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AGRP neurons are sufficient to orchestrate feeding behavior
rapidly and without training
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Abstract
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Two intermingled hypothalamic neuron populations, specified by expression of agouti-related
peptide (AGRP) or pro-opiomelanocortin (POMC), positively and negatively influence feeding
behavior respectively, possibly by reciprocally regulating downstream melanocortin receptors.
However, the sufficiency of these neurons to control behavior, and the relationship of their activity
to the magnitude and dynamics of feeding are unknown. To measure this, we used
channelrhodopsin-2 for cell type-specific photostimulation. Activation of only 800 AGRP neurons
in mice evoked voracious feeding within minutes. The behavioral response increased with
photoexcitable neuron number, photostimulation frequency, and stimulus duration. Conversely,
POMC neuron stimulation reduced food intake and body weight, which required melanocortin
receptor signaling. However, AGRP neuron-mediated feeding was not dependent on suppressing
this melanocortin pathway, indicating that AGRP neurons directly engage feeding circuits.
Furthermore, feeding was evoked selectively over drinking without training or prior photostimulus
exposure, which suggests that AGRP neurons serve a dedicated role coordinating this complex
behavior.
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Multiple neuron populations distributed throughout the brain influence the decision to seek
and consume food1. AGRP neurons are thought to positively regulate feeding behavior
because AGRP2 and a co-expressed peptide, neuropeptide Y (NPY)3–5, increase food intake
when injected into the brain. Moreover, AGRP neuron firing rate is elevated in brain slices
from food-deprived mice6. In contrast, genetic and pharmacologic evidence suggest that
POMC neurons inhibit feeding by releasing α-melanocyte stimulating hormone, a
melanocortin receptor agonist7,8. Both of these populations are located in the hypothalamic
arcuate nucleus (ARC). Within the ARC, AGRP neurons inhibit POMC neurons9,10. Also,
AGRP directly blocks melanocortin receptors2. Thus, AGRP neurons have been proposed to
serve a modulatory function, counter-regulating the melanocortin pathway to reduce satiety
and promote food intake11.
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However, loss-of-function experiments, which showed that AGRP neuron ablation in adult
mice leads to anorexia12, could not be explained by disinhibition of melanocortin
signaling13. Instead, starvation was proposed to result from severe gastrointestinal
malaise14, and food intake could be permanently rescued by benzodiazepine treatment14.
Thus, it is unclear whether AGRP neurons directly control feeding or if, instead, their role is
permissive, either preventing a state of intense nausea or suppressing melanocortin
signaling. This distinction raises the question of whether AGRP neuron activity is sufficient
to evoke feeding behavior, and if so, whether suppression of melanocortin signaling is
required for this. To address these issues, we sought to directly determine the role of these
neurons for feeding by rapidly and cell type-selectively increasing their electrical activity.

RESULTS
Cell type specific neuron activation
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To overcome cell type heterogeneity in the ARC, which contains AGRP, POMC, and
several other cell populations, we used light to selectively stimulate either AGRP or POMC
neurons. The light-activated cation channel channelrhodopsin-2 (ChR2)15,16, fused to the
fluorophore tdtomato (ChR2:tdtomato), was targeted to AGRP or POMC neurons by
injecting the Cre recombinase-dependent viral vector rAAV-FLEX-rev-ChR2:tdtomato17
into the ARC of agrp-cre18 and pomc-cre19 transgenic mice, rendering these neurons
photoexcitable. The cell type selectivity of this viral approach and the ChR2-dependent
photoexcitability of these cell populations have been demonstrated previously17.
For light delivery, an optical fiber was targeted to the dorsal portion of the hypothalamus in
mice expressing ChR2:tdtomato in AGRP neurons (AGRP-ChR2 mice; Fig. 1a). Animals
were tested for optically-evoked feeding behavior during the early light period when mice
normally eat little. Although AGRP neuron activity in vivo is unknown, optogenetic
techniques can map the relationship between patterns of activity and behavior. We began by
stimulating AGRP neurons with bursts of light pulses (20 Hz, 1 s), separated by 3 seconds,
and repeated over 1 hour (Fig. 1b). In brain slice experiments, we found that a similar
stimulation protocol could drive firing in AGRP neurons over extended time scales
(Supplementary Fig. 1). This stimulus pattern is similar to activity patterns evoked in AGRP
neurons by orexigenic hormones and neuropeptides applied to brain slices20.
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AGRP neurons are sufficient to induce voracious feeding
Within minutes, AGRP-ChR2 mice ate voraciously in response to photostimulation without
training or prior exposure to the stimulus (Fig. 1c). Food intake was unchanged in
photostimulated agrp-cre mice that were not infected with rAAV-FLEX-rev-ChR2:tdtomato
(Fig. 1c). Because the stimulus was applied to well-fed mice during the early light period,
these results show that AGRP neuron activity is not just permissive for feeding but, instead,
is sufficient to orchestrate feeding even under physiological, circadian, and hypothalamic
gene expression conditions that are typically associated with satiety. However, it was
unclear whether AGRP neurons serve simply as a switch for feeding behavior, in which case
food intake would be expected to rise discontinuously following sufficient neuron
activation. Alternatively, the intensity of feeding behavior could be closely tied to the level
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and duration of neuron activity, which would lead to a graded, continuous increase in
feeding with increasing AGRP neuron activity. To address these possibilities, we
investigated the relationship of externally imposed neuron activity to the magnitude and
dynamics of the behavioral response.
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The magnitude of food intake showed an increasing relationship with the number of ChR2expressing neurons (Fig. 1d). In mice with zero or less than 100 ChR2-expressing neurons,
no evoked feeding was observed (Fig. 1e). Photostimulated mice with 300 – 700 ChR2expressing neurons consumed significantly more food (Fig. 1f). For mice with more than
800 ChR2-expressing neurons, feeding responses were still greater and mice were
effectively at maximal levels of consumption (for greater than 800 neurons, neurons vs. food
intake, linear least squares goodness of fit: r2 = 0.06). Furthermore, evoked food intake was
nearly as large as re-feeding after 24 hour food deprivation (1 hour intake, stimulated: 0.85 ±
0.06 g; re-fed after fasting: 1.04 ± 0.06 g; Fig. 1f). After photostimulation was terminated,
feeding returned to pre-stimulus levels (Fig. 1e). Notably, consumption elicited by AGRP
neuron activation was directed towards food and not water, which was freely available in the
cage. All mice for which water consumption was recorded ate before drinking in response to
photostimulation (12/12 mice), and drinking was not initiated until 13.0 ± 0.9 min after
feeding started. Also, the feeding response magnitude did not appear to be related to a
specific distribution of ChR2-expressing AGRP neurons along the rostral-caudal length on
the ARC (Supplementary Fig. 2). Because feeding increased with the number of ChR2expressing AGRP neurons (Fig. 1f), this indicates that AGRP neuron activity produces a
signal to which there is a proportional and behaviorally-specific food-directed response. To
explore this further, we considered the effect of different AGRP neuron stimulation patterns.
Evoked feeding depends on photostimulus frequency
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We tested the dependence of food intake on stimulus frequency using two protocols. On
subsequent days, the stimulus frequency was varied between 20, 10, and 2 Hz, followed by a
return to 20 Hz (stimulus protocol 1; Fig. 2a). Under these conditions, food intake during
photostimulation was significantly increased relative to the pre-stimulus period
(Supplementary Fig. 3a-d), and consumption diminished with decreasing stimulus frequency
(Fig. 2b). Notably, for each mouse, feeding during the second 20 Hz stimulation trial was
similar to the amount consumed in the initial trial despite variability in consumption across
individual subjects (linear least squares fit for consumption in trial 1 vs. trial 2: slope = 0.81;
r2 = 0.70; Supplementary Fig. 3e), demonstrating that evoked food consumption is
consistent across subsequent trials of AGRP neuron activation.
Because this protocol also reduced the number of light pulses in the brain as the stimulus
frequency was decreased, we sought to distinguish whether these results were due to the
reduced number of photostimuli or if AGRP neuron-evoked food intake was frequency
dependent. To test this, we delivered 20 light pulses every 10 s such that 20 and 2.5 Hz
stimulation frequencies could be applied while maintaining the same number of stimuli over
the 1 hour stimulation epoch (stimulus protocol 2; Fig. 2c). In this case, consumption still
decreased significantly with stimulation frequency (Fig. 2d). Thus, bursts of AGRP neuron
activity influence feeding behavior most effectively.
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Although AGRP neurons have been associated with long-term regulation of energy
homeostasis, the rapid manipulation of neuron activity used here enabled investigation of the
short-term dynamics of AGRP neuron-mediated feeding. The latency to food consumption
with photostimulation of AGRP-ChR2 mice was dependent on the number of infected
neurons (Fig. 3a). Mice with greater than 800 ChR2-expressing AGRP neurons and no prior
exposure to photostimulation showed an average latency to consumption of 6.1 ± 0.9 min
(range: 1.9 – 13.8 min). Mice with intermediate numbers of ChR2-expressing neurons (300
– 700 neurons) had significantly longer latencies to food consumption (33.6 ± 1.5 min),
which is analogous to the moderate consumption observed in these mice. Once food intake
was initiated, an early bout of avid feeding was typically followed by smaller bouts of
various sizes (Fig. 3b). We calculated feeding bouts by analysis of the inter-pellet intervals
(IPIs)21,22 to determine a bout threshold (IPIthresh = 2.4 min; see Methods and
Supplementary Figs. 4–6), which showed that the mean duration of the first bout was 11.6 ±
0.8 min, during which 28.1 ± 1.6 food pellets were consumed. Bout termination has
typically been attributed to the onset of short-term satiety cues21 such as stomach distension
or hormonal signals. Notably, most mice resumed food intake later during the
photostimulation epoch, possibly reflecting a balance between AGRP neuron activity and
satiety signals.
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Because feeding is a complex behavior that involves motivational, sensory, and motor
circuits, we investigated whether AGRP neuron activity was only a trigger that initiates a
self-propagating feeding response or if continuous photostimulation was required to sustain
consumption. To test this, we measured the time scale over which food intake ceased after
stimulation was terminated during the first feeding bout. Mice were photostimulated until 5
minutes after the first food pellet was taken, which is less than half of the average first bout
duration for continuously stimulated mice. As expected, consumption was maintained
throughout the stimulation period, however first bout duration (7.3 ± 1.3 min; Fig. 3c), first
bout consumption (18.3 ± 3.8 pellets; Fig. 3d), and total food consumption over 1 hour (21.2
± 4.0 pellets; Fig. 3d) were significantly less than with continuous stimulation. Also, in mice
stimulated for only 5 minutes after taking the first pellet, total food consumption over 1 hour
was not significantly different than during the first bout, while in mice continuously
stimulated for 1 hour, total food intake was significantly greater relative to the first bout,
which is due to intake resulting from subsequent photostimulation-evoked bouts (Fig. 3b,d).
These results demonstrate that AGRP neuron-evoked feeding behavior, once initiated, must
be sustained by ongoing stimulation, and most mice (4/6) quickly stopped feeding after the
offset of the stimulus. Nevertheless, we find that, even in this initial bout, the feeding is not
strictly photostimulus-bound. Food intake is proportional to the photostimulus but, for some
AGRP-ChR2 mice (2/6), consumption extended beyond the photostimulation for several
minutes (Supplementary Fig. 6), indicating that the participation of efferent circuits
sustaining food intake can continue for a short time after AGRP neuron stimulation is
terminated.
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One downstream component of this circuit is POMC neurons, which are inhibited by AGRP
neurons, and we sought to test whether suppression of POMC neuron-mediated
melanocortin signaling was the pathway through which photostimulated AGRP neurons
evoked feeding behavior. For this, we first determined if activating POMC neurons was
sufficient to reduce food intake. In brain slice experiments, photostimulation of ChR2expressing POMC neurons using protocol 1 (20 Hz) reliably drove POMC neuron firing
(Supplementary Fig. 7). This stimulus, applied at the transition to the dark period in ad
libitum fed mice (see Methods), did not significantly affect feeding over the two hours
straddling dark period onset (baseline: 0.32 ± 0.03 g; photostimulated: 0.26 ± 0.04 ; n = 9;
paired t-test, P = 0.30). However, applying this stimulus pattern for 24 hours significantly
reduced food intake by 39% (Fig. 4a) and body weight by 7% (Fig. 4b). Applying light
pulses in pomc-cre mice lacking ChR2 expression did not significantly change in food
intake over 24 hours (107%, paired t-test, P = 0.43; Fig. 4c). Furthermore, POMC neuron
stimulation in Ay mice, where the ectopically expressed agouti protein constitutively blocks
melanocortin receptors23, did not show reduced feeding (Fig. 4d), thus POMC neuronmediated hypophagia required melanocortin receptor signaling. Notably, this requirement
for melanocortin receptor signaling indicates that other POMC neuron-derived
neurotransmitters and neuropeptides, such as the anorexigenic peptide cocaine and
amphetamine-related transcript (CART)24 25, are not sufficient to reduce ad libitum food
intake under these conditions.
Evoked feeding does not require melanocortin suppression
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Because POMC neurons required melanocortin signaling to induce hypophagia, which was
completely blocked by the Ay mutation, we tested whether AGRP neuron-evoked food
intake was due to suppression of this POMC neuron-mediated pathway by stimulating
AGRP neurons in Ay mice. In these mice, food intake was strongly activated in response to
photostimulation (Fig. 5) and was similar to that observed in photostimulated AGRP-ChR2
mice (Fig. 1e). In addition, the latency to consumption of the first pellet was also
comparable to response latencies in AGRP-ChR2 mice (6.2 ± 2.0 min, n = 7). These results
complement a report that anorexia from AGRP neuron ablation is not rescued by
melanocortin blockade13 and demonstrate that inhibition of melanocortin output by AGRP
neurons is not a necessary condition for acutely evoked feeding behavior.

DISCUSSION
In this study, we explored the causal relationship between cell type-specific neuron
activation and feeding behavior for AGRP and POMC neurons in the hypothalamic arcuate
nucleus. Our results show that simple stimulus patterns in AGRP neurons are sufficient to
rapidly induce the complex behavioral sequences required to seek and consume food. AGRP
neuron stimulation was not simply a trigger for feeding; instead, we report multiple lines of
evidence indicating that the level of AGRP neuron activity is integral to the magnitude,
dynamics, and duration of evoked feeding. We find greater food consumption and a
decreasing latency to eat with increasing numbers of photoexcitable neurons. Also, food
intake is reduced as the stimulus frequency is decreased, consistent with a graded behavioral
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response to different neuron activities. Finally, continuation of evoked feeding requires
ongoing stimulation of AGRP neurons, which suggests that activity in downstream circuits
is tied to AGRP neuron signaling during the behavior. Such measurements were not
previously accessible without genetically encoded tools for cell type-specific, temporally
precise manipulation of neuron activity. Together, these experiments show a close
relationship of AGRP neuron signaling with downstream circuits that influence the diverse
sensory, motor, and motivational components that underlie this behavior.
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Selective stimulation of POMC neurons gave the opposite behavioral outcome, reducing
food intake and body weight over 24 hours of continuous photostimulation, an effect which
required signaling through melanocortin receptors. However, in contrast to pharmacological
studies with melanocortin receptor agonists26,27, POMC neuron stimulation for two hours
straddling dark period onset did not reduce food intake. This difference likely stems from
the constraints associated with activation of intrinsic neurons as compared to intracranial
injection of a neuromodulator. Specifically, the axon projections of a neuron and the natural
expression level of an endogenous neuromodulator limit its distribution and the amount
available to interact with downstream receptors. Another aspect of selective neuron
activation is that it allows the contribution of other co-released substances to be measured.
For POMC neurons, no effect on ad libitum feeding behavior was observed with
melanocortin receptors blocked in Ay mice, indicating that co-released modulators and
neurotransmitters were not sufficient to inhibit food intake under our experimental
conditions.
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Because the melanocortin pathway regulates feeding behavior, AGRP suppression of
POMC-derived melanocortin signaling has been widely considered as a pathway through
which these neurons could rapidly increase feeding behavior11. However, although these
cell populations interact, we find that inhibition of melanocortin receptors is not necessary
for an acute AGRP neuron-evoked feeding response. While these photostimulation
experiments do not exclude a role for this pathway to regulate food intake over time scales
longer than we have investigated here, they demonstrate the capability of AGRP neurons to
independently engage other downstream circuits that coordinate feeding. Future experiments
could focus on the signaling pathways necessary for evoked feeding, which are likely
mediated by other co-released components of AGRP neurons such as the neuromodulator
NPY and the fast neurotransmitter γ-aminobutyric acid14.
A striking property of AGRP neurons was the capacity for simple photostimulus patterns to
drive feeding behavior selectively without training or prior exposure to AGRP neuron
stimulation. Previous experiments have shown that simple activity patterns played into
cortical neurons could be used to train a behavioral task or activate a learned behavior28,29.
In other studies, stimulation of molecularly-defined populations conditioned a place
preference30, reduced latency to waking31, and elevated respiration32. However, the
capability of a small molecularly-defined neuron population to generate a goal-directed
behavior without training has not been previously described. One explanation for this result
is that AGRP neurons have a dedicated role for controlling feeding behavior and that these
exogenously applied activity patterns can substitute for patterns observed during normal
activation of these neurons, for example in a state of energy deficit. While natural activity
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patterns in behaving animals are not known for AGRP neurons, optogenetic techniques
allowed us to probe the capacity of these neurons and their downstream signaling pathways
to influence feeding behavior, which showed that a range of activity patterns were sufficient
to activate a proportional feeding response.
Thus, these neurons, which transduce circulating signals of metabolic state such as leptin,
ghrelin, and glucose33 into electrical activity, act as interoceptive sensory neurons which can
control feeding behavior and may contribute to mediating the internal representation of
hunger. Analogous to externally oriented sensory systems where anatomical and functional
properties of sensory neurons have facilitated elucidation of neural pathways responsible for
sensation and perception, the axon projections of AGRP neurons34 may guide the
identification of the motivational, hedonic, and autonomic circuits that underlie control of
feeding behavior. Because AGRP neurons also provide a genetically-accessible entry point
into these circuits, we propose that new genetically encoded tools for rapid manipulation of
neuronal and synaptic function could be applied to dissect these discrete pathways under
normal conditions as well as in pathological states of over- and under-eating.

Supplementary Material
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Refer to Web version on PubMed Central for supplementary material.
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METHODS
Animals
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All experimental protocols were conducted according to U.S. National Institutes of Health
guidelines for animal research and were approved by the Institutional Animal Care and Use
Committee at Janelia Farm Research Campus. Agrp-cre18 and pomc-cre19 mice have been
described previously. Agrp-cre;Ay and pomc-cre;Ay mice were generated by crossing agrpcre and pomc-cre mice, respectively, with heterozygous Ay mice (Jackson Laboratories).
Mice were genotyped for cre (Transnetyx), and Ay mice were identified by their yellow coat
color. Typically, male mice were used. Females were occasionally used for experiments
involving agrp-cre;Ay (2/7 mice) and pomc-cre;Ay (3/10 mice); their behavioral responses
were not different from results with male mice.

Stereotaxic viral delivery and fiber guide system implantation
Mice were anaesthetized with isoflurane and were placed into a stereotaxic apparatus (David
Kopf Instruments). The skull was exposed via a small incision and a small hole was drilled
for injection and fiber guide cannula placement. Mice were injected with virus on only one
side of the brain. A pulled glass pipette with 20 – 40 μm tip diameter was inserted into the
Nat Neurosci. Author manuscript; available in PMC 2011 September 01.
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brain and two unilateral injections (60 nl) of the rAAV2/rh10-FLEX-rev-ChR2-tdTomato
virus (titer: 1.1 × 1013 genomic copies/ml, University of Pennsylvania Gene Therapy
Program Vector Core; rAAV2-FLEX-rev-ChR2-tdTomato plasmid is available from
www.addgene.com, Plasmid 18917) were made at coordinates around the ARC (bregma: –
1.2 mm, midline: +0.2 mm, dorsal surface: –5.85 mm and –5.7 mm). A micromanipulator
(Narishige) was used to control the injection speed (30 nl/min), and the pipette was
withdrawn 15 min after the final injection. This was followed by insertion of a guide
cannula (4.5 mm, 26GA; Plastics One) through the craniotomy. Grip cement (DENTSPLY)
was used to anchor the guide cannula to the skull and a dummy cannula (33GA; Plastics
One) was inserted to keep the fiber guide from becoming clogged. Mice were returned to
their home cage typically for 10 – 14 days to recover and for expression of ChR2:tdtomato.

Components for food consumption and photostimulation
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In the home cage, mice had ad libitum access to mouse chow (PicoLab Rodent Diet 20,
5053 tablet, TestDiet). For behavioral testing, mice were transferred into feeding cages
(Coulbourn Instruments) and supplied with food pellets (20 mg each) of identical
composition to the food in the home cage, delivered by an automatic pellet dispenser. Pellet
removal was sensed by the offset of a beam break and an additional pellet was administered
after a delay (10 s). Food consumption was monitored continuously by computer using
Graphic State (Coulbourn Instruments). Mice also had water available ad libitum during
behavioral experiments which, in some cases, was monitored by optical detection
(Coulbourn Instruments) of licks emitted towards the drinking spout. The mice were allowed
to acclimate for 3 days before initiating the photostimulation protocols.
Light was delivered to the brain through an optical fiber. For positioning the fiber, mice
were anesthetized with isoflurane the day before photostimulation, and the tip (200 μm
diameter core; BFH48-200-Multimode, NA 0.48; Thorlabs) was implanted through the fiber
guide to a distance of ~0.8 mm from the ARC. The relationship of light scattering and
absorption in the brain as a function of distance has been described previously 35. Using this
relationship, the light power exiting the fiber tip (10 mW) was estimated to correspond to
2.0 mW/mm2 at the ARC, which was sufficient to drive a behavioral response.
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For optical delivery of light pulses with millisecond precision to multiple mice, the output
from a 200 mW diode laser (Ciel 473 nm, Laser Quantum) was split into four beams using a
combination of 50/50 beam splitters and turning mirrors (Thorlabs). Each beam was
controlled using an acousto-optic modulator (AOM) (Quanta Tech OPTO-ELECTRONIC)
to generate light pulses that were launched into separate fiber ports (PAF-X-7, Thorlabs) and
their corresponding optical fibers. Using these components, four mice could be
simultaneously and independently photostimulated. Controlling software for the AOMs was
written in LabView (National Instruments).

Behavioral experiments
AGRP-ChR2 and AGRP-ChR2;Ay mice were tested for evoked feeding behavior during the
early light period (lights on at 6:00 a.m.). Food intake was recorded during a pre-stimulus
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baseline from 8:00 to 9:00 am followed by a 1 hour photostimulation period from 9:00 to
10:00 am. Afterwards, a post-stimulus period from 10:00 to 11:00 am was also recorded.
The primary photostimulation protocol consisted of light pulses (10 ms) for 1 s (20, 10, or 2
Hz) followed by a 3 s break, with the sequence repeating for 1 hour.
We also used a second protocol in which the number of light pulses was kept constant for
different stimulation frequencies. Here, 20 light pulses (10 ms each) were delivered for 1 or
8 s (20 or 2.5 Hz), respectively, and the sequence repeated every 10 s for 1 hour. POMCChR2 and POMC-ChR2;Ay mice were also tested for evoked feeding behavior. The
photostimulation was initiated 1 hour before the onset of the dark period and followed
protocol 1 (20 Hz). Stimulation was sustained for 24 hours because an acute reduction of
food intake was not typically observed in these mice. Changes in food intake and body
weight are reported relative to the mean values over two days prior to photostimulation.

Histology, imaging and neuron counting
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After removing the optical fiber, mice were deeply anaesthetized and then perfused with
saline followed by 4% paraformaldehyde (PFA) in phosphate buffered saline and fixed
overnight in PFA and transferred to phosphate buffered saline. Brain sections (50 μm) were
cut by vibratome sectioning, mounted on glass slides using VECTASHIELD mounting
medium with DAPI, and coverslipped for imaging. Neuron images were collected by
confocal microscopy (Carl Zeiss) using tdtomato fluorescence. Neurons with red
fluorescence were counted manually using V3D, an image visualization & analysis
software36. Ambercrombie's correction37 was applied to the neuron counts (slice thickness:
50 μm, AGRP neuron diameter: 14 ± 1 μm, correction factor: 0.78). In the text, neuron
counts have been rounded to the nearest hundreds.

Electrophysiology
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Experimental techniques were similar to those reported previously17, and only the
differences are described here. After viral infection (14 days incubation, viral injection
between in P21-25 mice) mice were deeply anaesthetized with isoflurane and decapitated.
Coronal brain slices containing the ARC were prepared in chilled cutting solution containing
(in mM): 234 sucrose, 28 NaHCO3, 7 dextrose, 2.5 KCl, 7 MgCl2, 0.5 CaCl2, 1 sodium
ascorbate, 3 sodium pyruvate and 1.25 mM NaH2PO4, aerated with 95% O2/5% CO2. Slices
were transferred to artificial cerebrospinal fluid (ACSF) containing (in mM): 119 NaCl, 25
NaHCO3, 11 D-glucose, 2.5 KCl, 1.25 MgCl2, 2 CaCl2 and 1.25 NaH2PO4, aerated with
95% O2/5% CO2. Slices were incubated at 34 °C for 30 minutes and then maintained and
recorded from at room temperature (20–24 °C). Neurons were identified and targeted by
tdtomato fluorescence emission (ex: 575 nm, em: 640 nm, dichroic: 610 nm longpass,
Chroma, Rockingham, VT). Loose-seal, cell attached recordings (seal resistance: 20 – 70
MΩ) in the voltage clamp recording mode with holding current maintained at zero were
made using electrodes with tip resistances 4 – 5 MΩ filled with ACSF. At the end of some
recordings tetrodotoxin (1 μM, TTX) added to the bath to confirm that the responses were
due to voltage gated sodium channels.
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Photostimulation in brain slices
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A laser (473 nm, CrystaLaser) was used to deliver light pulses at 0.1 mW. Light pulse
duration (10 ms) was controlled by a Pockels cell (ConOptics) and a mechanical shutter
(Vincent Associates). A focal spot was targeted onto the specimen with two x-y scanning
mirrors (Cambridge Technology) through a 63x microscope objective (Olympus). Laser
power was monitored with a photodiode for each light pulse. Neurons were repetitively
stimulated for 30 min with bursts of 20 pulses over 1 s followed by either a 2 s (AGRP
neurons) or a 3 s (POMC neurons) break. Because 10 ms pulses were used, the possibility
existed for two action currents from a single light pulse. This was only observed for 0.073 ±
0.005 % of the total light pulses in AGRP neurons and 0.66 ± 0.007% of the total light
pulses in POMC neurons.

Electrophysiological analysis
Spikes were detected in a 15 ms window following each photostimulus using the template
matching feature in Clampfit (Molecular Devices). The resulting annotations were visually
inspected to confirm correct detection.
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Analysis of feeding bouts resulting from photostimulation
We observed that photostimulation-evoked feeding consisted of at least three components
occurring at different time scales. The first component was a rapid and regular consumption
of pellets. The second component included short interruptions in feeding due to consumption
of water or brief investigation of a distractor, after which mice would return to regular food
consumption. The third time scale was the intervals during which the animal would rest or
groom and pay little attention to food. Here, we calculated feeding bouts to include the first
two components. Inter-pellet intervals (IPIs) were log-transformed for all AGRPChR2 mice
with greater than 800 ChR2-expressing AGRP neurons. The frequency distribution of
log(IPIs) was fit to a double log-normal model22 (Supplementary Fig. 4):
Eq(1)
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Where y is the frequency distribution of log-transformed intervals with length t, μ1 and μ2
are the mean log(IPIs) of the two IPI groups, σ1 and σ2 are the standard deviation of the two
IPI groups, A1 and A2 reflect the modeled peak frequencies of the two IPI components.
A threshold value for a feeding bout was calculated:
Eq(2)

Bout duration and consumption was determined by applying this threshold (2.4 min) to the
photostimulation-evoked food consumption curves for individual AGRP-ChR2 mice.
Inspection of the bouts with respect to IPIs showed that the thresholding approach produced
meaningful bouts for 1 hour continuous stimulation (Supplementary Fig. 5) as well as for
stimulation that was ceased only 5 minutes after the first pellet was taken (Supplementary
Fig. 6). Bout duration was the time from the consumption of the first pellet to the last pellet
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with IPI < threshold and bout consumption was the number of pellets consumed for each
animal over this time.
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Statistical analysis
Values are reported as mean ± s.e.m., and error bars are s.e.m. Linear and nonlinear curve
fitting was performed using the Curve Fitting Toolbox in Matlab (Mathworks). Statistical
tests were paired or unpaired t-tests and multiple comparisons were corrected by Holm's
method38.
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Figure 1.
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AGRP neurons are sufficient to evoke voracious food consumption in well-fed mice. (a) For
light delivery, an optical fiber was implanted ~0.8 mm above the arcuate nucleus (ARC,
red). (b) Experimental design. Food intake was recorded before, during and after
photostimulation. The stimulus was applied repeatedly over 1 second followed by a 3
second break. Photostimulation frequency was 20 Hz with 10 ms light pulses. (c)
Photostimulation in an AGRP-ChR2 mouse evoked voracious food consumption during the
stimulation period (black trace) but not in a mouse without ChR2 expression (grey trace).
(d) Food intake was dependent on the number of ChR2-expressing AGRP neurons. Circles
represent 1 hour food intake for individual mice (n = 22). (e) Mice without ChR2 expression
in AGRP neurons (n = 11) did not show a significant difference in food intake during
photostimulation, whereas in mice with greater than 800 ChR2-expressing neurons (n = 16)
the increase in food intake during photostimulation was significant. Circles connected by
lines represent food intake for individual mice. (f) Food intake during photostimulation was
significantly increased in mice with intermediate (300–700 neurons; n = 3) or high levels of
ChR2 expression (>800 neurons; n = 16) relative to mice with low or no ChR2 (0–100
neurons; n = 14). Photostimulation-induced food consumption was nearly as great as the
magnitude of re-feeding (n = 9) for 1 hour after 24 hours of food deprivation. n.s., not
significant; ** P < 0.01; *** P < 0.001. Error bars represent s.e.m.
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Figure 2.
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AGRP neuron-evoked feeding is dependent on the stimulation frequency. (a) Stimulus
protocol 1. Bursts of light pulses were applied for 1 s followed by a 3 s break which repeated
continuously for 1 hour. Within the burst, frequency (Hz) and number (pulses) was varied
between 20, 10, 2, and 20 on successive days for AGRP-ChR2 mice. (b) Dependence of
food intake on stimulation frequency (stimulus protocol 1) for mice with greater than 800
ChR2-expressing neurons (n = 8). As the stimulus frequency was reduced, feeding
decreased. Grey dashed trace shows example of a mouse with intermediate ChR2 expression
(600 neurons, not included in sample mean) which had a similar relationship. On the final
day, food intake was measured again in response to a second 20 Hz stimulation trial and was
found to be similar to the consumption from the first day. Circles represent food intake for
individual mice. (c) Stimulus protocol 2. Bursts of 20 light pulses were delivered every 10 s
such that 20 Hz and 2.5 Hz stimulation frequencies could be applied while maintaining the
same number of stimuli over the 1 hour stimulation epoch. (d) Mice that received different
stimulus frequencies (20 and 2.5 Hz) but the same total number of stimuli over 1 hour
(stimulus protocol 2) also showed a reduction in food intake with decreasing stimulus
frequency (n = 5). n.s., not significant; * P < 0.05; ** P < 0.01; *** P < 0.001. Error bars
represent s.e.m.
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Figure 3.

AGRP neuron-evoked feeding is rapidly initiated by stimulus onset and terminated after its
offset. (a) Latency to food intake after photostimulation onset for each mouse (circles, n =
19). (b) For AGRP-ChR2 mice with greater than 800 ChR2-expressing neurons, raster plot
of food intake aligned to the first pellet shows an initial feeding bout (red ticks) and more
variable subsequent bouts (black ticks). Each row is from an individual mouse. (c) The
duration of the first bout during continuous photostimulation (filled bar, n = 16) is reduced
when stimulation is terminated 5 min after the first pellet (AFP) is taken (empty bar, n = 5).
(d) Food intake for the first bout and over a 60 min period for mice continuously stimulated
for 1 hour (filled circles) and mice in which stimulation is terminated 5 min AFP (empty
circles). n.s., not significant; * P < 0.05; ** P < 0.01. Error bars represent s.e.m.
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Figure 4.

POMC neurons inhibit food intake and body weight through melanocortin receptors. (a,b)
Photostimulation of POMC neurons (20 Hz, protocol 1 extended for 24 hours) leads to
reduction of (a) food intake and (b) body weight (n = 9). (c) Pomc-cre mice without ChR2
expression in POMC neurons (n = 4) did not show a significant change in food intake over
24 hours of photostimulation. (d) In POMC-ChR2;Ay mice, hypophagia from POMC neuron
activation was blocked by agouti antagonism of melanocortin signaling (n = 10). Baseline
refers to average food intake or body weight for the two days prior to photostimulation. n.s.,
not significant; *** P < 0.001. Error bars represent s.e.m.
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Figure 5.

Evoked feeding does not require melanocortin suppression. Photostimulation of AGRPChR2;Ay mice evoked avid food intake, indicating that AGRP neurons can promote feeding
independently of melanocortin receptor suppression (n = 7). n.s., not significant; *** P <
0.001. Error bars represent s.e.m.
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