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Ablation of AgRP neurons impairs adaption to
restricted feeding

Keith Tan **, Zachary A. Knight?2, Jeffrey M. Friedman "

ABSTRACT

While the SCN controls the circadian clock, further evidence suggests the existence of a food-entrainable oscillator (FEO) that links behavior to
changes in food availability such as during restricted feeding (RF). We found that the activity of AGRP/NPY neurons changed rhythmically during
RF suggesting that these neurons are a component of the FEQ. We next ablated AgRP/NPY neurons in neonates with diphtheria toxin resulting in
the loss of ~50% of AgRP/NPY neurons. Body weight and food intake were unchanged in adult animals after neonatal ablation, as were the
responses to leptin treatment, leptin withdrawal, food deprivation and ghrelin treatment. However, ablated animals showed 30% mortality within
4 days of RF. Moreover, the recovery of body weight and food intake in surviving animals lagged behind controls with an absence of food
anticipatory activity even after three days. These findings identify AgRP/NPY neurons as a key cellular component of the food-entrained

oscillator.

© 2014 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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1. INTRODUCTION

Molecular clocks play a key role in coordinating physiology and
behavior with environmental cues [1]. The circadian oscillator in the
suprachiasmatic nucleus (SCN) is regulated by environmental light/
dark cues conveyed from the retina and controls the sleep wake cycle
and other behaviors in mammals [2,3]. At the molecular level, this
circadian clock(s) relies on daily oscillations in the transcription and
translation of set of evolutionarily conserved clock genes [4]. In the
SCN, circadian oscillations in clock gene expression change cellular
activity within this structure to control circadian rhythms [5,6]. Circa-
dian rhythms in clock gene expression are also observed in many brain
regions outside the SCN [7] as well as in peripheral, non-neuronal
tissues [8,9].

While a light entrained oscillator regulates sleep wake cycle and other
processes, this is not the only biological clock. When food availability is
restricted to a single period during a fixed time of the day, over the
course of a few days animals adapt to this schedule and increase their
feeding during the window of food availability, even if it is in the light
phase, a time when animals do not normally eat. . In addition, in this
restricted feeding paradigm animals show a marked increase in lo-
comotor activity shortly before the onset of the time when food is made
available. This increased activity is referred to as food anticipatory
activity, FAA [10,11]. FAA is also associated with increase in body
temperature, adrenal corticosterone secretion and gastrointestinal
motility. This biological rhythm, timed to a window of food availability is
unaffected by SCN ablation, confirming the existence of a food-
entrainable oscillator (FEO) that is separate from the SCN [12,13].
Moreover previous reports have demonstrated that restricted feeding

can entrain and shift the circadian rhythms in peripheral tissues as well
as other brain areas outside of the SCN even when oscillation in the
SCN remains phase-locked to the light/dark cycle [14—17]. These
findings show that the timing of food availability can cause a phase
uncoupling among multiple circadian oscillators outside the SCN and
can even dominate the circadian oscillator. However, while the
demonstration that FAA and other physiologic responses develop after
restricted feeding, the anatomic sites and neuronal populations that
comprise the food entrained oscillator have not been elucidated.
Recently, we employed a new profiling technology to identify cell types
in brain that are activated in response to an acute or chronic stimulus
[18]. We used this method to identify neural populations in the hy-
pothalamus that are activated when the food availability of animals is
restricted to @ 3 h window during the light phase. In this previous
study, we found that dynorphin neurons in the DMH play a role in the
response to restricted feeding. We also found that AGRP/NPY neurons
in the arcuate nucleus are activated when animals are subjected to a
restricted feeding paradigm. AgRP neurons in the arcuate nucleus of
the hypothalamus co-express NPY [19] and regulate food intake and
metabolism. Optogenetic activation of these neurons promote food
intake [20,21]. These neurons also express the ghrelin receptor [22]
and are responsive to plasma ghrelin which has been shown to rise
prior to meal times and has been hypothesized to promote feeding
during RF [23—25].

We thus set out to evaluate the possibility that AGRP neurons also play
a role in the response to restricted feeding and the development of
FAA. In this report, we confirm a key role for AQRP/NPY neurons in the
response to restricted feeding suggesting that it is a key neural
component of the food entrainable oscillator.

"The Rockefeller University, 1230 York Ave, New York, NY 10065, USA 2University of California, San Francisco, 1550 4th Street, Rock Hall, San Francisco, CA 94158, USA

*Corresponding authors. Tel.: +1 212 327 8800. E-mails: ktan@rockefeller.edu (K. Tan), friedj@rockefeller.edu (J.M. Friedman).

Received June 13, 2014 « Revision received July 3, 2014 « Accepted July 4, 2014 « Available online 10 July 2014

http://dx.doi.org/10.1016/j.molmet.2014.07.002

694

MOLECULAR METABOLISM 3 (2014) 694—704 © 2014 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).

www.molecularmetabolism.com


http://creativecommons.org/licenses/by-nc-nd/3.0/
mailto:ktan@rockefeller.edu
mailto:friedj@rockefeller.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molmet.2014.07.002&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/3.0/
http://www.molecularmetabolism.com
http://dx.doi.org/10.1016/j.molmet.2014.07.002

2. METHODS AND MATERIALS

2.1. Animal treatment

All experiments were carried out in accordance to regulations of the
Institutional Animal Care and Use Committee at the Rockefeller
University. All transgenic mice used in this study were previously
published. The following line was used to express Cre recombinase
in AgRP cells: AgRP-IRES-Cre (Jackson Labs Stock 012899,
Agrpt™€relLowl’y) ‘The following reporter line was used, where a lox-
STOP-lox sequence prevents expression of the reporter in the
absence of Cre recombinase: ROSA-loxSTOPlox-tdTomato (Jackson
Labs Stock 007909, B6.Cg-Gt(ROSA)26SorMO(CAG-tdTomaloHze, )
AgRP DTR animals were generated by crossing heterozygous AgRP-
IRES-Cre animals with animals homozygous for ROSA-loxSTOPlox-
iDTR (Jackson Labs Stock 007900, C57BL/6-Gt(ROSA)26Sor™!(H-
BEGRAWal/ )y ~ Animals heterozygous for AgRP-IRES-Cre and ROSA-
loxSTOPlox-iDTR were termed AgRP DTR and animals heterozy-
gous for only ROSA-loxSTOPlox-iDTR were termed DTR. Unless
otherwise stated, mice were group housed under a standard 12 h
light/dark cycle (lights on from 8:00 A.M. to 8:00 P.M.) and fed
regular chow (LabDiet 5053). To ablate AgRP neurons, postnatal day
3 (P3) litters were injected once with diptheria toxin [50 ng/g,
subcutaneous (s.c), Sigma—Aldrich D0564]. For fasting experi-
ments, animals were transferred to new cages and food deprived
for at least 18 h before they were either perfused for immunohis-
tochemistry or re-fed. For ghrelin experiments, animals were given
ghrelin (66 g, intraperitoneal, i.p, Tocris Bioscience #1465) and
subsequent food intake measured. Food was removed from cages
for animals used for immunohistochemistry. For scheduled feeding,
mice were allowed access to food between ZT4 and ZT7 or between
ZT15 and ZT18 each day for 14 days and body weight and food
intake were measured each day.

2.2. Leptin treatment

Miniosmotic pumps (Alzet, 2001) with mean pump rate of 0.98 pl/h
were filled with leptin (Amylin Pharmaceutical) to achieve dose of
2.5 pg/h for 8 days. Pumps were incubated in sterile PBS at 37 °C for
at least 6 h before subcutaneous (s.c) implantation into animals. An-
imals were anesthetized with isoflurane when pumps were implanted
or removed.

2.3. Locomotion analysis

10—12 weeks old male AgRP DTR and DTR mice were acclimatized to
the experimental chambers for at least 24 h prior to data collection
using the Oxymax Lab Animal Monitoring System (Columbus In-
struments). Only ambulatory beam breaks in the x and y axis were
included in the analysis.

2.4. Immunohistochemistry

Mice were first anesthetized with isoflurane followed by transcardial
perfusion with PBS and then 10% formalin. Brains were dissected,
incubated in 10% formalin overnight at 4 °C and 40 pum sections were
prepared using a vibratome. Free floating sections were blocked for
1 h at room temperature in blocking buffer (PBS, 0.1% Triton-X, 2%
goat serum, 3% BSA) and then incubated overnight at 4 °C with pri-
mary antibodies. The next day, sections were washed in washing
buffer (PBS, 0.1% Triton-X) 3 times for 20 min, incubated with dye-
conjugated secondary antibodies at 1:1000 for 1 h at room temper-
ature, washed in washing buffer and then mounted. Primary antibodies
used were rabbit anti-NPY (1:2000, Bachem T4070) and rabbit anti-
cfos (Santa Cruz, sc52).
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2.5. Microscopy and quantification

Stained brain sections were imaged using Zeiss LSM 510 laser
scanning confocal microscope. All parameters were kept constant for
quantification purposes. Fluorescence intensity and cell counts were
carried out using ImageJ.

2.6. Statistical analysis

Data present as mean = standard error of the mean (SEM). Student’s t
test were used to determine significance of the difference of the mean
between AgRP DTR and control animals. p < 0.05 represented sta-
tistical significance.

3. RESULTS

3.1. AgRP neurons are activated during restricted feeding (RF)
Although the role of AgRP neurons in metabolic homeostasis is well
studied, their role in circadian-regulated feeding behavior has not. We first
used cfos expression to test whether these neurons are activated by
restricted feeding. We mated AgRP-Cre mice to a lox-STOP-lox tdTomato
reporter line to generate AgRP tdTomato animals that express the fluo-
rescent reporter tdTomato only in AgRP cells. These animals were then
subjected to a RF paradigm in which animals were only allowed access to
food during a 3 h window between ZT 4 and ZT 7. As mentioned, mice
normally eat between ZT 12—24. After 10 days of RF, animals were
perfused at different times during the day and the expression of the im-
mediate early gene, cfos was probed using immunohistochemistry. cfos
expression in AgRP neurons was low 2 h before the start of the scheduled
feeding window but increased thereafter peaking at ZT 4 just prior to food
being made available (Figure 1A—F, M). cfos expression in these neurons
then fell during the feeding window, and remained low 2 h after the
feeding window ended (Figure 1G—M). However, if food was withheld
during ZT 4 and ZT 7 in fully trained animals, the number of AgRP neurons
that expressed cfos continued to rise during the feeding window and was
still increasing 2 h after the feeding window i.e.; at ZT 9 (Figure TM—S).
These observations suggest that the activity of AgRP neurons is syn-
chronized with food availability and that they might play a role in the
behavioral response to scheduled feeding.

3.2. Ablation of AgRP neurons

To study the functional role AgRP neurons in scheduled feeding, we
ablated these neurons by generating mice that expressed the human
diptheria toxin receptor only in AgRP neurons by mating AgRP-Cre
animals with a lox-STOP-lox iDTR line. We then injected DTX (50 ng/
0) subcutaneously into neonatal animals. We used neonatal animals
because prior reports showed that injection into adult animals resulted
in profound hypophagia and death [26,27]. In contrast, these same
reports showed that neonatal animals develop normally and fail to
show any phenotypic effects after neonatal AgRP ablation suggesting
that compensatory neural mechanisms enable the neonatal animals to
maintain normal food intake when fed ad libitum. Consistent with
previous reports, there was a substantial decrease in the number of
AgRP neurons after administration of diptheria toxin (DTX) to neonatal
animals [26,27] (Figure 2A—L). Subcutaneous injection of DTX at
postnatal day 3 led to loss of more than 50% of AgRP neurons on
postnatal day 7 with a similarly marked decrease in NPY immunore-
activity in AgRP DTR animals compared to controls (Figure 2A—C). NPY
is co-expressed by the vast majority of AgRP neurons [19].

The aforementioned prior reports did not evaluate the effect of neonatal
AgRP neural ablation on the number of AgRP neurons in adults. We found
that animals receiving DTX at 3 days of age still showed decreased NPY
immunoreactivity in 8-week-old animals (Figure 2D—F). The number of
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Figure 1: Expression of c-fos in AgRP neurons during restricted feeding. (A—C) 2 h before meal time, few AgRP neurons expressed cfos (77 + 2.646). (D—F) At the scheduled
start of meal time, the number of AgRP neurons that expressed c-fos peaked (227.7 + 11.62). (G—L) The number of AgRP neurons that expressed c-fos continued to decrease
2 h into the meal window and 2 h after the end of meal (63 + 10.60 and 28 + 4.726 respectively). (M) Quantification of colocalization of AgRP and cfos over time with (black) or
without (red) access to food. (N—S) When no food was presented, the number of c-fos positive AGRP neurons continued to increase 2 h into the feeding window and 2 h after the
scheduled end of meal (304 + 28 and 414 + 57 respectively). n = 3 for each time point. Scale bar = 50 um.

NPY fibers was similar in neonatal and adult animals after neonatal AgRP
ablation suggesting that very little regeneration of AgRP neurons took
place after DTX treatment. We also found a marked decrease in NPY
projections in the paraventricular hypothalamic nucleus (PVN) and the
dorsal medial hypothalamic nucleus (DMH) (Figure 2G—L), sites to which
AGRP neurons are known to project. Similarly we did not observe a
significant change in the number of AgRP projections in adult vs. neonatal
animals after neonatal ablation.

3.3. Phenotypic assessment of AgRP DTR animals

Previous studies of neonatal animals after AgRP ablation have shown
that the food intake is normal, in contrast to AgRP ablation of adult
animals which leads to extreme anorexia and death [26]. Consistent
with these reports, we found that neonatal ablation of AgRP neurons
did not alter viability. Body weight (Figure 3A) and food intake
(Figure 3B) of both male and female neonatal ablated animals were
comparable to their littermate controls. Since AgRP neurons express
leptin receptor and are known leptin targets [28], we next assayed the
leptin responsiveness of AgRP DTR animals after treatment with high
dose leptin (2.5 pg/h) via osmotic pumps for 8 days. The extent of
weight loss and decrease of food intake following high dose leptin was
similar in AgRP DTR animals vs. littermate controls (Figure 3C—D). We
also tested whether the response to hypoleptinemia was altered by
measuring food intake after removing the leptin pumps from AgRP
ablated and control animals. We found that after withdrawal of high
dose leptin treatment, the increase food intake and weight was similar
in animals with neonatal AgRP ablation vs. controls (Figure 3C—D).
AgRP neurons become activated when animals are food restricted
(Figure 4A—F) so we next assayed the response of AgRP DTR animals
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to a 24 h fast. We first assayed cfos expression in these neurons after
food restriction and found that there were significantly fewer cfos
positive cells in the arcuate nucleus of AgRP DTR animals compared to
controls (Figure 4G—I). Note the reduction in the number of cells
expressing cfos was consistent with the loss of AGRP neurons sug-
gesting that the cfos response in surviving cells was unchanged.
Despite of the loss of AgRP neurons and the similarly low number of
cfos positive cells in AgRP DTR animals, the food intake of these an-
imals after an 18 h fast was unaltered compared to controls
(Figure 4J).

Because AgRP neurons also express the ghrelin receptor (Ghsr), we
also assayed the response of AgRP DTR animals to ghrelin. We found
that most of the c¢fos immunoreactivity in the arcuate nucleus colo-
calized with AgRP and NPY (Figure 5A—F). Similar to the case for food
restriction, ghrelin injection during the light phase resulted in much a
smaller number of cfos positive cells in the arcuate of AgRP DTR
animals (Figure 5G—I). However, despite the decreased number of cfos
positive cells, the food intake of AGRP DTR animals after ghrelin
treatment was indistinguishable from that of control animals
(Figure 5J). Taken together, these results show that animals with AgRP
ablation do not show alterations of baseline food intake and weight and
that their responses to leptin treatment, leptin withdrawal, fasting and
ghrelin treatment are all normal.

3.4. Response of AgRP DTR animals to RF in the light phase

We next compared the response to restricted feeding of AgRP DTR
animals that received DTX at three days of age to their littermate
controls (also injected with DTX). 12-week-old animals were main-
tained on a 12 h light dark cycle since weaning at which time, food
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Figure 2: Ablation of AgRP neurons. (A—C) NPY immunostaining in the arcuate nucleus (ARC) at postnatal day 7 in control vs. AgRP DTR animals (DTR 453 + 21.13 vs AgRP DTR
234.5 + 17.33, p < 0.001). (D—E) Loss of NPY immunostaining in the ARC of 8-week-old AgRP DTR animals (DTR 152.8 + 16.49 vs AgRP DTR 63.33 + 8.743, p < 0.01).
Decreased NPY signal intensity in the paraventricular nucleus (PVN) in adult AGRP DTR animals (DTR 223.3 + 16.27 vs AgRP DTR 138 + 5.508, p < 0.01). (J—L) Decreased NPY
signal intensity in the dorsal medial hypothalamic nucleus (DMH) in adult AGRP DTR animals (DTR 156 + 13.87 vs AgRP DTR 119 + 2.517, p = 0.0585). n > 3 in each group.
Scale bar = 50 um.
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Figure 3: Metabolic phenotype after loss of AgRP neurons. (A) Body weight of 8 week old male and female animals (Male: DTR 24.82 + 0.5274 vs AgRP DTR 23.3 + 0.701,
Female: DTR 19.62 + 0.3135 vs AgRP DTR 18.58 + 0.2763). (B) Daily food intake of 8 week old male and female animals (Male: DTR 5.45 + 0.2982 vs AgRP DTR
6.057 + 0.3677, Female: DTR 4.883 + 0.5588 vs AgRP DTR 4.463 + 0.2528). (C, D) Body weight and food intake in response to high dose leptin and subsequent leptin

withdrawal. n > 7 in each group.

availability was changed to a period between ZT 4 and ZT 7. This was
continued for 14 days. Consistent with previous reports, control ani-
mals showed a transient reduction in food intake but quickly accli-
mated to this change steadily increasing their food intake over the
course of the experiment with no mortality. In contrast, we noted
increased mortality among the AgRP DTR mice with 10% mortality at
day 2 and 30% mortality at day 4 (Figure 6A). Moreover, the AgRP DTR
animals that survived the first 4 days of RF and remained viable
through the end of the experiment failed to acclimate normally to the
restricted feeding protocol. Wild type mice that are given food only
between ZT 4—7 consume less food over the first three days as they
acclimate to the change in food availability. However, by day 4 normal
mice consume an equivalent amount of food in the restricted window
as they consumed previously during the entire dark phase. In contrast,
AgRP DTR animals consumed less food and weighed less than control
mice from day 4 to day 9 with food intake only reaching the weight of
control mice after day 10 (Figure 6B—C).

Animals that have become acclimated to the restricted feeding protocol
exhibit markedly increased locomotor activity known as feeding
anticipatory activity (FAA) beginning at ZT 2, two hours prior to the time
when food is made available. Thus, animals acclimated to the
scheduled feeding paradigm exhibit increased locomotion, (FAA) in the
two hours prior to the presentation of food. We next monitored the 24-
h activity of AgRP DTR animals after 3 days of RF, by which time wild
type animals show robust FAA [10]. Consistent with the reduced food
consumption at this time, AgRP DTR animals did not show an increase
in locomotion in the two hour window prior to the scheduled meal three
days after food availability was shifted to the light phase (Figure 6D—
E). This defect in locomotion before meal time was not due to a general
deficit in locomotion since total activity counts for AgRP DTR animals
was similar to controls. However after 10 days of restricted feeding the
FAA of AgRP DTR animals was indistinguishable from controls. Taken
together, these data demonstrate that AgRP neurons play an important
role in the ability of animals to sense and adapt to a temporal change in
food availability normally. The delayed acclimation to this change leads
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some animals to die of starvation while those animals that survive still
show a significant delay in the recovery of food intake and the onset of
FAA.

3.5. Response of AgRP DTR animals to RF in the dark phase

As a further control, we monitored survival, food intake, weight and
FAA in AgRP DTR mice when food availability was limited to three
hours during the dark phase which, as mentioned, is when wild type
mice, which are nocturnal, consume nearly all of their food. AGRP DTR
animals given food only during a 3 h window in the dark phase be-
tween ZT 15 and ZT 18 showed an equivalent increase of food intake
and body weight to controls throughout the experiment (Figure 7A—B).
After 3 days of RF in the dark phase, 24 h activity analyses further
revealed that AgRP DTR animals showed increased locomotion prior to
the start of meal time, although the magnitude of FAA was significantly
lower than controls (Figure 7C—D). Thus the deficit in adapting to RF
was more profound when food was only available during the light
phase, a time when mice generally move less and eat less.

4. DISCUSSION

AgRP neurons which are localized in the arcuate nucleus are both
necessary and sufficient for feeding in adult animals [26,27]. However
animals in which AgRP neurons are ablated as neonates survive
suggesting that the increased plasticity of the central nervous system
in younger animals allows such animals to survive after the loss of
these neurons. Here we show that the ablation of AgRP neurons in
neonatal animals results in significant abnormalities in the response to
a temporal alteration of food availability. These abnormalities include
increased mortality in animals subjected to a protocol that elicits FAA
with a significant delay in the recovery of food intake and body weight
and an absence of FAA even in those animals that survive. These
abnormalities are not observed when food is limited to an equivalent
window in the dark phase suggesting that AgRP neurons are essential
for the ability of animals to adapt to a change in food availability at

MOLECULAR METABOLISM 3 (2014) 694—704 © 2014 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).

www.molecularmetabolism.com


http://creativecommons.org/licenses/by-nc-nd/3.0/
http://www.molecularmetabolism.com

Fed

Fast

nnri

MOLECULAR
METABOLISM

Merge

n
= 100+
8 o
Q
+
2]
ke
5
k]
9]
£ 204
- 5
AgRP DTR DTR AgRPDTR
I DR
5 0.8 Il AgRPDTR
2
< 0.6
=
o 0.44
o
i
0.2-
0.0-
0-0.5 05-1 1-2 2-4  4-8

Time after re-feeding (h)

Figure 4: Response of AgRP DTR animals to overnight fast. (A—F) Overnight deprivation of food induced expression of cfos was mainly localized to AgRP neurons. (G—I) cfos
immunostaining in the arcuate nucleus after overnight fast in control vs. AgRP DTR animals (DTR 67.75 + 11.12 vs AgRP 30.33 + 5.364, p < 0.05). n = 4 in each group (J) Food
intake of DTR and AgRP DTR animals after overnight fast. n > 10 in each group. Scale bar = 50 pm.

circadian times when food is uncoupled from the circadian oscillator
(i.e.; moved to the light phase). In contrast, the loss of AgRP neurons
has no effect on baseline food intake, body weight, or the response to
food restriction, leptin and ghrelin treatment or leptin withdrawal. In
aggregate, these findings suggest that AgRP neurons are a key
component of a food entrained oscillator that allows animals to predict
in time when nutrient will be available and adjust their behavior
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accordingly. Moreover the observation that AgRP neural ablation in
neonatal animals affects only the response to restricted feeding sug-
gests that a key function of these neurons is to control this set of
responses.

In this study, we used a Cre-lox system to express the human diptheria
toxin receptor only in AgRP neurons and were able ablate 50% of these
neurons. This extent of ablation is consistent with a previous report
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immunostaining in the arcuate nucleus after ghrelin injection in DTR vs. AgRP DTR animals (DTR 137.5 + 15.39 vs AgRP DTR 23.33 + 5.365, p < 0.01). n= 4 in each group (J)
Food intake of DTR and AgRP DTR animals after either PBS or ghrelin injection. n > 8 in each group. Scale bar = 50 um.

using the same Cre-lox strategy [27]. We do note that in a separate
report using a knockin strategy as reported by Luquet et al. [26] there
was more than 90% ablation of AgRP neurons. It is unclear why these
strategies result in differing degrees of ablation. Interestingly, neonatal
ablation of AgRP neurons using the knockin method (with near com-
plete ablation) resulted in animals becoming obese after 12 weeks of

age with a metabolic shift towards lipid oxidation which is a somewhat
paradoxical in light of the known effect of AgRP neurons to increase
feeding [29]. The animals with ~90% ablation exhibited decreased
food intake after a 24 h fast and ghrelin challenge in contrast to the
failure of a more limited ablation to have an effect as shown in our
studies. Our data show that a loss of only 50% of AgRP is not sufficient
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Figure 6: Response of AgRP DTR animals to restricted feeding during the light phase. (A) Survival plot of DTR and AgRP animals on restricted feeding. n > 10 for each group (B, C)
Percent body weight and daily food intake of animals on restricted feeding. Body weight of AgRP DTR animals was significantly lower from day 6 to day 9 (p < 0.05) and food
intake was also significantly lower from day 4 to day 7 (p < 0.05). n > 6 in each group (D) 24 h plot of activity of DTR and AgRP DTR animals after 3 days on restricted feeding
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to impair responses to food deprivation and ghrelin injection while the
hyperphagia that develops after glucoprivation is not impaired even
after the loss of the vast majority of AgRP neurons [30]. Though the
extent of AgRP ablation observed here is incomplete, the key finding is
that the response to RF in animals with AgRP ablation was still
impaired even when 50% of AgRP neurons were intact, suggesting
that the response to RF is quite sensitive to perturbations of AgRP
neurons. The nutrient signal responsible for linking AgRP neuronal
activity to circadian in time is not known though recent studies have
shown that hypothalamic autophagy [31] and mitochondria dynamics
[32] regulate AgRP neuronal function in response to changes in energy
availability.
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The SCN, which responds to light, is believed to be the primary
circadian oscillator, but the biological rhythms that develop in response
to changes in food availability are known to persist even in the absence
of the SCN. These data have thus suggested that there is a food
entrainable oscillator that is separate and independent of the light
entrained oscillator [12,13]. Previous work to identify the anatomical
sites of the food entrainable oscillator have focused on structures in the
posterior to the SCN that regulate feeding behavior such as the dorsal
medial hypothalamus (DMH) as well as the arcuate nucleus.

The possible role of the DMH was previously assayed by analyzing the
periodicity of the expression of the canonical clock genes, Period 1
(mPer1) and Period 2 (mPer2), both of which were expressed
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rhythmically in the DMH during RF [33]. However lesioning studies of
the DMH reported disparate results. Thus while Landry et al. [34]
showed that radio-frequency induced lesions of the DMH did not
impair FAA, Gooley et al. [35] reported that ibotenic acid induced le-
sions of the DMH attenuated FAA. The different finding of these studies
may be attributable to a variety of factors including lesion type and the
behavioral assays that were used.

In addition to the DMH, rhythmic expression of clock genes were also
reported in other brain regions, including the arcuate nucleus, after a
change in feeding schedule though the identity of the specific popu-
lation was not determined [36,37]. The clock genes mPer1 and mPer2
are also expressed in the arcuate nucleus with RF [33] while endog-
enous mPer2 is expressed rhythmically in the arcuate nucleus in slice
preparations of a mPer2 luciferase knock-in mouse [38]. These data
show that AgRP neurons show rhythmic behaviors and are consistent
with our conclusion that AgRP neurons are a neural component of the
food entrainable oscillator. While Mistlberger and Antle [39] showed
that monosodium glutamate (MSG) induced lesions of the arcuate
nucleus enhanced FAA in rats during RF, the possible role AgRP/NPY
neurons was not assessed and moreover this finding is the opposite of
what we observe after AgRP ablation which reduces FAA. However, it
must be noted that lesions of the arcuate using MSG not only results in
the loss of AgRP/NPY neurons but also adjacent cell populations such
as POMC neurons. Thus the increase in FAA after non-specific arcuate
lesions is likely to be a result the net effect of damage to several
different cell types and the identity of the putative cell type(s) that
normally suppresses FAA is not known.

Arcuate neurons that co-express the neuropeptides AgRP and NPY [19]
also express the leptin receptor and are inhibited by leptin [28]. NPY is
a potent orexigenic neuropeptide and promotes feeding in sated or
food-deprived animals when administered centrally [40] while AgRP is
an antagonist of the melanocortin-4 receptor (MC4R), which when
activated suppresses feeding [41]. While the effect of AgRP/NPY
neurons in metabolic homeostasis is well-characterized, their
involvement in the temporal control of food intake has been less clear
at least prior to the current study. Consistent with our data, studies of
leptin deficient ob/ob mice and Zucker rats, which exhibit hyperphagia
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as well as increased AgRP/NPY activity, showed increased FAA after a
change in food schedule and this effect can be suppressed by re-
combinant leptin treatment [42,43]. In addition, AgRP DTR animals
exhibited a defect in adapting to RF during the light phase despite
partial loss of AgRP neurons, suggesting that a full ‘complement’ of
AgRP neurons is essential for the normal response of animals to this
restricted feeding paradigm. It has been recently shown that AgRP
neurons are heterogynous with respect to their projections in the
central nervous system [44] and it is possible that different AgRP
populations suffer different degrees of cell loss after diptheria toxin
treatment. It is also possible that the impairment to RF observed here
could be due to developmental effects of neonatal AgRP neuronal
ablation since development of downstream dopamine neurons in the
ventral tegmental area (VTA) is altered after AGRP neuron ablation [45].
Further studies will be necessary to understand whether distinct AGRP
subpopulations are responsible FAA as well as to elucidate the cellular
mechanisms that couple food availability to the activity of these neu-
rons. Since mPer1 and mPer2 are also expressed rhythmically in the
arcuate nucleus during RF [33], it is possible that arcuate AgRP
neurons express canonical clock genes in response to food availability.
Intriguingly, mice lacking known canonical clock components in all
tissue exhibited normal FAA and response to RF [46], suggesting that
oscillators that link nutrient availability to behavior (i.e; FAA) may be
different from the known clock genes that regulate circadian rhythm.
It has been hypothesized that the gut hormone ghrelin is a peripheral
signal that targets hypothalamic nuclei to increase locomotor activity in
anticipation to a scheduled meal. Ghrelin acts through the growth
hormone secretagogue receptor (GHSR) which is widely expressed
throughout the hypothalamus, including in AgRP neurons in the arcuate
nucleus [22,47,48]. Interestingly, animals under RF exhibited rhythmic
patterns of ghrelin secretion with plasma levels peaking at 2 h prior to
which when food was available [49]. Consistent with our data, GHSR
knockout mice also exhibited attenuated FAA [50]. The fact that FAA
was not abolished but only impaired in GHSR knockout mice suggests
that there must be other undiscovered peripheral cues that regulate
meal pattern behavior. Intriguingly, ghrelin knockout mice displayed
normal FAA [51], suggesting that another unknown ligand of GHSR
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could induce FAA and/or compensate for the absence of ghrelin. Since
GHSR is expressed widely in the hypothalamus, of which AgRP neu-
rons are a small population, it is thus not surprising that FAA can still
be observed in those AgRP ablated animals that survive albeit with a
significantly delayed onset. Furthermore, shRNA knockout of GHSR in
the dorsomedial hypothalamic nucleus and the ventromedial hypo-
thalamic nucleus of rats did not abolish FAA with some anticipatory
activity still persisting [52]. Taken together, these data suggest a
distributed network of brain regions that regulate meal pattern
behavior that includes AgRP neurons in the arcuate nucleus Thus,
disrupting one node of this network only attenuates but does not
completely abolish FAA.

It is well documented that circadian rhythm of the SCN is primarily
determined by light/dark cues while food availability can entrain pe-
ripheral tissues [14—17]. Itis intriguing to note that light availability can
also be used as a cue for animals to begin food seeking behavior since
animals have to be awake to consume food. Restricted feeding during
the light phase, when mice are usually at rest and do not feed, uncouples
oscillations in peripheral tissues from the central pacemaker to coor-
dinate body physiology in response to food intake. At the same time,
cues from the peripheral must influence non-SCN brain regions to
change behavior from rest to food seeking. Our data suggest that AgRP
neurons in the arcuate nucleus are a key site where peripheral and
possibly other cues are detected independent of visual cues (i.e.; light)
that allow an animal to adapt to a new meal time during a period when
mice are normally at rest and do not consume food.

5. CONCLUSION

Here we show that AgRP neurons are a critical component of the food
entrained oscillator and play an important role to control meal pattern.
These findings provide a starting point for future studies to identify the
cellular mechanisms that link changes in food availability to the activity
of these neurons as part of a learned behavioral change that allows
animals to adapt to changing environmental conditions.
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