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Introduction

The pre-proglucagon (Geg) gene product peptides glucagon-like
peptide 1 (GLP-1), GLP-2, oxyntomodulin (OXM), intervening
peptide 1 (IP1), and glicentin (hereafter referred to as GCG pep-
tides), produced through the actions of prohormone convertase
1/3 (reviewed in ref. 1), are released by a small population of L cells
in the intestine, altering metabolic homeostasis, insulin secretion
(2-5), and food intake (6).

Interestingly, these peptides are also released by a small popula-
tion of neurons in the caudal hindbrain of both rodents and humans
(7-12) and likely act in the brain to change animal physiology.

For example, injection of GLP-1 or GLP-1receptor (GLP-1R) ago-
nists (exendin-4 or liraglutide) into various brain regions —including
the lateral ventricles (7) or parenchyma of the rodent lateral (13) and
arcuate (14) divisions of the hypothalamus, the nucleus accumbens
core (15), lateral parabrachial nucleus (16), and nucleus of the soli-
tary tract (17) — robustly reduces food intake. Furthermore, GLP-1
has also been shown to induce pica (18) and conditioned taste aver-
sion (19), through action at GLP-1Rs expressed at specific neuroana-
tomical sites that are distinct from those regulating satiety (20-23).
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Peptides derived from pre-proglucagon (GCG peptides) act in both the periphery and the CNS to change food intake, glucose
homeostasis, and metabolic rate while playing a role in anxiety behaviors and physiological responses to stress. Although the
actions of GCG peptides produced in the gut and pancreas are well described, the role of glutamatergic GGC peptide-secreting
hindbrain neurons in regulating metabolic homeostasis has not been investigated. Here, we have shown that chemogenetic
stimulation of GCG-producing neurons reduces metabolic rate and food intake in fed and fasted states and suppresses glucose
production without an effect on glucose uptake. Stimulation of GCG neurons had no effect on corticosterone secretion,

body weight, or conditioned taste aversion. In the diet-induced obese state, the effects of GCG neuronal stimulation on
gluconeogenesis were lost, while the food intake-lowering effects remained, resulting in reductions in body weight and
adiposity. Our work suggests that GCG peptide-expressing neurons can alter feeding, metabolic rate, and glucose production
independent of their effects on hypothalamic pituitary-adrenal (HPA) axis activation, aversive conditioning, or insulin
secretion. We conclude that GCG neurons likely stimulate separate populations of downstream cells to produce a change in
food intake and glucose homeostasis and that these effects depend on the metabolic state of the animal.

The central actions of GLP-1 on glucose homeostasis, in con-
trast to the effects on food intake, appear to be more complex. In
particular, GLP-1R is not required in the central nervous system to
maintain normal glucose homeostasis (24). These data contrast,
however, with work showing that injection of GLP-1 into the arcu-
ate nucleus is sufficient to produce a reduction in liver glucose
production (25), while central GLP-1 reduces regulation of glu-
cose uptake (26). GLP-2 receptor deletion from arcuate neurons,
meanwhile, impairs the suppression of liver gluconeogenesis, with
intracerebroventricular (ICV) infusion of GLP-2 improving glu-
cose tolerance and insulin sensitivity (27). Furthermore, the acute
actions of GLP-1in the regulation of glucose homeostasis may also
involve a brief increase in circulating glucose levels brought about
by an enhancement in sympathetic outflow (28, 29).

Finally, GLP-1 also stimulates the hypothalamic-pituitary-
adrenal (HPA) axis (30-33), producing an increase in adrenocorti-
cotropic hormone (ACTH) and corticosterone secretion, through
actions in the paraventricular nucleus. Enhancement of anxiety-like
behavior through actions at the central nucleus of the amygdala
(CeA) (34) has also been observed, while stress-dependent anorexia
requires GLP-1R-mediated signaling (35).

Although these pharmacological and receptor deletion studies
show how central GLP receptors can produce important effects
on physiology and behavior, the contribution by GCG-producing
neurons (GCG neurons) has yet to be examined. Gaining a better
understanding of how the GCG system functions in the CNS is
extremely important, as drugs that target GLP-1R are used clini-
cally as both weight loss and antidiabetic glucose-lowering ther-
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apies (as reviewed in ref. 36). Whether all of the effects observed
following pharmacological activation of the GLP-1R can be elicit-
ed by GCG neuron stimulation has not been investigated. Clearly,
while studies have been able to pharmacologically establish the
function of the central GLP-1 system, it is unknown whether intra-
parenchymal or ICV delivery of GLP-1 or GLP-1 mimetics recapit-
ulates the effect of endogenous neuronal GLP-1 signaling. Fur-
thermore, agonism of GLP-1R cannot be expected to produce the
same effects on postsynaptic neurons when compared with stimu-
lation of the GCG neuron itself, which also releases glutamate (11)
along with GLP-2, OXM, IP1, and glicentin. It is therefore possible
that targeting GCG neurons may present as an even more effica-
cious therapy in the treatment of obesity and diabetes than simply
targeting the individual GCG peptide receptors themselves.

To develop a clearer understanding of GCG neuron function,
we have developed a transgenic mouse line expressing Cre recombi-
nase from the Geg locus of a bacterial artificial chromosome (BAC).
Through the expression of a designer receptor exclusively activated
by designer drugs (DREADD) (37, 38), we selectively activated hind-
brain GCG neurons using the synthetic ligand clozapine N-oxide
(CNO). Surprisingly, we observed that stimulation recapitulated only
a subset of the actions ascribed to centrally administered GCG pep-
tides, reducing food intake, metabolic rate, and glucose production
in lean animals. No effect was observed on corticosterone secretion,
anxiety-like behavior, conditioned taste aversion, or body weight
homeostasis. Furthermore, in diet-induced obese (DIO) mice, the
effect of GCG neuronal stimulation on glucose production was lost,
while the food intake-lowering effect remained, resulting in a reduc-
tion of body weight and adiposity.

Results

Cre recombinase is exclusively expressed in GCG neurons. Gcg-Cre
mice were crossed with tdTomato reporter mice to characterize
the expression pattern of the transgene (Figure 1A). The presence
of tdTomato was detected directly by epifluorescence, and colo-
calization in GCG neurons was determined by concurrent immu-
nohistochemical detection of GLP-1 peptide. Extensive colocal-
ization of GLP-1 and tdTomato fluorescence was present in the
caudal nucleus tractus solitarius (NTS) and ventrolateral medulla
(VLM) (Figure 1, D and G). Specificity of the Cre reporter gene
was high, with 99.1% + 0.2% of tdTomato-labeled cells display-
ing GLP-11R in the NTS, while 91.3% * 3.1% of those in the VLM
showed coexpression (Figure 1H). The efficacy of Cre recombi-
nase expression in GCG neurons was also high, with 92.6%% 0.8%
and 83.9% * 1.1% of GLP-1-labeled neurons harboring tdTomato
in the NTS and VLM, respectively (Figure 1I). Dense axonal plex-
us and terminal labeling in GCG neuronal target areas such as the
paraventricular (Figure 1]) and arcuate (Figure 1K) nuclei of the
hypothalamus was also observed. Very limited off-target expres-
sion (1-2 neurons per 40-um section) was seen throughout sev-
eral brain nuclei, including the olfactory bulb, anterior olfactory
nucleus, piriform cortex, medial and cortical amygdala, posterior
hypothalamic and ventral premammillary nuclei, and ventral peri-
aqueductal gray/dorsal raphe region (data not shown). The Gcg-
Cre mice exhibited normal body weight regulation (Figure 1L),
average daily food intake (Figure 1M), and blood glucose levels in
both fed and fasted states (Figure 1, N and O).
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Expression of hM3Dq in medullary GCG neurons and chemoge-
netic activation by the synthetic ligand CNO. AAV5-hSyn-DIO-hM-
3Dg-mCherry, which encodes an mCherry-tagged Gg-coupled
DREADD receptor (hereafter referred to as Gg DREADD), was
delivered into the caudal medulla (Figure 2A) to drive the activa-
tion of GCG neurons, with experiments conducted 3 weeks after
surgery. Following experimentation, mice were injected with
CNO, food was removed from all cages, and mice were transcar-
dially perfused 2 hours later to assess viral expression of mCherry
and activation by detection of Fos expression.

mCherry (visualized using a dsRed antibody) was seen almost
exclusively in neurons that exhibited GLP-1 staining in the caudal
NTS (Figure 2B) and VLM (Figure 2C). dsRed neurons displayed Fos
immunoreactivity (IR) (intense black cellular nuclei) throughout the
caudal NTS (Figure 2D) and VLM (Figure 2E) after CNO treatment.
98.0% * 0.6% and 90.4% +1.2% of dsRed cells were Fos-positive in
the NTS and VLM, respectively (Figure 2F). Furthermore, intense
nuclear Fos staining was largely confined to GLP-1-labeled somata
inboth the NTS (73.7% * 4.1%) and the VLM (86.5% *1.7%) (Figure
2, G-I). DsRed- and GLP-1-labeled neurons were seen within the
medullary raphe pallidus ventral to the hypoglossal motor nucle-
us (XII) and rostral to the pyramidal decussation and were double
labeled for Fos IR (DsRed: 97.6% * 2.0%, GLP-1: 79.2% * 4.2%).
Mice expressing Gg-coupled DREADD receptors in GCG neurons
(GCG-Gq DREADD mice) that received saline injections lacked
Fos IR within the DsRed-labeled (Figure 2J) and GLP-1-positive cell
population (Figure 2K), just like the GCG neurons obtained from
WT siblings that underwent the same procedure (data not shown).
Figure 2L depicts the characteristic distribution of GCG neurons in
the caudal medulla for reference. In the same cohorts, CNO treat-
ment increased Fos IR slightly in two GCG neuron target regions:
the paraventricular (PVH, 356 * 34 vs. 218 * 21, P = 0.015; Figure 2,
M-0) and arcuate hypothalamic nuclei (Arc; 299 +19 vs. 208 + 12,
P=0.005; Figure 2, P-R).

Electrophysiology. Expression of the virally introduced Gq DRE-
ADD receptor was confirmed by visual inspection of fluorescent
neurons in tissue slices (Figure 3A) and targeted for whole cell patch
clamp recordings (Figure 3B). While low concentrations of CNO (1
and 3 uM; data not shown) failed to increase GCG neuronal firing, 9
uM did produce a small increase in action potential generation (Fig-
ure 3, C and D). Increases in CNO concentration from 9 pM to 12
uM did not produce further neuronal potentiation (data not shown).
This suggested that our in vivo dosing produces an effect on physi-
ology that recapitulates the effect of 9 uM CNO in vitro. Bath appli-
cation of CNO (9 uM; 10 minutes) evoked depolarizing events that
triggered few action potentials solely in mCherry-labeled neurons
(n=6* 0.4 events in 10 minutes; Figure 3, C and D) and produced
an elevation in resting membrane potential (example in Figure 3E;
6-mV change). CNO had no effect on unlabeled neurons (Figure 3,
F and G; n =5 from 4 animals). Next, we investigated whether CNO
can potentiate action potential generation following current injec-
tion. Prior to bath application of CNO, injection of depolarizing cur-
rent steps induced action potential firing in mCherry-labeled and
unlabeled neurons (Figure 3, H and K). Superfusion of 9 uM CNO
produced a 2-fold potentiation of neuronal firing frequency (before
CNO, 7.7 £ 2.0 Hz and in CNO, 14.3 + 2.0 Hz; 2-way repeated mea-
sures ANOVA, F, =7.782, P=0.019; Figure 3,1and ]). Notably, this
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Figure 1. Characterization of Gcg-Cre mice. (A) Cre recombinase was inserted into the Gcg gene locus of BAC RP23-242F22 at the ATG start codon. Red
boxes, 5" and 3’ untranslated regions; white boxes, Gcg exons; lines, intronic DNA. (B-1) Cre recombinase expression within GCG neurons was visualized by
crossing Geg-Cre mice with tdTomato reporter animals. tdTomato fluorescence (NTS in C; VLM in F) is restricted to GLP-1-expressing cells (B and E) in the
NTS (D) and the VLM (G). Specificity of Cre recombinase expression is high, with virtually all tdTomato-labeled cells in the NTS (99%) and more than 92%
in the VLM showing GLP-1immunofluorescence (H). The majority of GLP-1-labeled neurons show Cre recombinase activity, with efficacy ranging from 84%
in the VLM to 93% in the NTS (1). The few GLP-1-positive neurons that lack tdTomato signal are marked with green asterisks (in B, D, E, and G). (J and K)
PVH and arcuate nuclei (Arc) neurons did not show expression, but tdTomato-labeled axons and terminals originating from brainstem GCG neurons were
readily observed. AHE, anterior hypothalamic nucleus; ME, median eminence. (L-0) GCG-Gq DREADD transgenic mice exhibit normal body weight (L), daily
chow food intake (M), and normal fed (N) and fasting (0) glucose levels. Scale bars in B-G, }, and K are in micrometers.

was a change similar to that elicited by cholecystokinin (CCK) and
leptin, endogenously expressed peptides shown to modulate the
activity of GCG neurons (39, 40). The action potential firing fre-
quency in unlabeled neurons was not affected by CNO perfusion

(Figure 3M). Together, these data suggest that DREADD stimula-
tion produces a physiologically relevant activation of GCG neurons.

GCG neuronal stimulation in lean mice is sufficient to produce a
significant reduction in food intake. Pharmacological activation of
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central GLP-1Rs has clearly been shown to lead to a reduction in
food intake (7, 15, 17, 20, 26, 41-45). To examine whether central
GCG neuron activation is sufficient to reduce feeding, we stim-
ulated GCG neurons in fed and fasted animals and measured
chow food and high-calorie diet (HCD) intake. CNO reduced
the amount of chow consumed in the GCG-Gq DREADD group
when compared with their food intake after receiving saline injec-
tions. When regular chow was removed for 2 hours and returned
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Figure 2. Activation of GCG neurons
transfected with Gq DREADD.
Microinjection of AAV2/5-hSyn-DIO-
hM,Dq (Gg)-mCherry (A) resulted in
Gg DREADD expression exclusively
in GLP-1-immunoreactive neurons of
the NTS (B) and the VLM (C); GLP-1,
black precipitate; mCherry, brown
precipitate. ITR, inverted terminal
repeat. Some GLP-1-labeled cells
lacked DsRed labeling (marked with
asterisks in B). (D-F) Functional Gq
DREADD expression was demon-
strated by intense Fos induction
within DsRed-labeled neurons of the
NTS (D) and VLM (E) 2 hours follow-
ing CNO injection. Strong Fos IR was
seen in DsRed-labeled neurons (F).
CNO treatment induced intense Fos
staining largely limited to neurons
displaying GLP-1IR in the NTS (G)
and the VLM (H). Most GCG neurons
showed strong Fos staining in both
NTS and VLM (1). Two saline-injected
GCG-Gg DREADD mice showed

a complete lack of Fos IR within
DsRed- (J) and GLP-1-immunola-
beled neurons (K). (L) Distribution of
GCG neurons in the caudal medul-

la. (M-R) A small but significant
increase in CNO-induced Fos staining
was seen in the PVH (M, N, and 0)
and the arcuate nucleus (Arc; P,

Q, and R), when GCG-Gq DREADD
mice (M and P) were compared with
controls (N and Q). n = 4 animals per
group; all comparisons made using t
test, *P < 0.05, **P < 0.01. Scale bars
are in micrometers.
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1 hour after injection, the GCG-Gq DREADD mice consumed
significantly less during daytime hours (Figure 4A; 0.12+ 0.03 vs.
0.28 £ 0.04 g chow, t = 2.90, P = 0.02) and during the first 3 dark-
phase hours (Figure 4B;1.56 + 0.16 vs. 2.29 + 0.26 g chow, ¢ = 2.27,
P = 0.05) when compared with saline injection. CNO also dimin-
ished intake of HCD (Figure 4C) (2-way repeated measures
ANOVA, significant effect of treatment [CNO vs. saline], F, , =
8.66, P = 0.0134). We then tested whether GCG neuronal activa-
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Figure 3. CNO application produces a small increase in GCG neuronal resting membrane potential and increases firing frequency following current injec-
tion. CNO elevates resting membrane potential and potentiates action potential firing in mCherry-labeled neurons in the NTS following current injection.
Recordings were made from tissue sections from 4 animals. (A) mCherry expression within the NTS. AP, area postrema; cc, central canal. (B) Patch clamped
mCherry neuron. (C and D) Representative traces showing that bath application of CNO (9 puM; 10 minutes) evoked firing in mCherry-labeled neurons. (E) An
expanded trace showing a single depolarizing event with spikes during perfusion of CNO (3 uM). Resting membrane potential was increased by 6 mV, an
effect that led to a minimal increase in spontaneous firing rate. ACSF, artificial cerebrospinal fluid. (F) Labeled neurons did not fire action potentials in the
absence of CNO. (G) CNO (9 uM) did not evoke spikes in unlabeled neurons. Breaks shown represent 2 minutes of duration. Spikes elicited by a depolarized
current injection step to 110 pA in labeled neurons before (H) and after 10 minutes of CNO (3 uM) application (1). ()) Plot of firing frequency as a function

of increasing depolarizing current steps shows a significant increase in firing frequency in labeled neurons after 10 minutes of CNO application (3 uM;
2-way repeated measures ANOVA, main effect of CNO treatment, F,, =7.782, P = 0.019). Spikes elicited by a depolarized current injection step to 110 pA in
unlabeled neurons before (K) and (L) after 10 minutes of CNO (3 uM) application. (M) Plot of firing frequency as a function of increasing depolarizing current
steps shows no change in firing frequency in unlabeled neurons after 10 minutes of CNO (9 uM; n = 5). Values represent mean + SEM. *P < 0.05.

tion could reduce food intake following a fast. We hypothesized
that fasting-driven food intake could in fact be reduced by GCG
neuronal stimulation, even though central GLP-1R modulation
has previously been shown to have no effect (46). Indeed, follow-
ing 18 hours of fasting, consumption of chow during refeeding

starting 30 minutes after CNO/saline injection was significantly
reduced (Figure 4D; 2-way repeated measures ANOVA, signifi-
cant effect of treatment [CNO vs. saline], F,=5188,P= 0.043).
To exclude the possibility that CNO had an effect on feeding via a
mechanism other than direct action on the Gqg DREADD, a group
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Figure 4. GCG neuron activation modulates food intake in both fed and fasted animals. Activation of GCG neurons by CNO (2 mg/kg) reduced food intake
both in the light phase (A, paired t test, n = 11, **P = 0.005) and during the first 3 hours of the dark phase (B, paired t test, n = 8, *P = 0.026) upon return
of food 2 hours after i.p. CNO/saline injections. HCD intake during early daytime when mice were sated (following ad libitum overnight feeding on chow)
was significantly reduced after CNO injection (C, 2-way repeated measures ANOVA, main effect of treatment F,_ = 8.66, *P = 0.0134). Food intake during

m

daytime refeeding following 18 hours of fasting was also significantly reduced (D, 2-way repeated measures ANOVA, n =13, main effect of treatment,

F

112

measures ANOVA, FW‘5 =0.07558, P = 0.62).

of WT (Cre-negative) littermates were subjected to the same
feeding protocols, and their food intake was identical after CNO
and saline injections both during refeeding after 18 hours of fast-
ing (Figure 4E; 2-way repeated measures ANOVA, F,_ = 0.0638,
P = 0.8) and when given HCD while satiated (Figure 4F; 2-way
repeated measures ANOVA, F, . = 0.07558, P = 0.62).

GCG neuronal stimulation in lean animals has minimal effects on
glucose handling and does not affect insulin sensitivity. Central GLP-
1R agonism and antagonism have been shown to improve glucose
tolerance, reduce muscle glucose uptake, and reduce liver glucose
production (26, 47, 48). Interestingly, GCG neuronal stimulation
did not affect glucose tolerance following CNO administration
(Figure 5A; 2-way repeated measures ANOVA, F, = 0.04572,
P =0.8346). Insulin sensitivity was also unaffected by CNO treat-
ment (Figure 5B; 2-way repeated measures ANOVA, F, .= 0.4948,
P = 0.4926). On the other hand, ad libitum fed mice showed a
small rise in glucose 1 hour after CNO injection compared with a
minimal drop in blood glucose levels 1 hour after saline injection,
when food was removed for 2 hours prior to glucose measure-
ment (Figure 5C; CNO: +11.3 * 6.5 mg/d], saline: -7.3 + 4.1 mg/
dl; paired ¢ = 2.39, P = 0.04). These data suggest that activation of
the medullary GCG neurons is not sufficient to modulate insulin
sensitivity or function, but may affect glucose levels acutely, as
described in prior reports (28). We next investigated the effect of
GCG neuronal activation on glucose production using a pyruvate
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= 5118, *P = 0.0430). WT littermates that underwent sham brain surgery were tested by injection of either CNO (5 mg/kg) or saline i.p., and no effects
of CNO were apparent during refeeding after fasting (E, 2-way repeated measures ANOVA

F,. =0.06308, P = 0.8) or during HCD feeding (F, 2-way repeated

'hs

tolerance test and glucose uptake using a 2-deoxyglucose uptake
assay. While GCG neuronal stimulation reduced gluconeogenesis
(Figure 5Dj; 2-way repeated measures ANOVA, significant effect
of treatment [CNO vs. saline], F, 5 =24.24, P = 0.00L; Figure 5E,
area under the curve, paired ¢ test, t = 2.706, P= 0.0304), no effect
on glucose uptake was observed (Figure 5F; ¢ test for each tissue
sourced from saline- and CNO-treated animals: extensor digi-
torum longus [EDL] ¢ = 0.3492, P = 0.7388; tibialis anterior [TA]
t = 0.007964, P = 0.9939; soleus ¢ = 0.893, P = 0.398; WAT
t = 0.5955, P = 0.5732; liver t = 0.4717, P = 0.6538). Finally, fasted
insulin levels were shown to be unchanged following CNO treat-
ment (Figure 5G; ¢ test, n =8, t = 0.056, P = 0.956).

GCG neuronal stimulation produces a small reduction in ener-
gy expenditure but does not affect metabolic fuel preference or body
weight in lean animals. The ability of GCG-derived peptides to alter
metabolic rate is controversial, with both an increase and decrease
in rate suggested to occur following GLP-1R activation (41, 47, 49,
50). We tested whether oxygen consumption, CO, production,
and respiratory exchange ratio (RER) were altered in GCG-Gq
DREADD mice during the first 3 hours of the dark period after
injection of CNO or saline, during which time food was removed.
A small but significant drop after CNO treatment occurred in O,
consumption (VO,, 3,129 £105 vs. 3,352 + 102 ml/kg/h) and CO,
production (VCO,, 2,145+ 90 vs. 2,300 + 77 ml/kg/h) (Figure 6A;
paired ¢ tests, t = 2.66 and 2.27, P = 0.03 and 0.05, respectively),
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Figure 5. GCG neuronal activation produces a selective effect on glucose homeostasis. Insulin secretion and insulin sensitivity were not affected by CNO

treatment (A, 2-way repeated measures ANOVA, F.

T

=0.04572, P = 0.8346; B, 2-way repeated measures ANOVA, F

=0.4948, P = 0.4926). Fed-state
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blood glucose levels showed a modest increase 1 hour after CNO delivery as compared with saline treatment (C, paired t test, *P = 0.038). i.p. pyruvate tol-

erance test showed a reduction in gluconeogenesis (D, 2-way repeated measures ANOVA, significant effect of treatment, F,

=24.24,*P = 0.0007; E, area

’ 7535

under the curve, paired t test, *P = 0.0304). 2-Deoxyglucose uptake assay showed no effect of CNO on glucose disposal (F, t test for each tissue sourced
from saline- and CNO-treated animals, EDL t = 0.3492, P = 0.7388; TA t = 0.007964, P = 0.9939; soleus t = 0.893, P = 0.398; WAT t = 0.5955, P = 0.5732;
liver t = 0.4717, P = 0.6538). Finally, fasted insulin levels were unchanged (G, t test, n = 8, t = 0.056, P = 0.956).

whereas RER and thus the ratio of carbohydrate and lipid fuel
usage remained unchanged (Figure 6B; paired t test, = 0.1026, P=
0.9212). The decrease in energy expenditure was possibly related
to reduced physical activity that was recorded after CNO injection
(Figure 6C, paired ¢ tests £ = 3.12 and 3.18, P = 0.017 and 0.016, for
X and Y ambulations, respectively). No effect of CNO treatment
was observed on intrascapular brown adipose tissue (iBAT) acti-
vation, based on the fact that Ucpl, Pgcla, and Pparg gene expres-
sion was unchanged (Figure 6D; Ucpl, t test, t = 0.94, P = 0.398;
Pparg, t test, t = 0.462, P = 0.66; Pgcla, t test, t = 0.07, P = 0.94).
Based on the ability of GCG neuronal stimulation to produce a
small acute reduction in food intake that does not extend beyond
4 hours of CNO injection (Figure 4D), we hypothesized that body
weight would remain unchanged, unlike that observed following
GLP-1R agonist treatment (14, 24). Indeed, after 14 days of HCD
feeding followed by repeated injections of CNO (6 injections of
2 mg/kg CNO, every 8 hours), we failed to observe a change in
body weight (Figure 6E; 2-way repeated measures ANOVA, F, =
1.336, P=0.292) and did not observe a change in food intake (data

not shown). Prior work examining the activation of NPY peptide-
expressing neurons in the arcuate (37), in contrast, has shown the
ability of DREADD receptor activation to increase body weight
following twice-daily injections of CNO over a 48-hour period,
demonstrating that DREADD-driven stimulation can affect met-
abolic homeostasis in other experimental paradigms.

GCG neuronal activation is not sufficient for the development
of a conditioned taste aversion. In addition to effects on feeding
and metabolism, work has shown how central GLP-1R activation
induces a conditioned taste aversion, independent of food intake
regulation (20). To determine whether GCG neuronal stimulation
can elicit taste aversion, we paired intraperitoneal CNO injection
in GCG-Gq DREADD mice with the consumption of the novel
tastant saccharin (0.15% in water). CNO did not induce avoidance
of the saccharin solution upon reintroduction in a 2-bottle choice
test (Figure 6F; paired t test, t = 0.7649, P= 0.4733), compared with
controls. Injection of lithium chloride (0.5 ml of 0.15 M), howev-
er, subsequent to an exposure to a saccharin solution, produced
aversion in a separate control group (Figure 6F). The amount of
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Figure 6. GCG neuronal activation alters metabolic rate and fasting locomotion, but has no effect on conditioned taste aversion, corticosterone levels,
or anxiety-related behaviors. (A-C) GCG stimulation produces a small change in energy metabolism, with no effect on carbohydrate and fat utilization.
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t = 2.273, P = 0.05), with no change in RER (B, paired t test, t = 0.1026, P = 0.9212). Activity was reduced (beam break counts in C; paired t tests t = 3.12
and 3.18, *P = 0.017 and 0.016, for X and Y ambulations, respectively). (B) Ucp1, Pparg, and Pgcla gene expression was unchanged in iBAT dissected from
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of HCD feeding followed by CNO injections every 8 hours for 48 hours did not produce a change in body weight (2-way repeated measures ANOVA, F
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1.336, P = 0.292). (F) CNO did not affect saccharin preference (paired t test, t = 0.7649, P = 0.4733). Positive control LiCl produced a strong conditioned
taste aversion (paired t test, t = 5.816, P = 0.0011). (G) CNO did not increase serum corticosterone levels at 70 and 90 minutes, despite producing a reduc-
tion in food intake (shown in Figure 4A) (ANOVA, F,;5=01134,P = 0.3834). (H-)) CNO injection did not change performance in the elevated plus maze
(H, t test, open arms t = 0.7684, P = 0.4534; closed arms t = 0.6968, P = 0.4954), open field (I, time spent in open field, t test, center t = 0.1924,

P =0.8509, border t = 0.3785, P = 0.7123; J, locomotor activity reflected in distance traveled in both border and central zones, t test, border t = 0.5473,

P =0.5991, central t = 0.02015, P = 0.9844).

saccharin solution consumed during the initial exposure prior to
injections did not differ between the 3 groups.

GCG neuronal stimulation in lean animals has no effect on circu-
lating corticosterone. Activation of GCG neurons produced a signif-
icantincrease in PVN Fos staining, suggesting HPA axis activation.
Unlike the effects on food intake, however, which may be due to
action of GCG peptides in the arcuate, PVN, or other nuclei, CNO
delivery had no effect on serum corticosterone levels in GCG-Gq
DREADD mice measured at 9:00 am, between 60 and 80 minutes
after CNO injection (2 mg/kg: 15.4 + 3.0 ng/ml, 5 mg/kg: 1715+ 3.3
ng/ml), when compared with saline injection (13.23 * 2.62 ng/ml;
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Figure 6G; ANOVA, F,,;=01134, P = 0.3834). The same CNO
injections were able to significantly inhibit food intake when regu-
lar chow was returned to the animals in their home cages after tail
vein blood draws (similar to that reported in Figure 4A).

GCG neuronal activation does not alter anxiety-like behaviors, as
observed in the elevated plus maze and open field tests in lean mice. We
tested the ability of GCG neuronal activation to modulate anxiety-
like behavior. Following either i.p. CNO or saline injections,
GCG-Gq DREADD mice exhibited no differences in the elevated
plus maze or the open field test. In the elevated plus maze test,
the duration of time spent inside the open or closed arms was
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Figure 7. Anorexigenic effect of GCG neuronal stimulation is enhanced in DIO Gcg-Cre mice. n = 6-7 control and GCG-Gg DREADD mice were fed HCD
(Teklad TD88137) ad libitum for 5 months prior to testing. (A) CNO stimulation reduced food intake following an 18-hour fast compared with control

CNO-injected littermates (2-way repeated measures ANOVA, significant effects of time [F.

=72.91, ****P < 0.0001] and CNO treatment [F

m

=36.04,

333

**%*p < 0.0001]). (B) Prior to testing the effects of CNO injection on body weight, control and GCG- Gqg DREADD mice exhibited no difference in mass

(2-way repeated measures ANOVA, F,

[F

of CNO treatment (F

, F,, = 0.02455, P = 0.8783). (C) Regular injections of CNO spaced 12 hours apart significantly reduced body weight in the
GCG-Gq DREADD animals but had no effect on controls (2-way repeated measures ANOVA, significant effects of time [F

=5.02, **P = 0.002] and CNO

444

= 14.59, %P = 0.0028]). (D) Fat mass was reduced (t test, t = 3.76, **P = 0.0032), while no change in lean mass (t test, P = 0.11) was seen. (E and F) No
effect of CNO injection on glucose homeostasis was observed. (E) Two-way repeated measures ANOVA, significant effect of time (F, ,,
no effect of CNO treatment (F,,, = 4182, P = 0.655). (F) Two-way repeated measures ANOVA, significant effect of time (F, ,,

=42.82, P< 0.0001),
=86.73, P < 0.0001), no effect

=4.447, P 0.0587). No effect of CNO was observed on fed insulin levels (G, t test t = 0.758, P = 0. 464) or on glucose uptake (H,

n =3 mice per group, ttest for each tissue sourced from CNO-treated WT and GCG-Gq DREADD animals, EDL t = 0.058, P = 0.958; TA t = 1.604, P = 0.1840;
soleus t = 0.2589, P = 0.8085; WAT t = 0.8964, P = 0.4207, liver t =1.200, P = 0.2964).

not significantly different between saline and CNO treatments
(Figure 6H; ¢ test, open arms ¢ = 0.7684, P =0.4534; closed arms
t = 0.6968, P = 0.4954). In the open field test, CNO and saline-
treated groups showed no differences in time spent in the periph-
ery or the center of the arena (Figure 6I; center ¢ = 0.1924,
P=0.8509; border ¢ = 0.3785, P = 0.7123) and exhibited identical
exploratory locomotor activity, reflected in distance traveled in
both border and central zones (Figure 6]; border, ¢ test, t = 0.5473,
P=0.5991; central, ¢ test, t = 0.02015, P = 0.9844).

Development of obesity alters the ability of GCG neurons to drive
changes in food intake, body weight, and glucose production. Finally,
we investigated whether DIO alters the function of GCG neurons
in the control of food intake and glucose homeostasis. Following

5 months of HCD feeding, we tested the ability of CNO to reduce
food intake in obese mice, fasted for 18 hours then refed. Surpris-
ingly, we found that 2 mg/kg CNO produced an even larger reduc-
tionin food intake than observed in lean animals (Figure 7A; 2-way
repeated measures ANOVA, significant effects of time [F3 5 =
72.91, P<0.0001] and CNO treatment [FL11 =36.04,P<0.0001]).
Consequently, we tested the ability of repeated CNO injections to
reduce body weight. Unlike in lean mice fed HCD, 2 mg/kg CNO
injections significantly reduced body weight in DIO mice over a
48-hour period (Figure 7C; 2-way repeated measures ANOVA, sig-
nificant effects of time [F4‘44 =5.02, P=0.002] and CNO [F1 "

14.59, P = 0.0028]), a reduction that was due to a loss of adiposity
(Figure 7D, ¢ test, P = 0.0032), with no significant change in lean
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mass (Figure 7D, ¢ test, P = 0.11). Interestingly, when we tested the
ability of CNO to reduce glucose production, we discovered that
in DIO Geg-Cre mice, CNO no longer reduced glucose production
but showed a trend toward driving glucose production in the oppo-
site direction (Figure 7F; 2-way repeated measures ANOVA, sig-
nificant effect of time [F, ,, = 86.73, P< 0.0001], no effect of CNO
treatment [F1,11 = 4.447, P = 0.0587]). Furthermore, CNO-driven
GCG neuronal activation had no effect on insulin sensitivity (Fig-
ure 7E; 2-way repeated measures ANOVA, significant effect of
time [F4’44 =42.82, P<0.0001], no effect of CNO treatment [F1,11 =
4.182, P = 0.655]) or on insulin production. Again, as was observed
in lean mice, DREADD activation of GCG neurons did not affect
fed serum insulin levels (Figure 7G; ¢ test, t = 0.758, P = 0.464) or
glucose uptake into muscle, adipose, or liver tissue (¢ test; EDL ¢ =
0.058, P=0.958; TA t = 1.604, P = 0.1840; soleus t = 0.2589, P =
0.8085; WAT ¢t = 0.8964, P = 0.4207; liver t = 1.200, P= 0.2964).

Discussion

Our data clarify the role of GCG neurons in the brain, as we
demonstrate that this system is sufficient to produce changes in
select metabolic parameters following stimulation. Specifically,
we have shown how these neurons are sufficient in lean mice to
modulate food intake while having no effect on corticosterone
secretion, conditioned taste aversion, or exploratory behavior.
Interestingly, while we also observed that GCG neuronal stimu-
lation had minimal effects on glucose handling or insulin secre-
tion, neuronal stimulation had potent effects on gluconeogenesis.
Finally, our observed effect of GCG neuronal activation on meta-
bolic rate occurred in the absence of any effects on brown fat acti-
vation or body weight. Interestingly, the effect of GCG neuronal
stimulation was markedly different in DIO animals. While the
ability of GCG neurons to reduce food intake and body weight was
magnified, GCG neuronal control of gluconeogenesis was lost.

Our stimulation protocol involved the use of DREADD recep-
tors to enhance the activity of GCG neurons, driving a small
increase in neuronal activity. While we cannot determine wheth-
er we produced a change in GCG neuronal activity that exactly
recapitulates the endogenous stimulation by afferent neurons,
the degree of potentiation by CNO appears to match the ability
of peptides that naturally activate GCG neurons, such as leptin
and CCK, to produce a 2-fold increase in neuronal action poten-
tial frequency and a small increase in resting membrane potential
(39, 40). Thus, we believe that our work demonstrates the range
of physiological effects that are possible following GCG neuronal
activation by a physiologically relevant stimulus. It remains to
be determined whether stronger stimulation (such as that which
could be elicited by optogenetic activation) produces a more pro-
nounced effect on physiology and whether GCG neurons receive
such a stimulus in vivo.

GCG neuronal modulation of food intake. Our work shows
for the first time to our knowledge that GCG neurons can inde-
pendently suppress food intake when functionally activated
by DREADD receptors, similar to the reported effects of GLP-1
or GLP-1 analog injections into either the cerebral ventricles or
into the parenchyma of specific brain regions. Interestingly, the
anorexigenic role of the GCG neurons does not appear to be
dependent on the nutritional status of the animal, as has been
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reported previously (46). We had hypothesized that additional
neurotransmitters released by GCG neurons may synergize with
GLP-1toreduce food intake following a fast. It is also possible that
GCG neuronal stimulation may have negated the requirement for
an elevation in leptin levels to produce anorexia in fasted animals
(46), as we indeed saw that the suppression of food intake could
be elicited in both satiated and fasted mice.

GCG neurons are ideally positioned to transduce satiety and
energy influx signals to other brain regions controlling food intake
such as the PVH and arcuate nucleus (9, 14, 43, 51). Indeed, we
observed a modest increase in Fos IR in the PVH and the arcuate
nucleus following CNO injection. In addition, other brain regions
have been implicated in GLP-1-mediated modification of appetite
and food intake, including the lateral parabrachial nucleus (16),
lateral and dorsomedial hypothalamus (13), ventral tegmental
area, and nucleus accumbens, all of which may be affected by the
DREADD-driven activation of the hindbrain GCG neurons. These
actions likely complement the ability of peripherally derived
GLP-1 to produce satiety, acting at vagal afferents (6). Condi-
tioned taste aversion, meanwhile, could not be recapitulated with
DREADD-driven activation of GCG neurons (18, 19, 24). Thus,
activation of the central GCG neurons in the current study does
not seem to lead to the development of nausea or malaise that
would drive aversive conditioning to novel tastes. As prior work
has shown that the sites that mediate satiety and taste aversion
are distinct (20), it is possible that the endogenous activation of
GCG neurons cannot produce malaise. Of course, it may be that
stronger neuronal stimulation of the GCG neurons could produce
taste aversion, a hypothesis that should be tested in future work.
The potentiation of the anorexic effects of GCG neuronal stimu-
lation in DIO mice when compared with lean animals (Figure 4D
compared with Figure 7A) was surprising, given that ventromedial
hypothalamic neurons, which form a principal target of the GCG
cells, often become resistant to cues such as leptin and to neuro-
nal stimulation in general that drive a reduction in food intake fol-
lowing HCD feeding (52). However, recent work has shown that
peripherally administered liraglutide directly stimulates arcuate
pro-opioid melanocortin (POMC) neurons while indirectly inhib-
iting neuropeptide Y/agouti-related peptide-expressing cells to
reduce food intake and body weight in obese mice (14). Other
work, meanwhile, has demonstrated that liraglutide can restore
POMC neuron leptin sensitivity in obese animals (53), suggesting
that POMC neurons could still play an important role, in addition
to other GCG neuronal target sites, in the reduction of food intake
and body weight in obese mice. Importantly, our work shows that
GCG neurons may represent a therapeutic target for the treatment
of obesity, as acute treatment reduced body weight significantly
in DIO mice, over a 48-hour period of DREADD-driven Gcg neu-
ronal activation. It remains to be determined whether GCG neu-
rons are required in order to resist the development of obesity, a
hypothesis we will test in future studies.

GCG neuronal control of glucose homeostasis. DREADD-driven
activation of the hindbrain GCG neurons recapitulated only a sub-
set of the glucoregulatory actions ascribed to central GLP-1Rs in
lean animals. In the fed state, little effect of CNO-driven stimula-
tion on blood glucose levels was seen. Insulin secretion and insulin
sensitivity were unchanged following GCG neuronal activation.
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The main effects of GCG neuronal stimulation appear to be on glu-
coneogenesis, which was suppressed following neuronal activation
and in the maintenance of glucose levels following a short-term
fast. Interestingly, although no effects of GCG neuron activation
on glucose clearance were observed, DREADD-driven activation
of GCG neurons was sufficient to maintain normoglycemia in the
context of short-term fasting for up to 3 hours. Our data suggest
that, acutely, GCG neurons may in fact promote glucose produc-
tion, possibly through an enhancement of sympathetic tone, as
has been suggested previously (28). A significant portion of GCG
neurons in the caudal medulla target sympathetic preganglionic
neurons of the spinal cord (54). However, this postulated sympa-
thetic activation would have to be tissue specific, as iBAT activation
that might be expected to result from an increased sympathetic
drive was not observed. The possibility that the centrally released
neuropeptide GLP-1 may counteract the acute effect of the incre-
tin gut hormone GLP-1 is intriguing and is with precedent, as the
hindbrain has previously been shown to harbor neurons capable of
driving glucose production in the periphery (55, 56).

The observation that GCG neuronal activation only modulated
gluconeogenesis in a fasted lean animal was surprising to us, based
on prior work showing an improvement in glucose uptake and glu-
cose tolerance following GLP-1R and GLP-2R modulation (25-27).
Specifically, the injection of GLP-1 into the arcuate nucleus but not
the PVN reduces hepatic glucose production and glucose uptake
(25, 26). Similar effects were also observed following GLP-2 injec-
tion ICV, with infusion increasing insulin sensitivity (increased
peripheral glucose disposal) and reducing gluconeogenesis (27).
This work is in agreement with other studies showing that cen-
tral GLP-1R-dependent inhibition of hepatic glucose production
occurs coincident with a suppression of skeletal muscle glucose
uptake (48). Thus, published work demonstrates that GLP-1 action
in the brain is sufficient to produce both insulin-dependent and
insulin-independent actions on glucose homeostasis. In contrast,
we believe our data suggest that DREADD-driven GCG neuronal
activation is therefore only sufficient to modulate a subset of the
possible actions of these cells on glucose homeostasis. Our data
suggest that the insulin-sensitizing actions of GCG peptides and
gluconeogenic actions of these peptides can be functionally uncou-
pled, which could be accomplished by different populations of
neurons mediating changes in glucose uptake, insulin release, and
gluconeogenesis in the context of GLP-1R agonist administration.
Alternately, a single population of neurons innervated by GCG
neurons may drive glucose handling and production, with actions
dependent upon the degree of GCG neuronal activation.

Unlike in lean animals, in DIO mice, there was no effect of
GCG neuronal stimulation on gluconeogenesis. As prior work sug-
gests that arcuate neurons mediate the effects of GLP-1 on glucose
homeostasis (26), the resistance to the actions of GCG neurons in
driving a reduction in glucose production likely occurs in down-
stream hypothalamic neurons that regulate peripheral hepatic glu-
cose production (52, 57). This effect was surprising, however, given
data cited earlier that GLP-1R agonism can reverse obesity-driven
neuronal insensitivity to hormones such as leptin in arcuate POMC
neurons (14, 53) to produce a change in food intake. Thus, our data
(and those of others; ref. 26) suggest that the GCG neuronal regu-
lation of food intake and glucose homeostasis is mediated by sep-
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arate populations of neurons that show differential sensitivity to
GCG neuronal stimulation in the setting of obesity.

GCG neuronal control of metabolic rate. In addition to effects
on glucose homeostasis and food intake, GCG peptide signaling
has been hypothesized to produce a change in brown fat acti-
vation and respiration rate. Interestingly, both an increase and
decrease in metabolic rate have been reported, making it difficult
to predict the actions of the endogenous GCG neuronal system.
Chronic GLP-1 infusion into the CNS has been shown to lead to
transcriptional activation of iBAT and glucose/triglyceride uptake
(49, 58) resulting from an increase in sympathetic outflow driven
by GLP-1R signaling. Other data, however, have shown that the
GLP-1R agonist EX-4 can also produce a lowering of VO,. Simi-
larly, a reduction in GLP-1R signaling has been shown to increase
metabolic rate, in both the GLP-1R-knockout model and follow-
ing infusion of the GLP-1R antagonist EX-9 into the brain (47).
In several prior studies, locomotion was also affected by GLP-1R
modulation. We believe that our data clarify the role of the endog-
enous neuronal GCG peptide releasing system following acute
activation. Clearly, GCG neurons act to reduce metabolic rate
while also reducing locomotion in a context-dependent manner.
How GCG neurons produce this effect is less well understood
when compared with the glucoregulatory and food intake actions
of the GCG peptides. As with actions of the GCG neurons on food
intake, multiple sites could be mediating the effects of the GCG
neurons on locomotor activity, such as the POMC arcuate neurons
and neurons of the nucleus accumbens (14, 21, 59).

It was surprising that while ambulatory activity was altered in
mice in the Oxymax chambers during the subjective dark phase,
no effect was observed in the open field test conducted during the
light phase. Taking both of these results into consideration, we
believe that it is possible that the change in activity while in the
metabolic chambers is related to either a reduced foraging drive
that underlies the reduced food intake with GCG neuronal stimu-
lation or to an alteration in nocturnal activity. Further studies will
be required to investigate this effect.

While a change in locomotion may contribute to the change
in metabolic rate, it is unlikely that effects on metabolic rate were
influenced by any modulation of iBAT activity. Again, similar to
the effects on glucose homeostasis, lack of an effect of GCG neu-
ronal stimulation on iBAT activity was unexpected, as other work
has shown the ability of acute CNS infusion of GLP-1 to increase
iBAT activation (49, 58).

GCG neuronal stimulation and body weight regulation. Based
on our data showing both a reduction in food intake (that did not
extend beyond 3 hours after CNO injection; data not shown) and a
reduction in energy expenditure, we were not surprised that CNO
stimulation of GCG neurons did not produce a change in body
weight in lean animals. Interestingly, GCG neuronal activation
produced a significant effect on body weight in DIO mice, low-
ering adipose levels following DREADD activation, as has been
reported for the actions of liraglutide on obese mice (14, 49) at
arcuate POMC and NPY/AgRP neurons (14, 26). Our work there-
fore clarifies the ability of endogenous GCG neuronal stimulation
to recapitulate the effects of peripherally administered liraglutide
on body weight selectively in obese animals, producing weight
loss of a similar magnitude to that observed in obese humans (60).
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GCG neuronal modulation of HPA axis activation and anxi-
ety-like behavior. Finally, in addition to effects on food intake and
glucose homeostasis, we expected that, based on its excitatory
input to the PVH, GCG neuronal stimulation would lead to a robust
secretion of corticosterone. In rats, GLP-1 infusion into the third
ventricle or the PVN lead to a robust ACTH and corticosterone
response (34). As a significant proportion of corticotropin-releasing
hormone-containing (CRH-containing) parvocellular neurons are
innervated by GCG neurons (9, 10, 61), we expected to observe a
rise in serum corticosterone levels after CNO injection. Our obser-
vations that food intake following tail blood draws was reduced in
CNO-treated animals and that CNO induced a modest increase
in Fos expression in the PVN would also suggest that our stimula-
tion paradigm would ultimately result in increased corticosterone
secretion. This, however, did not occur and could have resulted
from an insufficient degree of GCG neuron activation to elicit a
net strong excitatory effect on the CRH neurons of the PVH. Last,
despite the reported role of the central GCG system in the stress
response to novel and open spaces (34, 62), we did not see effects
of GCG stimulation on open field or elevated plus maze perfor-
mance. The underlying reasons for this discrepancy could be spe-
cies differences in an anxiety- or open space aversion-promoting
role for GCG neurons, which was demonstrated in rats to involve
the central nucleus of the amygdala (34). Further testing is need-
ed to reveal whether hindbrain GCG neurons provide significant
contributions to neuroendocrine and behavioral stress responses
to either aversive interoceptive and exteroceptive stimuli.

In summary, our DREADD-driven moderate stimulation par-
adigm reveals the ability of GCG neurons to drive a subset of the
physiological effects ascribed to GLP-1R agonists in the brain.
Even though neuronal activation engages hypothalamic target
nuclei and reduces food intake, this mode of activation was not
sufficient to enhance corticosterone secretion, modulate anxi-
ety behavior, reduce glucose uptake, affect insulin sensitivity, or
change the development of a conditioned taste aversion. Thus, it
is possible that a moderate level of GCG neuron activation may
produce an inhibition or termination of feeding and reduction in
glucose production while avoiding other effects ascribed to cen-
tral agonism of receptors that bind GCG-derived peptides. In the
setting of DIO, GCG neuronal stimulation no longer affects glu-
coneogenesis but significantly reduces food intake, leading to a
reduction in body weight and adiposity.

Methods

Animals. Mice were housed on a 6:00 am/off 6:00 pm/on light cycle.
Mice were fed ad libitum Harlan Chow (catalog 7912), 3.1 kcal /g, 5.8 %
of kcal from fat and water, unless stated otherwise.

Generation of the Gcg-Cre mouse line. Cre recombinase was insert-
ed into the Geg gene locus of BAC RP23-242F22 at the ATG start codon
using previously described recombineering methods (63) (Figure 1).
The BAC transgene was then injected into pronuclei from C57BL/6]
animals (Jackson Laboratory, strain 000664).

Mice were genotyped using primers Cre* 5-GTGAAACAG-
CATTGCTGTCAC-3, Cre 5-"TGCTTCTGTCCGTTTGCCG-
GT-3' and the control primers run in the same reaction, M176
5-GGTCAGCCTAATTAGCTCTGTCAT and M177 5-GATCTC-
CAGCTCCTCCTCTGTCT-3' (Tm = 60°C). tdTomato reporter mice
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were genotyped with primers WT forward 5-~-AAGGGAGCTGCAGT-
GGAGTA-3, WT reverse 5-CCGAAAATCTGTGGGAAGTC-3,
mutant reverse 5-GGCATTAAAGCAGCGTATCC-3', mutant forward
5-CTGTTCCTGTACGGCATGG-3'.

Quantitative PCR. Quantitative PCR was performed as described
previously (64), using the following primer pairs to detect the con-
trol gene cyclophilin and the iBAT-expressed transcripts cyclophilin*:
CGATGACGAGCCCTTGG and cyclophilin: TCTGCTGTCTTTG-
GAACTTTGTC, Pparg: GATGCAAGGGTTTTTTCCGAAG and
Pparg: CAAGGCACTTCTGAAACCGACA, Pgcla*: CCCTGCCATTGT-
TAAGAC and Pgcla: TGCTGCTGTTCCTGTTTT, Ucpl: ACTGCCA-
CACCTCCAGTCATT and Ucpl: CTTTGCCTCACTCAGGATTGG.

Surgery. Six- to 8-week-old Geg-Cre mice were injected with
AAV2/5-hSyn-DIO-hM,Dq (Gg)-mCherry (encoding Gqg DREADD)
(University of North Carolina Gene Therapy Core) using pressure
injection into the NTS (200 nl virus/side). Mice received intramuscu-
lar ketamine (60 mg/kg) and xylazine (10 mg/kg) and upon full anes-
thesia were immobilized in a stereotaxic frame (David Kopf Instru-
ments). The dorsal neck musculature was exposed and dissected via
midline incision to expose the dorsal surface of the caudal brainstem
and the floor of the fourth ventricle. The dura mater was punctured
with a 30G needle tip at 0.5 mm both left and right to the caudal lim-
it of the area postrema, and a glass micropipette (tip diameter 20-30
um) filled with the AAV vector was lowered 0.4 mm ventral to the
dorsal surface of the brain. A total of 200 nl AAV vector solution was
delivered by pressure injection (MPPI-2, Applied Scientific Instru-
mentation) over a period of 5 minutes, after which the micropipette
tip was left in situ for 2 minutes and then slowly removed. The incision
was then closed with sutures, and the animals received ketoprofen (5
mg/kg, s.c.) during recovery from anesthesia. The Cre-negative (WT)
littermates received sham surgery. Mice were singly housed for 3-5
days after surgery before being re-housed with cage mates.

Feeding and body weight assays. To assess daytime and nighttime
food intake, food (Harlan, catalog 7912, 3.1 kcal/g, 5.8 % of kcal from
fat) was removed 2 hours prior to injection of CNO (2 mg/kg) or saline,
ateither 11:00 am or 5:00 pm. Food consumption was determined 2 or
3 hours later. To assess fasting-driven food intake, food was removed
at 4:00 pm, with mice receiving CNO or saline injections the next
morning between 9:00 and 9:30 am. Thirty minutes later, food intake
was measured at 30, 60, 120, and 240 minutes. To assess suppres-
sion of palatable HCD intake, animals were first exposed to the diet
(Research Diets Inc., catalog D12331, 5.56 kcal/g, 58% of kcal from
fat) to prevent neophobia. The next day, mice received either 2 mg/kg
CNO or saline injections 2 hours after lights on and were then tested
at 15 and 30 minutes. Each experimental procedure was repeated with
CNO and saline injections reversed, after a 3-day recovery.

Acute regulation of body weight following acute HCD. Body weight was
determined daily in mice fed ad libitum on HCD for 2 weeks. Follow-
ing the 14 days of HCD feeding, animals were then injected either with
saline in the control group or with 2 mg/kg CNO every 8 hours for 2 days.

Induction of DIO. Following surgery, mice were fed ad libitum on
HCD (Teklad TD.88137) for 5 months prior to testing for changes in
food intake, body weight, and glucose homeostasis.

Measurement of blood glucose and insulin levels; and glucose, pyru-
vate, and insulin tolerance assays. Mice were handled for 3 days prior to
testing. Tail blood was measured using a handheld blood glucose mon-
itor (NovaMax). For the glucose and pyruvate tolerance tests, mice
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were fasted for 18 hours. Animals then received i.p. injections of saline
or CNO (2 mg/kg) 30 minutes prior to sampling. Mice were gavaged
with dextrose (2 mg/g body weight, 25% in water for glucose tolerance
testing) or were i.p. injected with pyruvate (2 mg/g body weight, 25%
in water), with glucose analyzed 0, 15, 30, 60, and 120 minutes later.
Treatments were switched and mice retested 3 days later.

Acute effects of GCG stimulation on glucose levels. Food was removed
2 hours prior to testing. Tail blood was measured immediately prior to
injection of CNO or saline and then 1 hour thereafter. Three days later,
treatments were switched, and the assay was repeated.

Insulintolerance test. Food was removed 2 hours prior to CNO/saline
injection. Thirty minutes after CNO or saline injection, Humulin-R (Eli
Lilly and Co.) was injected at 0.75 U/kg body weight in a volume of 4 1/g
i.p. Tail blood glucose was tested at 0, 15, 30, 60, and 120 minutes after
insulin treatment. Three days later, treatments were switched, and the
assay was repeated. Insulin was measured using a mouse insulin ELISA
(Crystal Chem) as per the manufacturer’s instructions.

FH]-2-DOG uptake assay: in vivo glucose transport assessment during
glucose tolerance testing. The 2-deoxyglucose (2-DOG) uptake assay was
conducted as described previously (65, 66). Briefly, 2-deoxy-D-[1,2-
3H]-glucose (Amersham) was mixed with 20% dextrose to deliver 2 g/
kg glucose and 10 pCi i.p. to each mouse. Thirty minutes prior to test-
ing, mice were injected with either CNO or saline. Tail blood was sam-
pled and glucose measured at times 0, 15, 30, 45, 60, and 120 minutes.
Glucose-specific activity from plasma was determined by scintillation
counting. Area under the curve for the glucose-specific activity was
determined following blood draws and used in calculations described
below. To determine the uptake of 2-DOG-6-phosphate, at 120 min-
utes, animals were euthanized and tissues extracted and homogenized
in 2 ml water. 1.6 ml was mixed with 7% perchloric acid. Following
KHCO, treatment, protein levels were determined by Bradford assay.
A fraction of the supernatant was used to determine total *H radioac-
tivity by passing through an ion exchange column to extract labeled
2-DOG-6-phosphate. Radioactivity was then eluted and counted
using a scintillation counter. This counted fraction was compared with
another fraction of the supernatant to obtain unfiltered *H counts. The
difference between the two samples was used to calculate accumulated
2-deoxy-D-[1,2-*H]-glucose-6-phosphate. Finally, 2-DOG uptake was
determined by dividing the determined accumulated 2-deoxy-D-[1,2-
3H]-glucose-6-phosphate by the plasma glucose-specific activity area
under the curve and by the protein concentration.

Electrophysiology. Coronal brain slices (300 pm) containing the
NTS were prepared from AAV hM3Dg-DREADD-injected mice (1 =4).
Recordings were performed as described previously (67).

Indirect calorimetry and ambulatory activity. Eight mice were
transferred into metabolic cages (Oxymax Lab Animal Monitoring
System, Columbus Instruments) and housed for 5 days. After 3 days of
acclimation, food was removed 2 hours prior to dark onset, and CNO
and saline injections (4 mice each) were given 1 hour prior to dark
onset. VO,, VCO,, RER, and ambulatory activity (via infrared photo-
cell beam interruption) were measured over a 3-hour period after dark
onset, after which food was returned. The next day, the groups of mice
undergoing either CNO and saline treatment were switched.

Conditioned taste aversion. The assay was performed as described
previously (24), with mice acclimated to drinking tubes 2 days prior
to testing. GCG-Gq DREADD mice were deprived of water for 18-20
hours and then given access to 0.15% saccharin solution for 2 hours.
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The solution was presented in drinking tubes made from 10-ml
pipettes. They then received injection of either saline or CNO (2 mg/
kg i.p.). A third group of WT siblings received lithium chloride (LiCl,
0.15Min 0.5 ml saline s.c.) to serve as a positive control. The saccharin
drinking tubes were then removed and replaced with tubes with water
that were placed on the cage side opposite that of the saccharin-filled
tubes. The following day the animals were again water deprived over-
night, and approximately 20 hours later water and saccharin-filled
drinking tubes were returned to their previous locations. Fluid intake
was measured 2 hours later.

Corticosterone assay. Food was removed 2 hours prior to i.p.
injection with CNO or saline. One hour after injection, mice were
restrained, and tail vein blood collected. Serum was analyzed for cor-
ticosterone content using a solid-phase ELISA according to the manu-
facturer’s protocol (IBL-America).

Anxiety-related behaviors: elevated plus maze and open field. Experi-
ments were performed as described previously (68). Mice were habit-
uated to the behavioral testing room for 3 days prior to the procedures.
Each mouse was injected with either saline or 2 mg/kg CNO i.p. 30
minutes prior to the testing, while food was removed 2 hours prior.

Brain tissue preparation and immunohistochemistry. Immunohisto-
chemistry was performed as previously described (69). CNO (2 mg/
kg, n=12) orsaline (n=2) wasinjected 2 hours prior to sacrifice by tran-
scardial perfusion fixation. A group of WT siblings was also included
to serve as controls. After anesthesia, mice were briefly flushed with
buffered saline, followed by perfusion with 4% paraformaldehyde in
0.1 M phosphate buffer and 15% (v/v) of saturated picric acid. Brains
were dissected and sectioned at 40 um on a Vibratome. Immunoper-
oxidase staining was used to visualize (i) Fos and GLP-1, (ii) Fos and
DsRed, and (iii) GLP-1 and DsRed coexpression. All primary and sec-
ondary antibody solutions were made in 0.01 M PBS containing 0.5%
Triton X-100, 1% normal goat serum, and 0.1% sodium azide with the
following dilutions: rabbit anti-Fos: 50,000x (Ab-5, Oncogene/Milli-
pore, catalog PC38), rabbit anti-GLP-1: 5,000x (Bachem/Peninsula
Laboratories Inc., catalog T-4363), and rabbit anti-DsRed: 5,000x
(Living Colors Clontech, catalog 632496). After 48 hours incubation
in primary antibody, sections were washed in PBS and transferred
into biotinylated secondary antibody (goat anti-rabbit IgG at 1,000x
dilution, Jackson ImmunoResearch Laboratories Inc.) followed by
ABC Elite kit (Vector Laboratories). For every combination, the first
marker was visualized with nickel-enhanced DAB to yield a black col-
or, while the second marker was visualized with regular DAB, yielding
areddish-brown color.

To evaluate the impact on hypothalamic targets implicated in
the control of feeding and energy balance, forebrains of the GCG-Gq
DREADD mice were sectioned and processed for Fos and GLP-1 IR as
described above. Fos IR appeared as black-stained cellular nuclei, where-
as GLP-11R emerged as brown-colored axons and terminal boutons.

To determine the specificity of fluorescent reporter protein
expression in GCG neurons, Gecg-Cre tdTomato mice were sacrificed
by perfusion fixation, brains were sectioned, and the hindbrain sec-
tions were processed for GLP-1 immunofluorescence as above using
Alexa Fluor 488-conjugated goat anti-rabbit (Molecular Probes) as the
secondary antibody to enable dual fluorescence detection of tdToma-
to and GLP-1. The remainder of the brain was sectioned and processed
toyield DsRed immunoperoxidase staining (as described above) using
nickel-enhanced DAB as a chromogen.
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Statistics. All data were subjected to statistical analysis in Graph-
Pad Prism 6. When WT and transgene GCG-Gq DREADD mice were
compared, 2-tailed unpaired ¢ tests were performed. Time course
tests were analyzed with 2-way repeated measures ANOVA with treat-
ment and time points as independent variables. When the same mice
received alternating CNO and saline treatments, paired 2-tailed ¢ tests
were used to evaluate data for significance. Data from once-performed
behavioral tests, such as the open field and elevated plus maze, were
analyzed with unpaired 2-tailed ¢ tests. Data are expressed as mean +
SEM. Statistical significance was considered with P < 0.05.

Study approval. All animal procedures were approved by the Insti-
tutional Animal Care and Use Committee of the University of Virginia
and conducted in accordance with its guidelines.
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