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Abstract

Anorexia nervosa (AN) is a debilitating and deadly disease characterized by low body mass index 

due to diminished food intake, and oftentimes concurrent hyperactivity. A high percentage of AN 

behavioral and metabolic phenotypes can be replicated in rodents given access to a voluntary 

running wheel and subject to food restriction, termed activity-based anorexia (ABA). Despite the 

well-documented bodyweight loss observed in AN human patients and ABA rodents, much less is 

understood regarding the neurobiological underpinnings of these maladaptive behaviors. Hunger-

promoting hypothalamic agouti-related peptide (AgRP) neurons have been well characterized in 

their ability to regulate appetite, yet much less is known regarding their activity and function in the 

mediation of food intake during ABA. Here, feeding microstructure analysis revealed ABA mice 

decreased food intake due to increased interpellet interval retrieval and diminished meal number. 

Longitudinal activity recordings of AgRP neurons in ABA animals exhibited a maladaptive 

inhibitory response to food, independent of basal activity changes. We then demonstrated that 

ABA development or progression can be mitigated by chemogenetic AgRP activation through 

the reprioritization of food intake (increased meal number) over hyperactivity, but only during 

periods of food availability. These results elucidate a potential neural target for the amelioration of 

behavioral maladaptations present in AN patients.
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INTRODUCTION

Anorexia nervosa (AN) is a global psychiatric disease primarily defined by decreased food 

intake and low bodyweight [1]. A key neurobiological feature of AN is the reversal of 

satiety’s reinforcement value. In healthy individuals, hunger signals a negative valence, 

which is only relieved upon food consumption. Conversely, AN patients prefer a state of 

caloric deficiency over sated conditions, and food intake is often aversive [2–6]. Current 

therapeutic strategies for AN patients are primarily behavioral, as no FDA-approved 

medications exist for the condition, and severe cases oftentimes require forced feeding 

during prolonged involuntary hospitalization [7–10]. Given the aversive nature of food 

intake in AN patients, it is perhaps no surprise that relapse rates (~50%) are among the 

highest of any psychiatric illness; AN is also one of the most lethal psychiatric illnesses, 

with a standardized mortality ratio around 6 [11]. Moreover, AN is more commonly 

diagnosed in females [12–14]. Thus, there is a need for therapeutic alternatives that target 

the basic biology of AN.

Strikingly, a large proportion (up to 80%) of AN patients also display hyperactivity, due to 

excessive exercise and/or general restlessness [15–18]. A number of these key features of 

AN, including sex differences [19], can be replicated in the activity-based anorexia (ABA) 

rodent model, whereby some animals voluntarily become hyperactive in contexts of food 

restriction [20–22]. This leads to rapid health deterioration and ultimately death absent 

experimental intervention. Like humans displaying AN, ABA rodents over-expend energy, 

potentially due to an excessive drive to forage in contexts of deprivation [22, 23]. Additional 

hypotheses suggest that exercise during ABA becomes positively reinforcing, potentially 

relieving the negative effect of hunger [21, 24]. Yet, few studies have been able to untangle 

the neural representation of feeding during ABA, and even fewer have identified neural 

targets for the amelioration of this disease.

Allelic variability at the level of Agrp, the gene encoding hunger-promoting agouti-related 

peptide (AGRP) peptide in neurons of the arcuate nucleus (ARC), has been identified as a 

risk factor for AN in humans [25, 26]. Surprisingly, plasma AGRP levels are elevated in AN 

patients, and this is recapitulated at the mRNA and protein level in rodents demonstrating 

ABA [27–31]. Further complicating matters, chronic intracerebroventricular AGRP infusion 

ameliorates ABA by increasing feeding and decreasing hyperactivity in rats [30, 32].

AgRP neurons promote robust food seeking and subsequent food intake across a variety 

of environmental and physiological conditions [33–38]. Furthermore, AgRP neurons are 

inhibited during the sensory detection of food and remain durably suppressed following 

caloric intake in hungry mice [39–41]. This suppression has also been reported following 

bouts of exercise [39, 40, 42–44]. Interestingly, activation of AgRP neurons in adolescent 

mice during ABA without food present further promotes hyperactivity, yet somewhat 

paradoxically improves survival, while ablation exacerbates death [44]. Yet, it is unknown 

whether AgRP activation during contexts of food availability (and thus more similar to the 

behavioral choices made by AN patients) can alter ABA outcomes. It is possible that the 

elevation of AGRP levels during ABA might be the main driver of hyperactivity in contexts 
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devoid of food, and that the amelioration of ABA is dependent on specific AgRP activation 

timing.

We sought to clarify the role of AgRP neurons in ABA progression by first expanding our 

understanding of the behavioral abnormalities (particularly in feeding behavior) observed in 

mice displaying ABA. We then tested whether AgRP neurons appropriately respond to food 

retrieval in mice on the ABA paradigm. Finally, we studied the sufficiency and necessity 

of AgRP neurons in addressing the behavioral abnormalities underlying the excessive 

bodyweight loss observed in ABA mice, with a focus on probing and manipulating AgRP 

neurons across circadian time points with or without food access. To this end, we employed 

a combination of tools including multi-day, freely-moving in vivo fiber photometry and 

chemogenetic perturbations of AgRP neurons at discrete time periods. We discovered that 

AgRP population activity exhibits a dysregulated response to food specifically in ABA 

conditions, highlighting this population of neurons as a putative target for ABA maladaptive 

behavioral choice. Furthermore, artificial activation of AgRP neurons, only when food is 

available, relieves the excessive bodyweight loss observed during ABA by increasing meal 

number and overall food intake while reducing physical activity. Together, these findings 

suggest a potential therapeutic target for the relief of the hypophagia and hyperactivity 

observed in AN patients.

METHODS

Animals

C57BL/6 J, AgRPtm1(cre)Lowl/J (stock no. 012899), R26-LSL-hM4Di (stock no. 026219), 

and R26-LSL-hM3Dq (stock no. 026220) mice were used. Mice were housed with a 12-h 

light/dark cycle and provided ad libitum access to food (standard chow, Envigo 7017 

NIH-31, or 20 mg grain pellets, TestDiet 5TUM) and water, unless otherwise noted. All 

experiments were carried out in adult female mice that were group housed until experiments 

began. Some measurements were carried out in the same mouse across conditions (see 

individual methods sections for further details). All animal protocols and procedures were 

approved by the US National Institutes of Health Animal Care and Use Committee.

Behavioral paradigm

Mice were single housed and separated into one of three behavioral groups (Activity, FR, 

ABA) with ad libitum food access to food, water, and a voluntary wireless running wheel 

(Med Associates, ENV-047) in the unlocked (Activity, ABA) or locked (FR) configuration 

3–5 days prior to the beginning of experiments. Beginning on Day 0, food was removed 

from FR and ABA mice 3 h after the start of the dark cycle. On all days following, food 

was provided for the first 3 h of the dark cycle. For mice in the Activity cohort, food was 

measured but not removed. Mouse bodyweights were measured immediately prior to the 

start of the dark cycle (before food presentation). Voluntary running behavior was initially 

collected and analyzed using Wheel Manager and Wheel Analysis (Med Associates), 

respectively. Some mice were resistant to the ABA or FR paradigm, as recently described 

across multiple rodent models [45–48]. To address this, we leveraged results from a recent 

study [45], suggesting that ABA and FR resistant mice lose on average ~12% (ABA) and 
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~14.5% (FR) of their original weight by Day 4. Mice were thus classified as resistant and 

removed from results (Figs. 1–2, 5 only) if they lost <12% (ABA) or <14.5% (FR) of 

their starting bodyweight by Day 4. All mice were habituated to i.p. Injections (100 uL 

saline) or fiber optic cord hookup for at least three days before the onset of the behavioral 

paradigm (Day 0), as appropriate. Resistant mice were removed from analyses as described 

above (Activity n = 4, FR-resistant n = 6, FR-susceptible n = 1, ABA-resistant n = 5, 

ABA-susceptible n = 10).

Food Intake from Feeding Experimentation Devices (FED3)

Feeding information was collected using FED3 devices, which dispense 20 mg pellets of 

chow food either ad libitum (Free Feed mode) or at predefined times (Timed Feed mode) 

[49]. Mice were habituated to the FED3 device in the homecage for at least one day with 

their normal standard chow on the ground of the homecage, afterwhich standard chow was 

removed and mice were exclusively fed from FED3 in Free Feed mode. Beginning on Day 0, 

the FED3 mode was changed to Timed Feed (FR/ABA mice only) and mice had food access 

from FED3 for 3 h at the beginning of the dark cycle. Pellet intake was measured across 

days of the ABA paradigm in FR and ABA mice using both cumulative and 15 min binned 

measurements. Pellets were classified as part of the same meal if they were retrieved within 

148.2 s of another pellet (>1 pellet/meal requirement), which was the mean IPI for wildtype 

FR mice across Days 1–3.

Viral vectors

AAV1-hSyn-Flex-GCaMP6s (Addgene, 100845) was used for in vivo fiber photometry 

recordings of AgRP-expressing ARC neurons. AAV8-hSyn-Flex-mCherry (Addgene, 

50459) and AAV8-hSyn-Flex-hM3Dq-mCherry (NIEHS) were used for experiments 

designed for chemogenetic activation of AgRP neurons.

Viral injections and optical fiber implants

Stereotaxic injections were performed as previously described [33]. Briefly, mice were 

anesthetized with isoflurane and placed in a stereotaxic frame (Stoelting’s Just for Mouse) 

and provided with analgesia (meloxicam, 0.5 mg/kg). Following a small incision on top of 

the skull and skull leveling, a small hole was drilled for injection. A pulled-glass pipette 

(20–40 mm tip diameter) was inserted into the brain at coordinates aimed at the ARC (AP: 

−1.40, ML: +− 0.25), and 200 nL of virus was injected at two depths (DV: −5.75 and −5.65) 

using a micromanipulator (Grass Technologies, Model S48 Stimulator, 25 nL/min). For in 

vivo photometry experiments, an optic-fiber cannula (core=400 um; 0.48 NA; M3 thread 

titanium receptacle; Doric Lenses) was implanted directly over the ARC (AP: −1.40, ML: 

+ 0.25, DV: −5.55) following virus injection, and fixed to the skull (C&B-Metabond Quick 

Adhesive Cement/dental acrylic). Mice were placed on a heating pad and allowed to recover 

before single housing mice until further experimentation (>2 weeks post-surgery).

In vivo fiber photometry set-up

To excite GCaMP6s, <20 uW blue LED light at 470 nm was driven by a multichannel 

hub (Thorlabs), modulated at 211 Hz, and subsequently delivered to a dichroic mini cube 
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(FMC5, Doric Lenses) that was connected with optic fibers and a rotary joint (FRJ 1 × 1, 

Doric Lenses) to the optic cranial implant of the mouse. GCaMP6s calcium GFP signals 

were collected through the same fibers and dichroic minicube into a Femtowatt Silicon 

Photoreceiver (2151, Newport). Digital signals were subsequently demodulated, amplified 

and collected through a lock-in amplifier (RZ5P, Tucker-Davis Technologies (TDT)). LED 

modulation and data collection were performed using Synapse (TDT).

Freely-moving in vivo fiber photometry screening

To test for comparable AgRPGCaMP6s expression, mice were screened for viral/optic fiber 

hits. Following an 18 h overnight fast, mice were hooked up to the fiber patch cord and 

allowed to habituate to the set-up in their homecage for ~3 min. Following two minutes 

of baseline recording, a pellet of standard chow diet was placed on the cage bottom, and 

recordings continued for ~2 min. Synchronized high-definition videos were recorded for 

time-locked data analysis in Synapse, which was downsampled to 8 Hz. Mice with missed 

viral and/or fiber targeting were removed from analyses (n = 4).

Freely-moving in vivo fiber photometry during ABA

At least one week following the initial screening experiments, mice were placed in one of 

three experimental cohorts (as described above) and housed in PhenoTyper cages (Noldus) 

containing a voluntary running wheel (locked, FR mice; unlocked, ABA and Activity 

mice), and a FED3 device. On Day 1 and Day 4, mice were hooked up to the fiber 

patch cord during the light cycle and allowed to habituate for at least one hour. Some 

mice were repeated across multiple cohorts to limit the number of total mice used in 

these experiments, with crossover across conditions to control for time effects and repeated 

measurements (repeated animals: ABA→Wheel → FR (n=1), Wheel→ABA→FRR (n = 1), 

Wheel→ABA (n = 1), FR→ABA (n = 1), total mice: Activity n = 6, FR n = 6, ABA n = 

7). Recordings began at least 15 min prior to the dark cycle, allowing for detection of the 

first bout of feeding in FR and ABA mice. Pellet dispense and retrieval were determined 

by TTL pulses driven by FED3 that were time-locked to photometry recordings using 

Synapse. Recordings continued for one hour into the dark cycle, at which point recordings 

stopped and mice were unhooked from the fiber patch cord. Analysis was performed by 

downsampling recordings to 8 Hz and subsequently calculating perievent signals around 

pellet retrieval using NeuroExplorer (Plexon). Signals were normalized by z-score to the 

first 5 seconds of the recording (−10→−5s).

Ex vivo electrophysiology

NPY-hrGFP or AgRP-iCre, ZsGreen female mice of age 3-4 months were placed in one of 

three experimental cohorts (as described above) and housed in PhenoTyper cages (Noldus) 

containing a voluntary running wheel (locked, FR mice (n = 4); unlocked, Activity (n = 4) 

and ABA (n = 5) mice) and a FED3 device. About 30min prior to the dark cycle (when 

food would have been provided by FED3 for FR and ABA mice) on Day 1, mice were 

decapitated under isofluorane anesthesia Brains were rapidly removed and placed in ice-

cold sucrose artificial cerebrospinal fluid (ACSF): (in mM) 194 sucrose, 20NaCl, 4.4KCl, 

2CaCl2, 1MgCl2, 1.2NaH2PO4, 10.0 glucose, and 26.0NaHCO3 saturated with 95% O2/5% 

CO2. Three hundred micron slices were prepared using a Leica VT1000 vibratome (Wetzlar, 
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Germany). Brain slices containing the ARC were obtained and stored at approximately 30 

°C for an hour in a heated, oxygenated holding chamber containing artificial cerebrospinal 

fluid (ACSF) (in mmol/L) 124NaCl, 4.0 KCl, 2 CaCl2, 1.2 MgSO4, 1 NaH2PO4, 10.0 

glucose, and 26.0 sodium bicarbonate. They were then transferred to a submerged recording 

chamber maintained at approximately 30 °C (Warner Instruments, Hamden, Connecticut) 

for around 30 min before recording. Recording electrodes (2–5 MΩ) were pulled with a 

Flaming-Brown Micropipette Puller (Sutter Instruments, Novato, CA), using thin-walled 

borosilicate glass capillaries. Recording electrodes were filled with (in mmol/L) 130 K-

gluconate, 10KCl, 0.3CaCl2, 1MgCl2, 1EGTA, 3MgATP, 0.3NaGTP, 10Na-phosphocreatine, 

and 10 Hepes, pH = 7.35 with KOH, 291 mOsmol. All experiments were conducted under 

the current clamp configuration. Rheobase experiments were conducted while injecting 

negative current to maintain the membrane potential at −70 mV, then positive current ramps 

were applied to acquire current needed for the first action potential. Signals were acquired 

via a Multiclamp 700B amplifier (Molecular Devices, Sunnyvale, California), digitized at 

20 kHz, filtered at 3 kHz, and analyzed using Clampfit 10.11 software (Molecular Devices). 

Experiments in which changes in access resistance were greater than 20% before and after 

the experiments were not included in the data analysis.

AgRP 3Dq screening

Following surgery recovery, AgRPmCh and AgRP3Dq mice were injected with either 

vehicle (1U/g BW, 10% β-cyclodextrin) or clozapine n-oxide (CNO; 1 mg/kg in 10% 

β-cyclodextrin) in a crossover design and given access to a pre-measured pellet of standard 

chow. Food intake was measured one hour after injection. Mice with missed viral targeting 

were removed from analyses (n = 4).

AgRP activation experiments - Days 1–7 (light and dark cycle)

At least one week following screening experiments, AgRPmCh and AgRP3Dq mice were 

separated into one of three groups (Activity, FR, ABA). Beginning on Day 0, all mice 

were injected with vehicle (Day 0; 1U/g BW, 10% β-cyclodextrin) or CNO (Days 1–7; 1 

mg/kg) 15 min before the onset of the dark cycle (Fig. 4) or at the onset of the light cycle 

(Supplementary Fig. 1). To limit the use of total mice used, some mice in these experiments 

were used previously in other AgRP activation experiments (light cycle: ABA-3Dq n = 1; 

total mice - dark cycle: Activity-mCh n = 6; Activity-3Dq n = 7; FR-mCh n = 7; FR-3Dq 

n = 7; ABA-mCh n = 8; ABA-3Dq n = 8; total mice - light cycle: Activity-mCh n = 6; 

Activity-3Dq n = 7; FR-mCh n = 7; FR-3Dq n = 7; ABA-mCh n = 8; ABA-3Dq n = 8).

AgRP activation experiments - Days 4–7

AgRPmCh and AgRP3Dq mice were all placed on the ABA behavioral paradigm, with food 

access provided by FED3 devices. All mice were injected with either vehicle (Days 0, 1, 2, 

3; 10% β-cyclodextrin) or CNO (Days 4, 5, 6, 7; 1 mg/kg) ~15 min prior to the onset of 

the dark cycle. To limit the use of total mice used, some mice in these experiments were 

used previously in other AgRP activation experiments (ABA-mCh: n = 4, ABA-3Dq: n = 6). 

Resistant mice were removed from analyses as described above (ABA-mCh-resistant n = 3, 

ABA-mCh-susceptible n = 8, ABA-3Dq-resistant n = 1, ABA-3Dq-susceptible n = 11).
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AgRP inhibition experiments

AgRPcont and AgRPhM4Di mice were pre-screened with a fast-refeed experiment, in which 

mice were fasted overnight (14–16 h), and then injected with either vehicle or CNO (3.0 

mg/kg) ~1 h into the onset of the light cycle. One hour later, food was provided and 

two-hour food intake was measured. Mice were counterbalanced and given at least 3 days 

in between experiments to recover. At least one week following screening, mice were 

placed in one of the three behavioral cohorts, with food access provided by FED3 devices 

(Activity-control n = 6; Activity-4Di n = 5; FR-control n = 5; FR-4Di n = 7; ABA-control 

n = 6; ABA-4Di n = 6). One hour before the dark cycle began (when food was available for 

FR/ABA mice), mice were injected with either vehicle (Day 0; 10% β-cyclodextrin) or CNO 

(Days 1–3; 3 mg/kg in 10% β-cyclodextrin).

Perfusion and histology

Following experiment completion, mice with viral injections were terminally anesthetized 

using chloral hydrate (Sigma-Aldrich) and transcardially perfused first with phosphate-

buffered saline (PBS) followed by 10% neutral buffered formalin (Fisher Scientific). Brains 

were removed, post-fixed, and dehydrated in 30% sucrose before sectioning into 30–50 

um slices using a freezing sliding microtome (Leica Biosystems). Coronal sections were 

collected and stored at 4 °C. Slices were mounted with a mounting medium containing 

DAPI (Vectashield) and images were captured using a 10X objective on a Zeiss Observer Z1 

confocal microscope.

Statistical analysis

All post-data collection analyses were performed in R Studio. Paired t-tests, unpaired t-tests, 

one-way ANOVAs followed by Tukey post-hoc tests (if applicable), two-way ANOVAs 

followed by Bonferroni post-hoc tests (if applicable), or two-way mixed ANOVAs followed 

by Bonferroni post-hoc tests (if applicable) were calculated as appropriate. Normality and 

homogeneity of variances were tested and, if necessary, accounted for using the Shapiro-

Wilk and Levene’s tests, respectively. Significance was determined for p < 0.05.

RESULTS

Food Restriction with voluntary running wheel access exacerbates negative energy 
balance

Numerous studies have demonstrated that bodyweight loss occurs in rodents in contexts of 

time-restricted food access in combination with a running wheel to varying degrees [20, 

21, 45, 50, 51]. To recapitulate this behavioral paradigm, we placed wildtype (WT) mice 

in one of three cohorts: Activity, Food Restricted (FR), or Activity-Based Anorexia (ABA). 

Activity mice were provided ad libitum food throughout the experiment in conjunction with 

a functional running wheel (thus serving as a control for voluntary wheel running activity, 

Fig. 1a). A separate control cohort consisted of FR mice that were granted 3 hr daily food 

access at the onset of the dark cycle and provided with a locked running wheel in their 

homecage (Fig. 1b). To measure the effects of both voluntary wheel running and food 
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restriction, ABA mice were provided with a running wheel and were food restricted for the 

same length as FR mice, beginning on Day 0 of the paradigm (Fig. 1c).

Like previous studies, mice in the Activity cohort maintain their bodyweight over the course 

of the paradigm, whereas FR causes mice to lose weight that stabilizes after Day 3 (Fig. 

1d, e). In comparison, ABA mice exhibit weight loss that is more profound than FR mice 

(Fig. 1d). While FR and ABA mice both increase feeding during 3-hour food access over the 

course of the paradigm (two-way ANOVA, effect of time, Fig. 1f), ABA mice eat less than 

FR mice (Fig. 1g). Since Activity mice are provided ad libitum food, food intake in Activity 

mice is less than FR and ABA mice during the first three hours of the dark cycle, whereas 

daily food intake is higher in Activity mice than either FR or ABA cohorts (Fig. 1h, i). 

This suggests that Activity mice maintain bodyweight by matching energy input with output, 

whereas ABA mice are unable to maintain bodyweight, at least in part due to diminished 

food intake relative to FR controls.

In concert with food intake analyses, we investigated the voluntary wheel running activity 

in Activity and ABA mice. Although ABA mice are food restricted and losing bodyweight, 

their total wheel running activity is neither different from ad libitum fed Activity controls 

(Fig. 1j, l) nor different from baseline conditions in which food was provided ad libitum 

within the same mice (Fig. 1k). Similarly, despite food availability only during the first three 

hours of the dark cycle for ABA mice on Days 1–3, running during this time period does 

not significantly diminish compared to Activity mice until Day 3 of the paradigm, after 

which mice have lost significant bodyweight (Fig. 1m). The majority of time spent wheel 

running in Activity mice was during the dark cycle, when mice are typically more active, 

and ABA mice ran a similar amount as Activity mice during this time period (Fig. 1p, r), 

as well as similar levels as during baseline conditions (Fig. 1q). Surprisingly, ABA mice ran 

significantly more during the light cycle when compared to baseline levels (Fig. 1t), a period 

when Activity mice run on the wheel very little (Fig. 1s, u). Similar to previous reports 

across rodent models of ABA [45, 46, 52–54], ABA mice also increased running during the 

hour before food availability (termed Food Anticipatory Activity, FAA) when compared to 

baseline levels, whereas mice in the Activity cohort did not significantly differ in FAA (Fig. 

1v, x). This suggests that despite sustained bodyweight loss due to hypophagia, ABA mice 

voluntarily engage in wheel running activity at comparable (and sometimes elevated) levels 

as ad libitum fed mice.

ABA mice have dysregulated feeding behavior

Previous studies interrogating the role of maladaptive feeding in ABA progression have been 

inconclusive, potentially due to different behavioral paradigms (e.g., methodology of food 

intake measurement, length and/or circadian timing of food availability) [30, 44–46, 55]. We 

suspected that this was also, at least in part, due to the fact that food intake is oftentimes 

more nuanced than a finalized measurement of total intake. To address this limitation, we 

used a Feeding Experimentation Device (FED3), designed to accurately measure food intake 

by dispensing 20 mg grain pellets and recording mouse retrieval (Fig. 2a, b) [49]. With this 

qualitative and quantitative approach, we demonstrate with more specificity the timepoints 

that ABA mice differ in their cumulative food intake in comparison to FR controls. ABA 
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mice ate at a slower rate than FR controls, thus contributing to decreased total intake over 

time (Fig. 2c). Utilizing this approach, we were also able to calculate the frequency with 

which mice obtained a pellet from the FED3 over the course of the experiment (Fig. 2d, 

e). ABA mice appeared to have fewer bouts of feeding in comparison to FR mice on food 

restricted days. Thus, we hypothesized that FR and ABA mice might differ in meal patterns.

To accurately detect meal size and meal number, we first measured the interpellet interval 

(IPI) in both cohorts of mice. (f-g) The kernel density estimation (KDE) IPI peak (~30 s) 

for FR mice is maintained across Days 1–3, suggesting that mice do not significantly alter 

how frequently they retrieve pellets over the course of multiple days of food restriction (Fig. 

2f). In contrast, IPI KDE curves in ABA mice shift to the right on Day 2-3, suggesting more 

frequent increases in between each individual pellet retrieval as the behavioral paradigm 

progresses (Fig. 2g). Since KDE curves in FR mice indicate that the majority of pellets were 

consumed with an IPI < 30 sec, we measured the percentage of pellets eaten with an IPI < 

30 sec or ≥30 sec in FR and ABA mice across days (Fig. 2h–j). While FR mice do not alter 

the percentage of pellets eaten with an IPI < 30 sec (Fig. 2h–j) or ≥30 sec (Fig. 2i, j) from 

Day 1–3 of the paradigm, ABA mice display a shift in their food intake patterns whereby the 

percentage of pellets with an IPI < 30 s or ≥30 s trends downward and upward, respectively 

(Fig. 2h–j). These analyses demonstrate that ABA mice consume lower amounts of food 

than FR mice due to increased duration in between individual pellet retrieval.

Meal number is decreased in ABA mice

Since IPI analyses (Fig. 2f–j) suggested that ABA mice alter IPI timing, we investigated 

whether this was reflected in meal number or meal size in ABA mice compared to FR 

controls. While KDE peaks were observed with an IPI ~30 s on Day 1 across groups, we 

intended to determine meals based on the mean IPI of pellet consumption across all days 

of food restriction in FR mice (~IPI ≤ 148.2s, Fig. 2k). Using this approach, we were able 

to visualize and measure the number of meals initiated by FR or ABA mice (Fig. 2l, m). 

While ABA and FR mice demonstrated similar meal sizes (Fig. 2n), ABA mice had fewer 

meals than FR controls (Fig. 2o). Furthermore, the latency to begin the first meal was higher 

in ABA mice compared to FR controls upon food restriction (Fig. 2p, q). This suggests 

that ABA mice have decreased feeding due to fewer meal initiations rather than altering the 

amount of intake after a meal has begun and highlights a behavioral distinction in ABA mice 

that potentially drives bodyweight loss.

Feeding-induced AgRP inhibition is dysregulated in ABA mice

We next sought to identify a potential neural circuit capable of mediating food intake that 

might underlie the deficiency in food acquisition (and subsequent consumption) that we 

observed in ABA mice. AgRP neurons in the ARC have been well characterized for their 

ability to sense energy status via peripheral hormones and subsequently promote food intake 

across satiety conditions [33–35, 56, 57]. Given that AgRP neurons are well described to 

regulate food intake, we assessed AgRP activity during feeding across ABA progression.

To measure the response of AgRP neurons to feeding across behavioral conditions, we used 

in vivo fiber photometry in freely behaving AgRP-iCre mice (Fig. 3a–c). Before assigning 
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mice to specific groups, we performed a baseline screening experiment aimed at testing 

injection and fiber placements during a fast-refeed (Fig. 3e). As observed previously, AgRP 

neurons were rapidly inhibited in response to food presentation in the fasted state [39, 40, 

58], and this response was similar across all mice that were subsequently divided into one 

of three behavioral groups (Activity, FR, ABA; Fig. 3g, h, top). This suggests that any 

differences observed in response to food intake during the behavioral paradigms are not due 

to targeting differences.

Photometry recordings were performed before the start of the dark cycle (when food was 

available for FR and ABA mice) on Day 1 and Day 4 (Fig. 3f). This analysis demonstrates 

that food intake significantly decreased AgRP activity in FR mice in comparison to ad 

libitum fed Activity controls following one day of food restriction in FR mice; this inhibition 

was absent in ABA mice (Fig. 3g, h, middle). While feeding-induced AgRP inhibition in FR 

mice continued on Day 4 of food restriction, the lack of inhibition seen on Day 1 in ABA 

mice was no longer observed (Fig. 3g, h, bottom). This suggests that food intake-induced 

AgRP inhibition is disrupted at the beginning of ABA, since AgRP activity in ABA mice 

is more similar to that of ad libitum fed Activity mice than animals in a negative energy 

state (FR). Moreover, these results suggest that AgRP inhibition in response to food intake 

in ABA mice is restored by Day 4 of the paradigm, at a time point in which ABA mice have 

lost significantly more bodyweight than FR mice.

Basal measures of AgRP neuronal activity is unaltered in ABA mice

Since feeding-mediated AgRP neuronal inhibition in response to food deprivation was 

blunted in ABA mice, it is possible that the basal activity of AgRP neurons was decreased 

in ABA mice, thus decreasing the capability of these neurons to be inhibited upon food 

consumption. To test this, we performed ex vivo electrophysiology in AgRP neurons from 

mice on the Activity, FR or ABA paradigm immediately prior to the onset of the dark 

cycle (i.e. prior to food availability in FR/ABA mice; Fig. 3i). Importantly, we performed 

these experiments on Day 1 of the experimental paradigm, a time point when we observed 

a lack of feeding-induced AgRP inhibition in mice on the ABA paradigm. We observed 

no differences in basal measurements of neuronal activity, including firing rate (Fig. 3j), 

membrane capacitance or resistance (Fig. 3k, l), or rheobase (Fig. 3m). Additional analyses 

performed exclusively on firing neurons further demonstrated that the basal cellular activity 

of AgRP neurons was unchanged across Activity, FR, and ABA mice (Supplementary Fig. 

1). Taken together, these results suggest that the absence of feeding-mediated inhibition in 

AgRP neurons observed in ABA mice is not due to a basal change in activity in these cells.

Chemogenetic AgRP activation ameliorates bodyweight loss in ABA mice

Artificial AgRP activation, using either chemogenetic or optogenetic approaches, increases 

food intake in rodents across multiple behavioral contexts [33–37, 59–61]. Feeding-induced 

AgRP neuronal inhibition was dysregulated in ABA mice, raising the possibility that food 

intake in ABA mice does not relieve the negative valence associated with AgRP neuronal 

activation. We posited that this continued aversion prevents future food intake. Thus, we 

sought to determine if stimulating AgRP neuronal activity could alleviate ABA development 

by driving food seeking. To achieve this, we expressed hM3Dq (3Dq), a designer receptor 
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exclusively activated by designer drugs (DREADDs) in AgRP neurons using AgRP-iCre 

mice and compared them to littermate controls or mice injected with a control fluorophore 

(Fig. 4a, b). First, we successfully validated that 3Dq-mediated AgRP activation reliably 

drives feeding behavior in sated mice before experiments began (Fig. 4c).

To test the effect of chemogenetic activation of AgRP neurons in ABA progression, each 

cohort of mice had both a control (mCh) and experimental sub-cohort (3Dq). All mice were 

administered vehicle on Day 0 of the paradigm 15 min prior to the onset of the dark cycle, 

whereas CNO was administered on Days 1–7 in all cohorts (Fig. 4d). Using this approach, 

we were able to decipher the effect of artificial AgRP stimulation in ad libitum fed Activity 

mice (Activity-mCh vs. Activity-3Dq), FR mice (FR-mCh vs. FR-3Dq), and ABA mice 

(ABA-mCh, ABA-3Dq). Indeed, activation of AgRP neurons increased bodyweight in ad 

libitum fed Activity (Fig. 4e, purple), FR (Fig. 4e, green) and ABA (Fig. 4e, yellow) mice.

Since we initially determined that bodyweight loss is at least partly due to a reduction in 

food intake in ABA mice, we investigated if food intake was altered in AgRP-3Dq mice 

compared to their respective AgRP-mCh controls. While no change was observed in food 

intake on Day 0 (pre-AgRP activation, Fig. 4f, i), significant increases in food intake were 

observed in Activity-3Dq, FR-3Dq and ABA-3Dq mice in comparison to their mCh control 

cohorts when CNO was administered (Fig. 4g, h, j, k). These results suggest that ABA 

bodyweight reversal as a result of AgRP activation is due, at least in part, to increased food 

intake.

Our initial behavioral tests suggested that voluntary wheel running activity in contexts of 

food restriction is likely a contributing factor to the bodyweight loss observed in ABA 

mice. Thus, we investigated how chemogenetic AgRP activation alters voluntary wheel 

running activity in ad libitum fed and food deprived conditions in Activity and ABA mice, 

respectively. Total voluntary running activity in Activity-3Dq and ABA-3Dq mice was 

unaltered in response to vehicle (Fig. 4l) or CNO (Fig. 4m, n) injections in comparison 

to Activity-mCh and ABA-mCh controls, respectively. Further analyses of voluntary wheel 

running demonstrated that no measurement of voluntary wheel running was altered in 

response to CNO-mediated AgRP activation in Activity or ABA conditions (Supplementary 

Fig. 2). Together, these results suggest that AgRP activation across behavioral contexts (ad 

libitum food with a running wheel, food restriction without a running wheel, food restriction 

with a running wheel) increases bodyweight primarily due to increased food intake.

Artificial AgRP activation without food available does not alter bodyweight in ABA mice

To further define the circadian timepoint necessary for AgRP-mediated ABA amelioration in 

adult mice, we activated AgRP neurons during food availability, with both control (Activity-

cont, FR-cont, ABA-cont) and experimental (Activity-3Dq, FR-3Dq, ABA-3Dq) cohorts 

(Supp Fig. 3a). We determined that AgRP activation during the light cycle over the course of 

multiple days did not affect bodyweight in Activity, FR or ABA conditions (Supplementary 

Fig. 3d). While AgRP activation during the light cycle is able to drive feeding in ad libitum 

fed Activity mice (Supplementary Fig. 3e, f, purple), this is not sustained during the dark 

cycle (Supp Fig. 3g, h, purple). AgRP activation during the light cycle does not affect 

dark cycle feeding in FR or ABA conditions (Supplementary Fig. 3g–j; green and yellow, 
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respectively), likely because CNO’s ability to promote AgRP activity has substantially 

diminished 12 h after administration (CNO half-life = 8 h [62]).

Since AgRP activation has been shown to promote hyperactivity in conditions without food 

access, we hypothesized that ABA-3Dq mice would demonstrate enhanced wheel running 

during the light cycle, thereby underlying the inability for activation at this timepoint to 

promote ABA resilience. While AgRP activation did not alter running behavior across all 

measured timepoints in Activity conditions (Supp Fig. 3k–r), CNO administration increased 

light cycle wheel running in ABA-3Dq mice compared to ABA-controls (Supplementary 

Fig. 3k), without significantly affecting dark cycle running, running during food availability, 

total wheel running, or food anticipatory wheel running (Supplementary Fig. 3m–t). These 

results demonstrate that AgRP activation is capable of promoting feeding behavior over 

hyperactivity during the inactive light cycle when food is provided ad libitum (i.e., Activity 

conditions). However, light cycle AgRP activation without food present in ABA conditions 

promotes hyperactivity without changing subsequent dark cycle feeding.

AgRP inhibition prior to food availability increases bodyweight loss in FR and ABA mice

AgRP neuronal inhibition in response to food consumption in hungry mice is hypothesized 

to reflect an animal’s re-calculation of food availability, and subsequently decrease their 

hunger level. Indeed, AgRP neurons are necessary for feeding behavior in varying energy 

balance states. Yet, the relevance of decreased AgRP neuronal activity specifically during 

food availability in adult mice on the ABA paradigm is unknown. To fill in this gap, we 

aimed to test if AgRP neurons are necessary for bodyweight maintenance in ABA mice 

using acute chemogenetic silencing of AgRP neurons during food availability.

One major limitation of artificial inhibition experiments to date lies in the necessity to 

achieve complete penetration of the inhibitory receptor/opsin in the population of interest. 

We leveraged the fact that AgRP neurons reside exclusively in the ARC, by utilizing a 

genetic approach (rather than viral) to express hM4Di in all AgRP neurons, with AgRP-iCre, 

R26-LSL-hM4Di mice (Supplementary Fig. 4a) [63]. Similar to previous reports [33], AgRP 

inhibition one hour prior to food presentation in fasted mice is sufficient to decrease food 

consumption (Supplementary Fig. 4b), validating this approach for use in ABA conditions.

We aimed to test the effect of AgRP inhibition across all behavioral cohorts (Activity, FR 

and ABA), and thus each cohort had both a control (“cont”) and experimental (hM4Di, 

“4Di”) condition (Supplementary Fig. 4c). While multi-day inhibition of AgRP neurons via 

CNO injection does not alter bodyweight in Activity mice, AgRP inhibition enhances the 

bodyweight loss observed in response to food deprivation both with or without a running 

wheel present (Supplementary Fig. 4d). AgRP inhibition in Activity mice does not alter 

ad libitum food intake (Supplementary Fig. 4e–h). Surprisingly, AgRP inhibition across 

all behavioral conditions does not suppress food intake (Supplementary Fig. 4e–h). While 

AgRP inhibition does not alter total running in Activity mice, acute AgRP silencing in ABA 

conditions causes increased running compared to ABA controls (Supplementary Fig. 4i, 

j), without affecting food anticipatory activity on the running wheel (Supplementary Fig. 

4k, l). These results propose that AgRP inhibition during food availability is necessary 

for bodyweight maintenance exclusively in response to food deprivation, despite not 
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significantly altering food intake. Moreover, when food deprivation is paired with access to 

a voluntary running wheel (i.e. ABA conditions), AgRP inhibition exacerbates bodyweight 

loss at least partially due to increased voluntary running behavior.

Chemogenetic AgRP neuronal activation nullifies ABA progression

Although our initial chemogenetic experiments were aimed to test the preventative 

capabilities of AgRP activation on ABA development, this approach has limited translational 

potential since most individuals exhibit ABA before intervention is possible. To test the 

capability of AgRP neuronal activation to rectify ABA, we performed AgRP activation after 

ABA progression had begun and mice had already lost significant bodyweight. Following 

initial vehicle injections on Days 0–3, ABA-mCh and ABA-3Dq mice received CNO 

injections, thereby activating AgRP neurons in ABA-3Dq mice following initial bodyweight 

loss (Fig. 5a, b). While ABA-mCh and ABA-3Dq mice did not differ in their initial 

bodyweight loss during vehicle injections, CNO administration in ABA-3Dq mice beginning 

on Day 4 was capable of rapidly and robustly improving bodyweight loss compared to 

ABA-mCh controls (Fig. 5c). This amelioration was partially due to decreased total and 

dark cycle wheel running in comparison to vehicle-injected days (Fig. 5d, g, ABA-3Dq). 

In contrast, all measurements of wheel running activity were unchanged between CNO and 

vehicle injection days in ABA-mCh mice (Fig. 5d–h, ABA-mCh).

AgRP-activation in ABA mice also increased food intake compared to ABA-mCh controls 

on the first day of CNO administration (Fig. 5i, Day 4). This suggests that the bodyweight 

increase in ABA-3Dq mice is due to both decreased wheel running activity and increased 

food consumption.

Chemogenetic AgRP neuronal activation modifies meal number deficiencies in ABA mice

Our initial experiments uncovered that ABA mice initiate fewer meals than FR controls, 

thus highlighting a potential behavioral intervention method of increasing food intake in 

ABA conditions. To assess if AgRP activation-induced ABA amelioration was in part due 

to altered meal patterns, we further analyzed feeding data from FED3 devices used by 

ABA-mCh and ABA-3Dq mice in response to vehicle (Days 0–3) or CNO injections (Days 

4–7). Indeed, binned pellet intake was increased upon the initiation of feeding in ABA-3Dq 

mice when CNO was administered by Days 5–7 of the paradigm (Fig. 5j). While meal size 

was unaltered in response to AgRP activation (Fig. 5l), CNO administration in ABA-3Dq 

increased meal number compared to ABA-mCh mice (Fig. 5n). These findings demonstrate 

that artificial AgRP activation reverses the meal number deficiency characterized by ABA, 

thus contributing to a rescue of ABA progression.

DISCUSSION

Studies have emphasized the behavioral complexities of ABA, and more recent reports have 

begun to unravel the neurobiology potentially underlying ABA [31, 44, 45, 50, 51, 64, 65]. 

Despite these advances, no study to date has identified a neural circuit capable of combating 

ABA development and/or progression by addressing both anorexia and hyperactivity. Here, 

we highlight the ability of AgRP neurons to override these maladaptive behaviors and 
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subsequently coordinate bodyweight maintenance and survival. We first identify the feeding 

microstructure in mice displaying ABA and highlight meal number as the main feeding 

deficiency in ABA mice. We also demonstrate that AgRP neuronal inhibition in response 

to food intake is impaired in ABA mice, such that AgRP dynamics more closely resemble 

ad libitum fed conditions than animals in caloric deficit. We subsequently addressed these 

abnormalities in ABA mice using chemogenetic activation of AgRP neurons throughout 

ABA, and were able to alleviate ABA bodyweight loss via increased feeding. Finally, 

we demonstrate that AgRP activation is capable of mitigating ABA following the initial 

progression of bodyweight loss via increased food intake and decreased wheel running. 

Importantly, the reversal of ABA by AgRP activation is performed during food availability, 

clarifying the capability of AgRP neurons to promote food intake when activation is 

performed during a more physiologically relevant time (i.e. when endogenous AgRP 

neuronal activity is elevated).

AgRP activation in contexts without food is aversive; this negative valence associated with 

heightened AgRP activity is relieved upon food intake in healthy individuals [35, 42]. While 

fasting-induced AgRP neuronal inhibition has been well documented in response to less than 

one day of fasting, no studies have demonstrated the effect of multi-day food restriction 

on AgRP neuronal activity. Here, we demonstrate that AgRP neurons are appropriately 

inhibited during food intake following one or four days of food restriction. However, this 

inhibition is lost in contexts with voluntary wheel running, suggesting that feeding-induced 

AgRP neuronal inhibition more closely resembles a sated state during ABA. Importantly, 

we highlight that this alteration is not due to a change in the basal activity of AgRP cells 

prior to food access in ABA mice, implicating that this disruption is an acute response to 

food intake in ABA conditions. Moreover, these results suggest that the blunted response 

of AgRP activity in response to food consumption in ABA mice is transient, since the loss 

of inhibition observed in ABA mice is no longer detectable by Day 4 of the behavioral 

paradigm. Taken together, these results suggest that AgRP activity is primarily dysregulated 

in food-related contexts at the beginning of food restriction in contexts with a voluntary 

running wheel, which might explain why ABA individuals demonstrate reduced food intake 

predominantly during the first few days of food restriction. Additional studies would be 

required to determine if this decrease in AgRP neuronal responsivity to food on the first day 

of food restriction is a predictive measure for ABA outcomes.

These results are similar to the decreased inhibition of AgRP neurons observed in response 

to presentation of normal chow following exposure to an obesogenic diet [66, 67]. Yet, 

in diet-induced obesogenic states, AgRP stimulation-induced standard chow intake is 

significantly blunted, whereas activation of AgRP neurons in ABA conditions strongly 

promotes chow intake. Thus, the capability of AgRP activation to trigger food intake 

is uniquely tailored to non-positive energy balance states. Future studies are needed to 

determine if midbrain dopaminergic circuits, which are altered by both ABA and high-fat 

diet exposure, mediate AgRP’s divergent ability to drive feeding amidst shifting energy 

balance states [50, 67–70]. Additionally, since bodyweight loss, as observed in both FR 

and ABA mice, triggers a substantial reduction in body temperature, it is plausible that the 

effects we observed have identified a role of AgRP neurons in restoring body temperature in 

negative energy balance. Indeed, AgRP activation in FR conditions without a running wheel 
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present were also capable of restoring bodyweight. Future studies are required to determine 

the contribution of decreased body temperature in AgRP-mediated bodyweight restoration in 

states of negative energy balance.

While AgRP neurons have been well described for their ability to both sense peripheral 

energy signals and subsequently drive feeding behavior, few studies have measured their 

capability to coordinate maladaptive anorexic behaviors [33–35, 41, 71]. AgRP neurons are 

necessary for feeding (and subsequent survival) in adult mice, and are able to drive feeding 

across physiologic and behavioral contexts, including circadian cycles, social interaction, 

threat detection, and pain [36, 38, 72–75]. Here, we identify for the first time the time 

scale required for AgRP neurons to drive food intake during ABA, a condition of unique 

behavioral adaptations, including hyperactivity. Activation of AgRP neurons in this study 

was performed either during the initiation of the dark cycle, when mice typically begin 

eating, or in a period without food access (light cycle). As a previous report suggested, 

activation of AgRP neurons during the light cycle in ABA mice without food present 

promotes hyperactivity and fails to rescue bodyweight loss, clarifying the necessity of food 

availability for AgRP-mediated ABA reversal [44]. Indeed, AgRP neurons are inhibited 

following exercise in food-restricted states, suggesting that artificial activation of this 

population during restriction might drive behaviors intended to promote inhibition (e.g. 

hyperactivity) and alleviate the aversive nature of AgRP activation [43, 44, 59]. Furthermore, 

our studies indicate that artificial inhibition of AgRP neurons before food access in ABA 

worsens bodyweight loss at least partially due to enhanced hyperactivity. However, ABA 

bodyweight loss is also likely a result of activity-independent changes in energy expenditure, 

as chemogentic AgRP activation increases oxygen consumption. Together, these results 

propose that endogenous AgRP activity is carefully maintained to promote appropriate 

energy intake versus expenditure, and that the AgRP circuit is both necessary and sufficient 

for bodyweight maintenance in food restricted and ABA conditions.

A diversity of literature describes overall food intake in ABA, and yet no overarching 

consensus has been made on the microstructure of food intake during this condition. 

Here, we used specialized devices [49] to detect nuanced feeding bouts more accurately 

in mice. As a universal analysis criteria for the determination of meal patterns is lacking, we 

leveraged our control cohort (FR) to determine the mean interpellet interval (IPI) that occurs 

over the course of multiple days of food restriction, potentially identifying a new approach 

for future meal detection analyses. Using this criteria, we are able to highlight decreased 

meal number as a component of the decreased overall feeding observed during ABA. The 

peripheral and neural mechanisms underlying differences in meal size and meal number are 

largely unknown. While it is well documented that AGRP is elevated during hyperactive 

anorexia in humans and rodents, it is unclear if this elevation drives the altered meal patterns 

we observed [27–31]. Despite this elevation, we demonstrate that feeding-induced inhibition 

of AgRP neural activity is dysregulated during ABA. It is conceivable that these alterations 

in AgRP activity in response to food intake drive the observed behavioral abnormalities, but 

this has not yet been tested.

The ABA behavioral paradigm is a well-established rodent model of anorexia nervosa 

(AN) [21, 22], that allows for robust longitudinal recordings and manipulations of specific 
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cellular populations in a behaving individual that are not possible in many other species 

(i.e. humans). Indeed, we replicated previous studies indicating that rodents on the ABA 

paradigm phenocopy many of the behavioral maladaptations observed in human AN 

patients, including reduced food intake and hyperactivity. Yet, there are limitations of this 

model which warrant the careful consideration of our results in the overall context of AN. 

Most notably, ABA is an acute model of weight loss (not a chronic disease like AN) that 

is experimentally controlled. For example, individuals on the ABA paradigm do not have 

free access to food at all times, animals are socially isolated, and animals are genetically 

very similar (and sometimes genetically identical), all of which are (oftentimes) different 

conditions than patients experiencing AN. Additionally, while hyperactivity occurs in a large 

proportion of AN patients, not all AN patients display hyperactivity. Future studies are 

required to continue developing and updating rodent behavioral paradigms that can increase 

the implications of findings observed in rodent models of AN to the pathogenesis of the 

disease in humans.

Taken together, we have ascertained the unique capability, necessity and circadian timeframe 

required for AgRP neurons to ameliorate ABA despite disrupted neural activity responses 

to food. While these studies measure bulk activity responses to food intake, subsequent 

studies will be required to identify if AgRP neuronal activity dynamics are heterogenous 

using single-cell imaging techniques. Furthermore, future studies aimed at characterizing 

the molecular changes in AgRP neurons following ABA have the potential to elucidate the 

cellular mechanisms coordinating these changes, and thus greatly advance the collective 

understanding of feeding behavior during states of negative energy balance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Food restriction with voluntary running wheel access causes activity-based anorexia.
a–c Schematic of experimental set-up, in which mice are trained on a wireless voluntary 

running wheel in their homecage (Activity, Activity-Based Anorexia, ABA) or a locked 

running wheel (Food Restricted, FR,). Following wheel habituation, ABA and FR mice 

begin a 21 h food restriction paradigm, in which food is available the first three hours of 

the dark cycle (beginning after the first three hours of the dark cycle on Day 0). d, e ABA 

mice lose more bodyweight than FR mice (Day 2–4 p < 0.01), whereas bodyweight of 

Activity mice remains constant. f In ad libitum fed conditions (Day 0), ABA, Activity and 

FR mice eat similarly (p > 0.65), whereas food restriction in ABA and FR mice (Days 1–3) 

causes mice to eat more than Activity mice in the 3 h period of food availability over the 

course of the paradigm (p values from Days 1–3 in order: Activity vs. FR p = 0.378 (n.s.), 

p = 0.008, p = 0.006; Activity vs. ABA p = 1 (n.s.), p = 0.012, p = 0.121 (n.s.)). g FR 
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mice consume more averaged food during food availability over the course of days with 

food restriction (Days 1–3) than both ad libitum fed Activity mice (p = 0.049), as well as 

similarly food restricted ABA mice (p = 0.038). h Ad libitum fed Activity mice eat more 

than both ABA and FR cohorts over the entire 24 h period (Activity vs. ABA/FR Days 

0–3 p < 0.01), and when averaged across food restriction days (i, Activity vs. ABA/FR 

p < 0.0001). j–l ABA mice display no difference than ad libitum fed Activity controls 

in total voluntary running when measured over the course of the experiment (including a 

baseline day (Day −1) when mice were not yet food restricted, p = 0.67), when comparing 

average distance traveled on the wheel during baseline (Day −1) vs. experimental (Days 

0-3) (baseline vs. experimental: Activity p = 0.41, ABA p = 0.74), or just during the 

experimental days (p = 0.55). m–o Following food restriction in ABA mice, running during 

food availability decreases compared to ad libitum fed Activity mice, but is not significantly 

different until Day 3 of food restriction (p = 0.03). Yet, when averaged across days of 

restriction, neither ABA nor Activity mice show decreased running during the first three 

hours of the dark cycle (when food is available for ABA mice) compared to baseline 

days (baseline vs. experimental: Activity p = 0.27, ABA p = 0.59). Similarly, ABA mice 

do not show decreased wheel running compared to Activity mice during food availability 

averaged across experimental days (p = 0.21). p–r Wheel running during the active dark 

cycle is not changed in ABA mice compared to Activity mice when measured daily (p = 

0.086), when compared between baseline and experimental days (baseline vs. experimental: 

Activity p = 0.416, ABA p = 0.709), or when averaged across experimental days only (p 
= 0.287). s–u While Activity mice run minimally on the running wheel during the light 

cycle throughout the experiment, ABA mice increase wheel running during the light cycle 

upon food restriction compared to baseline (baseline vs. experimental: Activity p = 0.493, 

ABA p = 0.016). v–x Food anticipatory activity (FAA; measured by total voluntary wheel 

running one hour prior to the onset of food availability/dark cycle onset) was elevated in 

ABA mice upon food restriction compared to baseline levels, whereas FAA in Activity mice 

is unchanged (w, baseline vs. experimental: Activity p = 0.274, ABA p = 0.047). Wheel: n = 

3-4, FR: n = 6, ABA: n = 8–10. Significance determined by p < 0.05 using a two-way mixed 

ANOVA followed by Bonferroni post-hoc if appropriate (d, f, h, j, m, p, s), a one-way 

ANOVA followed by Tukey post-hoc if appropriate (g, i), a paired t-test (k, n, q, t), or an 

unpaired t-test (l, o, r, u). Data are represented as mean ± SEM (d–f, h, j, m, p, s), or as a 

violin plot with dotted lines at the mean (g, i, k, l, n, o, q, r, t, u).
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Fig. 2. ABA mice demonstrate decreased food intake due to diminished meal number.
a, b Precise measurements of 3 h feeding behavior were performed in FR and ABA mice 

using the Feeding Experimental Device (FED3), throughout the paradigm. c Cumulative 

pellet intake over the course of feeding indicates ABA mice eat less than FR mice on all 

days of food restriction (Day 1: p = 0.05, Day 2: p = 0.015, Day 3: p < 0.0001). d, e 
Raster plots of individual pellet retrieval from FEDs reveals potential inter-pellet interval 

and corresponding meal pattern differences in FR (left) and ABA (right) mice. f, g Kernel 

density estimation (KDE) curves indicate that FR mice maintain similar IPI frequencies 

Sutton Hickey et al. Page 23

Mol Psychiatry. Author manuscript; available in PMC 2024 January 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



throughout multiple days of food restriction, whereas the KDE curve of IPI in ABA mice 

shifts right after the first day of food deprivation. h, i The percentage of pellets eaten with 

an interpellet interval (IPI) < 30 s (h) or IPI ≥ 30 s is unaltered for FR mice across days of 

the paradigm, whereas ABA mice show trends towards decreased and increased frequency 

of pellets eaten with these IPIs, respectively (p = 0.056). j Binned pellets from all mice 

within FR or ABA cohorts further exhibit progressively greater retrieval times in ABA mice 

(yellow/gray, right), compared to FR mice (green/gray, left). k KDE plot of IPI across all 

days of food restriction (Days 1-3) demonstrates that the mean IPI in FR mice is 148.2 s, 

which was subsequently used for meal pattern detection in all mice (i.e. 2+ pellets consumed 

within 148.2 sof each other). l, m Raster plots of meal bout initiation timepoints highlights 

that ABA mice demonstrate a potential decrease in the number of meals initiated over on 

food restricted days (Days 1-3) when compared to FR mice. While meal size is comparable 

between FR and ABA mice (n), meal number is decreased in mice on the ABA paradigm 

compared to FR mice (o; p = 0.016). p, q The latency to the first meal is altered in ABA 

mice in comparison to FR mice, when observed across the experimental paradigm (p, main 

effect of experimental condition, p = 0.033) or when averaged across food restriction days 

(q, p = 0.044). Significance determined by p < 0.05 using a two-way ANOVA followed by 

Bonferroni post-hoc if appropriate (c, h, i, p), or an unpaired t-test (n, o, q). FR n = 6; ABA 

n = 5. Data represented as mean ± SEM (c, h, i, p), or as a violin plot with dotted lines at the 

mean (n, o, q).
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Fig. 3. AgRP neuronal inhibition following food intake is dysregulated in ABA mice.
a, b Agrp-ires-Cre mice were injected with AAV1-hSyn-Flex-GCaMP6s and a fiber 

placed above the ARC to record AgRP calcium signaling in freely-moving photometry 

experiments. c Behavioral set-up, in which mice are housed in phenotyper cages containing 

FEDs and voluntary running wheels, with AgRP calcium activity monitoring via fiber 

photometry patch cords that allow for free movement. d Mice were placed in three different 

behavioral cohorts to measure AgRP activity in response to food intake in mice that engage 

in voluntary exercise absent food restriction (Activity), restricted feeding without running 
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(FR), or voluntary running in addition to food restriction (ABA). e At least one week before 

experiments began, AgRP activity was measured in response to a fast-refeed across all mice. 

f On Day 1 and Day 4 of the paradigm, mice were hooked up to the fiber patchcord at least 

1 h before experiments began, and recordings began prior to food availability (f, blue). g, 

h, top panel AgRP neuronal inhibition is similar across all behavioral groups in response to 

food presentation (t = 0) in the fasted condition before being placed in experimental cohorts. 

g, h, middle panel On Day 1, food retrieval significantly decreases AgRP population activity 

in FR mice compared to ad libitum fed Activity controls (averaged across t = 7.5-10 sec of 

Post-Pellet (grey), Activity vs. FR p = 0.038), whereas this decrease is not observed in ABA 

mice (ABA vs. Activity p = 0.996; ABA vs. FR p = 0.027). g, h, bottom panel By Day 4 of 

food restriction, AgRP activity remains decreased in response to food retrieval in FR mice 

compared to Activity controls (Activity vs. FR p = 0.002). The diminished AgRP inhibition 

observed on Day 1 of food restriction in ABA mice is no longer observed on Day 4, and 

thus ABA mice more closely resemble FR mice than ad libitum fed Activity mice (ABA 

vs. Activity p = 0.007, ABA vs. FR p = 0.761). i–m Ex vivo electrophysiology experiments 

were performed in AgRP neurons from NPY-hrGFP or AgRP-iCre,ZsGreen reporter mice 

on Day 1 of the paradigm across conditions immediately prior to the onset of the dark 

cycle. Basal activity measurements were unchanged across Activity, FR, and ABA mice, 

including measurements of (j) firing rate, k membrane capacitance, l membrane resistance, 

or (m) rheobase while holding at −70 mV. Significance was determined by p < 0.05 using a 

one-way ANOVA followed by Tukey post-hoc if necessary (h, k–m). Photometry: Activity n 
= 6, FR n = 5-6; ABA n = 7; ex vivo electrophysiology: Activity n = 4 (27 cells), FR n = 4 

(firing rate: 25 cells; all other measures: 24 cells), ABA n = 5 (27 cells). Data represented as 

mean ± SEM (g) or as a violin plot with dotted lines at the mean (h, k–m); scale bar = 200 

μm.
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Fig. 4. AgRP activation ameliorates ABA development.
a AgRP neurons were artificially activated in AgRP-iCre mice via expression of 3Dq 

(using injection of AAV8-hSyn-Flex-hM3Dq-mCherry; 3Dq) and compared to control 

mice injected with AAV8-hSyn-Flex-mCherry (mCh). b Representative image of mCherry 

expression in the ARC of AgRP-iCre mice injected with AAV8-hSyn-Flex-hM3Dq-

mCherry. c Validation of viral hits demonstrates that CNO injection in control mice does 

not alter food intake at the beginning of the inactive light period (black, veh vs CNO: 

p = 0.373), whereas 3Dq expression in AgRP neurons increases sated feeding (red, veh 

vs. CNO: p < 0.0001). d Outline of experiment, in which three behavioral groups each 

had control (Activity-mCh, FR-mCh, ABA-mCh) and experimental groups (Activity-3Dq, 

FR-3Dq, ABA-3Dq). All mice were injected with vehicle on Day 0 of the paradigm. 

Following 3 h of feeding at the onset of the dark cycle on Day 0, FR and ABA groups 

were food restricted, whereas Activity mice were continued on ad libitum feeding. On Days 

1–6, all mice received injections of CNO (i.p., 1.0 mg/kg) 15 min prior to the onset of the 

dark cycle. e 3Dq-mediated AgRP activation (dashed lines) increases BW compared to mCh 

controls (solid lines) in Activity (top, purple; Day 2: p = 0.003, Days 3–7: p < 0.001), FR 

(middle, green; Day 2: p = 0.021, Day 3: p = 0.007, Day 4: p = 0.024, Day 5: p = 0.011, 

Day 6: p = 0.049, Day 7: p = 0.049) and ABA (bottom, yellow; Day 4: p = 0.033, Day 

5: p = 0.015, Day 6: p = 0.018, Day 7: p = 0.005) mice. f 3 h and i 24 h food intake 

is comparable between mCh and 3Dq cohorts in response to vehicle injections on Day 0 
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(Activity (3 h): p = 0.288, FR (3 h & 24 h): p = 0.548, ABA (3 h & 24 h): p = 0.939, 

Activity (24 h): p = 0.942). 3Dq-mediated AgRP activation increases g, h 3 h and j, k 24 

h feeding in Activity, FR and ABA 3Dq mice compared to mCh controls (averaged across 

CNO days (Days 1–6): Activity h p = 0.013, k p = 0.032; FR (h & i): p = 0.0497; ABA 

(h & i): p = 0.006). l Total voluntary running activity is comparable between mCh and 3Dq 

cohorts in response to vehicle injections on Day 0 (Activity p = 0.839, ABA p = 0.802). m, n 
3Dq-mediated AgRP activation in Activity or ABA mice does not significantly change total 

voluntary running when measured over the course of CNO-injected days (Activity (top): p 
= 0.0749), ABA (bottom): p = 0.132). Significance determined by p < 0.05 using a paired 

t-test (c), a two-way ANOVA followed by Bonferroni post-hoc if appropriate (e, g, j, m) or 

an unpaired t-test (f, h, i, k, l, n). Activity-mCh n = 5-6; Activity-3Dq n = 7; FR-mCh n = 7; 

FR-3Dq n = 7; ABA-mCh n = 8; ABA-3 Dq n = 8. Data represented as mean ± SEM. (e, g, 

j, m), or as a violin plot with dotted lines at the mean (c, f, h, i, k, l, n).
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Fig. 5. ABA progression is rectified by AgRP activation during food availability after initial 
bodyweight loss.
a AgRP neurons were artificially activated in AgRP-iCre mice via expression of 3 Dq 

(using injection of AAV8-hSyn-Flex-hM3Dq-mCherry; 3Dq) and compared to control mice 

injected with AAV8-hSyn-Flex-mCherry (mCh). b ABA paradigm where mice were injected 

with vehicle on Days 0–3 and CNO on Days 4–7 in all mice (ABA-mCh; ABA-hM3Dq). 

c While bodyweight change in ABA-mCh and ABA-3Dq mice is comparable on days 

following vehicle injection (Days 1–4; white background; Days 1–4 p = 0.885, p = 0.280, 

p = 0.949, p = 0.277), ABA-3 Dq, but not ABA-mCh, mice regain bodyweight the day 

following CNO administration (Days 5-8; grey background; Days 5-8 p = 0.022, p = 0.020, 

p = 0.011, p = 0.027). (d-h) CNO injections in ABA-mCh mice does not alter (d) total 

running (p = 0.859), (e) running during food (p = 0.529), f food anticipatory (i, p = 0.239), g 
dark cycle (p = 0.38), or (h) light cycle running (p = 0.242), running, while CNO-mediated 

AgRP activation (Days 4–7) in ABA-3Dq mice decreases (d) total (p = 0.0075) and (g) dark 

cycle running (p = 0.0079), but not (e) running during food (p = 0.163), f food anticipatory 

(p = 0.163), or (h) light cycle wheel running (p = 0.173), compared to vehicle injected 

days. i Vehicle injections do not alter food intake between ABA-mCh and ABA-3Dq mice 

on Days 0–3 (Day 0: p = 0.249, Day 1: p = 0.0537, Day 2: p = 0.108, Day 3: p = 
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0.562), whereas CNO administration increases total feeding in ABA-3 Dq mice compared 

to ABA-mCh controls on the first day of CNO administration (Day 4 p = 0.042), but not 

subsequent days (Day 5: p = 0.165, Day 6: p = 0.091, Day 7: p = 0.155). j 15 min binned 

pellet intake was comparable in response to vehicle injections on Days 0–3 in ABA-mCh 

and ABA-3Dq mice (top, Day 0: p = 0.288, Day 1: p = 0.479, Day 2: p = 0.440, Day 3: p 
= 0.520). CNO injection increased binned pellet intake on Days 5–7, especially during the 

first hour of food availability (j, bottom (grey)) in ABA-3Dq mice compared to ABA-mCh 

control mice (Day 5: t(15) p = 0.034, t(45) p = 0.024, Day 6: t(30) p = 0.021, t(60) p = 

0.027, Day 7: t(45) p = 0.016). k, l Meal size was unaffected by either vehicle (p = 0.356) 

or CNO (p = 0.843) injections across groups. m Meal number was comparable in response 

to vehicle injections on Days 0–3 (0.272). n CNO injection increased meal number in 

ABA-3Dq mice compared to ABA-mCh control mice (p = 0.046). Significance determined 

by p < 0.05 using a two-way mixed ANOVA followed by Bonferroni post-hoc if appropriate 

(c) a two-way ANOVA followed by Bonferroni post-hoc if applicable (j), an unpaired t-test 

(i, k–n), or a paired t-test (d–h). ABA-mCh n = 7-8, ABA-3Dq n = 10-11. Data represented 

as mean ± SEM. c, j or as a violin plot with dotted lines at the mean (d–i, k–n).
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