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NEUROPHYSIOLOGY

Insulin signaling in AQRP neurons regulates meal size
to limit glucose excursions and insulin resistance

Garron T. Dodd"%*'*, Seung Jae Kim"*, Mathieu Méquinion'?, Chrysovalantou E. Xirouchaki'?,
1,2,8,9t%

Jens C. Briining**%7, Zane B. Andrews'?, Tony Tiganis

The importance of hypothalamic insulin signaling on feeding and glucose metabolism remains unclear. We report
that insulin acts on AgRP neurons to acutely decrease meal size and thereby limit postprandial glucose and in-
sulin excursions. The promotion of insulin signaling in AgRP neurons decreased meal size without altering total
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caloric intake, whereas the genetic ablation of the insulin receptor had the opposite effect. The promotion of in-
sulin signaling also decreased the intake of sucrose-sweetened water or high-fat food over standard chow, with-
out influencing food-seeking and hedonic behaviors. The ability of heightened insulin signaling to override the
hedonistic consumption of highly palatable high-fat food attenuated the development of systemic insulin resis-
tance, without affecting body weight. Our findings define an unprecedented mechanism by which insulin acutely
influences glucose metabolism. Approaches that enhance insulin signaling in AGRP neurons may provide a means
for altering feeding behavior in a nutrient-dense environment to combat the metabolic syndrome.

INTRODUCTION

The obesity epidemic and the associated development of chronic
diseases—such as type 2 diabetes, cardiovascular disease, high blood
pressure, and cancer—continue to worsen throughout the devel-
oped world. In the United States, more than 35% of adults are obese,
and it is predicted that by 2030, obesity rates will exceed 50% through-
out the majority of the country. Fundamentally, obesity results from
a deregulated balance between caloric intake and energy expenditure,
processes that are under the control of the brain and the autonomic
nervous system.

Homeostatic feeding is coordinated by hypothalamic and brain-
stem circuitry that normally functions to match feeding with energy
expenditure to maintain a relatively stable body weight over time.
Within the arcuate nucleus (ARC) of the hypothalamus, agouti-
related peptide (AgRP)/neuropeptide Y (NPY)-expressing neurons
and proopiomelanocortin (POMC)-expressing neurons represent
mutually antagonistic neuronal populations essential for the main-
tenance of energy homeostasis (1, 2). POMC neurons, when activated,
repress feeding and increase energy expenditure through the production
of a-melanocyte-stimulating hormone that binds to melanocortin
receptors 3/4 in regions such as the paraventricular hypothalamus
(1, 2). Conversely, the activation of AgRP/NPY-expressing neurons
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in the ARC promotes feeding and adaptive behaviors such as foraging
that reinforce caloric intake (3, 4). AgRP neurons increase feeding
not only through the inhibition of POMC neurons (5, 6) but also
independently of the melanocortin circuit (7) by projecting to dis-
tinct brain regions to regulate feeding in parallel and redundant
pathways (8). Moreover, both AgRP and NPY can differentially con-
tribute to the temporal dynamics of feeding (9-11). The importance
of AgRP/NPY neurons in feeding is underscored by the overt hy-
pophagia and anorexia associated with the genetic ablation of AgRP
neurons (12), as opposed to the voracious feeding and heightened
food-seeking behavior when AgRP neurons are activated by chemo-
genetic or optogenetic means (4, 7).

To appropriately orchestrate energy balance, AgRP neurons must
integrate diverse signals communicating the energy state of the or-
ganism and, in turn, function to adapt feeding to maintain energy
balance (I). AgRP neurons in the ARC are located close to the me-
dian eminence where the blood-brain barrier is fenestrated and are
among the first neurons to respond to nutritional cues and metabolic
hormones such as leptin and insulin (1). Leptin and insulin can ac-
tivate POMC neurons and promote Pomic expression and, at the same
time, inhibit AgRP neurons and repress Agrp expression (1, 2). Leptin
is produced by adipocytes, circulates at levels proportional to body
fat content, and is fundamental for body weight control (13). Mice
that are null for leptin or the leptin receptor (LepR) are hyperphagic
and develop morbid obesity and type 2 diabetes (14, 15), whereas
mutations of the leptin gene in humans are associated with severe
monogenic obesity (16).

Leptin signaling in hypothalamic neurons is orchestrated by the
protein tyrosine kinase (PTK) Janus-activated kinase 2 (JAK-2) that
phosphorylates LepR on Tyr''*® to recruit signal transducer and acti-
vator of transcription 3 (STAT3); STAT3 is, in turn, tyrosine phos-
phorylated on Y705 to facilitate its dimerization and translocation
to the nucleus where it mediates gene transcription (13). Leptin’s
effects on feeding are largely orchestrated by STAT3, as mutation of
Tyr'*® on LepR or deletion of STAT3 in LepR-expressing neurons
promotes hyperphagia and weight gain (13). Insulin is produced by
pancreatic B cells in response to postprandial increases in blood glu-
cose. Beyond its well-established glucoregulatory role in peripheral

10f18


mailto:garron.dodd@unimelb.edu.au
mailto:tony.tiganis@monash.edu
mailto:tony.tiganis@monash.edu

SCIENCE ADVANCES | RESEARCH ARTICLE

tissues, insulin also acts in the central nervous system (CNS) to reg-
ulate energy expenditure and glucose metabolism through sympa-
thetic and parasympathetic efferent pathways (1). Insulin signals via
the insulin receptor (IR) PTK and the phosphatidylinositol 3-kinase
(PI3K)/protein kinase AKT pathway to mediate its effects on me-
tabolism and energy balance. Early studies established that the in-
tracerebroventricular administration of insulin could repress food
intake in rats (17) and baboons (18), whereas more recent studies
have shown that intranasal-administered insulin represses food intake
in humans (19, 20). However, the extent to which insulin represses
food intake is contentious (21, 22). Moreover, although IR deletion
throughout the CNS promotes hyperphagia and obesity (23), the
specific deletion of the IR in POMC or AgRP neurons in the hypo-
thalamus has no effect on total diurnal food intake (24), suggesting
that unlike leptin, the anorexic effect of insulin may not involve POMC
or AgRP neurons. However, recent studies suggest that such “loss-
of-function” approaches can be confounded by the engagement of
compensatory mechanisms (15).

Here, we have taken advantage of mice that are deficient in the
IR tyrosine phosphatase TCPTP (encoded by Ptpn2) or the JAK-2
tyrosine phosphatase PTP1B (encoded by Ptpnl) in POMC versus
AgRP neurons (22, 25-29) to explore the impact of enhanced insu-
lin versus leptin signaling on feeding. We report that enhancing the
endogenous response to insulin in AgRP but not POMC neurons
alters the microstructure of feeding and specifically decreases meal
size without influencing total diurnal caloric intake. We demonstrate
that the ability of insulin to alter feeding behavior serves to prevent
excessive postprandial glucose excursions to attenuate the develop-
ment of insulin resistance. On the other hand, we demonstrate that
enhancing endogenous leptin signaling in AgRP neurons represses
total caloric intake without affecting meal size. Our findings define
the importance of insulin signaling in AgRP neurons in the coordi-
nation of feeding behavior to prevent postprandial hyperglycemia
and insulin resistance.

RESULTS

Insulin signaling in AgRP but not POMC neurons affects
feeding behavior

We have shown previously that TCPTP inactivates the IR in hypo-
thalamic AgRP and POMC neurons to reduce insulin but not leptin
signaling (22, 27, 30). TCPTP deletion in AgRP neurons enhances
both feeding- and insulin-induced PI3K/AKT signaling to inhibit
AgRP neurons and the expression of Agrp and Npy (27). Similarly,
TCPTP deletion in POMC neurons enhances insulin-induced PI3K/
AKT signaling to activate POMC neurons and the expression of Pomc
to promote melanocortin signaling (22, 30). Accordingly, to deter-
mine the extent to which an enhanced response to endogenous in-
sulin might affect feeding, we deleted TCPTP in AgRP or POMC
neurons. To this end, we crossed Ptpn2™/' (C57BL/6) mice with Agrp-
Ires-Cre (C57BL/6) transgenic mice to excise Ptpn2 in AgRP/NPY-
expressing neurons (Agrp—Ires—Cre;Ptanﬂ/ﬂ: AgRP-TC) in the ARC
or Pomc-Cre transgenic mice to excise Ptpn2 in POMC neurons
(Pomc-Cre;Ptanﬂ/ﬂ : POMC-TC) and assessed diurnal feeding in male
mice using BioDAQ E2 feeding cages. Studies were undertaken in
10-week-old chow-fed mice before any overt effects on body weight
and adiposity (Fig. 1A and fig. S1, A to C), otherwise associated with
the induction of BAT (brown adipose tissue) activity and WAT (white
adipose tissue) browning and the promotion of energy expenditure
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in AgRP-TC mice (27). Ad libitum fed Ptpn2™" control mice exhib-
ited normal feeding behavior characterized by a robust increase in
food intake during the first 4 hours of the dark phase. This transi-
tioned into small feeding bouts throughout the rest of the dark phase
and negligible food intake during the light phase (7:00 a.m. to 7:00 p.m.)
of the diurnal cycle (Fig. 1, B to E). As reported previously (22, 27),
AgRP-TC or POMC-TC mice exhibited no differences in 24 hours
of cumulative food intake when compared to Ptanﬂ/ﬂ control mice
(Fig. 1C and fig. S1D). However, feeding behavior was significantly
altered in AgRP-TC mice, with attenuated food intake during the
first 4 hours of the dark cycle (7:00 to 11:00 p.m.), when C57BL/6
mice normally consume most of the food, and enhanced food intake
throughout the rest of the dark phase that persisted into the light
phase, when food intake is otherwise minimal (Fig. 1, B, D, and E).
During the first 4 hours of the dark cycle, the decrease in feeding in
AgRP-TC mice was not attributable to a decrease in the number of
feeding bouts but rather in the time spent and amount of food con-
sumed per bout (Fig. 1, F to H); although, as reported previously
(27), AgRP-TC mice exhibited increased diurnal energy expendi-
ture, they did not exhibit differences in ambulatory activity or respi-
ratory exchange ratio or ambulatory activity during the first 4 hours
of the dark cycle when meal sizes were reduced (fig. S1, F to K). By
contrast, feeding behavior and meal sizes were not altered in POMC-TC
mice (Fig. 1, I and J, and fig. S1E) where enhanced insulin signaling
is accompanied by increased POMC neuronal activation (30). There-
fore, deletion of TCPTP in AgRP neurons affects feeding behavior
without affecting total caloric intake in ad libitum chow-fed mice,
and these effects are independent of their capacity to antagonize
POMC neurons. This is line with previous studies showing that
AgRP neurons can affect feeding independent of the melanocortin
circuit (7).

Feeding is accompanied by increased circulating insulin that en-
ters the CNS (31). In 10-week-old C57BL/6 mice consuming a stan-
dard chow diet, circulating insulin levels rose from 0.93 + 0.26 ng/ul
30 min before lights off to 2.58 + 0.21 ng/ul during the first 30 min
of the dark cycle when mice are feeding and thereon declined to
1.56 + 0.29 ng/ul after 4 hours at which time most of the feeding had
occurred and then further declined to 0.72 + 0.27 ng/ul at the start
of the light cycle when feeding bouts had largely ceased or were min-
imal (fig. S2A). By contrast, leptin levels were not affected by feed-
ing during the dark cycle (fig. S2B). We have shown previously that
TCPTP deficiency in AgRP neurons promotes PI3K/AKT signaling
in the fed and fasted states and antagonizes the activation of AgRP
neurons by ghrelin (27). To explore whether altered feeding in AgRP-
TC mice might be ascribed to the increased postprandial insulin
signaling in AgRP neurons, we crossed AgRP-TC mice onto the Ins"*
(C57BL/6) background (Agrp-[res-Cre;Ptanﬂ/ﬂ;Insrﬂ”: AgRP-
TC-IRV ) so that total IR levels would be reduced by 50% (27). We
have shown previously that IR heterozygosity in AgRP neurons
corrects the otherwise increased insulin-induced ARC PI3K/AKT
signaling in AgRP-TC mice as well as the increased energy expenditure
and improved glucose metabolism (27, 32). Accordingly, we deter-
mined whether IR heterozygosity might similarly correct the altered
feeding behavior in AgRP-TC mice. We found that IR heterozygos-
ity had no effect on body weight or adiposity (Fig. 2A and fig. S3A)
but largely, albeit not completely, corrected the altered feeding be-
havior so that meal sizes were largely indistinguishable from control
mice (Fig. 2, B to H). By contrast, IR heterozygosity alone in AgRP
neurons (Agrp-Ires-Cre; Inse”*: AgRP-IR”") had no effect on body
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Fig. 1. TCPTP in AgRP but not POMC neurons regulates feeding behavior. Ten-week-old Ptpnzﬂ/ﬂand AgRP-TC male mice were fed a chow diet, and (A) body weights,

(B and C) food intake, and (D to H) feeding behavior were determined. Ten-week-old Ptpn

21 and POMC-TC male mice were fed a chow diet, and (I) food intake and

(J) feeding behavior were determined. Representative and quantified results are shown (means + SEM) for the indicated number of mice; significance was determined

using (E, G, and H) Student’s t test. *P < 0.05, **P < 0.01.

weight (fig. S3B), adiposity (fig. S3C), feeding behavior (fig. S3, D
and E), or cumulative 24-hour food intake (fig. S3, F to J). There-
fore, these results causally link the altered feeding behavior in
AgRP-TC mice with the promotion of IR signaling.

To provide independent evidence for the ability of insulin signal-
ing in AgRP/NPY neurons to affect feeding behavior, we undertook
two experiments. First, we assessed the response to exogenous insu-
lin, administered intraperitoneally just before the start of the dark

Dodd et al., Sci. Adv. 2021; 7 : eabf4100 26 February 2021

cycle, on feeding behavior. Although endogenous circulating insu-
lin levels rise rapidly during feeding, we found that the administra-
tion of exogenous insulin was able to repress feeding (by repressing
bout size) during the first 4 hours of the dark cycle when mice feed
(Fig. 3, A to G). However, as seen in AgRP-TC mice that have a
heightened response to endogenous insulin, this was compensated
for during the rest of the dark cycle and then light cycle so that
cumulative 24 hour food intake was unaltered (Fig. 3, B and C).
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Fig. 2. IR heterozygosity corrects the altered feeding behavior in AGRP-TC mice. Ten-week-old Ptpn2™" AgRP-TC, and AgRP-TC-IR™* male mice were fed a chow diet,
and (A) body weights, (B and C) food intake, and (D to H) feeding behavior were determined. Representative and quantified results are shown (means + SEM) for the
indicated number of mice; significance was determined using one-way ANOVA. *P < 0.05, **P < 0.01.

Second, we generated mice with a homozygous deletion of IR in AgRP
neurons (Agrp-Ires-Cre;Ins’™: AgRP-IR™M). We reasoned that if
the promotion of insulin signaling in AgRP-TC mice represses feeding
during the first 4 hours of the dark cycle, then ablating IR signaling
should promote feeding. Consistent with previous studies (24), we
found that the complete deletion of the IR in AgRP neurons had no
effect on body weight (Fig. 3H), adiposity (fig. S3K), or cumulative
24 hour food intake (Fig. 3, I and J). However, whereas food intake
was repressed during the first few hours of the dark cycle in AgRP-
TC mice, food intake was higher in AgRP—IRﬂ/ﬂ mice when com-
pared to Ptanﬂ/ﬂ controls (Fig. 3, I, K, and L); this was accompanied
by a trend for increased feeding per bout without any significant
changes in the number of feeding bouts (fig. S3, L and M). Together,
these results are consistent with postprandial fluxes in insulin being
instrumental in the AgRP neuronal-mediated control of feeding
behavior.

Leptin signaling in AgRP neurons reduces caloric intake
without affecting feeding behavior

The activity of AgRP neurons is coordinated by varied neuronal, en-
docrine, nutritional, and environmental cues. It is well established
that circulating leptin levels link whole-body adiposity with caloric
intake (1, 13). Similar to insulin, leptin also inhibits AgRP neurons
and Agrp/Npy expression and represses feeding (I, 13), whereas

Dodd et al., Sci. Adv. 2021; 7 : eabf4100 26 February 2021

the deletion of LepR in AgRP neurons in adult mice promotes
hyperphagia, severe obesity, and type 2 diabetes (15). To compare the
roles of insulin and leptin in feeding, we sought to promote the re-
sponse to endogenous leptin in AgRP neurons by deleting the
tyrosine phosphatase PTP1B (encoded by PtpnI). PTP1B is a key
negative regulator of leptin signaling and serves to dephosphorylate
JAK-2 and inhibit leptin-induced STAT?3 signaling (25, 29). Mice that
are deficient for PTP1B in the CNS (29), or those in which PTP1B
has been deleted in the ARC (33), or specifically in AgRP neurons
(28) are leptin hypersensitive and resistant to diet-induced obesity.
To assess how the promotion of endogenous leptin signaling in AgRP/
NPY neurons might affect feeding, we crossed Ptpnlﬂ/ﬂ mice with
Agrp-Ires-Cre transgenic mice to excise Ptpnl in AgRP-expressing
neurons (Agrp-Ires-Cre;Ptpnlﬂ/ﬂ : AgRP-1B). PTP1B also negatively
regulates insulin signaling (34, 35), and we have shown that elevated
hypothalamic PTP1B in diet-induced obesity contributes to the re-
pression of insulin signaling in AgRP neurons (28). However, in 8- to
10-week-old chow-fed lean male mice, the deletion of PTP1B in
AgRP neurons only marginally promoted PI3K/AKT signaling (~24%
above controls) in response to exogenous insulin, as assessed by
monitoring for ARC AKT Ser*”” phosphorylation (p-AKT; Fig. 4A).
By comparison, TCPTP deletion in AgRP neurons markedly increased
insulin-induced PI3K/AKT signaling (~187% above controls; Fig. 4A).
On the other hand, deletion of PTP1B in AgRP neurons significantly
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Fig. 3. IR signaling in AgRP neurons regulates feeding behavior. Ten-week-old C57BL/6 mice fed a chow diet were administered either 0.5 or 0.75 mU/g of insulin
immediately before the beginning of the dark cycle, and (A and B) food intake and (C to G) feeding behavior were determined. Ten-week-old Ptpnzﬂ/ﬂ, AgRP-TC, and
AgRP—IRﬂ/ﬂ male mice were fed a chow diet, and (H) body weights, (I and J) food intake, and (K and L) feeding behavior were determined. Representative and quantified
results are shown (means + SEM) for the indicated number of mice; significance was determined using one-way ANOVA; *P < 0.05, **P < 0.01, ***P < 0.001. In (L), #P < 0.05
represents Ptpnzﬂ/ﬂ versus AgRP—IRﬂ/ﬂ using Student’s t test.
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Fig. 4. Leptin signaling regulates caloric intake but not feeding behavior. Eight- to 10-week-old Ptpn 1" AgRP-1B, and AgRP-TC male mice were administered vehicle

or insulin, and brains were processed for immunohistochemistry monitoring for (A) insulin-induced p-AKT. Ten-week-old Ptpn1"" and AgRP-1B male mice were fed a
chow diet, and (B) body weights, (C) body composition (EchoMRI), (D and E) food intake, and (F to J) feeding behavior were determined. Nine-week-old Stat3"" male mice were
bilaterally injected with AAV-Cre-GFP into the ARC. Fourteen days after rAVV injection, stat3™" mice versus 10-week-old Ptpn 1" and AgRP-1B male mice were administered
vehicle or leptin, and brains were processed for immunohistochemistry monitoring for (K) leptin-induced p-STAT3. Nine-week-old Stat3"" male mice were bilaterally in-
jected with AAV-GFP or AAV-Cre-GFP into the ARC. Fourteen days after rAVV injection, Stat3™" mice were fed a chow diet, and (L) body weights, (M) body composition
(EchoMRI), (N and O) food intake, and (P to T) feeding behavior were determined. Representative and quantified results are shown (means + SEM) for the indicated number
of mice; significance was determined using (A and K) two-way ANOVA and (E, G, H, O, Q, and R) Student’s t test. *P < 0.05, **P < 0.01, ***P < 0.001. Scale bar, 100 um.
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enhanced leptin signaling in the ARC, as assessed by monitoring for
ARC STAT3 Y705 phosphorylation (p-STATS3; Fig. 4K). Consistent
with our previous studies (28), deletion of PTP1B in AgRP neurons
had no overt effect on body weight (Fig. 4B) or body composition
(Fig. 4C) in 8- to 10-week-old male mice fed a chow diet. As reported
previously (28), deletion of PTP1B in AgRP neurons significantly
repressed diurnal cumulative food intake (Fig. 4, D and E). This was
associated with decreased food intake throughout the dark cycle
and attributed to a reduction in the number of feeding bouts with-
out any effect on meal size (Fig. 4, F to J). Therefore, the deletion of
PTP1B in AgRP neurons and the promotion of leptin signaling re-
press total food intake but do not affect the size of bouts, as seen
when insulin signaling is enhanced.

The effects of leptin on food intake are orchestrated by STAT3
(36). To explore further the role of leptin signaling in the coordina-
tion of feeding behavior, we assessed the impact of deleting STAT?3 in
the ARC. To this end, we administered recombinant adeno-associated
viruses (rAAVs) expressing green fluorescent protein (GFP) alone
(AAV-GFP) or GFP and Cre recombinase (AAV-Cre-GFP) bilaterally
into the ARC of 9-week-old Stat3" mice to delete STAT3. We in-
directly assessed the efficiency of deletion by monitoring for GFP
(fig. S4) and leptin-induced p-STAT3 in the ARC (Fig. 4K). We found
that the intra-ARC administration of AAV-Cre-GFP resulted in a
marked reduction in basal and leptin-induced p-STAT3 in the ARC.
At 14 days after rAAV administration, the deletion of ARC STAT3
was accompanied by a trend for increased body weight (P = 0.06;
Fig. 4L) but no overt effect on body composition (Fig. 4M). However,
the deletion of STAT?3 significantly enhanced diurnal food intake
(Fig. 4, N to P). Food intake was significantly enhanced throughout
the dark cycle (Fig. 4Q); this was accompanied by increased feeding
bouts (Fig. 4R) without any effect on meal size (Fig. 4, S and T). To-
gether, our findings affirm that changes in endogenous leptin sig-
naling in ARC neurons affect total food intake without changing
feeding behavior. Moreover, our results show that insulin and leptin
signaling in AgRP neurons may have nonoverlapping functions in
the coordination of diurnal feeding.

Insulin signaling in AgRP neurons does not regulate
stereotypical hunger behaviors

AgRP neurons have projection fields that extend throughout the brain
(8, 37, 38). The extensive connectivity affords AgRP neurons the
ability to influence not only feeding but also varied hunger-related
behaviors, including foraging, anxiety, and repetitive-like behaviors
associated with food seeking (3, 4). To determine whether the pro-
motion of insulin signaling and the alterations in feeding behavior
associated with the deletion of TCPTP in AgRP neurons might also
affect such stereotypical hunger behaviors, we subjected Ptpn2ﬂ/ﬂ,
AgRP-TC, and AgRP-TC-IR”* mice to various behavioral tests. These
included the elevated plus maze test, a baited open-field test, and
marble-burying tests to assess anxiety, exploratory/food seeking,
and repetitive-like behaviors. The elevated plus maze test consists of
open and closed arms and assesses aversion to open spaces (Fig. 5A),
a measure of anxiety. Mice were placed into the elevated plus maze
in either the fed (4 hours after lights off) or fasted state (overnight
fast). Irrespective of nutritional status, TCPTP deficiency in AgRP
neurons did not alter the number of entries or time spent in the closed
or open arms (Fig. 5, B and C), suggesting that the promotion of
insulin signaling associated with TCPTP deletion in AgRP neurons
has no impact on unconditioned anxiety. To further explore for potential
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effects on anxiety-related behaviors, we used a baited open-field test
with a peanut butter chip (a highly palatable food) in the center of
the open field to specifically assess anxiety-related food-seeking be-
haviors (Fig. 5D). TCPTP deletion in AgRP neurons did not alter
the time spent or the number of entries in the open-field zones (Fig. 5,
E and F) or the distance traveled (fig. S5A). TCPTP deficiency also
did not alter the latency for approaching the peanut butter chip (fig.
S5B) or the amount of peanut butter chip consumed (Fig. 5G). To-
gether, these results indicate that the deletion of TCPTP and pro-
motion of insulin signaling in AgRP neurons alter feeding behavior
without promoting anxiety or repressing food seeking. To determine
whether TCPTP deficiency in AgRP neurons and promotion of in-
sulin signaling may affect goal-orientated repetitive behaviors, we
subjected mice to marble-burying tests (Fig. 5H). As nutritional sta-
tus has been shown to affect such repetitive behaviors, marble bury-
ing was assessed in both the fed (4 hours after lights off) and fasted
(overnight fast) states (3). Dietrich et al. (3) have shown that the
chemogenetic activation of AgRP neurons increases repetitive be-
haviors, as assessed in marble-burying tests. By contrast, we found
that deletion of TCPTP and promotion of insulin signaling, which
we have shown previously inhibits AgRP neurons (27), did not alter
marble burying in either the fed or fasted state (Fig. 5, H and I).
Therefore, these findings suggest that the inhibition of AgRP neu-
rons by endogenous insulin signaling does not influence stereotyp-
ical behavioral responses beyond feeding.

Insulin signaling in AgRP neurons does not affect

reward behaviors

Beyond influencing stereotypical hunger-related behaviors, AgRP
neurons also have a role in modulating dopaminergic signaling and
therefore reward behaviors (38-40). To determine whether TCPTP
deletion and the promotion of insulin signaling in AgRP neurons may
affect reward pathways, we first determined whether AgRP-TC mice
might exhibit differences in the preference for saccharin-sweetened
water, a potent reward stimulus in wild-type C57BL/6 mice, and
whether this might be corrected in AgRP-TC-IRﬂ/ " mice (Fig. 6A).
We found that TCPTP deletion had no effect on the overt prefer-
ence that mice showed for saccharin-sweetened water (Fig. 6, Band C,
and fig. S6, A and B). To further assess whether TCPTP deletion
in AgRP neurons may affect reward pathways, we subjected Ptanﬂ/ﬂ )
AgRP-TC, and AgRP-TC-IR”"mice to a conditioned place prefer-
ence test (Fig. 6, D and E). Mice were placed in a conditioning ap-
paratus for 20 min/day for 10 days. The conditioning apparatus had
two distinct zones, with either a chow pellet or a highly palatable
peanut butter chip, separated by a neutral zone. On the day of the
experiment, mice were placed into the neutral middle portion on
the apparatus with no added food in either zone, and movements
were recorded. As expected, Ptpn2™" control mice showed a clear
preference for the zone that they associated with the peanut butter
chip (Fig. 6E). This preference was not affected by the deletion of
TCPTP in AgRP neurons (Fig. 6E). Last, we determined whether
the deletion of TCPTP in AgRP neurons might affect the willing-
ness of mice to work for a food reward (Fig. 6, F to H). To this end,
we assessed the motivation of Ptpn2™" versus AgRP-TC mice for
sucrose rewards by subjecting mice fed with a chow diet or a high-
fat diet to nose-poke operant conditioning paradigms where the
number of pokes required to receive a sucrose pellet reward was
progressively increased. There were no genotype differences observed
in the rate of food reward acquisition (Fig. 6, F to H, and fig. 7, A
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Fig. 5. IR signaling in AgRP neurons does not regulate stereotypic feeding behaviors. (A) Ten- to 14-week-old male Ptanﬂ/ﬂ, AgRP-TC, and AgRP—TC—IRﬂ/* male mice
were subjected to elevated plus maze test to assess anxiety-like behavior in both fed and fasted states, and (B) the number of entries and (C) the time spent in different
parts of the maze were determined. To assess effects on anxiety-related food-seeking behaviors, (D) 10- to 14-week-old male Ptpnzﬂ/ﬂ, AgRP-TC, and AgRP—TC—IRﬂ/+ male
mice were subjected to baited open-field tests in both fed and fasted states, and (E) time spent in the different parts of the open field, (F) the number of entries, and
(G) food intake were determined. To measure repetitive behaviors, (H) 10-week-old male Ptpn2™", AgRP-TC, and AgRP—TC—IRﬂ” mice were placed in a cage containing
24 marbles uniformly dispatched, and the (I) percentage of marbles buried within 30 min was determined. Representative and quantified results are shown (means +
SEM) for the indicated number of mice. PB, peanut butter.
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Fig. 6. IR signaling in AgRP neurons does not regulate reward behaviors. To measure reward behaviors, mice were subjected to (A to C) a saccharin preference test,
(D and E) a conditioned place preference test, or (F to H) a nose-poke operant conditioning paradigm. (A to C) Twelve-week-old male Ptpn2™", AgRP-TC, and AgRP-TC-IR™*
mice were subjected to saccharin preference tests, and fluid intake in either (B) fed or (C) fasted state was determined. (D and E) Ten- to 14-week-old male Ptpnzﬂ/ﬂ, AgRP-TC,
and AgRP-TC-IRﬂ/’r mice were associated with the side of the conditioning apparatus with either chow or peanut butter chip for 10 days. On day 10, food was removed,
and mice were placed into the neutral region (white box). (D) Schematic of the conditioned place preference test, and (E) time spent in each quadrant of the apparatus
was determined. (F to H) Twelve-week-old male Ptpn2ﬂ/ﬂ and AgRP-TC mice were subjected to a PR nose-poke operant conditioning paradigm. Mice were fed a chow diet
during the FR and the first PR session and then were fed a high-fat diet (HFD) for 5 days before the second PR session. (F) Schematic of operant conditioning test and the
motivation breakpoint (the ratio at which mice stop nose poking to receive a sucrose reward) in mice fed with (G) chow or (H) high-fat diet. Representative and quantified
results are shown (means + SEM) for the indicated number of mice.

to F). As an index of motivation, we determined the point at which  pellets (Fig. 6, F to H). Therefore, our findings demonstrate that the
mice stopped nose poking for rewards. There were no significant promotion of insulin signaling in AgRP neurons does not affect the
differences in the motivation breakpoints between genotypes for ~dopamine-dependent reward system and that the altered feeding
mice on the chow versus high-fat diets, indicating that deletion of  behavior in AgRP-TC mice cannot be ascribed to changes in reward-
TCPTP in AgRP neurons does not influence the motivation for sucrose  related behaviors.
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Insulin signaling in AgRP neurons diminishes

the consumption of palatable food

Although palatability can drive feeding independently of AgRP neu-
rons (41), we nonetheless determined whether the promotion of insulin
signaling and inhibition of AgRP neurons might repress the con-
sumption of highly palatable high-fat food. To assess this, we pro-
vided 10-week-old male Ptpn2" versus AgRP-TC mice fed with a
chow diet at baseline with a choice of either chow or high-fat diet
(23.5% fat; 46% energy from fat) for 5 days, and the total food con-
sumed and the preference for chow versus high-fat diets were re-
corded (Fig. 7, A and B). At baseline, ad libitum chow-fed AgRP-TC
mice exhibited no differences in body weight (fig. S8A) or body com-
position when compared to Ptpn2™/' controls (fig. S8B). When af-
forded access to both chow and high-fat diets, Ptpnzﬂ/ﬂ control mice
showed an immediate and robust preference for the high-fat diet
(91.72 £ 5.05% calories/day over 5 days) so that negligible chow diet
(8.28 + 5.05% calories/day over 5 days) was consumed, and this per-
sisted for the subsequent 5 days (Fig. 7, B to E). Despite the almost
exclusive consumption of high-fat diet, Ptpn2™/ control mice did not
exhibit any significant difference in total calories consumed per day
(Fig. 7C). Although AgRP-TC exhibited an initial preference for the
high-fat diet (day 0; Fig. 7B and fig. S8C), consistent with the unal-
tered hedonic/reward-based responses described earlier (Fig. 6), the
overt overall switch from chow to high-fat diet was attenuated in
AgRP-TC mice. AgRP-TC mice consumed lower amounts of high-fat
diet (63.59 £ 5.70% calories/day over 5 days) when compared to
Ptpn2ﬂ/ﬂ controls (P = 0.0001; Fig. 7, D and E) with some 30 to 40%
of their caloric intake being from chow diet; total caloric intake (Fig. 7,
D and E), body weight, and body composition were not affected
(fig. S8, A and B). These results indicate that heightened insulin sig-
naling in AgRP neurons attenuates the consumption of highly pal-
atable food, without influencing total caloric intake.

Insulin signaling in AgRP neurons attenuates the acute
development of insulin resistance
Our studies point toward postprandial fluxes in insulin being in-
strumental in the AgRP neuronal-mediated control of feeding be-
havior, limiting the size of meals without affecting total diurnal food
intake and suppressing the consumption of highly palatable high-
fat food over standard chow. An expected outcome of such altered
feeding behaviors might be that feeding-induced glucose and insu-
lin excursions would be decreased and that, in the longer term, this
would attenuate the development of systemic insulin resistance. Con-
sistent with this, we found that blood glucose and plasma insulin
levels in chow-fed Ptpn2ﬂ/ﬂ control mice were elevated after feeding
(at 11:00 p.m. when mice were satiated), when compared to levels
(at 6:00 p.m.) before the commencement of feeding at lights off (Fig. 8,
A and B). By contrast, feeding-induced increases in blood glucose
and plasma insulin levels were decreased in chow-fed AgRP-TC mice,
but this was corrected in AgRP—TC—IRﬂ/ " mice that were also hetero-
zygous for the IR in AgRP neurons (Fig. 8, A and B), which we have
shown is sufficient to correct the increased ARC insulin-induced
PI3K/AKT signaling in AgRP-TC mice (27). Therefore, the promo-
tion of insulin signaling in AgRP neurons is associated with de-
creased excursions in circulating blood glucose and insulin levels
after feeding.

The acute exposure to a high-fat diet promotes whole-body insulin
resistance and dysfunctional glucose metabolism within 3 days of
high-fat feeding (42). Therefore, to determine whether the heightened
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insulin signaling in AgRP-TC mice and the consequent effects on
meal size and diet preference and the resultant diminished excur-
sions in blood glucose and plasma insulin levels might protect mice
from the acute onset of hyperglycemia and insulin resistance, we
assessed metabolic health in chow-fed Ptanﬂ/ﬂ versus AgRP-TC mice
that were afforded access to both the chow and the high-fat diets. To
monitor for changes in glucose metabolism, we measured blood
glucose and plasma insulin levels in ad libitum fed mice during the
day (at 1:00 p.m.) and determined the HOMA-IR (homeostatic model
assessment of insulin resistance) index as a measure of whole-body
insulin resistance (43). This was undertaken before (day 1 of chow-
only diet) exposing mice to the high-fat diet and after 5 days of ex-
posure to both chow and high-fat diets (Fig. 8C). Before exposure to
high-fat diet, blood glucose, plasma insulin, and the HOMA-IR were
not significantly different between Ptanﬂ M and AgRP-TC mice
(Fig. 8, D to F). After 5 days of exposure, Ptanﬂ/ﬂ control mice that
shifted almost entirely to the consumption of the high-fat diet (Fig. 7)
exhibited significantly elevated blood glucose and plasma insulin
levels and a significantly increased HOMA-IR index in keeping with
the development of systemic insulin resistance (Fig. 8, D to F). Al-
though moderately elevated relative to those in chow-fed controls,
blood glucose and plasma insulin levels and the HOMA-IR index were
significantly reduced in AgRP-TC mice when compared to Ptanﬂ/ﬂ
controls after 5 days of exposure to the high-fat diet (Fig. 8F). To-
gether, these results suggest that the promotion of insulin signaling
in AgRP neurons represses the acute onset of insulin resistance that
is otherwise associated with the innate choice of a highly palatable
high-fat diet as the main calorie source.

Our studies indicate that the ability of insulin signaling in AgRP
neurons to decrease meal size and the consumption of high-fat food
over standard chow diet may be to prevent excessive postprandial
glucose excursions to maintain glucose homeostasis and prevent
hyperglycemia and the ensuing development of systemic insulin re-
sistance. Accordingly, we reasoned that the deletion of TCPTP in
AgRP neurons in chow-fed mice should also repress the intake of
carbohydrates in drinking water to prevent exacerbated glucose fluxes
during feeding. When chow-fed mice were afforded access to both
unsweetened drinking water and sucrose-sweetened drinking wa-
ter, AgRP-TC mice drank less of the sucrose-sweetened water and
more of the unsweetened water during the first 4 hours of feeding
(Fig. 9, A to C, and fig. S9, A to C) when plasma insulin levels are
highest (fig. S2A); after the peak of feeding and for the remainder of
the dark and light cycles, both Pipn2"" controls and AgRP-TC mice
showed a preference for sucrose-sweetened drinking consistent with
an unaltered hedonic drive (Fig. 9, B and C). The total diurnal fluid
intake was the same between Ptanﬂ/ﬂ controls and AgRP-TC mice
(fig. S9D). Although the homeostatic control of drinking does not
involve AgRP neurons, the activation of AgRP neurons can elicit a
preference for sweetness (44). Therefore, we also determined whether
AgRP-TC mice might exhibit a diminished preference for saccharin-
sweetened water, which is devoid of nutritional value, during the
first 4 hours of the dark cycle (Fig. 9D). No differences were evident
between AgRP-TC and Ptpn2"# mice when afforded access to un-
sweetened drinking water versus saccharin-sweetened water, with
both groups exhibiting an overt preference for saccharin-sweetened
water (Fig. 9, D to F, and fig. S9, E to H). These findings preclude
the repressed intake of sucrose-sweetened water in AgRP-TC mice
during the peak of feeding being attributable to the inhibition of
AgRP neurons and an aversion to sweetness. Instead, these findings
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Fig. 7. TCPTP deletion in AgRP neurons attenuates the consumption of high-fat diet. (A) Schematic of high-fat diet preference paradigm. Ten-week-old chow-fed

Ptpnzﬂ/ U

or AgRP-TC mice were exposed to both chow and high-fat diet for 5 days, and (B) feeding behavior and (C to E) the composition of food intake were determined.

The dashed blue lines represent the opening of the food hopper gates to allow access to high-fat diet. Representative and quantified results are shown (means + SEM) for

the indicated number of mice using (D and E) two-way ANOVA. ***P < 0.001.

are consistent with heightened insulin signaling in AgRP neurons
providing a homeostatic signal that serves to decrease meal size and
prevent excessive postprandial glucose excursions.

Insulin signaling in AgRP neurons overrides compensatory
responses to restricted feeding

Mice with limited access to food learn to anticipate scheduled food
access and increase consumption when food is available to prevent
weight loss. The activation of AgRP neurons by ghrelin is critical for
this anticipatory and compensatory behavior (45). We have shown
previously that TCPTP deletion and the promotion of insulin sig-
naling antagonize the activation of AgRP neurons by ghrelin (27).
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In this study, we demonstrate that insulin signaling in AgRP neu-
rons decreases the size of meals or the consumption of high-fat food
or sucrose-sweetened water to prevent excessive glucose and insulin
excursions. We therefore asked whether the promotion of insulin
signaling in AgRP neurons might be sufficient to override the ghrelin-
mediated compensatory behavior and the increased glucose excur-
sions due to increased feeding that might be expected from restricting
food access to the first 4 hours of the dark cycle. Notably, we found
that enhanced insulin signaling in AgRP-TC mice prevented the ad-
aptation to the 4-hour restricted feeding regime (Fig. 10). Ptanﬂ/ﬂ
control mice increased their food intake from 1.34 +0.17t03.81 £ 0.64 g
(Fig. 10, B, D, and E) by the third night and maintained a stable
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body weight over four nights of restricted feeding (Fig. 10F). The
increased food intake for Ptanﬂ/ﬂ mice was accompanied by an in-
crease in blood glucose (assessed at 11:00 p.m. on the second night).
By contrast, AgRP-TC mice did not adjust their feeding (Fig. 10, B,
D, and E). Although this resulted as expected in decreased glucose
excursions (Fig. 10C), the caloric deficit was also accompanied by
markedly decreased body weight and adiposity without change in
lean mass (Fig. 10, F and G). The effects on feeding, blood glucose,
and body weight were corrected in AgRP—TC—IRﬂ " mice (Fig. 10,
B to G) consistent with these being attributed to the promotion of
insulin signaling. Therefore, the promotion of insulin signaling in
AgRP neurons in insulin-hypersensitive AgRP-TC mice can override
the compensatory responses to restricted feeding. This not only
prevents increased feeding-induced glucose excursions but also
additionally facilitates weight loss.

DISCUSSION
The pancreatic hormone insulin, which crosses from the circulation
into the brain, was the first hormone to be implicated in the CNS

Dodd et al., Sci. Adv. 2021; 7 : eabf4100 26 February 2021

control of body weight (18). Subsequently, the identification of leptin
as a key adiposity factor regulating energy balance (14) largely over-
shadowed the role of ARC insulin signaling. Moreover, although
the IR is particularly abundant in the hypothalamus, its deletion in
POMC or AgRP neurons does not affect cumulative food intake or
energy expenditure (24). This led to the erroneous conclusion that
ARC insulin signaling does not have a role in the homeostatic control
of energy balance. Our recent studies have challenged this assertion
and have shown that insulin signaling in POMC and AgRP neurons
is fundamentally important for the homeostatic control of energy
expenditure through the coordination of feeding with WAT brown-
ing and thermogenesis (22, 27). By taking advantage of genetic ap-
proaches that enhance the response to endogenous insulin versus
leptin, we now also demonstrate that insulin not only affects feeding
behavior and thereby influences glucose metabolism but also that its
effects on feeding are distinct from those of leptin.

The reasons for the lack of effects on energy balance when the IR
is deleted in POMC or AgRP neurons during embryogenesis (24)
remain unclear. In part, this may be attributable to compensatory
processes arising during embryonic development. Consistent with
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this, the Cre/LoxP-mediated deletion of LepR in AgRP neurons has
mild effects on feeding and body weight (46), whereas the CRISPR-
Cas9-mediated ablation of LepR in AgRP neurons in adult mice pro-
motes voracious feeding and obesity similar to that seen in Ob/Ob
mice (15). Alternatively, the effects on energy balance and especially
feeding may be nuanced and may have been missed by previous
studies. In this study, we demonstrate that insulin signaling in AgRP
neurons limits the size of meals, without affecting total diurnal ca-
loric intake. Although, in itself, this does not affect energy balance,
we demonstrate that the control of meal size is fundamentally im-
portant for limiting postprandial glucose and insulin excursions.
Mice with heightened insulin signaling in AgRP neurons consumed
less food during the first 4 hours of the dark cycle, when mice oth-
erwise consume most of their food. As a consequence, postprandial
glucose and insulin excursions in fed/satiated mice, when glucose
and insulin are normally at their highest, were decreased. Notably,
when AgRP-TC mice were afforded access to both chow and high-
fat diets, they consumed less of the high-fat diet, and this markedly
attenuated the development of systemic insulin resistance and hy-
perglycemia. This was not due to a diminished feeding drive. More-
over, stereotypical hunger responses and reward behaviors were not
affected. Instead, we assert that the decreased consumption of oth-
erwise highly palatable high-fat food by AgRP-TC mice might have
been attributable to the heightened resultant glucose and insulin
excursions, which we speculate would favor the consumption of
chow diet to limit glucose spikes in insulin-hypersensitive AgRP-TC
mice. Consistent with this, we found that AgRP-TC mice also drank
less sucrose-sweetened water during the peak of feeding but exhib-
ited no differences when afforded access to saccharin-sweetened
water that has no calorific value. We propose that the capacity for
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insulin signaling in AgRP neurons to limit meal size and the con-
sumption of meals with a high glycemic index may normally serve
to prevent excessive feeding-induced glucose and insulin excursions
and provide an important homeostatic feedback mechanism for at-
tenuating the development of hyperglycemia and systemic insulin
resistance without compromising total diurnal caloric intake and
thereby anabolic growth/survival. The importance of this homeo-
static glucomodulatory response is underscored by the capacity of
insulin signaling in AgRP-TC mice to even override the increased
anticipatory feeding normally associated with timed food restriction
that otherwise results in elevated postprandial blood glucose. Our
findings are reminiscent of the “glucostatic” theory for the regula-
tion of feeding first proposed in 1953 (47), which argues that low
blood glucose promotes feeding and high blood glucose promotes
meal termination (47), as well as early studies in humans showing
that a decrease in blood glucose is associated with the initiation of
feeding (48, 49). Although the effects of glucose/glycemic index on
meal size and food intake in humans is controversial, there are stud-
ies that support that carbohydrate ingestion and increased blood
glucose levels stimulate short-term satiety to reduce food intake in
humans (50, 51). In obesity, where peripheral and hypothalamic in-
sulin resistance pervades, this homeostatic glucostatic mechanism
would be abrogated and may contribute to the progressive develop-
ment of type 2 diabetes.

Although the promotion of insulin signaling limited the size of
meals at the peak of feeding, total caloric intake was unaffected as
mice compensated by consuming more food at later times. The
compensatory neural mechanisms that ensured that total food in-
take was not affected by TCPTP deficiency and promotion of insu-
lin signaling in AgRP neurons are not clear. It is possible that the
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deletion of TCPTP in AgRP neurons may facilitate the engagement  or, otherwise, indirectly relay signals to the hypothalamus by acti-
of hindbrain circuits that regulate meal size/termination and total  vating calcitonin gene-related peptide (CGRP)-expressing neu-
caloric intake. Satiety signals conveyed by gut-derived hormones, such  rons in the parabrachial nucleus to decrease meal size (52, 53).
as glucagon-like peptide 1, act upon vagal sensory fibers that acti- ~AgRP neurons can inhibit anorexigenic CGRP-expressing neurons
vate caudal hindbrain neurons that directly project to the hypothalamus  in the parabrachial nucleus, and this can increase meal size, but this
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is accompanied by compensatory decreased feeding frequency so that
total caloric intake and body weight remain unaltered (52, 53). We
speculate that the promotion of insulin signaling and inhibition of
AgRP neurons in AgRP-TC mice might accentuate hindbrain satiety
signaling to facilitate the activation of CGRP-expressing neurons,
so that meal size is initially repressed but compensated for later so
that total caloric intake ultimately remains unaltered.

The chemogenetic or optogenetic activation of AgRP neurons can
drive stereotypical feeding behaviors such as foraging, as well dopa-
mine reward circuits that increase the rewarding effects of food
(3, 54). By contrast, we found that the deletion of TCPTP and the
promotion of inhibitory insulin signaling in AgRP neurons did not
alter stereotypical feeding behaviors or the rewarding value of food.
In particular, AgRP-TC mice showed no differences in conditioned
place preference tests or differences in their predilection for sucrose
pellets or saccharin-sweetened water. The lack of differences in pref-
erence for saccharin-sweetened water also suggests that decreased
feeding could not be ascribed to anhedonia, which is consistent with
tests showing no differences in anxiety. One possible reason for these
findings may be that the duration and/or the relative degree of AgRP
neuronal activation after feeding may be vastly different from that
associated with chemogenetic/optogenetic approaches manipulat-
ing AgRP neuronal activity. Although chemogenetic/optogenetic
approaches are powerful tools for establishing potential neuronal
functions, they can elicit responses that extend beyond physiological
parameters (55). However, it may also reflect insulin engaging dis-
creet subsets of AgRP neurons, rather than indiscriminately affect-
ing all AgRP neurons, as would occur with chemogenetic/optogenetic
manipulations. Distinct subsets of leptin- versus insulin-responsive
POMC neurons exist in the ARC (56), and the combined deletion of
LepR and IR in POMC neurons yields synergistic outcomes on glu-
cose metabolism (57). Our studies have shown that leptin and insulin
act on different subsets of POMC neurons to increase the sympa-
thetic outflow to WAT to promote browning and energy expenditure
(22). Elegant circuit-mapping techniques have shown that different
subsets of AgRP neurons exist that project to different regions of
the brain to regulate feeding versus glucose metabolism (8, 37). In
particular, Betley et al. (8) reported that several redundant neural
circuits originating from distinct AgRP neurons can independently
regulate feeding. Although the distribution of IR and LepR in AgRP
neurons remains to be determined, it is possible that the IR and
LepR may be expressed in different subsets and that this may allow
for inhibitory insulin versus leptin signaling to differentially affect
meal size versus feeding frequency and thereby glucose homeostasis
versus total caloric intake and body weight.

In summary, our studies have defined a previously unidentified
homeostatic role for AgRP neuronal insulin signaling in coordinating
feeding behavior for the purposes of maintaining glucose homeostasis
and preventing the development of insulin resistance. Our findings
highlight the capacity for inhibitory leptin versus insulin signaling
in AgRP neurons to elicit distinct effects on feeding to independently
influence body weight versus glucose homeostasis.

MATERIALS AND METHODS

Mice

Ptpnlﬂ/ﬂ, Ptanﬂ/ﬂ, Inst™, Agrp—Ires—Cre;Ptpn]ﬂ/ﬂ (AgRP-1B), Agrp-
Ires—Cre;Ptanﬂ/ﬂ (AgRP-TC), Agrp—Ires—Cre;Ptanﬂ/ cInst* (AgRP-
TC-IR"), Agrp-Tres-Cre;Insr™ (AgRP-IRﬂ/ﬂ), Pomc-Cre;Ptanﬂ/ﬂ

Dodd et al., Sci. Adv. 2021; 7 : eabf4100 26 February 2021

(POMC-TC), and Stat3™" mice have been described previously
(22,27,28,32,58). To generate I nsr/"* and Agrp-Tres-Cre;l nsr/V* (AgRP-
IR *) mice, AgRP—IRﬂ/ I mice were mated with C57BL/ 6] mice.
Mice were maintained on a 12-hour light-dark cycle in a temperature-
controlled high-barrier facility with free access to food and water.
Mice were fed a standard chow (8.5% fat) or a high-fat diet (23% fat;
45% of total energy from fat; SF04-027, Specialty Feeds) as indicated.
Male mice were used in all studies. All mice were on a C57BL/6]
background. When necessary, experiments were undertaken under
reverse light cycle conditions (lights off, 11:00 a.m.) with the mice
acclimatized for 10 to 12 days before any intervention. Experiments
were approved by the Monash University School of Biomedical Sciences
Animal Ethics Committee.

Food intake experiments

We maintained mice on a 12-hour light-dark cycle from 7:00 p.m.
(lights off) to 7:00 a.m. (lights on). Diurnal feeding was assessed using
BioDAQ E2 cages (Research Diets, NJ) after a 48-hour acclimation
period. Mice were singly housed, and food intake was measured
over a 24-hour period and grouped into time bins. BioDAQ feed-
ing cages were fitted with computer-controlled automatic gates to
prevent access to feeding hoppers during fasting experiments to
allow stress-free intervention without human interaction. For restricted
feeding experiments, gates were programmed to open at 7:00 p.m.
and close at 11:00 p.m., allowing a 4-hour window for ad libitum
food access.

Functional immunohistochemistry

For ARC immunohistochemistry monitoring for STAT3 Y705 phos-
phorylation (p-STAT3) or AKT S473 phosphorylation (p-AKT),
mice were fasted overnight for 16 hours and then injected intra-
peritoneally with either vehicle, leptin (1 pg/g, i.p.; PeproTech, Israel)
or vehicle, or insulin (0.85 mU/g, i.p.; Actrapid, Novo Nordisk,
Denmark), respectively. Mice were anesthetized at either 15 min
(p-AKT staining) or 45 min (p-STAT3) after injection and perfused
transcardially with heparinized saline [1000 U/liter of heparin in 0.9%
(w/v) NaCl] followed by 4% (w/v) paraformaldehyde in phosphate
buffer (0.1 M, pH 7.4). Brains were postfixed overnight and cryo-
preserved in 30% (w/v) sucrose in 0.1 M phosphate buffer for 3 days,
before freezing on dry ice. Thirty-micrometer sections (120 mm apart)
were cut in the coronal plane throughout the entire rostral-caudal
extent of the hypothalamus.

For both p-STAT3 and p-AKT immunostaining, we followed pre-
viously described procedures in (33). Sections were pretreated for 20 min
in 0.5% (w/v) NaOH and 0.5% (v/v) H,O; in phosphate-buffered
saline, followed by immersion in 0.3% (w/v) glycine for 10 min. Sections
were then placed in 0.03% (w/v) SDS for 10 min and placed in 4%
(v/v) normal goat serum and 0.4% (w/v) Triton X-100 for 20 min
before incubation for 48 hours with anti-p-STAT3 (Y705) antibody
(1:500; #9131, Cell Signaling Technology, Beverly, MA) or rabbit anti—
p-AKT (Ser*”?) (1:300; #4060, Cell Signaling Technology, Beverly, MA).
p-STAT3- and p-AKT-positive cells were visualized using rabbit
immunoglobulin G VECTASTAIN ABC Elite and DAB solution
[0.5 mg/ml of 3,30-diaminobenzidine in 0.1% (v/v) H,O,]. p-STAT3 and
p-AKT immunopositive cells were counted using a bright-field microscope.

Metabolic measurements
Blood glucose levels were determined using an Accu-Chek glucom-
eter (Roche, Germany), and plasma insulin levels were determined
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using the rat/mouse insulin ELISA (enzyme-linked immunosorbent
assay) (EZRMI-13K, Sigma-Aldrich, St. Louis, MO) or the mouse
insulin ELISA (80-INSMS-E01, ALPCO, Salem, NH). Where blood
glucose and plasma insulin levels were measured at 6:00 and 11 p.m.,
food was removed at 3:00 p.m. to achieve a consistent baseline and
returned at 6:30 p.m. before lights off at 7:00 p.m. Plasma leptin levels
were determined using a mouse leptin ELISA (Merck Millipore,
Darmstadt, Germany). The HOMA-IR was calculated using the equa-
tion [(glucose x insulin) / 405].

Body composition was assessed using EchoMRI (Echo Medical
Systems, Houston, TX). Alternatively, body composition (lean, fat,
and bone mineral density) was measured by dual-energy x-ray ab-
sorptiometry (Lunar PIXImus2, GE Healthcare, Chicago, IL) and
analyzed using PIXImus2 software.

Behavioral tests

For behavioral tests, mice were group-housed in between experiments.
The elevated plus maze and modified open-field tests were per-
formed on fed versus fasted mice using different cohorts to negate
fear sensitization confounding results. Mice in the fed state were
placed in reverse light cycle (lights off, 11:30 a.m.; lights on, 11:30 p.m.)
with 10 to 12 days of acclimation before tests being performed be-
tween 10:00 and 11:00 a.m. Food was restricted 4 hours before lights
off with food returned at lights off to ensure uniform satiety between
groups; mice were allowed to feed for 4 hours, and food was re-
moved 1 hour before testing. Mice in the fasted state were housed
under normal light cycle (lights off, 8:00 p.m.; lights on, 8:00 a.m.),
fasted overnight, and tests were performed between 9:00 and 11:30 a.m.
Except for the marble-burying test, all behavioral tests were video-
recorded and analyzed using the video-tracking software TopScan
(CleverSys Inc., Reston, VA) with the center of the body used as the
tracking point in different parts of the apparatus. In between exper-
iments, all apparatus were cleaned with 30% ethanol.

Elevated plus maze

The elevated plus maze was conducted as described previously (59).
In brief, fed or fasted mice (as described above) were placed in a
plus-shaped maze consisting of two closed arms [30 cm (length) by
5 cm (width) by 20 cm (height)] and two open arms [30 cm (length)
by 5 cm (width)] raised to 40 cm from the floor through metal legs.
The time spent and the entries in the different parts of the apparatus
(closed arms, open arms, and center) were measured.

Baited open-field test

The baited open-field test was conducted as described previously
(59). One week prior, mice were exposed three times randomly to
the peanut butter chips (Reese’s peanut butter chips, The Hershey
Company, Hershey, PA) to prevent neophobia (59). The open-field
area (@ 800 mm) was segregated into peripheral and central zones
with the peripheral zone defined as 280 mm from the peripheral walls,
and the central zone was defined as the area beyond 280 mm from
the walls to the center of the arena. At the start of the experiment, a
peanut butter chip was placed in the center zone of the open-field
arena and fixed to the floor with Blu Tack (Bostik). For quantifica-
tion, the arena was segregated into a peripheral zone and a central
zone. All mice were placed in the open field at the same region
against the peripheral wall, and the movements of the mouse were
video-recorded for 10 min. Peanut butter chips were weighted be-
fore and after the test, and the “food zone” was defined as the area
immediately surrounding the peanut butter chip (78 mm diameter,
with the peanut butter chip at the center). Individual entries were
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defined as the mouse entering and then leaving the zone, with the
length of the entry being defined as the amount of time the mouse
was continuously tracked within that zone. Latency was defined as
the time to approach one of the peanut butter chips after introduc-
tion into the open field.

The marble-burying test

The marble-burying test was conducted as described previously (3).
Ten-week-old male mice were tested in either fed or fasted state.
Mice were individually housed in a cage filled with 5 cm of novel
bedding containing 24 x @ 16-mm marbles evenly spaced across
the bedding surface. Mice were then left undisturbed for the 30-min
testing period. After 30 min, each mouse was returned to its home
cage, and the number of marbles buried within the bedding was
manually counted. Marbles buried <2/3 into the bedding were
classified as not buried, and higher marble buried indicated a more
pronounced obsessive-compulsive behavior.

Conditioned place preference

Fed or fasted mice had food removed for 1 hour to normalize satiety
state before the test. The testing apparatus consisted of a rectangu-
lar cage constructed of plexiglass and contained three distinct side
zones. The outer zones [28 cm (length) by 21 cm (width)] were dif-
ferentiated by the wall pattern (full gray versus black and white
strips) and the floor texture (soft versus rough), and a middle zone
(21 cm by 9 cm) was separated from the other compartments by
opaque white plexiglass walls. Mice were placed randomly into the
apparatus, and a baseline preference of individual mice was evaluated.
Mice spending between >45 and <55% on either side were consid-
ered to have no initial preference, and the most preferred side was
paired with the chow pellets and the other with the peanut butter
chips. For the conditioning, mice were exposed to either peanut
butter chips or chow pellets alternately for 10 days with 20 min of
exposure per session. The baseline preference and the trial day were
video-recorded, and the time spent in the various compartment of
the boxes was measured with the video-tracking software TopScan
(CleverSys Inc., Reston, VA). For each conditioning session, food
was removed 1 hour before baseline and trial sessions. On the trial
day, neither chow nor peanut butter chips were available during the
20-min recording session. The preference score was calculated from
the time spent in the specified conditioning compartment divided
by the total time spent in both compartments, excluding the middle
neutral zone, multiplied by 100.

Anhedonia test

Twelve-week-old male mice were randomly assigned and individually
housed in cages with no bedding and access to two drinking bottles,
one with water and one with artificial sweetener [0.1% (w/v) sac-
charin; Sigma-Aldrich, St. Louis, MO]. Mice were left undisturbed
and allowed to drink ad libitum from either bottle for 48 hours. After
24 hours, the location of the two bottles was swapped to negate any
potential confounding effects of place preference. Fluid intake from
both bottles was measured every 24 hours for 2 days by weighing
the bottles and subtracting the bottle weight.

Operant conditioning

Motivation was assessed using a nose-poke operant conditioning
paradigm conducted with the Feeding Experimentation Device version
3 (FED3; https://hackaday.io/project/106885-feeding-experimentation-
device-3-fed3). The FED3 consisted of active and inactive ports,
with a nose poke on the active port producing light- and tone-
conditioned stimuli, as well as a 20-mg sucrose pellet (TestDiet,
St. Louis, MO). Nose pokes on the active and inactive ports as well as
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pellet deliveries and collection times were logged. Nose pokes on the
inactive port had no consequence. For animals to acquire the task,
we performed a fixed-ratio (FR) schedule. During the FR acquisition,
FED3s were placed in individual animal cages for 3 hours before
lights off to avoid any effects of stress on task acquisition. FR1 equals
one nose poke for one pellet; FR3 equals three nose pokes for one
pellet; FR5 equals five nose pokes for one pellet. FR acquisition con-
sisted of FR1 x 3 days, FR3 x 3 days, and FR5 x 3 days. To test mo-
tivation, we performed a progressive ratio (PR) in which the number
of pokes required to receive a pellet progressively increased follow-
ing a Richardson-Roberts schedule (1, 2,4, 6,9, 12, 15, 20, 25, 32, 40,
50, etc.). PR sessions were conducted overnight with access to food.
Mice consumed chow during the FR acquisition and first PR session,
after which they were switched to a high-fat diet for 5 days before a
second PR session. During the first and second PR sessions, mice
were exposed to two FR5 sessions to consolidate learning.

Sucrose or saccharin preference tests

Eight-week-old male mice were individually housed in BioDAQ cages
with ad libitum access to standard chow and drinking water via two
separate water bottles. During a 48-hour acclimation period, one
bottle was filled with water while the other bottle remained empty.
Once acclimated, the empty bottle was filled with either 10% (w/v)
sucrose or 0.1% (w/v) saccharin in water. Mice were left undisturbed
with ad libitum access to both water and either 10% (w/v) sucrose or
0.1% (w/v) saccharin solution. After 24 hours, the location of the
two bottles was swapped to negate any potential confounding effects
of place preference. Fluid intake was measured on subsequent days
and grouped into 15-min time bins. Mice had ad libitum access to
chow diet throughout the experiment.

Intra-ARC rAAYV injections

Following procedures previously described in (33), 8-week-old male
Stat3"™" mice were stereotaxically injected (~1 x 10" to 8 x 10" viral
particles/ml) with rAVVs expressing CMV-driven Cre recombinase
and eGFP (AAV-Cre-GFP; UNC Vector Core) or eGFP alone (AAV-
GFP; UNC Vector Core) bilaterally into the ARC (coordinates, bregma:
anterior-posterior, —1.40 mm; dorsal-ventral, —5.80 mm,; lateral,
40.20 mm, 100 nl per side). rAAVs were infused using a Neuros
syringe (Hamilton, Reno, NV) at a rate of 10 nl/min. Following in-
fusion, the ultrafine needle was left indwelling and undisturbed for
a further 15 min before being slowly retracted from the brain paren-
chyma over a period of 2 min. Subsequent experiments were con-
ducted 2 weeks after rAAV administration.

Statistical analysis

Statistical significance was determined by a one-way or two-way analy-
sis of variance (ANOVA) with multiple comparisons or, where in-
dicated, repeated measures or a paired Student’s ¢ test as appropriate.
P <0.05 was considered significant: *P < 0.05, **P < 0.01, and ***P < 0.001.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/9/eabf4100/DC1

View/request a protocol for this paper from Bio-protocol.
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