphosphate
(disodium salt), and 10 mmol/L sodium phosphocreatine

(adjusted to pH 7.3 with KOH). Membrane potentials were

recorded in the current-clamp mode at a sampling rate of

10 kHz with the use of a Multiclamp 700B amplifier (Molec-

ular Devices, Sunnyvale, CA). Tetrodotoxin (1 mmol/L) was

added as indicated to block action potentials. We selected

cells with a high seal resistance (.1 GV) and a low series

resistance (,25 MV) for analysis. After at least 5 min of
stable recording, the recording was continued after bath

application of CNO (1 mmol/L). To explore the effect of

CNO on the activity of VMH neurons without hM3Dq ex-

pression, we examined the membrane potential of VMH

neurons of WT mice in the absence or presence of CNO.

Data are expressed as the average firing rate or membrane

potential during 3 to 1 min before and 5 to 7 min after

CNO application. A neuron was considered to be activated or
inhibited when the firing rate was increased or decreased

by $20%, respectively, or when the mean potential after

CNO application was 2 SDs above and below the potential

before CNO application, respectively.

Statistical Analysis

Quantitative data are presented for individual mice as

means 6 SD. Comparisons among multiple groups were

performed with ANOVA, followed by the Tukey-Kramer

post hoc test, and those between two groups were performed
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with the paired or unpaired Student t test. A P value of
,0.05 was considered statistically significant.

RESULTS

Expression of hM3Dq-mCherry in SF1 Neurons

of the VMH and hM3Dq Activation by CNO

Consistent with the specific expression of SF1 in the VMH

of the adult mouse brain (5–7), expression of the hM3Dq-

mCherry fusion protein in the medial hypothalamus was

limited to the VMH—being especially pronounced in the

dorsomedial region of the nucleus—in SF1-Cre:AAV-hM3Dq

mice (Fig. 1A and B). In contrast, the fusion protein was not

expressed in WT mice injected with the AAV-hM3Dq vector

(Fig. 1A). CNO injection showed a larger number of cfos and
hM3Dq-positive SF1 neurons in the unilateral side of the

VMH expressing hM3Dq, being especially in the dorsome-

dial region of the VMH, compared with that in the contra-

lateral (control) side of the VMH without hM3Dq

expression (Fig. 1C). Saline injection did not show any

cfos and hM3Dq-postive neurons in SF1-Cre:AAV-hM3Dq

mice (data not shown). These results suggested that CNO

activates SF1 neurons expressing hM3Dq.
Patch-clamp recordings from fresh VMH slices prepared

from SF1-Cre:AAV-hM3Dq mice revealed that bath appli-

cation of the hM3Dq ligand CNO induced depolarization

and increased the firing rate in most hM3Dq-mCherry–

expressing SF1 neurons (Fig. 1D and E). Among 20 hM3Dq-

mCherry–positive SF1 neurons examined, CNO increased

the firing rate in 14 neurons, reduced it in 4 neurons,

and had no effect in 2 neurons (Fig. 1E). The firing rate
(mean 6 SD) for all 20 neurons was 0.946 1.00 Hz before

and 2.00 6 2.63 Hz after CNO application (P , 0.05).

In the presence of the Na+-channel blocker tetrodotoxin,

CNO increased the membrane potential of all five hM3Dq-

mCherry–expressing SF1 neurons examined from 247.7 6

6.8 to 242.4 6 7.5 mV (P , 0.05) (Fig. 1D and F). All

tested neurons were thus depolarized by the application of

CNO. Among 13 VMH neurons in WT mice, CNO increased
the membrane potential in 1 neuron, decreased in 1 neuron,

and had no effect in 11 neurons (Fig. 1G).

Activation of SF1 Neurons Reduces Food Intake

Given that electrical stimulation of the VMH was previously

found to reduce food intake in rats (31), we examined the

effect of intraperitoneal injection of CNO on food intake in

SF1-Cre:AAV-hM3Dq and SF1-Cre (without AAV-hM3Dq

infection) mice. CNO injection in SF1-Cre:AAV-hM3Dq mice

reduced food intake during refeeding for 3 h after an over-

night fast compared with the corresponding value for the
same mice injected with saline (Fig. 2A). It also reduced

food intake during the first 3 h of the dark period but

not that measured over 12 or 24 h (Fig. 2B and C). CNO

did not affect food intake in SF1-Cre mice (Fig. 2A and B).

These results thus suggested that a single intraperitoneal

injection of CNO in SF1-Cre:AAV-hM3Dq mice reduced

food intake during the subsequent 3 h by acting at the

hM3Dq receptor expressed in SF1 neurons of the VMH.

Activation of SF1 Neurons Increases Energy Expenditure

We next examined the effects of activation of SF1 neurons

on energy expenditure, RQ, and locomotor activity. Com-

pared with saline, CNO significantly increased hourly

energy expenditure for the first 3 h after injection in SF1-

Cre:AAV-hM3Dq mice (Fig. 3A and Supplementary Fig. 1),

with total energy expenditure over the first 5 h also being

significantly increased (Fig. 3B). Injection of CNO did not

affect locomotor activity (Fig. 3C and D, and Supplementary

Fig. 1), however, suggesting that the increased energy ex-

penditure was independent of such activity. CNO reduced

RQ compared with that observed after saline injection (Fig.

3E and Supplementary Fig. 1). It also increased VO2 without

affecting VCO2 (Fig. 3F and G and Supplementary Fig. 1),

and it increased fat oxidation without affecting carbohy-

drate oxidation (Fig. 3H and I and Supplementary Fig. 1).

Together, these results thus suggested that activation of

SF1 neurons in the VMH by DREADD technology increased

energy expenditure and fat oxidation.

Activation of SF1 Neurons Increases Insulin Sensitivity

in Some Peripheral Tissues

Activation of SF1 neurons by optogenetic stimulation with

ChR2 was previously shown to induce hyperglycemia (10).

We therefore examined whether activation of SF1 neurons

by DREADD technology might have a similar effect. We

found that CNO induced only a small, nonsignificant in-

crease in the basal blood glucose level in SF1-Cre:AAV-

hM3Dq mice (Fig. 4A). Performance of a GTT and ITT at

30 min after the CNO injection revealed that the effects

of CNO on blood glucose and plasma insulin levels varied

among experiments (data not shown). We previously showed

that injection of leptin or a melanocortin receptor agonist

into the VMH of mice increased insulin sensitivity in red-

type skeletal muscle and liver (15–17), with these effects

being apparent 3 to 6 h after the injection. We therefore

examined the effects of CNO injection on GTT and ITT

parameters at 3 h after the injection. Blood glucose levels

during the GTT were significantly lower in mice injected

with CNO than in the same animals injected with saline,

whereas the plasma insulin concentration did not differ

between the two treatments (Fig. 4B and C). Blood glucose

levels during the ITT were also significantly lower for mice

injected with CNO than in the same animals injected with

saline, with the blood glucose concentration declining

to #50 mg/dL in CNO-injected mice (Fig. 4D). Activation

of SF1 neurons by the hM3Dq receptor thus increased glu-

cose tolerance and insulin sensitivity in mice 3 h after the

CNO injection.

It was possible that the circulating levels of gluconeo-

genic hormones, such as glucagon and glucocorticoids,

might have been affected by the pronounced hypoglycemia

induced during the ITT in CNO-injected mice. To prevent

such a hypoglycemic response after insulin administration,

we examined the effects of CNO injection in SF1-Cre:AAV-

hM3Dq mice subjected to a hyperinsulinemic-euglycemic

clamp beginning 3 h after the injection (Fig. 5A). We thus
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initiated insulin and glucose infusion 3 h after CNO or

saline injection in SF1-Cre:AAV-hM3Dq mice (Fig. 5A).

The blood glucose concentration had not changed at 3 h

after the CNO injection and was maintained during the

hyperinsulinemic-euglycemic clamp at a level similar to that

for the saline-injected control mice (Fig. 5B). However, the

GIR was significantly higher after CNO injection than after

saline injection (Fig. 5C), indicating that activation of SF1

neurons by the hM3Dq receptor increased whole-body in-

sulin sensitivity during the clamp period.

Figure 1—Expression of hM3Dq-mCherry in SF1 neurons of the VMH and electrophysiological validation of the DREADD system. A: Expression

of hM3Dq-mCherry in SF1 neurons of the VMH of an SF1-Cre:AAV-hM3Dq mouse (coronal and sagittal sections) but not in those of a WT:AAV-

hM3Dq mouse (coronal section) as revealed by the intrinsic fluorescence of mCherry (left images). Photomicrographs of the same hypothalamic

sections are also shown (right images). Scale bars, 100 mm. B: RT-PCR analysis of Cre recombinase, SF1, and glyceraldehyde-3-phosphate

dehydrogenase (G3PDH, internal control) mRNAs in the arcuate nucleus (ARH), VMH, and dorsomedial (DMH) and paraventricular (PVH)

hypothalamus of SF1-Cre mice. C: cfos expression in the VMH of SF1-Cre mice. AAV-hM3Dq was infected into the unilateral side of the

VMH. The yellow and orange arrowheads indicate a cfos-positive neuron with and without expression of hM3Dq, respectively. D: Representative

recordings of action potentials (upper trace) and membrane potential (lower trace) from an hM3Dq-mCherry–expressing SF1 neuron in a freshly

prepared tissue slice. The duration of bath application of CNO (1 mmol/L) is indicated by the bars. The membrane potential was recorded in the

presence of tetrodotoxin (TTX). E: Firing rate (mean 6 SD and individual neurons) of hM3Dq-mCherry–expressing SF1 neurons (n = 20) before

and after application of CNO (left panel) as well as the relative change in the firing rate of individual neurons induced by CNO (right panel). Red,

gray, and blue indicate neurons that show an increase ($20%), no change (<20%), or decrease ($20%) in the firing rate, respectively. F:

Membrane potential of hM3Dq-mCherry–expressing SF1 neurons (n = 5) in the presence of TTX before and after application of CNO. Data are for

individual neurons and mean 6 SD (left) and D increase (right) of the membrane potential. G: Membrane potential of VMH neurons of WT mice

before and after application of CNO (n = 13 neurons). Data are for individual neurons and mean6 SD (left) and D change (left) of the membrane

potential. The black and white circles indicate neurons that show an increase or decrease ($2 SDs) and no change (<2 SDs) in membrane

potential, respectively. *P < 0.05 vs. before CNO application (paired Student t test).
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The CNO-induced increase in GIR was associated with an

increase in Rd during the clamp period (Fig. 5D). Rd was also

increased during the basal period after CNO injection (Fig.

5D). Given that Ra is equal to Rd in the steady-state condi-

tion during the basal period, Ra was also increased during

the basal period after CNO injection (Fig. 5E). CNO thus
increased whole-body glucose turnover during the basal pe-

riod. During the clamp period, Ra was significantly reduced

in both saline- and CNO-injected mice but tended to be

reduced to a greater extent after CNO injection (Fig. 5E).

The plasma insulin concentration was increased approxi-

mately twofold during the clamp period compared with

the basal period, with CNO injection tending to reduce

the plasma insulin level during both basal and clamp pe-
riods compared with saline. These results suggested that

activation of SF1 neurons in the VMH via the hM3Dq re-

ceptor enhanced whole-body insulin sensitivity under the

hyperinsulinemic-euglycemic condition. There were no sig-

nificant differences in blood glucose concentration, GIR, Rd,

or Ra among saline-injected WT mice, CNO-injected SF1-Cre

mice (without AAV-hM3Dq infection), and saline-injected

SF1-Cre:AAV-hM3Dqmice (Supplementary Fig. 2), suggesting

that the effects of CNO on glucose metabolism were

mediated by hM3Dq expressed in SF1 neurons of the

VMH.

We next examined 2DG uptake in the peripheral tissues

of SF1-Cre:AAV-hM3Dq mice. CNO injection increased 2DG

uptake during the basal period as well as enhanced insulin-
induced glucose uptake during the clamp period in red-type

skeletal muscle (soleus and Gastro Red), BAT, and heart, but

not in Gastro White, spleen, eWAT, iWAT, or cerebral

cortex (Fig. 6A and B).

Examination of the effect of CNO on insulin signaling in

soleus muscle revealed that CNO increased the phosphor-

ylation level of Akt, a key molecule of the insulin-signaling

pathway, during the clamp period (Fig. 6C). Given that the
insulin-induced increase in Akt phosphorylation is attenu-

ated during insulin infusion, we examined the effect of

acute insulin injection on Akt phosphorylation in soleus

muscle of SF1-Cre:AAV-hM3Dq mice at 3 h after intraper-

itoneal injection of saline or CNO. CNO enhanced the

insulin-induced phosphorylation of Akt in soleus muscle

apparent 10 min after insulin injection without affecting

the basal level of Akt phosphorylation (Fig. 6D).

Figure 1—Continued.
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To explore the mechanism by which activation of SF1

neurons by hM3Dq increases Ra during the basal period and

why the effect of CNO is suppressed during the clamp

period, we examined the effect of CNO injection on glyco-

gen phosphorylase a activity in the liver of SF1-Cre:AAV-

hM3Dq mice. CNO increased glycogen phosphorylase a

activity in the liver during the basal period, and this effect

of CNO was suppressed during the clamp period (Fig. 6E).

These results suggested that activation of SF1 neurons in

the VMH stimulates hepatic glucose production via activa-

tion of glycogen phosphorylase in the liver and thereby

maintains blood glucose levels.
We also determined the effects of CNO on gluconeogenic

gene expression in the liver of SF1-Cre:AAV-hM3Dq mice

during the basal and clamp periods. In contrast to its effect

on glycogen phosphorylase a activity, CNO injection re-

duced the amounts of glucose-6-phosphatase (G6Pase)

and PEPCK mRNAs in the liver during the basal period

and enhanced the insulin-induced downregulation of these
mRNAs (Fig. 6F and G). Activation of SF1 neurons did not

affect Akt phosphorylation during the clamp period or acute

insulin-induced Akt phosphorylation in the liver (Fig. 6H

and I). These results suggested that activation of SF1 neu-

rons by DREADD technology suppressed gluconeogenic

gene expression in the liver in an Akt-independent manner.

DISCUSSION

We have shown here that activation of SF1 neurons by

DREADD technology with the designer receptor hM3Dq

increased glucose uptake and insulin sensitivity in red-type

Figure 2—Activation of SF1 neurons reduces food intake. A: Food intake was measured over 3 h of refeeding with laboratory chow after an

overnight fast for 16 h in SF1-Cre mice infected (n = 13) or not (n = 6) with AAV-hM3Dq. B: Food intake was measured during the first 3 h of the

dark period with laboratory chow freely available in SF1-Cre mice infected (n = 6) or not (n = 5) with AAV-hM3Dq. C: Food intake was measured

over 12 or 24 h after the start of the dark period with laboratory chow freely available in SF1-Cre:AAV-hM3Dq mice (n = 4). For all experiments,

CNO or saline was injected intraperitoneally 30 min before measurement of food intake in the samemice on different days. Data are for individual

mice and means 6 SD. *P < 0.05 vs. corresponding value for saline injection.
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skeletal muscle, BAT, and heart. We also found that activa-

tion of SF1 neurons by hM3Dq maintained euglycemia

under basal conditions, in contrast to the hyperglycemic

effect of activation either of SF1 neurons by ChR2 (10) or

of GK-expressing neurons in the VMH by TRPV1 (9). Acti-

vation of SF1 neurons by hM3Dq increased glycogen phos-

phorylase a activity in the liver, whereas this effect was

suppressed during a hyperinsulinemic-euglycemic clamp.

Figure 3—Activation of SF1 neurons increases energy expenditure and fat oxidation. SF1-Cre:AAV-hM3Dq mice were deprived of food for 1 h

and then injected intraperitoneally with CNO or saline (same animals, different days) at t = 0 for measurement of energy expenditure (A),

locomotor activity (C), RQ (E), VO2 (F), VCO2 (G), fat oxidation (H), and carbohydrate oxidation (I). Total energy expenditure (B) and locomotor

activity (D) over 6 h were also calculated. Data are means 6 SD (n = 6). Bar graphs also show the data for individual mice. *P < 0.05 vs.

corresponding saline value. See Supplementary Fig. 1 for measurements over 36 h.

2380 Activation of SF1 Neurons by DREADD Technology Diabetes Volume 66, September 2017

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://d

ia
b
e
te

s
jo

u
rn

a
ls

.o
rg

/d
ia

b
e
te

s
/a

rtic
le

-p
d
f/6

6
/9

/2
3
7
2
/5

8
5
5
2
4
/d

b
1
6
1
3
4
4
.p

d
f b

y
 g

u
e
s
t o

n
 2

6
 A

u
g

u
s
t 2

0
2
2

http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db16-1344/-/DC1


These results suggest that activation of SF1 neurons by

hM3Dq increases hepatic glucose production by activation

of glycogen phosphorylase a in this tissue and thereby
maintains blood glucose levels. We also found that activa-

tion of SF1 neurons by DREADD technology downregulated

the hepatic abundance of mRNAs for gluconeogenic genes

and that this effect was enhanced under the hyperinsuline-

mic-euglycemic condition. The activation of SF1 neurons by

hM3Dq thus has two distinct effects on glucose metabolism

in the liver: it increases glycogen phosphorylase a activity,

and it inhibits gluconeogenic gene expression. Together, our
observations suggest that activation of SF1 neurons by

hM3Dq increases glucose uptake in peripheral tissues, in-

cluding red-type skeletal muscle, BAT, and heart, as well as

glucose production in the liver. It also promotes insulin-

induced glucose uptake in these peripheral tissues and in-

sulin-induced suppression of gluconeogenic gene expression

in the liver. We also found that activation of SF1 neurons

via DREADD technology reduced food intake and increased
energy expenditure.

SF1 neurons are regulated by humoral factors such as

nutrients (e.g., glucose) and hormones (e.g., leptin and

insulin) (8,12–14,19,22–24). The long form of the leptin

receptor is expressed in some VMH neurons (18), and lep-

tin increases the activity of a subset of SF1 neurons in the

VMH (12–14). Leptin promotes glucose uptake and insulin

sensitivity in peripheral tissues, including red-type skeletal

muscle, BAT, and heart via VMH neurons, maintaining

blood glucose levels through increased hepatic glucose

production (15–17), and it promotes insulin-induced sup-
pression of hepatic glucose production through a distinct

mechanism in the VMH (17). Our present data now suggest

that activation of Gq signaling in SF1 neurons by hM3Dq

mimics the effects of leptin on glucose and energy metab-

olism but does not trigger a hyperglycemic response. These

observations suggest that a subset of SF1 neurons increases

insulin sensitivity in peripheral tissues, whereas another

subset of SF1 neurons induces hyperglycemia and enhances
the counterregulatory response to glucopenia. A previous

study also suggested that hM3Dq may regulate distinct

types of neurons compared with those regulated by an

optogenetic approach (25). Ligation of hM3Dq may there-

fore activate a subset of SF1 neurons in the VMH that in-

cludes leptin receptor–expressing neurons. We have shown

that injection of glutamate into the VMH induced hyper-

glycemia as well as glucose uptake in some peripheral tissues,
including red-type skeletal muscle, heart, and BAT (11). Ac-

tivation of ionotropic glutamate receptors in SF1 neurons

may thus induce both a hyperglycemic response and glucose

uptake in these peripheral tissues. Similarly, activation of

SF1 neurons by ChR2 may induce glucose uptake preferen-

tially in some peripheral tissues as well as hyperglycemia.

However, it is also possible that the distinct effects of opto-

genetic and DREADD stimulation on glucose metabolism

Figure 4—Effects of activation of SF1 neurons on blood glucose level, GTT, and ITT. A: Basal blood glucose level after intraperitoneal injection of

saline or CNO at t = 0 min in the same SF1-Cre:AAV-hM3Dq mice (n = 9) on different days. The mice were deprived of food for 3 h before

measurements. Blood glucose (B) and plasma insulin (C) levels during a GTT performed 3 h after intraperitoneal injection of saline or CNO in the

same SF1-Cre:AAV-hM3Dq mice (n = 5) on different days. Mice were deprived of food overnight before the test, and glucose (2 g $ kg21) was

injected intraperitoneally at t = 0. D: Blood glucose level during an ITT performed 3 h after intraperitoneal injection of saline or CNO in the same

SF1-Cre:AAV-hM3Dq mice (n = 7) on different days. Mice were fed ad libitum until the injection of saline or CNO, and insulin (1 unit $ kg21) was

injected intraperitoneally at t = 0. All data are means 6 SD. *P < 0.05 vs. corresponding value for saline injection.
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result from the different expression of hM3Dq and ChR2 in

a specific region of the VMH. In the current study, hM3Dq

was expressed at a high level in the dorsomedial region of

the VMH. Most leptin-activated SF1 neurons are located
within the dorsomedial subdivision of the VMH (14).

Activation of SF1 neurons in the VMH increased

phosphorylation of Akt in soleus muscle during the hyper-

insulinemic-euglycemic clamp as well as enhanced that in-

duced by acute injection of insulin. We previously showed

that activation of VMH neurons by orexin, acting via muscle

sympathetic nerves and b2-adrenergic receptors, stimulates

glucose uptake and insulin sensitivity in red-type skeletal

muscle by increasing insulin delivery from blood vessels

(32). Activation of SF1 neurons by DREADD technology

may thus increase insulin sensitivity in red-type skeletal

muscle also by enhancing insulin delivery to muscle cells.
In contrast, we have shown that electrical stimulation of the

VMH promotes glucose transport in heart muscle and BAT

by influencing different aspects of insulin action (33). Sim-

ilarly, CNO did not affect Akt phosphorylation in soleus

muscle of mice without insulin infusion. Activation of SF1

neurons in the VMH may therefore increase glucose uptake

in red-type skeletal muscle, heart, and BAT in both insulin-

independent and -dependent manners.

Figure 5—Activation of SF1 neurons increases whole-body insulin sensitivity. A: Experimental protocol for the hyperinsulinemic-euglycemic

clamp and measurement of 2DG uptake. SF1-Cre:AAV-hM3Dq mice were injected intravenously (i.v.) with saline or CNO at t = 2180 min. B:

Blood glucose concentration before and after insulin infusion for the hyperinsulinemic-euglycemic clamp. C: GIR during the hyperinsulinemic-

euglycemic clamp (left panel) and mean GIR during the final 45 min of the clamp period (right panel). D: Glucose Rd during the basal and clamp

periods. E: Glucose Ra during the basal and clamp periods (left panel) as well as the percentage suppression of Ra induced by the insulin infusion

(right panel). F: Plasma insulin level during the basal and clamp periods. All data are means 6 SD for mice injected with saline (n = 7) and CNO

(n = 6), with the exception of mice injected with CNO in panel F (n = 4). Bar graphs also show the data for individual mice. *P < 0.05 vs. saline

injection and basal period; †P < 0.05 vs. CNO injection and basal period; ‡P < 0.05 vs. saline injection and clamp period.
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Activation of SF1 neurons by DREADD technology

increased glycogen phosphorylase a activity in the liver un-

der basal conditions but suppressed hepatic expression of

the gluconeogenic genes for G6Pase and PEPCK. The extent

of Akt phosphorylation in the liver was not affected by

injection of CNO with or without insulin infusion. These

results suggest that activation of SF1 neurons by hM3Dq

regulates hepatic glycogenolysis and gluconeogesis in an

Akt-independent manner. Intracerebroventricular injec-

tion of leptin was also previously shown to regulate hepatic

Figure 6—Activation of SF1 neurons increases insulin sensitivity in peripheral tissues. Rates of 2DG uptake in skeletal muscle (soleus, Gastro

Red, Gastro White) (A) and heart, interscapular BAT, spleen, eWAT, iWAT, and brain (cerebral cortex) (B) of SF1-Cre:AAV-hM3Dq mice injected

with saline (n = 7) or CNO (n = 6). Data are shown for basal and clamp periods. C: Immunoblot analysis of the relative ratio of phosphorylated (p)

to total (t) forms of Akt in soleus muscle during the clamp period for SF1-Cre:AAV-hM3Dq mice injected with saline (n = 7) or CNO (n = 4). D:

Representative immunoblot analysis and quantitation of the relative pAkt-to-tAkt ratio in soleus of SF1-Cre:AAV-hM3Dq mice at 30 min after

intraperitoneal injection of insulin (1 unit $ kg21) or saline. CNO (or saline) was injected intraperitoneally 180 min before the insulin (or saline)

injection. With the exception of CNO + insulin (n = 7), n = 5 mice for each group. E: Glycogen phosphorylase a activity in the liver during basal

and clamp periods for SF1-Cre:AAV-hM3Dqmice injected with saline (n = 7) or CNO (n = 5). RT-quantitative PCR analysis of the relative amounts

of G6Pase (F) and PEPCK (G) mRNAs during the basal and clamp periods for SF1-Cre:AAV-hM3Dq mice injected with saline (n = 7) or

CNO (n = 4). H: Immunoblot analysis of the relative pAkt-to-tAkt ratio in the liver during the clamp period for SF1-Cre:AAV-hM3Dq mice injected

with saline (n = 5) or CNO (n = 4). I: Representative immunoblot analysis and quantitation of the relative pAkt-to-tAkt ratio in the liver of SF1-Cre:

AAV-hM3Dq mice at 30 min after an intraperitoneal injection of insulin (1 unit $ kg21) or saline. CNO (or saline) was injected intraperitoneally

180 min before the insulin (or saline) injection. With the exception of CNO + insulin (n = 7), n = 5 mice for each group. All quantitative data are for

individual mice and means6 SD. *P< 0.05 vs. saline injection and basal period or saline + saline; †P< 0.05 vs. CNO injection and basal period

or CNO + saline; ‡P < 0.05 vs. saline injection and clamp period or saline + insulin.
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glycogenolysis and gluconeogenesis in a reciprocal manner

(34). Further study is warranted to explore the mechanisms

by which activation of SF1 neurons by hM3Dq regulates

glucose metabolism in the liver.

Activation of SF1 neurons by hM3Dq suppressed food

intake not only at the start of the dark period but also after

an overnight fast, suggesting that activation of these
neurons in the VMH via this receptor promotes satiety. A

locus in the VMH—especially in the ventrolateral region of

the nucleus—has been shown to promote aggressive behav-

ior (35), and the VMH neurons responsible for this effect

are marked by expression of estrogen receptor 1 (Esr1) (36).

However, we did not detect any aggression-like behavior

after injection of CNO in SF1-Cre:AAV-hM3Dq mice (data

not shown). In the current study, hM3Dq was expressed at

a high level in the dorsomedial region of the VMH, while

Esr1 is expressed in the ventrolateral region of the VMH

(36). Thus, CNO did possibly not activate Esr1 expressing

neurons in the ventrolateral region of the VMH. We also

found that activation of SF1 neurons by hM3Dq increased

energy expenditure without altering locomotor activity,

with this effect being the result of increased fat oxidation.
These results are consistent with our previous data show-

ing that leptin stimulates fatty acid oxidation in red-type

skeletal muscle via activation of muscle AMPK (37).

The VMH contains glucose-excitatory and glucose-

inhibitory neurons (13,14,38). Activation of glucose-excitatory

neurons among SF1 neurons in the VMH was recently shown

to regulate insulin sensitivity in skeletal muscle and the liver

via uncoupling protein 2 (UCP2) and mitochondrial fission

Figure 6—Continued.
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(39). Among glucose-excitatory neurons in the VMH, the
number of cells excited by leptin is almost twice that of

those inhibited by leptin (13). Further studies are necessary

to explore the effects of hM3Dq activation on glucose-

excitatory, glucose-inhibitory, and leptin receptor–expressing

neurons in the VMH. Collectively, our results show that

DREADD technology provides an important tool for in-

vestigations of the role of the central nervous system in

the control of insulin sensitivity and glucose metabolism
in peripheral tissues.
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