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Hypothalamic neurons expressing agouti-related pep-
tide (AgRP) regulate eating and glucose metabolism.
Ablation of FOXO1 in AgRP neurons of mice results in
reduced food intake, leanness, improved glucose ho-
meostasis, and increased sensitivity to insulin and
leptin. We tentatively identified G-protein-coupled re-
ceptor Gpr17 as an effector of FOXO1 orexigenic signals
in AgRP neurons. In this study, we generated and char-
acterized AgRP neuron-specific Gpr17 knockout mice
(Agrp-Gpr1 77/7) to test the hypothesis that Gpr17 regu-
lates appetite, energy expenditure, and metabolism.
Agrp-Gpr17" ~ mice show reduced food intake, in-
creased relative energy expenditure, and increased sa-
tiety, resulting in leanness and reduced body fat. They
also show increased central nervous system sensitivity
to insulin and leptin and reduced plasma glucose excur-
sions following the administration of glucose or pyru-
vate. In summary, AgRP neuron-specific Gpr17 knockouts
phenocopy FOXO1 knockouts in the same cell type, thus
supporting our original hypothesis and providing further im-
petus to develop Gpri7 antagonists for the treatment of
obesity.

Obesity and diabetes affect an increasingly large swath of
the population of the world (1). Finding novel and effec-
tive biochemical pathways to reverse the pathophysiology
of these conditions is an important goal of biomedical
research. The central nervous system (CNS) plays an in-
tegral role in maintaining glucose homeostasis and energy
balance (2). It exerts systemic effects by sensing and in-
tegrating hormonal and metabolite cues to regulate nutri-
ent turnover and storage through neural efferents and

neuroendocrine mechanisms (3). A variety of effector
neurons, such as agouti-related peptide (AgRP) and
proopiomelanocortin (POMC) neurons, has been identified
as potential targets for treatment of metabolic disease
(4,5). Identifying biochemical pathways in these neurons
that are amenable to pharmacological manipulation holds
promise for developing novel therapies.

AgRP/neuropeptide Y (Npy)-expressing neurons pro-
mote feeding and regulate glucose metabolism (6-8). AgRP
neurons express insulin and leptin receptors, through which
they regulate energy balance and peripheral glucose homeo-
stasis (9). FOXOL1 is a shared element in insulin and leptin
signaling in the CNS (10) and functions in regulating food
intake and energy efficiency (10-13). In healthy and disease
states, a decrease in food intake is associated with decreased
energy expenditure or increased energy efficiency (14).
This tight linkage between energy intake and energy ex-
penditure is thought to be the primary cause of recidi-
vism of obesity after weight loss (15) and is mediated in
part by FOXO1 activation in neuropeptidergic cells of
the arcuate nucleus of the hypothalamus (ARH). In fact,
mice lacking FOXO1 in either POMC or AgRP neurons
have a favorable metabolic profile, which is characterized
by leanness and increased sensitivity to insulin and lep-
tin. In POMC neuron-specific FOXO1 knockouts (KOs)
(12), we have proposed that the uncoupling of food in-
take from energy expenditure is mediated by carboxy-
peptidase E, a prohormone-converting enzyme required
for the generation of a-melanocyte-stimulating hormone
(-MSH). In AgRP neurons, we proposed that the orphan
G-protein-coupled receptor Gprl7 mediates the metabolic
effects of FOXO1 (13).
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Gprl7 has been deorphanized as a dual receptor for
purinergic and cysteinyl-leukotriene ligands (16). How-
ever, this view has been disputed (17), and its endogenous
ligands remain unclear (18). We hypothesized that ablat-
ing Gprl7 or reducing its expression in AgRP neurons will
produce the beneficial effects on energy balance and glu-
cose homeostasis. To test this hypothesis, we generated
conditional KOs as well as inducible knockdowns of
Gprl7 in AgRP neurons. We report that constitutive or
induced Gprl7 loss of function results in reduced feeding,
increased relative energy expenditure, increased CNS sen-
sitivity to insulin and leptin, and improved glucose toler-
ance. Agrp-Gprl7~’~ phenocopy Agrp-Foxol /™ mice,
thus supporting our original contention that Gprl7 medi-
ates key aspects of FOXO1 function in this cell type.

RESEARCH DESIGN AND METHODS

Experimental Animals

C57BL/6 mice were from The Jackson Laboratory. Embry-
onic stem cells with a conditional allele of Gprl7 obtained
from the KOMP Program at The Jackson Laboratory were
used to generate Gpr17”*¥ mice in the Columbia Uni-
versity transgenic mouse core facility. Agrp-ires-Cre trans-
genic mice have been described previously (19). The
Columbia University Animal Care and Utilization Commit-
tee approved all procedures. Normal chow diet had 62.1%
of calories from carbohydrates, 24.6% from protein, and
13.2% from fat (PicoLab Rodent Diet 20, catalog #5053;
Purina Mills). We measured body composition by nuclear
magnetic resonance (Bruker Optics). The results of geno-
typing with primers are presented in Supplementary Fig. 1.
We excluded from analyses Agrp-Gprl7 /" mice that
showed somatic recombination owing to stochastic embry-
onic expression of Agrp-ires-Cre. Therefore, Agrp-Gpr17 /'~
mice in these studies have Gprl7 ablated specifically in
AgRP neurons, but not in non-AgRP neurons or elsewhere.
We used male 16-week-old mice for metabolic experiments,
with the exception of leptin sensitivity tests. We used bi-
lateral cannula implanted in the skull for adenoviral injec-
tion. Adenovirus (1 X 102 viral particles/mL) was injected
into the ARH bilaterally via a cannula and injector in a vol-
ume of 0.5 pL/side.

Metabolic Analyses

We measured food intake as described, using a TSE Lab-
master Platform (TSE Systems) for indirect calorimetry and
activity measurements (20). For refeeding experiments, we
killed mice and collected blood for hormone measurements
4 h after refeeding, unless otherwise noted. For measure-
ments of food intake during the 24-h refeeding time
course, we removed food at lights out on the previous
day, refed mice the next morning, and recorded refeeding
for the following 24 h. Recording starts at the time of
refeeding. For fasting experiments, unless noted in the
figure legend, “short fasting” means fasting for 5-6 h dur-
ing the light phase; overnight fasting was performed by
removing food before the dark phase (~15 h). We examined
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leptin sensitivity in 18-week-old, weight-matched male mice.
Mice were habituated to hopper feeding first and then to
twice-daily PBS injection for 3 days. Leptin (1 mg/kg body
wt) was injected intraperitoneally twice daily for 3 days
at 7:30 aAM. and 6:30 p.M. We used ELISA for leptin and
insulin measurements (Millipore) and colorimetric assays
for plasma free fatty acid measurements (Wako). GTT was
performed as described previously (20) using 2 g/kg glucose
by intraperitoneal injection after overnight fast. For the
pyruvate tolerance test (PTT), mice were fasted for 6 h
during the daytime followed by intraperitoneal injection
of sodium pyruvate (2 g/kg). Blood glucose concentrations
were measured at the indicated time points using a glu-
cometer (OneTouch Ultra; LifeScan). We subcutaneously
implanted an IPTT-300 transponder (Bio Medic Data Sys-
tems) to collect body temperature data. For the cold
challenge experiment, mice were swiftly switched from
ambient room temperature to a cold housing cabinet (10°C).
Mouse body temperature was collected at the time in-
terval indicated.

Immunostaining

We processed mouse brains and cut 10-pm-thick coronal
sections for immunohistochemistry as described previ-
ously (13), using phospho (p)-Akt (catalog #4060; Cell
Signaling Technology), pStat3 (catalog #9131; Cell Signal-
ing Technology), protein S6 (pS6) antibodies (catalog
#4858; Cell Signaling Technology), and cFos antibody
(catalog #2250; Cell Signaling Technology).

RNA and Protein Procedures

We extracted RNA with Trizol (Invitrogen) and reverse
transcribed with Superscript II reverse transcriptase. We
performed quantitative PCR using primers spanning introns.
Primer sequences are available upon request. We used
a radioimmunoprecipitation assay buffer to extract protein
and loaded an equal amount of protein for gel electropho-
resis. Western blotting (with antibody information) and
quantification have been described previously (21).

Statistical Analyses

We analyzed data with a t test or one-way or two-way
ANOVA using GraphPad Prism software for statistical
analyses and graphics generation. Statistical tests are
specified in the corresponding figure legend.

RESULTS

Generation of AgRP-Specific Gpr17 Knockout Mice

To investigate the metabolic function of Gprl7 in AgRP
neurons, we generated a mutant Gpr17 allele using homol-
ogous recombination to introduce loxP sequences around
the Gprl7 coding sequence in exon 2 (Supplementary Fig.
1A). We performed Southern blots to verify the correct in-
tegration of the 5’ and 3" arms in the genomic DNA (Sup-
plementary Fig. 1B). In addition, we verified the genomic
insertion of the loxP sequences by PCR (Supplementary
Fig. 1C). To ablate Gprl7 in AgRP neurons, we crossed
Gpr17/"* with Agrp-ires-Cre mice. Cre-mediated deletion
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of the loxP-flanked Gpr17 DNA resulted in null Gpr17 alleles
in AgRP neurons (hereafter called Agrp-Gpr17 /™ mice).

First, we sought independent confirmation of Gprl?7
localization in the CNS. To this end, we introduced
a reporter cDNA encoding B-galactosidase (B-Gal) after
the first (noncoding) exon of Gprl7 (Supplementary Fig.
1A). AgRP neurons express Npy. Therefore, immunostain-
ing with Npy antibody labels AgRP neuron soma as well as
processes in the ARH. We performed double-labeling im-
munohistochemistry to detect 3-Gal and Npy expression
in the hypothalamus. We found high levels of (3-Gal ex-
pression in the mediobasal hypothalamus. Confocal mi-
croscopy demonstrated that Npy neuron soma colocalized
with B-Gal staining (Fig. 14) in the ARH. This is in agree-
ment with our previous report that Gprl7 is highly
expressed in AgRP neurons (13). We also detected 3-Gal
expression outside the arcuate nucleus, in agreement with
previous reports of widespread Gprl7 localization in the
CNS (22,23). In the dorsomedial hypothalamus, B-Gal
expression showed no colocalization with Npy-labeled
processes (Fig. 1B). To corroborate these findings, we
measured Gprl7 mRNA in various parts of the brains of
C57BL6/J mice and found that the highest levels of Gpr17
are indeed in the hypothalamus (Fig. 10).

Agrp-Gpr17~'~ Mice Are Leaner Than Controls

Body weight of male Agrp-Gpr17~/~ mice showed a mod-
est, yet statistically significant, decrease compared with
wild-type (WT) controls (Fig. 2A). Moreover, male Agrp-
Gpr17~’~ mice showed changes in body composition,
with decreased fat mass (Fig. 2B) and a trend toward an
increase in lean mass (Fig. 2C). Plasma leptin levels cor-
relate with adiposity and energy balance and represent an
indicator of overall leptin sensitivity. For this reason, we
measured leptin under ad libitum (Fig. 2D), fasting (Fig.
2E), and refed conditions (Fig. 2F). Leptin levels were
lower in Agrp-Gpr17 ™/~ mice under all conditions, which
is consistent with decreased adiposity and is suggestive of
improved energy balance. There were no differences in
glucose levels between Agrp-Gpr17/~ and WT animals
during ad libitum feeding (Fig. 2G) and fasting (Fig.
2H), despite a modest trend toward a decrease in Agrp-
Gpr17~/~. The main source of circulating free fatty acids
is adipocyte lipolysis, which is inhibited by insulin. Inter-
estingly, free fatty acids were lower in ad libitum-fed
Ag?p—Gpr17_/ ~ than WT animals (Fig. 2I). We measured
insulin under various feeding conditions and found that
Agrp-Gpr17~/~ animals have significantly lower insulin
after a short fast (Fig. 2J) or an overnight fast (Fig.
2K), but not after refeeding (Fig. 2L). In sum, these
data show that male Agrp-Gpr17 /" mice have decreased
body weight and adiposity and are more sensitive to in-
sulin and leptin.

Agrp-Gpr17~/~ Mice Eat Less but Have Increased

Relative Energy Expenditure
Next, we measured respiratory exchanges, energy expendi-
ture, and food intake in adult male mice that were matched
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Figure 1—Colocalization of Gpr17-3-Gal and Npy/AgRP neurons. Im-
munohistochemistry with B-Gal (green) and Npy (red) of ARH (A) and
dorsomedial hypothalamus (B) in mice bearing a Gpr17-p-Gal knockin
allele, used as a reporter to localize Gpr17-expressing neurons. We used
DAPI (blue) to counterstain nuclei. Scale bar: 50 um. C: Gpr17 mRNA
expression is enriched in the hypothalamus (n = 5 each). We present
data as the mean = SEM. **P < 0.001 (one-way ANOVA with Tukey
post-test). AU, arbitrary units.
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Figure 2—Metabolic features of Agrp-Gpr17~'~ mice. A: Body weight (BW) of adult male WT and KO mice on chow diet (n = 25-30 for each
genotype). The y-axis is limited to the range 20-40 g to better visualize individual differences. Body fat (B) and lean mass (C) in male mice
analyzed by MRI (n = 15-16 for each genotype). In C, the y-axis is limited to the range 60-85% to better visualize individual differences.
Serum leptin in ad libitum—fed (D), fasted (E), and refed (F) mice (n = 10-16 for each genotype). Serum glucose level after a short fast (G) (n =
18-21 for each genotype) or after overnight fasting (H) (n = 11-16 for each genotype). I: Serum fatty acids in ad libitum—fed mice (n = 22-31
for each genotype). Serum insulin after a short fast (J) (n = 18-22 for each genotype), an overnight fast (n = 12-16 for each genotype) (K), or
refeeding (L) (n = 11-14 for each genotype). We present data as the mean = SEM. *P < 0.05 (unpaired t test). NEFA, nonesterified fatty acid.

for body weight and composition. When fed ad libitum,
Agrp-Gpr17~'~ mice were comparable to WT controls with
regard to VO, and respiratory quotient (Supplementary
Fig. 2A and B). Knockout mice showed the same energy
expenditure (Fig. 3A and B) but reduced locomotor activity
during the dark phase of the 24-h light-dark cycde (Fig. 3C
and D). Thus, relative energy expenditure, defined as the
ratio of locomotor activity to total energy expenditure, was
increased in Agrp-Gpr17 /" mice throughout the light cycle
(Fig. 3E and F). Food intake was also reduced during the
dark phase of the 24-h light cycle (Fig. 3G).

To determine whether reduced food intake was due to
increased satiety, we examined mice during fasting and
refeeding. Male Agrp-Gpr17~'~ mice showed significantly

reduced locomotor activity during an overnight fast, sug-
gesting reduced food-foraging behavior (Fig. 3H). Moreover,
they showed significantly reduced rebound food intake after
an overnight fast (Fig. 3I). Both findings are consistent with
the conclusion that they have increased satiety.

Next, we profiled orexigenic and anorexigenic neuro-
peptide expression using quantitative RT-PCR in ARH
biopsy samples from mice fed ad libitum (Fig. 3J). Agrp,
Npy, and Pomc levels were comparable in samples from
WT and KO mice, while Gpr17 showed a significant de-
crease in KO samples. We further analyzed hypothalamic
samples from overnight-fasted (Fig. 3K) and refed (Fig.
3L) mice. Of note, Agrp showed a modest, statistically
significant increase in KO samples after fasting, which is
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Figure 3—Altered feeding and energy balance in Agro-Gpr17~/~ mice. Energy expenditure (A and B), locomotor activity (counts/15 min [C]
and total counts during 12-h light or dark phase [D]), and relative energy expenditure (E and F) in mice during the light and dark phases of
the light cycle (n = 8 for each genotype). G: Food intake during the light and dark phases of the light cycle (n = 8 for each genotype).
H: Locomotor activity during overnight fasting (n = 8 for each genotype). I: Rebound food intake (g/g lean body mass) after an overnight fast
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consistent with a possible compensation to defend energy
balance. These data indicate that Gprl7 acts on satiety
and energy homeostasis through mechanisms that are
largely independent of neuropeptide expression.

Cre-Mediated Gpr17 Knockdown in AgRP Neurons of
Adult Mice

Yet, these changes may reflect developmental effects on
AgRP neurons from the genetic KO. To address this
possibility, we performed a Gprl7 knockdown in adult
animals using adenovirus-mediated, Cre-dependent acti-
vation of RNA interference expression. Mice bearing Agrp-
ires-Cre were injected intracerebroventricularly either with
control adenovirus expressing Cre-dependent green fluo-
rescence protein (Fig. 3M) or with adenovirus expressing
Gprl7 small interfering RNA (siRNA) after Cre-mediated
recombination. The specificity and efficiency of this approach
are demonstrated by the Cre-dependent green fluorescence
protein expression in AgRP neurons (Supplementary Fig.
2C). We further validated the siRNA-dependent Gprl7
knockdown by immunohistochemistry (Supplementary Fig.
2D). Prior to the injection, both groups of mice showed
similar food intake (Supplementary Fig. 2E). Four days after
the injection, the RNA interference group significantly de-
creased food intake during the dark phase (Fig. 3M). The
cumulative food intake of animals that received the Gprl7
siRNA was significantly lower compared with that of controls
(Fig. 3N). The average food intake per day of the siRNA
group after injection was also lower compared with that of
controls (Supplementary Fig. 2F).

Gpr17 Ablation Increases Leptin Sensitivity

Agrp-Gpr17~/~ mice have improved energy homeostasis,
resulting from an unusual combination of decreased food
intake and increased relative energy expenditure that uncou-
ples these two variables of the energy expenditure equation
(24). Insulin and leptin inhibit food intake (25,26). We pos-
tulated that this is because of the increased sensitivity of
AgRP neurons to hormones and nutrients. To test this pos-
sibility, we examined hormone- and nutrient-induced signal-
ing by a fasting-refeeding experiment. We obtained
hypothalamic samples from WT and Agrp-Gpr17 /~ mice
killed after an overnight fast or after a 4-h refeeding. During
fasting, due to the low insulin and leptin levels, pAkt and
pStat3 staining in the ARH is low (Fig. 44 and B, top panels).
After refeeding (Fig. 4A and B, bottom panels), despite de-
creased serum insulin and leptin levels (Fig. 2), we detected
increased pAkt and pStat3 staining in the hypothalamus of
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KO mice, especially in the medial basal part of the ARH with
a localization consistent with AgRP neurons.

Amino acid sensing by mammalian target of rapamycin
(mTOR) promotes satiety (27). We monitored mTOR ac-
tivity by immunohistochemistry with antibodies against
its substrate, ribosomal pS6, in fasted and refed mice.
During fasting, samples from WT and KO mice show
comparable amounts of pS6 staining in the ARH (Fig.
4C, top panels). After refeeding, Agrp-Gprl7 ’~ mice
showed stronger pS6 staining in the mediobasal ARH
(Fig. 4C, bottom panels), consistent with the localization
of AgRP neurons. Therefore, knocking out Gprl7 in AgRP
neurons renders mice more sensitive to leptin, insulin,
and amino acid signaling in the ARH, potentially provid-
ing an explanation for their increased satiety.

AgRP neurons are activated during fasting to promote
food intake and reduce energy expenditure. In contrast,
POMC neurons, expressing anorexigenic neuropeptide
o-MSH, are activated during refeeding to functionally an-
tagonize the physiological activity of AgRP neurons (28).
Fasting and refeeding induce distinct temporal activation
of different neuron populations in the ARH (29). We used
cFos staining as a marker of neuronal activation. As dem-
onstrated in Fig. 4D, during fasting (Fig. 4D, top panels),
we detected cFos in the mediobasal part of the ARH,
immediately adjacent to the third ventricle, representing
orexigenic AgRP neurons. In contrast, during refeeding
(Fig. 4D, bottom panels) we detected cFos in other areas
of the ARH. Confocal microscopy images demonstrate
that the intensity of cFos staining is lower in the ARH
of conditional KO mice during fasting but is higher in
other neuronal populations after refeeding. The reduced
AgRP neuron activation during fasting is consistent with
the reduced feeding of KO mice.

We noticed more cFos staining in the hypothalamic
samples from KO mice, especially the ARH, after refeed-
ing (Fig. 4D, bottom panels). We quantified the results
and found that KO mice have substantially more cFos-
positive cells in the ARH (Fig. 4E), suggesting more acti-
vation of anorexigenic neurons after refeeding. POMC
neurons are activated in response to refeeding to produce
precursor polypeptide POMC, the cleavage products of
which include a-MSH, ACTH, and B-endorphin (BEP).
Using double labeling with BEP and cFos antibodies to quan-
tify the percentage of POMC neurons among refeeding-
activated neurons (Fig. 4F), we saw that nearly 50% of
cFos-positive neurons are POMC neurons in the KO hy-
pothalamus sample (Fig. 4G). In contrast, a much lower

(n = 8 for each genotype). J: Neuropeptide mMRNA expression in the ARH of ad libitum—fed mice after an overnight fast (n = 7 for each
genotype). mRNA levels in basal hypothalamus after an overnight fast (K) (n = 10-12) or refeeding (L) (n = 8-9 for each genotype). Food
intake during the light and dark phases 4 days after viral injection (M), and the time course of cumulative food intake (g/weight/24 h) (N) after
viral injection (n = 5 for each type of viral injection). In panels A, C, E, and /, black bars represent the dark phase, and white bars represent
the light phase. Scale: hours. We present data as the mean = SEM. *P < 0.05, **P < 0.01, **P < 0.001 (two-way ANOVA with Bonferroni
post-tests or unpaired t test). Act, locomotor activity; AU, arbitrary units; BW, body weight; Ctrl, control; EE, energy expenditure; LBM, lean

body mass; RNAI, RNA interference; W, weight; ZT, Zeitgeber time.
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Figure 4—CNS signaling and peripheral metabolism in mutant mice. Representative images of pAkt (A), pStat3 (B), and pS6 (C) immu-
nohistochemistry in the ARH of mice fasted overnight or refed for 4 h. D: Representative confocal images of hypothalamic cFos immu-
nohistochemistry in mice fasted overnight or refed for 4 h. Scale bar: 50 um. E: Quantified cFos-positive cell number per hypothalamic
hemisphere in refed WT and KO mice (n = 8-12). F: Immunohistochemistry with BEP (green) and cFos (red) of ARH with representative areas
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percentage is detected in WT samples. These data suggest
that the activation of POMC neurons is increased in Agrp-
Gprl7™’~ mice, providing an additional mechanism to
explain their metabolic phenotype.

As Agrp-Gpr17~/~ mice are more sensitive to hor-
mones and nutrients (Fig. 4A-C), we assessed the contri-
bution of this increased sensitivity to the feeding
phenotype. To address this question, we measured the
leptin response by challenging mice with a submaximal
dose of leptin. Leptin, but not PBS, curtailed food intake
more markedly in Agrp-Gpr17 /" mice than in WT mice
(Fig. 4H). Moreover, leptin effectively reduced food intake
in both groups of animals during the dark phase of the
24 h light cycle (Fig. 4I), but the reduction of food intake
tended to be more marked in KO mice (Fig. 4J). To con-
firm this finding, we examined Stat3 activation in the
ARH (Fig. 4K) and found increased pStat3 immunoreac-
tivity in Agrp-Gpr17 /" mice after leptin injection (Fig.
4L). Therefore, we conclude that Agrp-Gpr17 ™~/ mice are
more sensitive to hormone and nutrient signaling, which
could contribute to their energy balance phenotype.

Peripheral Metabolism in Agrp-Gpr17" ~ Mice
AgRP neurons and POMC neurons are integral components
of the CNS melanocortin signaling pathway. POMC neurons
produce a-MSH that activates melanocortin 4 receptor, while
AgRP neurons release Agrp, which antagonizes o-MSH.
Central melanocortin also regulates thermogenesis in brown
adipose tissue (30). Specifically, the intracerebroventricular
injection of a-MSH increases sympathetic activity and brown
adipose tissue temperature, while injection of Agrp has the
opposite effect (31). To test the effect of Gprl7 in AgRP
neurons on thermogenesis, we measured the body tem-
peratures of WT and Agrp-Gpr17 /" mice (Supplemen-
tary Fig. 3). Ad libitum-fed WT and KO mice showed
comparable body temperatures (Supplementary Fig. 34).
Fasting and refeeding caused similar changes in the body
temperatures of WT and Agrp-Gprl 77/~ mice (Supple-
mentary Fig. 3B). However, during a cold challenge in
which mice were kept at 10°C, KO mice maintained
a higher body temperature for a longer time (Supplemen-
tary Fig. 3C). A potential explanation of these data is that
Agrp-Gpr17~/~ mice support increased thermogenesis,
possibly through increased release of free fatty acids
from adipocytes. This phenotype is also reminiscent of
findings in AgRP-specific Foxol KOs (13).

AgRP neurons also regulate hepatic glucose production
through mechanisms that are dependent on insulin receptor
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and FOXO1 signaling (13,32). We wished to test whether
this effect could also be ascribed to Gprl7 signaling. To that
end, we subjected overnight-fasted mice to intraperitoneal
glucose tolerance tests. Agrp-Gprl7 /" mice showed lower
plasma glucose excursions after a bolus glucose injection
that resulted in a statistically significant decrease of the
glucose area under the curve (AUC) (Fig. 4M and N). Second,
we used PTT results as an indirect measure of hepatic glu-
coneogenesis after a short fast. Agrp-Gpr17~’~ mice showed
significantly lower glucose excursions after the PTT, with
a decrease of the AUC (Fig. 40 and P). We conclude that
Agrp-Gpr17~’~ mice have improved glucose metabolism
and, likely, decreased hepatic glucose production.

We measured the mRNA expression of critical genes
involved in gluconeogenic and lipogenic pathways (Sup-
plementary Fig. 4). Most genes showed no difference
between WT and KO mice (Supplementary Fig. 44), but
we found increased expression of genes required for lipid
use during fasting (i.e., Mttp) and for lipid synthesis
after refeeding (i.e., Pklr, Accl, Fas, and Elovl6) (Supple-
mentary Fig. 4B-F). Hepatic triglyceride content was
comparable between WT and KO mice (Supplementary
Fig. 4G).

To test whether changes to hepatic glucose metabolism
are cell autonomous or nonautonomous, we isolated
primary hepatocytes from WT and KO mice and assessed
insulin signaling by Western blotting with antibodies to
phosphorylated (activated) components of the insulin
signaling pathway (Supplementary Fig. 4H). Hepatocytes
isolated from KO mice show increased basal and reduced
insulin-dependent phosphorylation of mTOR (Supple-
mentary Fig. 4I). Quantification of the data showed that
Akt (Ser and Thr) and GSK are phosphorylated to the
same extent (Supplementary Fig. 4J-L). We also per-
formed glucose production assays in WT and KO hepato-
cytes and found similar induction by cAMP and similar
suppression by insulin (Supplementary Fig. 4M and N).
These data indicate that Gprl7 ablation in AgRP neurons
affects hepatic glucose metabolism in a cell-nonautonomous
manner (i.e., Gprl7 ablation in AgRP neurons alters AgRP
neuronal activity, which in turn may regulate hepatic
glucose production via vagal innervation).

DISCUSSION

The goal of this work was to test the hypothesis, as set
forth in a previous study (13), that orphan receptor
Gprl7 mediates orexigenic and metabolic signals in
AgRP neurons. We found that constitutive germline

magnified by confocal microscopy. Scale bar: 50 um. G: Quantification of the percentage of POMC-positive cFos cells (n = 8-12).
H: Normalized, 24-h food intake in 18-week-old, body weight-matched male mice after intraperitoneal PBS or leptin injection (n = 5). I: Food
intake in WT and KO mice during the light and dark phases after PBS or leptin injection (n = 5). J: Quantification of the percentage of the
suppression of 24-h food intake by leptin in WT and KO mice (n = 5). K: Representative images of pStat3 immunohistochemistry in the
ARHs of mice in response to PBS or leptin injection. L: Quantified pStat3 immunofluorescence shown in K (n = 3-5). Time course (M)
and AUC (N) of glucose tolerance test results (n = 9 for each genotype). Time course (O) and AUC (P) of PTTs performed after a short fast
(n = 6-7 for each genotype). In H and J, the range of the y-axis is limited to better visualize individual differences. We present data as the
mean *= SEM. *P < 0.05, **P < 0.01, P < 0.0001 (two-way ANOVA with Bonferroni post-tests or unpaired t test). AU, arbitrary units;

LBM, lean body mass.
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ablation or induced knockdown of Gprl7 in AgRP neu-
rons of adult animals reduces eating without increasing
energy efficiency and results in a lean, metabolically fit
phenotype. This unusual dissociation of energy intake
from energy expenditure phenocopies observations in
AgRP-specific FOXO1 KOs (13), lending further sup-
port to the notion that Gprl7 mediates some of the
effects of this transcription factor.

Gprl7 was deorphanized by sequence homology with
purinergic and cysteinyl-leukotriene receptors (16). How-
ever, whether these ligands activate Gprl7 in AgRP neu-
rons remains unclear (18). This is consistent with our prior
observation (13) that purinergic agonists, when used alone,
do not affect eating. With the development of new Gprl7-
specific agonists that are devoid of purinergic activity (33),
we are now poised to interrogate the mechanism of action
of this interesting receptor in more detail. We do not know
whether there exists an endogenous ligand for Gprl7.
However, it is interesting that Gprl7 expression is regu-
lated at the transcriptional level (13), suggesting that the
receptor itself might be a sensor of nutritional status,
rather than its putative ligands. It could be envisioned,
for example, that Gprl7 signals by interacting with insulin,
leptin, or melanocortin receptors.

In fact, Gprl7 expression is not restricted to neurons
or to the CNS (16,17,22,23). This had led to some confu-
sion about its overall function. For example, in the CNS
Gprl7 overexpression has been linked to myelination (22)
as well as to the response to ischemic damage (23). The
underlying theme appears to be that Gprl7 conveys
a stress response that is then translated into a cell
type-specific event. In this regard, fasting could be viewed
as the “stress” that activates AgRP neurons, wherein
Gprl7 mediated an eating response.

Gprl7 is present in other cell types outside the CNS,
including endocrine cells in the gastrointestinal system
(H.R.,, D.A, unpublished observations). The heterogeneity
of Gprl7 expression and function might explain the failure
to find a food intake or glucose phenotype reported by
another group (34) in global Gpr17 KOs. While this differ-
ence may depend on the gene-targeting approach, genetic
background, or environmental factors (husbandry, diet,
microbiota, experimental design, and calorimetry systems),
we think that this is unlikely, based on the fact that in our
hands a global Gprl7 KO also causes a distinct metabolic
phenotype, which is characterized by a modest reduction of
food intake and a substantial increase in energy expendi-
ture, as well as resistance to the effects of high-fat feeding
to impair melanocortin signaling (H.R., D.A., unpublished
observations). These differences between tissue-specific
conditional KOs and whole-body KOs are not unprece-
dented (35), and certainly will not deter us from further
studies of this interesting receptor. For example, global
KOs of Agrp or Npy have few, if any, metabolic effects,
and yet few would doubt that these are important orexigenic
signals (8,36). Based on our findings, we propose that Gprl7-
mediated regulation of feeding is independent of
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neuropeptide-mediated mechanisms. Interestingly,
AgRP-specific Gprl7 KOs respond to fasting with
a modest yet significant increase of Agrp expression
in the ARH, which is consistent with a compensatory
neuropeptide response. Also consistent with an adap-
tive compensatory response is the observed stronger
activation of anorexigenic POMC neurons in response
to refeeding after Gprl7 ablation in AgRP neurons.

While the effects of Gprl7 ablation in AgRP neurons
on body weight and food intake are modest, it should be
remembered that the weight loss required to obtain
lasting medical benefits regarding avoidance of the major
comorbidities of obesity is also modest (1). Moreover, it is
important to note that the reduction in food intake in
Gprl7 KO mice is dissociated from the reduction in en-
ergy expenditure that commonly causes weight regain
(14). The dissociation of food intake from energy expen-
diture is indeed the recurring theme of FOXO CNS func-
tion and may offer a safer and more reliable alternative to
maintaining long-term energy homeostasis.

In sum, we remain committed to the idea that the
antagonism of Gprl7 can be leveraged to therapeutic
ends. In fact, the dual effect of Gprl7 ablation to increase
both insulin and leptin sensitivity would place a putative
Gprl7 antagonist in a drug class of its own to promote
metabolic fitness.
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