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Summary

Motivated behaviors are often studied in a vacuum to assess labeled lines of neural connections 

underlying innate actions. However, in nature, multiple systems compete for expression of goal-

directed behaviors via complex neural networks. Here, we examined flexible survival decisions 

in animals tasked with food-seeking under predation threat. We found that predator exposure 

rapidly induced physiological, neuronal, and behavioral adaptations in mice highlighted by 

reduced food-seeking and consumption contingent on current threat level. Diminishing conflict 

via internal state or external environment perturbations shifted feeding strategies. Predator 

introduction and/or selective manipulation of danger-responsive cholecystokinin (Cck) cells of the 

dorsal premammilary nucleus (PMd) suppressed hunger-sensitive Agouti-related peptide (AgRP) 

neurons, providing a mechanism for threat-evoked hypophagia. Increased caloric need enhanced 

food-seeking under duress through AgRP pathways to the bed nucleus of the stria terminalis 

(BNST) and/or lateral hypothalamus (LH). Our results suggest oscillating interactions between 

systems underlying self-preservation and food-seeking to promote optimal behavior.
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eTOC

Motivated behaviors are often studied in a behavioral vacuum for experimental simplicity. 

However, in nature, systems compete in real time for expression of goal-directed behaviors via 

complex neural networks. Here, de Araujo Salgado et al. examine flexible behaviors used by 

animals tasked with foodseeking under predation threat and uncover a neural mechanism of how 

these systems interact to maximize survival.

Introduction

Brain networks are designed to rapidly assess internal state, external environment, and 

learned associations to decisively select the best option1–3. When animals entertain 

conflicting incentives and only mutually exclusive courses of action will meet those 

demands, they are forced to make a choice4. Two of the most biologically relevant aspects 

of prey species are the motivation to obtain food and evade predation. To accurately detect, 

localize, and identify impending threat, mice rely on a repertoire of defense behaviors 

crafted from incoming sensory information. Self-preservation is imperative as prey are often 

forced to leave the safety of their dwellings to seek the necessary calories to ensure survival. 

This commutation between a predator encounter and food procurement requires real-time 

estimations, computations, and actions orchestrated by the brain to optimize behavior. 

The predation risk allocation hypothesis predicts that animals trade-off foraging efforts 

and vigilance in relation to the temporal variation of predation exposure, such that they 

meet their energy requirements while simultaneously minimizing liability of being harmed 

or killed5. However, few studies have substantiated this theory and a neural mechanism 

underlying this trade-off remains elusive.

To analyze this particular cost-benefit relationship, we modified classical paradigms 

whereby mice were obligated to jeopardize their safety to acquire food in the presence of a 

rat predator6–10. Unlike typically employed escape-eliciting fear stimuli that rely on a single 

sensory modality such as a loud sound11, looming disc12, odor13, or mechanical predator6, 

we used a freely moving, hungry rat14–16 as an impediment to successful food acquisition. 

We found that this ethologically relevant compilation of perilous sensory cues acts in concert 

to rapidly induce physiological, behavioral, and neuronal alterations in mice.

Models of defensive responses to predation predict that rival motivations are constricted as 

a function of predatory imminence17,18. To determine the impact of threat on food-seeking, 

we used Feeding Experimentation Devices (FED3) that enable quantitative and qualitative 

information on the eatng patterns of mice based on precise timestamping of pre-weighed 

food pellet retrieval19. Our studies reveal rat introduction dynamically transforms food-

seeking and consumption in hungry mice contingent on the current level of threat posed by 

the predator. Owing to the tunability of these hardwired survival systems, removal of the 

conflict drastically shifts behavior toward a single outcome.

The hypothalamus comprises evolutionary conserved brain networks for preserving 

physiological homeostasis and regulating survival actions20,21. Agouti-related peptide 

(AgRP) neurons of the arcuate nucleus (ARC) are major contributors to energy 
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balance22–26 bidirectionally modulating feeding behavior through parallel, redundant 

signaling pathways27–30. AgRP activity is rapidly and durably suppressed by the anticipation 

and consumption of calories, respectively31–35. Although the contribution of AgRP cells 

to appetite regulation is undisputed, it is unknown how this population responds to and 

orchestrates actions under stress, such as foraging under duress of an imminent threat. 

We found that exposure to a rat predator in the absence of food inhibits AgRP neurons 

as a mechanism to mitigate food seeking during danger. Furthermore, AgRP activity 

via communication to the bed nucleus of the stria terminalis (BNST) and/or lateral 

hypothalamus (LH) was both required and permissive to food-seek under periods of 

predation.

The hypothalamic medial zone, encompassing the highly interconnected anterior 

hypothalamic nucleus (AH), dorsal medial part of the ventromedial nucleus (VMHdm), 

and dorsal premammillary nucleus (PMd), is critical for the expression of defensive 

behaviors14–16,36–39. Chemical lesions of the PMd severely limited the expression of 

escape and freezing in response to a predator36 while recent interventions of PMd neurons 

reinforced their role in coordinating escape and flight from myriad threats14–16,39–43. 

Congruently, we established high levels of neural activity in the PMd, enriched by the 

molecular marker cholecystokinin (Cck), in response to a rat predator interaction. Although 

not endogenously regulated by hunger state, PMdCck neural inhibition supplemented food 

intake during rat exposure while stimulation attenuated consumption in the absence of 

threat. We identified a mechanism for this appetite control as acute activation of predator-

sensitive PMdCck neurons suppressed AgRP activity reproducing the inhibition observed 

during predator presentation.

Results

A rat predator stimulus evokes physiological, behavioral and neuronal changes in mice

Sensory information pertaining to threat leads to a multitude of peripheral and central 

defensive reactions. Mammalian prey species need to quickly adapt to predator cues 

for survival. To investigate these responses, we presented mice with either a stuffed rat 

plushy as a control or a freely moving, hungry rat (Figure 1A). The rat predator stimulus 

resulted in both elevated fecal output (Figure 1B) and time spent immobile (Figure 1C), 

two behavioral responses displayed by mice under states of stress/fear, compared to the 

stuffed animal. Blood samples revealed predator-exposed mice had higher levels of the 

stress hormone corticosterone than age- and sex-matched controls presented with the stuffed 

animal (Figure 1D). A major source of the hypothalamic-pituitary-adrenal axis resulting 

in corticosterone release emanates from corticotropin-releasing hormone (CRH) neurons 

residing in the paraventricular nucleus of the hypothalamus (PVH). To evaluate whether 

these PVHCRH cells were responsive to impending danger, we recorded real-time population 

dynamics by targeting the genetically-encoded calcium indicator GCaMP to this region in a 

Cre-dependent fashion (Figure 1E). While experimenter intervention (opening the cage top) 

transiently increased PVHCRH population activity, this rise rapidly returned to baseline after 

the addition of a stuffed animal (Figure 1F). On the contrary, exposure to a rat predator led 

to a robust and durable increase in PVHCRH network dynamics (Figure 1F–G).
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Concordantly, higher levels of Fos expression, a proxy for neural activity, were observed 

in the PVH, as well as the paraventricular thalamus (PVT), central amygdala (CeA), lateral 

amygdala (LA) and dorsal premammillary nucleus (PMd) when mice were exposed to a rat 

predator compared to a stuffed animal (Figure S1). Increased Fos staining was also detected 

in the basal lateral amygdala (BLA), dorsal medial region of the ventromedial hypothalamic 

nucleus (dmVMH), dorsal and ventral regions of both the bed nucleus of the stria terminalis 

(dBNST and vBNST) and periaqueductal grey (dPAG and vPAG) and lateral parabrachial 

nucleus (lPBN) in mice exposed to the rat predator versus stuffed animal although these 

differences failed to reach significance (Figure S1).

To examine the putative physiological adaptations under autonomic control in response to 

threat, we measured mean arterial blood pressure, heart rate and core body temperature 

using telemetry probes in mice presented sequentially with a stuffed animal followed by 

a rat predator (Figure 1H–J). Importantly, a sufficient period was given between stimuli 

presentation to allow a return to baseline levels. Rat predator exposure significantly 

heightened mean arterial blood pressure (Figure1H), heart rate (Figure1I) and core body 

temperature compared to the stuffed animal trial (Figure1J). Importantly, these changes were 

independent of total activity (Figure1K). Collectively, these experiments establish that rat 

predator exposure elicits the physiological, behavioral, and neuronal changes expected from 

a strong stressor stimulus.

A rat predator stimulus reduces food seeking and consumption in hungry mice

To evaluate the intersection between self-preservation and caloric need, feeding behavior 

was assessed in overnight fasted mice under four discrete conditions: when the adjacent cage 

is 1) empty, or contains 2) a stuffed rat animal, 3) 2,3,5-trimethyl-3-thiazoline (TMT) or 4) 

a rat predator (Figure 2A). After a 20 min acclimation period whereby food is unavailable, 

mice were then provided with ad libitum access to individually delivered 20mg grain pellets 

from a Feeding Experimental Device during a 20 min trial phase in each condition (Figure 

S2A). This was followed by a 20 min post phase when the various stimuli were removed 

from the adjacent cage but food access remained (Figure S2A). While the amount of food 

intake was comparable between the empty cage and stuffed rat conditions, TMT exposure 

diminished caloric consumption, an effect that was exacerbated in the rat predator condition 

(Figure 2B–C). Time-locked feeding events (Figure 2B) revealed this suppression of food 

intake was at least in part due to increased latency to acquire the first pellet during the 

trial phase, with a number of subjects failing to procure a single pellet in the predator 

condition until the rat stimulus was removed (Figure 2D), suggesting high threat levels delay 

the initiation of feeding. Cumulative feeding curves (Figure 2E) and binned eating events 

(Figure 2F) demonstrated that distinct stimuli determined feeding rates. On average, mice 

ate at a faster rate during the early stages of the trial phase in the empty cage condition 

and this peak was progressively delayed in the stuffed rat, TMT and rat predator conditions 

(Figure 2E–F). Notably, maximum feeding events in the predator condition were observed 

after the rat was extracted in the post phase (Figure 2E–F).

Interpellet interval (IPI) or the time elapsed between each pellet retrieval and consummatory 

event can provide critical information about the microstructure of feeding. Smaller IPIs 
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imply fewer distractors to interrupt feeding bouts while longer IPIs may arise due to 

environmental contexts that serve to reprioritize behavior. In both the empty cage and stuffed 

rat conditions, we found that the majority of pellets procured and ingested occurred with an 

IPI of 30 seconds or less (66.2% and 55.6%, respectively; Figure 2G–H) while the minority 

was obtained with an IPI of 60 seconds or greater (19.9% and 28.5%, respectively; Figure 

2G–H). Moreover, even though mice in the TMT condition exhibited an overall decrease 

in cumulative food intake highlighted by an increased latency to procure the first pellet 

and slower rate of consumption (Figure 2B–F), they manifested a comparable IPI as the 

empty cage and stuffed rat conditions with 68.8% of pellets consumed with an IPI of 30 

seconds or less and 21.5% with an IPI of 60 seconds or more (Figure 2I). In contrast, only 

a fraction of pellets were procured and ingested with an IPI of 30 seconds or less (15.4%) 

in the rat predator condition where the majority of pellets were retrieved with an IPI of 

60 seconds or greater (61.5%; Figure 2J). Video tracking supported these IPI analyses as 

mice in the empty cage, stuffed rat and TMT conditions spent significantly more time in the 

quadrant housing the FED than the rat predator condition (Figure S2B). Further reinforcing 

the context-dependent foraging strategies, we found that meal number (Figure S2C) and the 

number of pellets per meal (Figure S2D) were attenuated in the rat predator condition.

Food seeking and consumption strategy in hungry mice rapidly transforms after threat 
removal

We observed that mice exposed to a rat predator displayed a higher amount of food 

intake during the post phase after the stimulus was removed (Figure S2E). The number 

of pellets consumed during the trial and post phases was significantly correlated across 

conditions (Figure S2F) resulting in comparable total (trial + post) food intake between each 

context (Figure S2G). To measure the dynamic switch in food seeking and consumption, we 

compared feeding behaviors of mice exposed to a rat predator (trial phase) and after it was 

removed (post phase). Total intake was significantly increased following the extraction of 

the rat predator (Figure S2H). Cumulative feeding curves and binned eating events showed 

that mice ate at a higher rate in the absence of the rat during the post phase compared 

to the trial phase when the rat was present (Figure S2I–J). Similarly, the IPI underwent a 

substantial shift between the trial phase and post phase in both pellets obtained with an IPI 

of 30 seconds or less (15.4% vs 70.1%, respectively) and an IPI of 60 seconds or greater 

(61.5% vs 24.4%; Figure S2K). Accordingly, meal number (Figure S2L) and number of 

pellets per meal (Figure S2M) were elevated in the post compared to trial phase.

Hungry mice fail to habituate or adapt to a rat predator stimulus

Next, we sought to determine if hungry mice were able to adapt/habituate to the various 

stimuli with repetition either through a dampening of stimuli intensity or novelty. Each 

animal was exposed to the different conditions across four separate trials and feeding 

behavior was measured as a proxy for adaptation and/or habituation. While no changes in 

total caloric consumption or patterns of food intake were seen in the empty cage or stuffed 

rat condition, we observed a rise in food intake in mice exposed to TMT across trials (Figure 

S3A–B), a result of a reduced latency to initiate feeding (Figure S3C) and faster rate of 

consumption (Figure S3D–E). Notably, despite 4 separate exposures to the rat predator, 
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food intake remained heavily suppressed across trials accentuating the profound effect of a 

natural fear stimulus (Figure S3A–E).

Diminishing conflict alters feeding behavior

To further gauge choice behavior, experiments were conducted whereby one of these 

conflicts was minimized by changing the internal state of the animal or moving the location 

of the FED (Figure 3A). Hungry mice tasked with procuring food from the FED positioned 

in the threat zone (TZ) adjacent to the rat chamber exhibited comparable levels of food 

consumption observed in experiments above, with a handful of animals never acquiring a 

single pellet (Figure 3B, Figure S4A; Fasted-TZ). The number of pellets consumed was 

further reduced when sated mice were tested with the FED in the TZ (Figure 3B, Figure 

S4A; Sated-TZ). However, food intake was escalated in hungry mice when the FED was 

repositioned behind the hide wall in the safe zone (SZ) on the opposite side of the rat 

chamber (Figure 3B, Figure S4A; Fasted-SZ). Reducing either caloric need or pending threat 

drastically shaped feeding patterns. Fasted-SZ mice displayed a higher rate of consumption 

and shorter latency to procure the first pellet than both Fasted-TZ and Sated-TZ conditions 

(Figure 3C–E). The majority of pellets were consumed with an IPI of 60 seconds or greater 

(56.1%) and only a fraction was procured with an IPI of 30 seconds or less (19.5%) in the 

Fasted-TZ condition (Figure 3F). This was reversed in the Fasted-SZ condition where the 

bulk of pellets were retrieved with an IPI of 30 seconds (67.3%) versus the minority with an 

IPI of 60 seconds or more (29.2%) (Figure 3F). Consequently, meal number (Figure S4B) 

and number of pellets per meal (Figure S4C) were enhanced in the Fasted-SZ versus the 

Fasted-TZ and Sated-TZ conditions. Thus, the location of the food source as well as the 

internal state of the animal determines not only the quantitative, but the qualitative, value of 

food consumed.

The spatial position of the rat predator strongly influences feeding responses in mice

Matching the feeding patterns, mice in the Fasted-TZ condition spent a higher amount of 

time in the TZ abutting the rat chamber and lower amount of time in the SZ behind the hide 

wall than the Fasted-SZ and Sated-TZ conditions (Figure 3G–H, Figure S4D). This tracking 

data suggests the interaction between FED position and rat predator is critical in governing 

food-seeking behavior. To understand this interplay on a more nuanced level, the rat’s spatial 

position in the adjacent chamber was scored during each pellet retrieval. We found that 

only 14% of all pellets (7 of 53) consumed by Fasted-TZ mice were done so when the 

snout of the rat was inside the nearest quadrant to the FED, despite the rat spending nearly 

half (43%) of the entire trial time in this quadrant (Figure 3I). To further investigate this 

relationship, hungry mice were tasked with food-seeking under no threat (empty cage) or 

when the rat was positioned at the farthest versus nearest point to the FED (Figure 3J). 

Animals in the empty cage and “rat far away” conditions exhibited comparable total food 

intake, latency to initiate feeding, and time spent in the TZ and SZ (Figure 3K–M, Figure 

S4E). However, the number of pellets consumed and time spent in the TZ were reduced, 

while the latency to consume the first pellet and time spent in the SZ were elevated in the 

“rat near” condition (Figure 3K–M, Figure S4E). This suggests mice rapidly compute risk 

versus reward, maximizing food seeking behavior when threat levels are lowest.
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Rat predator visual cues are not required to suppress feeding in mice

Since both repositioning the FED to the safe zone behind the hide wall or constraining the 

rat to a distant location from the FED alleviated food intake suppression, we reasoned that 

vision was a critical sensory modality encoding this choice behavior. To directly examine 

this, a cohort of mice were tested in complete darkness with the FED in the threat zone. This 

may be more ethologically relevant as both mice and rats are nocturnal and often rely on 

olfactory and auditory cues to pinpoint food sources and avoid danger. Despite eliminating 

sight, the presence of the rat predator was still sufficient to curtail food consumption (Figure 

S4F), implying that alternative sensory pathways are sufficient to signal threat and attenuate 

feeding behavior.

AgRP activity is rapidly blunted during rat predator exposure

Our experiments demonstrate that the presence of a rat predator suppresses feeding behavior. 

Given the role of AgRP neurons in mediating foraging and food intake we posited that 

exposure to threat could inhibit these cells. To investigate this possibility, fasted mice 

expressing GFP specifically in AgRP/NPY labeled neurons44,45 were co-stained for Fos 

protein. Hungry animals exposed to a rat predator exhibited significantly lower levels of 

co-labeled AgRP/Fos cells than those exposed to a stuffed rat, a condition that failed to alter 

food intake (Figure 4A–C). This suggests that AgRP inhibition may serve as a potential 

mechanism for the diminished feeding behavior observed in the presence of a rat predator. 

To test this in vivo, we recorded real-time population dynamics of AgRP neurons in fasted 

mice via targeted GCaMP expression to the ARC (Figure 4D–E). While the addition of a 

stuffed rat, in the absence of food, had no effect on activity, the presence of a rat predator 

reduced AgRP network responses (Figure 4E–H). Interestingly, while food availability 

completely suppressed AgRP activity when the stuffed rat remained in the cage, it failed 

to do so with the rat predator still present (Figure 4F–G,I). This partial reduction of AgRP 

activity to food observed in the rat predator condition was likely due to fewer feeding events 

compared to the stuffed rat condition (Figure 2A–C). Reinforcing this notion, removal of 

the rat predator further inhibited AgRP dynamics as feeding events increased (Figure 4F–G, 

2B,E–F). In a parallel set of recordings, we found that similar to food presentation33 the 

predator-evoked suppression of AgRP neurons was reversible after the threat was extracted 

from the cage (Figure S5A–D). Additionally, we demonstrated that the rat stimulus failed 

to further reduce AgRP population dynamics after fasted mice were presented with food, 

due to the near complete, sustained silencing of these cells by caloric replenishment (Figure 

S5E–F). These experiments demonstrate that a rat predator threat has the capacity to lower 

AgRP activity in hungry animals, possibly serving to thwart feeding behavior under perilous 

circumstances.

PMdCck neurons respond to a rat predator and gate feeding behavior through AgRP 
inhibition

We next sought to identify brain regions activated by a rat predator via Targeted 

Recombination in Active Populations (TRAP)46 that could potentially influence AgRP-

evoked food intake, with a focus on the hypothalamic defensive network36–38. While we 

detected little to no Fos-induced tdTomato signal in the PMd in control animals, we 
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observed a striking increase in fluorescence in this region after rat presentation (Figure 

S6A).16,36 Within the PMd is a large subset of excitatory neurons marked by the expression 

of cholecystokinin (Cck) that have recently been shown to respond to acute threat39. 

Conditional or viral directed expression of tdTomato/mCherry to PMdCck neurons (Figure 

5A) revealed a high level of Cck+/Fos+ overlap specific to rat predator exposure (Figure 

5B, S6B). We observed robust and sustained activation of PMdCck population activity during 

the introduction of a rat predator that has previously been linked to escape behavior (Figure 

S6C–E)16. Aligned with the notion that these cells encode danger, we found that PMdCck 

network dynamics were rapidly inhibited upon the first bite of food, when perceived threat/

escape is low.

Unlike AgRP neurons, PMdCck activity was independent of hunger state as Fos levels were 

comparable between fed and fasted conditions (Figure S6F) and PMdCck calcium activity 

was not durably suppressed to food presentation compared to a non-food object (Figure 

S6C,G–H). Concordantly, acute silencing of PMdCck neurons, via bilateral transduction 

of the inhibitory DREADD actuator hM4Di (Figure 5C), failed to alter homecage food 

intake (Figure S6I). To determine if this was perturbation was context-specific, feeding 

was assessed in fasted mice in the presence of a rat predator. Suppression of PMdCck 

activity (via Clozapine-N-oxide, CNO) increased both food intake (Figure 5D) and time 

spent in the threat quadrant, housing the FED, nearest the rat predator, (Figure 5E) compared 

to the same animals without cell inhibition (saline). Importantly, control mice without 

DREADD expression exhibited no changes in feeding behavior following saline versus 

CNO injections (Figure S6J). These manipulations demonstrate a key role for PMdCck 

neurons in orchestrating the response to threat and gating feeding behavior.

To examine the sufficiency of these cells to diminish feeding, channelrhodopsin-2 (ChR2) 

was targeted to PMdCck neurons and behavior was assessed in a closed-loop optogenetic 

arena, whereby fasted mice received stimulation when they left the safe zone to forage 

for food (Figure 5F). PMdCck photoactivation reduced food intake and time spent in the 

FED zone and increased the latency to retrieve the first pellet and time spent in the safe 

zone compared to the same mice without light stimulation (Figure 5G–H, S6K–L). The 

majority of pellets procured and ingested in the no stimulation condition occurred with an 

IPI of 30 seconds or less (70.2%) with only a small fraction of pellets retrieved with an 

IPI of 60 seconds or greater (20.2%) (Figure 5I). However, PMdCck stimulation perturbed 

this pattern with mice consuming a higher number of pellets with an IPI of 60 seconds or 

greater (51.9%) than an IPI of 30 seconds or less (46.3%) (Figure 5I). Critically, control 

mice harboring no ChR2 expression displayed no changes in food intake or time spent in 

the stimulation zone in this paradigm (Figure S6M–N). This implies that PMdCck activation 

is capable of suppressing food-seeking and intake in hungry mice by mimicking the normal 

activity evoked by predator threat.

Since rat exposure acutely inhibited AgRP activity, we hypothesized PMdCck 

communication to AgRP neurons was a mechanism behind this hypophagic response. 

PMdCck neurons are excitatory16,47, so we predicted this signaling would be indirect. 

Supporting this notion, anterograde mapping of PMdCck projections revealed no terminals 

to the ARC (Figure S7A) and ChR2-assisted circuit mapping failed to detect PMdCck light-
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evoked post-synaptic currents48 in AgRP neurons (Figure S7B). To assess a polysynaptic 

connection in vivo, we simultaneously transduced PMdCck and AgRP/NPY cells with 

stimulatory hM3Dq DREADD and GCaMP, respectively (Figure 6A). Due to the close 

proximity of the ARC and PMd (Figure S7C), we used a combination of Cre and FlpO 

reagents to eliminate viral cross contamination. Rat presentation inhibited AgRP/NPY 

activity in these Npy-ires2-FlpO animals, which was further reduced with food exposure, 

comparable to our prior observations using AgRP-ires-Cre mice (Figure S7D; Figure 4F–

H). While control saline injections had no effect on AgRP/NPY responses, CNO-initiated 

PMdCck activation robustly and durably suppressed AgRP/NPY population dynamics 

(Figure 6B–D). Supporting the view that PMdCck stimulation specifically simulates threat 

exposure, rat predator presentation following CNO administration failed to further suppress 

AgRP/NPY activity, until food introduction (Figure 6E–F).

Redundancy among neural circuits underlying survival behaviors ensure appropriate 

outcomes are safeguarded if one specific pathway goes awry28,49. Predator exposure induced 

neural activity in several brain regions including the PMd (Figure S1). While silencing 

PMdCck activity increased food consumption under threat (Figure 5E), the effect was partial, 

implying the involvement of parallel networks acting to limit food-seeking under duress. To 

directly establish the necessity of PMdCck signaling for the threat-induced suppression of 

AgRP/NPY activity, we concurrently targeted PMdCck and AgRP/NPY cells with inhibitory 

hM4Di DREADD and GCaMP, respectively (Figure 6G). Unlike activation experiments, 

acute silencing of PMdCck neurons had no effect on AgRP/NPY population dynamics 

(Figure 6H, Figure S7E). Moreover, PMdCck inhibition failed to alter the rat predator-evoked 

suppression of AgRP/NPY activity (Figure 6H–I), suggesting alternative pathways are 

in place to prioritize self-preservation over food-seeking. Notably, CNO injections had 

no effect on AgRP/NPY population dynamics in non-DREADD-expressing control mice 

(Figure S7F–G). This finding uncovers a critical transmission between predator-responding 

PMdCck neurons and hunger-signaling AgRP neurons that act to impede feeding under 

hazardous conditions.

Feeding behavior under threat is scalable by internal state and mediated by AgRP neurons

Despite the need for safety, foraging is required for survival with longer periods of food 

deprivation driving a stronger motivation to pursue caloric replenishment. We found that a 

48 hour fast significantly exacerbated food intake in both the empty cage and rat predator 

conditions compared to both sated and mice fasted overnight (Figure 7A–B). Notably, the 

rat stimulus suppressed feeding across all fasted states (Figure 7B). These experiments 

demonstrate an oscillating relationship between self-preservation and food seeking that is 

flexible and influenced by internal milieu. We next investigated the contribution of AgRP 

neurons in modulating feeding behavior in an ethologically-relevant context where a real-

time cost-benefit decision must be made.

Chemogenetic inhibition of AgRP neurons decreased food intake in hungry mice in the 

empty cage condition as previously described (Figure 7C–D).29 While rat predator exposure 

curtailed feeding in the control saline condition (Figure 7D), the residual food consumption 

that remained was further blunted with AgRP silencing (Figure 7D). Control mice without 
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DREADD expression exhibited comparable food intake in the saline versus CNO conditions 

but demonstrated reduced consumption in the rat predator versus empty cage context (Figure 

S8A). Although imperative for food odor attraction50, NPY release from AgRP neurons is 

an unlikely contributor to food procurement/consumption during predator exposure, as NPY 

knockout animals displayed comparable levels of food intake as controls (Figure S8B). This 

suggests that AgRP neural activity is required, independent of NPY release, for the limited 

food eaten under threat.

Acute activation of AgRP neurons has been shown to promote food intake in calorically 

replete mice27–29,51. To test this under the duress of predation, we selectively targeted 

ChR2 to AgRP cells (Figure 7E). The same animals were tested in four discrete states 1) 

sated, 2) fasted overnight, 3) sated with concurrent AgRP photostimulation (satedAgRP CS) 

and 4) sated with pre- AgRP photostimulation (satedAgRP PS) in both the empty cage and 

rat predator conditions. In the empty cage condition, fasted mice ate significantly more 

than they did in the sated state, which was recapitulated in both the satedAgRP CS and 

satedAgRP PS states (Figure 7F; Figure S8C). This was due to a shorter latency to commence 

feeding (Figure 7G) and higher rate of intake (Figure 7H). IPI analysis revealed that the 

majority of all pellets consumed in the empty cage condition were done so with an IPI of 

<30 seconds (fasted 71.2%; satedAgRP CS 79.8%; satedAgRP PS 69.0%) with only a subset 

eaten with an IPI of >60 seconds (fasted 19.2%; satedAgRP CS 18.0%; satedAgRP PS 22.7%) 

(Figure 8I–L). Concordantly, these groups displayed elevated time spent in the FED Zone 

(Figure S8D). Rat exposure significantly suppressed food intake irrespective of state (Figure 

7F) as animals moved toward higher occupancy of the Safe Zone (Figure S8E). However, 

mice in the fasted state still exhibited higher food intake (Figure 7F), shorter latency to 

procure the first pellet (Figure 7G) and a greater rate of feeding (Figure 7H) compared to 

the sated state in the presence of a rat predator, an effect that was mimicked via AgRP 

photoactivation. Rat exposure shifted the microstructure of feeding unidirectionally in all 

groups of mice as IPI’s of <30 seconds and >60 seconds were decreased and increased, 

respectively, compared to the empty cage condition (Figure 7I–L). Animals in the fasted 

(Figure 7J) and satedAgRP PS (Figure 7L) states consumed a higher percentage of their 

pellets with an IPI of >60 seconds than <30 seconds. However, mice in the satedAgRP CS 

state continued to eat a larger proportion of their pellets with an IPI of <30 seconds (Figure 

7K) likely due to the non-physiological nature of continuous AgRP stimulation in the 

presence of food31,33,34.

To investigate the downstream targets of AgRP neurons that enable feeding behavior under 

threat, we again targeted ChR2 to AgRP cells and implanted optical fibers over terminal 

regions that spur eating (Figure 7M; Figure S8F). Photoactivation of AgRP axonal fields to 

the BNST, LH, PVH and PVT escalated food intake in the empty cage condition compared 

to no photostimulation (Figure 7N). However, only AgRP terminal activation in the BNST 

and LH was sufficient to drive feeding to a higher degree than the no stimulation control 

during rat exposure (Figure 7N) suggesting specificity for these pathways at the intersection 

of food-seeking and threat avoidance. All groups of photostimulated mice, independent of 

axonal field, exhibited diminished food intake in the presence of a rat compared to the 

empty cage condition (Figure 7N). Importantly, blue light did not affect feeding behavior 

in non-harboring ChR2 transgenic AgRPires-Cre mice in both empty cage and predator 
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contexts (Figure S8G). Collectively, these studies demonstrate feeding behavior under threat 

is scalable by internal state and mediated by AgRP neural signaling downstream to the 

BNST and LH.

Discussion

Behavioral underpinnings of a risk-reward relationship

By designing an assay to study motivational conflict, we explored the behavioral 

relationship between two discrete need states: self-preservation in the face of an 

imminent threat and food procurement under caloric deficiency. This interaction embodies 

ethologically-relevant choice behavior made by prey species during natural food-seeking. 

While different threat stimuli often lead to variable responses52, we report that rat predator 

exposure rapidly and robustly induced physiological, behavioral, and neuronal changes 

in mice signifying elevated levels of fear, anxiety-like behavior and stress. This predator 

context manifested attenuated quantitative and qualitative feeding behavior in hungry mice 

that failed to habituate or acclimate over repeated exposures.

Animals live in complex environments where predation risk and food availability/necessity 

change over time and consequently need to adapt their behavior to maximize fitness. 

Supporting the theoretical predation risk allocation hypothesis5, we demonstrated that 

animals vacillate allocation efforts based on the intensity and probability of a predatory 

attack and current degrees of energy stores. While food-seeking and consumption remained 

sparse in the presence of a predator, strategies rapidly transformed when threat levels 

were reduced. Mice were more likely to retrieve pellets when the distance between the 

food source and predator grew larger and this reached baseline feeding levels after the 

rat was removed from the chamber entirely, demonstrating real-time decision-making that 

maximizes benefit when cost is low. Further lending support to this central tenet, we found 

that diminishing one arm of the conflict tips the scales toward the most beneficial outcome. 

While hungry mice tasked with procuring food from the threat zone were constantly 

switching between foraging and security, the same hungry animals exclusively occupied 

the safety zone when the food source was located there. Moreover, sated mice exhibited 

minimal food-seeking to the threat zone, opting to spend nearly all their time in the safety 

zone. These studies implicate that mice quickly estimate risk versus reward, amplifying and 

tempering food-seeking behavior based on receding and rising threat levels, respectively.

Predator exposure mimicked by PMdCck activation suppresses feeding and AgRP 
population dynamics

Paradigm-shifting studies uncovered that the sensory detection and/or anticipation of food 

rapidly inhibits AgRP neural activity, and the durability of this suppression is contingent 

on caloric consumption31–35,53. These experiments concluded that AgRP dynamics were 

specifically tuned toward future feeding events. We speculated that competing motivational 

drives, such as self-preservation under predator duress, could attenuate food intake by 

dampening AgRP activity. Indeed, we found that rat exposure promptly and persistently 

inhibited AgRP activity irrespective of food cues. This suggests that AgRP neurons act 

as a site of convergence integrating external cues such as the presence of a predator and 
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internal state to prioritize realtime needs and behavioral output. Sensory cues both directly 

and indirectly tied with food including those triggered by the presence of a predator can 

inform the animal about the status of a future feeding bout. Thus, it is plausible that an 

impending threat dampens AgRP activity to prioritize safety over food-seeking. This would 

suggest that contexts of intense stress and/or danger associated with hypophagia are at least 

in part a direct consequence of AgRP suppression. While individual AgRP neurons exhibit 

homogenous calcium response properties to food presentation31, it is unknown whether a 

similar inhibitory profile would be observed during a predator encounter. Future studies 

employing microendoscopic imaging will help establish whether all or a subset of AgRP 

neurons respond to a predator threat as well as their putative overlap in dynamics with the 

same cells that respond to food.

Predator-induced Fos-Trapping navigated us to the PMd, part of the hypothalamic defense 

area14–16,36–39, where a large proportion of responsive cells were marked by Cck. Despite 

not being endogenously coordinated by energy balance, acute PMdCck silencing gated 

feeding behavior in a context-specific manner, escalating food intake during rat exposure. 

This result likely occurs due to a decrease in escape behaviors39. Notably, these mice 

still displayed low levels of food intake in the presence of a predator suggesting parallel, 

redundant networks function to broadcast potential threat. Supporting this view, we found 

AgRP neurons are still suppressed in response to a rat predator during PMdCck neuronal 

inhibition. In contrast, PMdCck neural activation blunted feeding in hungry mice in the 

absence of danger, presumably through the encoding of a visceral threat. Like predator 

presentation, artificial PMdCck stimulation rapidly and durably inhibited AgRP population 

activity, via polysynaptic transmission. The two main outputs of the PMd are the PAG 

and anteromedial ventral thalamic nucleus (amv), which may in turn relay information to 

the ARC54. The nature of this communication could be direct, as monosynaptic rabies 

tracing implicates AgRP neurons receive efferents from the PAG or indirect via thalamic 

or midbrain signaling to the hypothalamus55,56. One potential route may be through 

upstream leptin receptor-expressing (Lepr) neurons of the dorsal medial hypothalamus 

(DMH) that respond to sensory cues and guide learning via dense inhibitory inputs to AgRP 

neurons57,58. Further studies are required to tease apart the nodes of communication linking 

these two subsets of cells.

Food-seeking under threat is governed by ARCAgRP communication to the BNST and LH

Despite the dangers of food-seeking, prey species are often forced to procure the calories 

required for growth and propagation. This drive to forage scales with length of caloric 

deprivation59. While predator exposure suppressed AgRP activity, the magnitude of this 

inhibition was only partial compared to food presentation. Thus, this remaining AgRP 

activity may be involved in the residual feeding behavior observed under predator threat. 

Reinforcing this notion, AgRP silencing further reduced, while activation promoted, food 

intake in hungry and sated mice, respectively, during rat exposure. Interestingly, while 

both concurrent and pre-AgRP stimulation in sated mice drive quantitative food intake 

comparable to the fasted condition, only pre-AgRP photoactivation accurately reflects the 

qualitative feeding patterns seen in the fasted state. This is likely a consequence of the 

endogenous ARCAgRP activity during food presentation31,33,34. Priming AgRP activity 
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in calorically replete animals communicates hunger but this artificial photostimulation is 

inhibited by food. The ensuing feeding following pre-AgRP activation is dependent on 

NPY51. Concurrent AgRP stimulation artificially locks animals into a state that fails to 

mimic physiological AgRP response properties to food60,61.

Previous reports pinpointed a series of parallel, AgRP forebrain feeding circuits to the 

BNST, PVH, LH, PVT, MeA and medial preoptic area (MPOA)28,30,62–64. While each of 

these projections support food intake in an acclimated homecage where choice is limited, we 

hypothesized that discrete AgRP signaling networks were dedicated toward orchestrating 

feeding behavior during specific contexts. For instance, only selective stimulation of 

AgRP→PBN or AgRP→PVT axons blocks the behavioral response to inflammatory pain 

or promotes food odor attraction, respectively50,65. We demonstrated specific inhibitory 

AgRP projections to the BNST and/or LH were permissive to stimulate feeding behavior 

in the presence of a rat predator, while other orexigenic pathways were not. This suggests 

that hunger, encoded at the level of AgRP neurons, acts to dampen signals arising from 

a predator exposure in the BNST and/or LH ultimately enabling foraging and food 

consummation. While a number of studies have described cells in these regions that respond 

to threat or promote feeding66–73, future experiments will be needed to address the specific 

molecular/behavioral identity and function of these downstream circuits, including whether 

perturbation of AgRP neurons influences PMdCck activity responses to predation risk.

Survival-based circuits are often studied in isolation giving a sense that activity drives 

behavior in direct and deceptively simple ways. In reality, multiple, redundant networks 

communicate across regions, constantly changing constraints and shaping attractor 

landscapes through a massive set of interlocking dynamical systems with a common purpose 

of optimizing behavior. Here, we employed a competition assay to explore the reciprocal 

influence and central mechanisms through which hunger and self-preservation impact one 

another to promote appropriate behavior on a moment-to-moment basis.

STAR METHODS

RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources should be directed to and 

will be fulfilled by the lead contact, Michael Krashes (michael.krashes@nih.gov).

Materials availability—This study did not generate new unique reagents.

Data and code availability—All data reported in this paper will be shared by the lead 

contact upon request.

All original code has been deposited at https://github.com/earnestt1234/FED3_Viz

Experimental Model and Study Participant Details

Mice: All animal care and experimental procedures were approved by the National 

Institute of Health Animal Care and Use Committee. Mice were kept under controlled 

conditions (22–24°C, with a light/dark cycle of 12 hours, starting at 6am). Standard chow 
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(Teklad F6 Rodent Diet 8664; 4.05 kcal g−1, 3.3 kcal g−1 metabolizable energy, 12.5% 

kcal from fat; Harlan Teklad) and water were available ad libitum, unless otherwise 

stated. For all behavioral studies male and female mice between 5–18 weeks were 

singly-housed until the start of the experiments. We used the following mouse lines: 

C57BL/6 (C57BL/6JRj; 000664; Jackson Laboratory; Bar Harbor, ME, USA), Agrp-ires-
Cre mice (Agrptm1(cre)Lowl/J; 012899; Jackson Laboratory; Bar Harbor, ME, USA), NPY-
hrGFP (B6.FVB-Tg(Npy-hrGFP)1Lowl/J; 006417; Jackson Laboratory; Bar Harbor, ME, 

USA), Cck-ires-cre (Ccktm1.1(cre)Zjh/J; 012706; Jackson Laboratory; Bar Harbor, ME, 

USA), Npy-ires2-FlpO (Npytm1.1(flpo)Hze/J; 030211; Jackson Laboratory; Bar Harbor, ME, 

USA), Fos2AiCreER (Fostm2.1(icre/ERT2)Luo/J; 030323; Jackson Laboratory; Bar Harbor, ME, 

USA) and Crh-ires-Cre (Krashes et al., 2014. Gift from Dr. Bradford Lowell), NPY KO 
(129S-Npytm1Rpa/J; 004545; Jackson Laboratory; Bar Harbor, ME, USA), Ai14 (B6;129S6-

Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J; 007908; Jackson Laboratory; Bar Harbor, ME, 

USA).

Rats: All animal care and experimental procedures were approved by the National Institute 

of Health Animal Care and Use Committee. Mice were kept under controlled conditions 

(22–24°C, with a light/dark cycle of 12 hours, starting at 6am). Standard chow (Teklad F6 

Rodent Diet 8664; 4.05 kcal g−1, 3.3 kcal g−1 metabolizable energy, 12.5% kcal from fat; 

Harlan Teklad) and water were available ad libitum, unless otherwise stated. Male Long 

Evans Rats (006; Charles River) were singly-housed and never handled to maintain their 

aggressive behaviors towards the mice.

Method Details

Conflict behavioral assay: The two-chambered apparatus measured 61×31×40cm with a 

perforated partition separating the the cage into two chambers (25×31×40 for the mice 

chamber; 36×31×40 for the stimulus side). The perforated wall does not restrict contact but 

prevents attack/physical harm. An automated pellet-dispenser, or Feeding Experimentation 

Device (FED3)19,74, abutting the perforated wall, dispensed individual 20 mg grain pellets 

(TestDiet). On the opposite corner of the feeding device, a vertical opaque wall was placed 

to create a safe zone for the mice to hide behind. Mice were acclimated to experimental 

cages and the automated feeding device for 24 hours prior to experiments. Animals that 

didn’t consume pellets from the pellet-dispenser were not used before the start of the 

experiment. Ad libitum water is always provided. Cumulative pellets consumed, pellets 

consumed per 200 seconds, inter-pellet interval and meal analysis were calculated using 

FEDviz software19( https://github.com/earnestt1234/FED3_Viz). Meals were defined as a 

minimum of 3 pellets eaten within 1 min of each other. Pellets taken from the FED 

were automatically registered in the software and were verified via video to ensure pellet 

consumption. All trials were recorded on video using EthoVision XT 16.

Mice were fasted overnight (~16 hours) to increase their motivation to seek and eat food and 

tested during the day. All experiments were performed in a randomized, crossover design. 

All experiments were performed under low light conditions except for the experiment 

conducted in total darkness. Animals were moved to the specialized cage for a 20 minute 

Acclimation Phase with the FED off. Mice were then exposed to four possible stimuli 1) 
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empty cage, 2) stuffed rat, 3) a filter paper infused with 10 μl of 2,3,5-trimethyl-3-thiazoline 

(TMT), or 4) a rat predator during a 20 minute Trial phase with the FED on. This was 

followed by a 20 min Post phase when the various stimuli were removed from the adjacent 

cage with the FED on (Figure S2A). In the repeated exposure experiments, each animal 

went through this procedure to the various stimuli across four separate trials. In the conflict 

elimination experiments, mice were also tested in the sated condition and in a context 

where the FED was repositioned from the Threat Zone abutting the perforated wall to the 

Safety Zone behind the hide wall. The rats’ spatial position (snout) in the adjacent cage 

was scored each time a mouse retrieved a food pellet. In the near/far experiments, the 

rat was repositioned to 12×14×40 area either nearest or farthest away from the FED. All 

chemogenetic experimental mice were handled and injected with saline ip daily for at least 

7 days prior to the experiment to minimize stress of injection. Injections of saline or CNO 

(3mg/kg) were administered 60 minutes prior to the start of the experiment. All optogenetic 

and photometry mice were handled and hooked up to a patchcord daily for at least 7 days 

prior to the experiment to minimize stress.

Stereotaxic surgery and viral injections: Stereotaxic injections were performed as 

previously described75. Six weeks old mice were anaesthetized with 5% isoflurane and 

placed in a stereotaxic apparatus (Stoelting Just for Mice) where anesthesia was maintained 

with 2% isoflurane. A craniotomy was performed, and viral vectors were injected using 

a glass pipette with a tip diameter of 20–40 μm attached to air pressure system. 

A micromanipulator (Grass Technologies, Model S48 Stimulator) was used to control 

injection speed at 25 nl min−1 and the pipette was withdrawn 5 min after injection. 

After surgery, mice were injected subcutaneously intraperitoneally with meloxicam (0.5 

mg per kg), rehydrated with saline (0.9% NaCl) ip and monitored until recovery. The 

following coordinates relative to bregma were used for ARC (AP + 1.5, ML ± 0.25, 

DV −5.70, PMd (AP −2.46, ML ± 0.5, DV −5.35) and PVH (AP −0.72, ML ± 0.22, 

DV −4.70). For chemogenetic experiments, mice were injected bilaterally with AAV9-

hSyn-DIO-hM3dq-mcherry (1.1×1013 vg/ml) or AAV9-hsyn-DIO-hM4dimcherry (1.1×1012 

vg/ml) in PMd (50nl). Unilateral injections of AAV9-CAG-Flex-ChR2-tdTomato (1.1×1013 

vg/ml) or pAAV-CAG-DIO-ChR2(H134R)-eYFP (1.1×1013 vg/ml) in the ARC (200nl) 

or PMd (50nl) were used for optogenetic studies. For fiber photometry experiments, 

AAV1-CAG-FLEX-GCaMP6s-WPRE-SV40 (1.1×1013 vg/ml), AAV1-CAG-FLEX-X-jG-

GCaMP7s-WPRE (7×1012 vg/ml) or AAV8-EF1a-fDIO-GCaMP6s (1.1×1013 vg/ml) was 

unilaterally injected into the ARC (300nl) PVH (50 nL) or the PMd (50nl).

Optic Fiber Implantation: For optical experiments, fibers (200 μm diameter core; BFH37–

200 Multimode; NA 0.37; Thor Labs) were implanted unilaterally over the ARC (bregma: 

AP: −1.50 mm, ML: −/+ 0.25 mm, DV: −5.55 mm), the PMd (bregma: AP: −2.46 mm, 

ML: −/+ 0.5 mm, DV: −5.20 mm), the aBNST (bregma: AP: +0.4 mm, ML: −/+ 0.5 mm, 

DV: −4.12 mm), the LH (bregma: AP: −1.32 mm, ML: −/+ 1.00 mm, DV: −4.30 mm), the 

PVH (bregma: AP: −0.72 mm, ML: −/+ 0.25 mm, DV: −4.35 mm) and PVT (bregma: AP: 

−1.1 mm, ML: −/+ 0.00 mm, DV: −2.60 mm). Fibers were fixed to the skull using C&B 

Metabond Quick Cement and dental acrylic and mice were allowed 2 weeks for recovery.
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Photostimulation protocol: Fiber optic cables (1 m long, 200 mm diameter; Doric Lenses) 

coupled to a laser via a fiber-optic rotary joint (Doric Lenses), were attached to the fiber 

optic cannulae with zirconia sleeves (Doric Lenses). For photostimulation AgRP-positive 

neurons in the ARC and their terminal fields, light pulse trains (20HZ; 2 sec on, 2 

sec off; 473nm from Laserglow laser technologies) were programmed using a waveform 

generator (PCGU100; Valleman Instruments) for continuous photostimulation during all 

trials. The light power exiting the fiber optic cable was 10–12 mW. For photostimulation 

of Cck-positive neurons in the PMd, pulse trains (20HZ; 2 sec on, 2 sec off; 473nm 

from Laserglow laser technologies) were custom programmed with Arduino electronics 

and continued for as long as the mouse remained on the side of the chamber paired with 

photostimulation. All optogenetic mice were tethered to the patchcord and acclimated during 

the Acclimation Phase where no blue light stimulation except for the case of priming AgRP 

neurons. For PMdCck photostimulation a closed loop system was used where pulse trains 

continued for as long as the mouse remained in the three quadrants of the chamber paired 

with photostimulation. Only the safe zone quadrant behind the hide wall was unpaired with 

photoactivation.

Screening protocol for AgRP photostimulation-evoked feeding: Screening for all Agrp-
IRES-Cre mice with optical fibers implanted over the ARC or over AgRP terminals (aBNST, 

PVH, LH and PVT) was conducted in the homecage at the beginning of the light cycle 

when food intake is normally low. Sated animals were tethered to the fiber and acclimated 

for 20 minutes without food. After the acclimatization period, mice were given ad-libitum 
access to standard chow for a 40-minute with photostimulation (as described). Only mice 

that consumed >0.30g of standard chow during the photostimulation period were selected 

for the experiments.

In vivo fiber photometry: Unilateral optic-fiber cannulas (fiber: core=400μm; NA=0.48; 

M3 thread titanium receptacle; Doric Lenses Inc) were implanted in the ARC (bregma: AP: 

−1.5 mm, ML: −/+ 0.25 mm, DV: −4.70 mm), the PVH (bregma: AP: −0.72 mm, ML: −/+ 

0.22 mm, DV: −4.40 mm) or the PMd (bregma: AP: −2.54 mm, ML: −/+ 0.5 mm, DV: 

−5.20 mm) of each experimental mouse. Behavioral testing started 4 weeks later to allow 

for viral expression and recovery from surgery. Mice were then allowed to adapt to the 

experimental cages and tethered patch cord for at least 2 days prior to experiments (core 

400 uM; NA 0.53; M3 connector; Doric Lenses Inc). Continuous ~20 uW blue LED at 

465 nm served as a light source driven by a multichannel hub (Thorlabs), modulated at 

211hz and 511hz respectively, and delivered to a filtered minicube (FMC5, Doric Lenses) 

before connecting through optic fibers to a rotary joint (FRJ 1 3 1, Doric Lenses) to allow 

for movement. GCaMP calcium GFP signals were collected through the same fibers via 

a dichroic mirror of the minicube into a femtowatt silicon photoreceiver (2151, Newport). 

Signals were then demodulated, amplified, and collected through a lock-in amplifier (RZ5P, 

Tucker-Davis Technologies). Data was collected through the software Synapse (TDT), 

exported via Browser (TDT), and analyzed in Microsoft Excel.

PVHCrh photometry in the presence of a predator: Crh-ires-Cre mice were placed in the 

specialized cage for a 20 minute acclimatization period. A stuffed rat or a rat predator was 
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presented for 10 minutes. Lastly, the stuffed rat or a rat predator was removed, and activity 

was recorded for 10 more minutes

AgRP photometry in the presence of a predator: AgRP-ires-cre mice were fasted 

overnight and placed in the specialized cage the next day, for a 20 minute acclimatization 

period with the FED off. A stuffed rat or a rat predator was presented for 10 minutes 

with the FED off. During the next 10 minutes the FED was turned on in the presence of 

the stuffed rat or a rat predator. Lastly, the stuffed rat or a rat predator was removed, and 

activity was recorded for 10 more minutes with FED still on. To test whether the rat-evoked 

suppression of AgRP activity was reversible, fasted mice were presented with a rat predator 

for either 2 or 10 minutes at which point the rat was extracted. After 20 minutes, food 

was presented to the mice. To test whether a rat predator stimulus could further suppress 

AgRP activity after food presentation, fasted mice were presented with food for 10 minutes 

followed by rat predator introduction.

PMdCck photometry: Cck-ires-Cre mice expressing GCaMP6s were fasted overnight and 

placed in the specialized cage the next day, for a 20 minute acclimatization period. On 

different days, either a stuffed rat, rat predator, food, or nonfood object (15 mL Falcon tube 

cap) was presented for 5 minutes.

NPY photometry and PMdCck neuron manipulation: For activation experiments, Npy-
ires2-FlpO mice crossed with Cck-ires-cre mice expressing hM3dq in the PMd and 

GCaMP6s in the ARC, respectively, were fasted overnight and placed in the specialized cage 

the next day, without access of food, for a 20 minute acclimatization period. Following a 10 

minute baseline recording, mice received an injection with either CNO (1 mg/kg) or saline 

in a randomized crossover design. After 20 minutes post-injection, food was given and NPY 

neuronal activity was recorded for 10 more minutes. To determine whether a rat predator 

could further suppress AgRP activity following PMdCck activation, Npy-ires2-FlpO; Cck-
ires-cre mice expressing hM3dq in the PMd and GCaMP6s in the ARC, respectively, were 

fasted overnight and placed in the specialized cage the next day, without access of food, for 

a 20 minute acclimatization period. Following a 10 minute baseline recording, mice received 

an injection of CNO (1 mg/kg) and after 20 minutes a rat predator was introduced into the 

adjacent cage. Following another 10 minutes, food was presented into the cage.

For inhibition experiments, Npy-ires2-FlpO mice crossed with Cck-ires-cre mice expressing 

hM4di in the PMd and GCaMP6s in the ARC, respectively, were fasted overnight and placed 

in the specialized cage the next day, without access of food, for a 20 minute acclimatization 

period. Following a 10 minute baseline recording, mice received an injection with either 

CNO (3 mg/kg) or saline in a randomized crossover design. After 20 minutes post-injection, 

a rat predator was introduced in the adjacent cage. After another 10 minutes food was 

given and NPY neuronal activity was recorded for 10 more minutes. Critically, control 

Npy-ires2-FlpO; Cck-ires-cre mice expressing a fluorophore in the PMd and GCaMP6s in 

the ARC demonstrated no response to CNO.

Photometry analysis: dF/F were calculated using the formula: (100 * (F-F0)/F0) where 

F is the fluorescent ratio value of a given frame and F0 was defined as the mean F value 
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during the 5 minutes prior the introduction of the stuffed rat/rat predator. Normalized dF/F 

were calculated by designating the food drop at −1 (last 5 minutes during the removal of the 

stuffed rat/rat predator or 25 minutes after saline/CNO i.p. injection) and the baseline (F0) at 

0. Quantified responses to stuffed rat/rat predator or saline/CNO or CNO/Rat predator were 

measured as the mean normalized dF/F value during the last 5 minutes of recording after 

introducing the stimulus.

Telemetry: Mice were implanted with an intra-arterial pressure telemetry probe (model 

HD-X10, Data Sciences International, St Paul, MN) to collect blood pressure, heart rate, 

temperature, and activity in a freely moving mouse. Weeks after surgeries, animals were 

housed in a 45×30×20 cm cage for at least 7 days. 1 hour before the beginning of the 

recording, at onset of the light cycle, food, water, and nesting material were removed from 

the cage and a perforated wall was added to divide the cage in two. A 10-minute baseline 

recording was performed in sated mice before a stuffed rat was introduced into the cage for 

10 minutes before being removed. Following another 10 minutes of recording in which the 

mouse was alone in the cage, a rat predator was presented to the animal. After 10 minutes, 

the rat predator was removed, and physiological recordings were recorded for an additional 

10 minutes. Data were sampled at 1000 Hz, processed using a PhysioTel RPC-1 receiver, 

and collected with Ponemah v6.30 (Data Sciences International). 1 min averages were used 

for analysis. Physical activity is measured in arbitrary counts.

Electrophysiology: Cck-ires-Cre; Npy-hrGFP mice (6–12 weeks) received bilateral 50 nl 

injections of AAV1-Ef1a-DIO-ChR2-tdTomato in the PMd. Four to 6 weeks later, brain 

slices were obtained and stored at 30 °C in a heated, oxygenated chamber containing 

aCSF (in mmol/l) 124 NaCl, 4.4 KCl, 2 CaCl2, 1.2 MgSO4, 1 NaH2PO4, 10.0 glucose, 

and 26.0 sodium bicarbonate before being transferred to a submerged recording chamber 

maintained at 30 °C (Warner Instruments, Hamden, CT). Recording electrodes (3–5 MΩ) 

were pulled with a Flaming-Brown Micropipette Puller (Sutter Instruments, Novato, CA) 

using thin-walled borosilicate glass capillaries.

Light evoked inhibitory postsynaptic currents (IPSCs) were measured in voltage-clamp 

mode using electrodes filled with an intracellular recording solution containing (in mM): 

135 Cs-methanesulfonate, 10 KCl, 10 HEPES, 1 MgCl2, 0.2 EGTA, 4 Mg-ATP, 0.3 

GTP, 20 phosphocreatine, 2 QX314. Npy GFP+ neurons were held at +10 mV to isolate 

GABAergic synaptic transmission and record spontaneous IPSCs within individual neurons. 

Tetrodotoxin (TTX, 500 nM) and 4-aminopyridine (4-AP, 100 μM) were included in the bath 

aCSF.

Corticosterone Assay, fecal output, and immobility assessment: All experiments were 

performed in ad libitum fed animals near the beginning of the light cycle. C57BL/6J mice 

were age- and weight-matched into their respective groups. C57BL/6J mice were housed 

in a 45×30×20 cm cage for at least 1 week to minimize stress. Prior to the introduction or 

either a stuffed rat or rat predator, nesting material and food was removed from the cage in 

addition the installation of a perforated wall. Both the number of fecal pellets and total time 

spent immobile was calculated after a 20 minute exposure in a crossover design. A separate 

cohort of male C57BL/6J mice were prepared in an identical manner. Two hours after the 

de Araujo Salgado et al. Page 18

Neuron. Author manuscript; available in PMC 2024 September 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



introduction of either the stuffed rat or rat predator, mice were restrained, and tail vein blood 

collected. Corticosterone was measured by RIA (MP Biomedicals, Orangeburg, NY).

Fos Analyses: For predator Fos studies, C57BL/6J, Npy-hrGFP, Cck-ires-Cre; Ai14-
tdTomato, and Cck-ires-Cre::hM4Di-mCherry animals were housed in a 45×30×20 cm cage 

for at least 1 week with ad libitum access to water, food and nesting materials. Npy-hrGFP 

mice were food-deprived for 24 hours. Early in the beginning of the light cycle, the food, the 

water, and the nesting material were removed from the cage and a perforated wall was added 

to divide the cage in two. Directly after, a stuffed rat or the rat predator was introduced into 

the empty side. 120 min later, the animals were euthanized with 7% chloral hydrate diluted 

in saline (350 mg/kg) for histological assay. To determine if PMdCck activity was regulated 

by appetite state, Cck-ires-Cre::hM4Di-mCherry were either food-deprived for 24 hours or 

provided ad libitum food in their homecage before euthanization process above. The mice 

were perfused and brains were sectioned as described below. Brain sections were processed 

for immunohistochemical detection of Fos, Fos and NPY-hrGFP or Fos and Cck::tdTomato/

mCherry.

Brain tissue preparation and immunohistochemistry: Mice were perfused with fresh 

4% paraformaldehyde (PFA). Subsequently, the brains were extracted and left in 4% 

PFA overnight, cryoprotected with 30% sucrose for 48h and cut in 50 μm free-floating 

sections using a Leica VT1200S vibratome. Npy-hrGFP, Cck-ires-Cre, AgRP-ires-Cre and 

C57BL/6J animals were socially isolated and handled daily for at least 1 week prior to 

Fos analyses. Brains were sectioned at 50 μm and incubated with primary antibody against 

Fos (ABE457, Millipore-Sigma, St-Louis, MO, USA, 1:1000) in PBS supplemented with 

0.1% TritonX-100 and 5% NGS for 24h at 4°C. Sections were washed and incubated 

either in secondary antibody donkey anti-rabbit-AlexaFluor488 (A32790, Thermo Fisher 

Scientific, US) or in in secondary antibody donkey anti-rabbit-AlexaFluor594 (A21207, 

Thermo Fisher Scientific, US) diluted 1:1000 in PBS/0.1% TritonX-100 for 3h at room 

temperature. After several washes in PBS, sections were mounted in Vectashield mounting 

media (Vector labs). Brain sections were imaged on a Zeiss LSM 710 inverted confocal 

microscope (20x, NA = 0.8) and a digital slide scanner (VS200, Olympus, Japan) at 20 x 

magnification. Counting of Fos positive cells and colocalization was done using QuPath’s 

positive cell detection plugin (https://qupath.github.io/). For each fluorescent image, regions 

of interest were drawn manually based on the regional boundaries from “The Mouse Brain 

in Stereotaxic Coordinates” by Franklin and Paxinos (2008).

Trap induction: Fos2A-iCreER mice46 were crossed with Ai14 reporter mice. Mice were 

housed in a 45×30×20cm cage and were handled and injected with saline ip daily for at 

least 7 days prior to the experiment to minimize labeling due to handling and injections. On 

experimental day, a perforated wall was added to divide the cage in two and food, water 

and nesting materials were removed before a stuffed rat or rat predator was added. One 

hour after stimuli exposure, all mice received 10 mg/kg of 4-hydroxytamoxifen (4OHT, 

Sigma H6278) by ip injection. Four hours after ip injection, the stuffed rat or rat predator 

was removed from the cage. Two to three weeks after induction, mice were euthanized and 

perfused for histological analysis.
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Drugs: 4-hydroxytamoxifen (4OHT, Sigma H6278) was dissolved in DMSO (100mM) and 

stored as single-use aliquots at −80°C until use. On the day of testing, the aliquot (25μl) 

was thawed, diluted in saline solution with 2% of Tween 80, for a final injectable solution 

containing 1mg/ml 4OHT, 1% Tween 80 and 2.5% DMSO in saline.

Quantification and Statistical Analyses: For comparisons between two groups, unpaired 

or paired two-tailed t tests were used. Repeated measures one-way or two-way analysis 

of variance (ANOVA) were applied for comparisons across groups or between groups 

over times. Significant tests were followed by a post-hoc multiple comparison analysis. 

Normality and equal variances were assumed. Pearson correlation coefficient was used to 

measure the linear correlation between data sets. Statistical analyses were done using Excel 

software and PRISM 8 software (GraphPad, San Diego, CA). All data are reported as mean 

± standard error measurement.
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Highlights

• Predator exposure induced physiological/behavioral changes contingent on 

threat level

• Diminishing conflict via internal or external perturbations shifted feeding 

strategies

• Predator addition or PMdCck activation inhibited AgRP neurons resulting in 

hypophagia

• Increased caloric need via AgRP→BNST and/or LH enhanced food-seeking 

under predation
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Figure 1. Rat predator stimulus evokes physiological, behavioral, and neuronal changes in mice.
A. Graphic of cage where mice are presented with a (Top) stuffed rat or (Bottom) rat 

predator. B-D. Rat predator exposure increased (B) fecal output, (C) time spent immobile 

and (D) blood corticosterone levels compared to a stuffed rat (n=10). E. (Top) Brain 

schematic of fiber photometry surgery whereby Crh-iresCre animals were unilaterally 

injected with Cre-dependent GCaMP6s virus in the PVH and unilaterally implanted with 

an optical fiber over the PVH. (Bottom) Representative image of GCaMP6s expression in 

PVHCrh neurons. F. Average photometry traces under stuffed rat and rat predator conditions. 

G. Withinsubject quantification of PVHCrh population response to stuffed rat and rat 

predator exposure (n=5). H-K. Rat predator exposure increased (H) MAP, (I) HR and (J) Tb 
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but had no effect on (K) physical activity compared to a stuffed rat (n=6). In all figures, *p < 

0.05, **p < 0.01, ***p < 0.001 bars and error bars represent the mean ± SEM.
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Figure 2. Rat predator exposure reduces food-seeking and consumption in hungry mice.
A. Graphic of cage used to evaluate behavior equipped with Feeding Experimental Device 

(FED), hide wall and water bottle. Adjoining cage is empty, containing a stuffed rat, TMT, 

or a rat predator. B. Raster plots of secondto-second food retrieval events during Trial and 

Post Phases (separated by black dotted line) across conditions. C-J. Rat predator exposure 

robustly (C) attenuates total food intake, (D) increases latency to retrieve the first pellet and 

blunts both (E-F) the rate of feeding and (G-J) inter-pellet interval between pellet retrieval 

and consumption (n=10). In all figures, *p < 0.05, **p < 0.01, ***p < 0.001 bars and error 

bars represent the mean ± SEM.
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Figure 3. Diminishing conflict alters feeding behavior.
A. Graphic of cage used to evaluate behavior whereby the FED is located in either the 

Threat Zone (TZ) or Safe Zone (SZ). B-F. Safe Zone positioning of the FED escalates 

(B) total food intake and (C-D) rate of feeding while reducing (E) the latency to initiate 

feeding and (F) inter-pellet interval between pellet retrieval and consumption (n=8). G. Cage 

position schematic and average heat maps signifying the spatial position of mice across 

conditions. H. Hungry mice tasked with food-seeking in the Threat Zone spend a greater 

amount of time in the Threat Zone quadrant compared to the other conditions (n=8). I-J. Rat 

cage position schematic highlighting the rat snout location during individual pellet retrieval 

from the FED located in the Threat Zone for each mouse that consumed food. Red square 

signifies quadrant nearest to the FED occupied by the rat 43% of the entire trial time 
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across experiments. Notably, only 14% of all pellets consumed by mice are done when the 

rat occupies this quadrant. (J-M) Positioning of the rat nearest to the FED (J) diminishes 

(K) total food intake and (L) time spent in the FED/Threat Zone while increasing (M) the 

latency to initiate feeding compared to positioning of the rat farthest from the FED or an 

empty adjacent cage (n=10). In all figures, *p < 0.05, **p < 0.01, ***p < 0.001 bars and 

error bars represent the mean ± SEM.
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Figure 4. AgRP activity is rapidly blunted during rat predator presentation.
A. Graphic of cage used to assess Fos activity. B-C. Representative (B) images and (C) 

quantification demonstrating rat predator exposure lowers overlap between NPY and Fos 

expression in hungry mice compared to a stuffed rat (n=6 stuffed rat, n=8 rat predator). 

D. (Top) Brain schematic of fiber photometry surgery whereby Agrp-ires-Cre animals 

were unilaterally injected with Cre-dependent GCaMP6s virus in the ARC and unilaterally 

implanted with an optical fiber over the ARC. (Bottom) Representative image of GCaMP6s 

expression in AgRP neurons. E. Graphic of cage used to evaluate AgRP population activity. 

F. Average photometry traces aligned to 1) introduction of either the stuffed rat or rat 

predator (dotted line at 10 mins), 2) turning on the feeding device (2nd dotted line at 

20 mins), and 3) removal of either the stuffed rat or rat predator (3rd dotted line at 30 
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mins). G. Corresponding heat maps of each individual animal under these conditions. 

H. Withinsubject quantification of AgRP population response demonstrating rat predator 

exposure suppresses AgRP activity compared to a stuffed rat (n=9). I. Within-subject 

quantification of AgRP population response to food during stuffed rat versus rat predator 

exposure (n=9). In all figures, *p < 0.05, **p < 0.01, ***p < 0.001 bars and error bars 

represent the mean ± SEM.
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Figure 5. PMdCck neurons respond to a rat predator and gate feeding behavior under threat.
A. Brain schematic and representative images of Cck-ires-Cre; Ai14-tdTomato animals 

examining expression of Fos activity in response to a rat predator versus an empty cage in 

the PMd. B. Quantification showing elevated Fos expression in PMdCck neurons in the rat 

predator condition compared to an empty cage (n=5 empty cage, n=6 rat predator). C. (Top) 

Brain schematic of chemogenetic surgery whereby Cck-ires-Cre animals were bilaterally 

injected with Cre-dependent hM4Di virus in the PMd. (Bottom) Representative image of 

hM4Di expression in PMdCck neurons. D-E. Silencing of PMdCck neurons in hungry mice 

increased (D) food intake and (E) time spent in the FED/Threat Zone in the presence of a rat 

predator compared to withinsubject controls (n=15). F. (Left) Brain schematic of optogenetic 

surgery whereby Cck-ires-Cre animals were unilaterally injected with Cre-dependent ChR2 

de Araujo Salgado et al. Page 33

Neuron. Author manuscript; available in PMC 2024 September 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



virus in the PMd and unlaterally implanted with an optical fiber over the PMd. (Middle) 

Representative image of ChR2 expression in PMdCck neurons. (Right) Schematic of closed-

loop optogenetic arena. G-I. Activation of PMdCck neurons in hungry mice decreased 

(G) food intake and (H) time spent in the FED/Threat Zone and increased (I) inter-pellet 

interval between pellet retrieval and consumption compared to within-subject controls. Blue 

background indicates photoactivation (n=10). In all figures, *p < 0.05, **p < 0.01, ***p < 

0.001 bars and error bars represent the mean ± SEM.
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Figure 6. PMdCck neurons gate feeding behavior through AgRP/Npy inhibition.
A. (Top) Brain schematic of chemogenetic/fiber photometry surgery whereby Cck-ires-Cre; 

Npy-ires2-FlpO animals were bilaterally injected with a Cre-dependent hM3Dq virus in 

the PMd, unilaterally injected with a FlpOdependent GCaMP6 virus in the ARC, and 

unilaterally implanted with an optical fiber over the ARC. (Bottom) Representative image 

of hM3Dq expression in PMdCck neurons and GCaMP6 expression in AgRP/Npy neurons. 

B. Average photometry traces aligned to 1) saline or CNO injection (dotted line at 10 mins) 

and 2) food presentation (2nd dotted line at 30 mins). C. Within-subject quantification of 

AgRP/Npy population response after saline versus CNO injection showing activation of 

PMdCck neurons acutely suppresses AgRP/Npy activity (n=9). D. Corresponding heat maps 

of each individual animal under these conditions. E. Average photometry traces aligned to 
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1) CNO injection (dotted line at 10 mins), 2) rat predator presentation (2nd dotted line at 30 

mins) and 3) food presentation (3rd dotted line at 40 mins). F. Withinsubject quantification 

of AgRP/Npy population response after CNO injection followed by rat predator presentation 

showing the suppression of AgRP/Npy activity via PMdCck stimulation is not further 

reduced by rat predator introduction (n=6). G. (Top) Brain schematic of chemogenetic/fiber 

photometry surgery whereby Cck-ires-Cre; Npy-ires2-FlpO animals were bilaterally injected 

with a Cre-dependent hM4Di virus in the PMd, unilaterally injected with a FlpO-dependent 

GCaMP6 virus in the ARC, and unilaterally implanted with an optical fiber over the ARC. 

(Bottom) Representative image of hM4Di expression in PMdCck neurons and GCaMP6 

expression in AgRP/Npy neurons. H. Average photometry traces aligned to 1) saline or 

CNO injection (dotted line at 10 mins), 2) rat predator presentation (2nd dotted line at 30 

mins) and 3) food presentation (dotted line at 40 mins). I. Within-subject quantification 

of AgRP/Npy population response after saline/CNO injection followed by rat predator 

presentation showing PMdCck inhibition does not affect the rat predator-evoked suppression 

of AgRP/Npy activity (n=6). In all figures, *p < 0.05, **p < 0.01, ***p < 0.001 bars and 

error bars represent the mean ± SEM.
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Figure 7. Feeding behavior under threat is scalable by internal state and mediated by AgRP 
neurons.
A. Graphic of cage used to evaluate behavior under varying degrees of physiological and 

artificial hunger. B. Lengthening period of caloric deprivation escalates food intake in both 

empty cage and rat predator conditions (n=10). C. (Top) Brain schematic of chemogenetic 

surgery whereby Agrp-ires-Cre animals were bilaterally injected with Cre-dependent hM4Di 

virus in the ARC. (Bottom) Representative image of hM4Di expression in AgRP neurons. 

D. Silencing of AgRP neurons in hungry mice reduces food intake in both empty cage and 

rat predator conditions (n=7). E. (Top) Brain schematic of optogenetic surgery whereby 

Agrp-ires-Cre animals were unilaterally injected with Cre-dependent ChR2 virus in the 

ARC and unlaterally implanted with an optical fiber over the ARC. (Bottom) Representative 

image of ChR2 expression in AgRP neurons. F-H. Both concurrent and preactivation of 
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AgRP neurons (F) increases food intake, (G) decreases latency to initiate eating, and (H) 

augments feeding rate comparable to within-subject hungry mice in both empty cage and rat 

predator conditions (n=10). I-L. Rat predator exposure robustly blunts inter-pellet interval 

between pellet retrieval and consumption compared to empty cage condition under both 

physiological and artificial hunger. M. Brain schematic of optogenetic surgery whereby 

Agrp-ires-Cre animals were unilaterally injected with Cre-dependent ChR2 virus in the 

ARC and unlaterally implanted with an optical fiber over the BNST, PVH, LH or PVT. 

N. Activation of AgRP terminal fields in the BNST, LH, PVH and PVT promote food 

intake in the empty cage condition but only AgRP projections to the BNST and LH 

stimulate food intake during rat predator exposure (n=9 AgRP→BNST, n=8 AgRP→LH, 

n=7 AgRP→PVH, n=6 AgRP→PVT). In all figures, *p < 0.05, **p < 0.01, ***p < 0.001 

bars and error bars represent the mean ± SEM.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit monoclonal anti-cFOS Millipore Sigma Cat#ABE457, RRID:AB_2631318

Donkey anti-rabbit-AlexaFluor488 Thermo Fisher Scientific Cat# A32790, RRID:AB_2762833

Donkey anti-rabbit-AlexaFluor594 Thermo Fisher Scientific Cat# A-21207, RRID:AB_141637

Bacterial and virus strains

AAV9-CAG-Flex-ChR2-tdTomato Atasoy et al., 2008. Addgene, Cat#18917-AAV9

pAAV-CAG-DIO-ChR2(H134R)-eYFP Rajendran et al., 2014. Addgene, Cat#127090-PHPeB

pAAV9-hsyn-DIO-hM3dq-mcherry Krashes et al., 2011 Addgene, Cat#44361-AAV9

pAAV9-hsyn-DIO-hM4di-mcherry Krashes et al., 2011 Addgene, Cat#44362-AAV9

pAAV.Syn.Flex.GCaMP6s.WPRE.SV40 Chen et al., 2013 Addgene, Cat#100845-AAV1

AAV1-CAG-FLEX-X-jG-GCaMP7s-WPRE Dana et al., 2019 Addgene, Cat#104495-AAV1

AAV8-EF1a-fDIO-gcamp6s gift from Rylan Larsen Addgene plasmid # 105714; RRID:Addgene_105 714

Chemicals, peptides, and recombinant proteins

Clozapine N-oxide Gift from Bryan Roth NA

Vectashield Antifade Mounting Medium Vector Laboratories Cat#H-1000

Saline Medline DYND1000

4-hydroxytamoxifen Sigma-Aldrich Cat#H6278

2,3,5-trimethyl-3-thiazoline (TMT) Contech Enterprises Inc NA

DMSO Sigma-Aldrich Cat#472301

Tetrodotoxin Abcam Ab120055

4-aminopyridine Abcam Ab120122

Experimental models: Organisms/strains

Crh-ires-Cre Krashes et al., 2014. Gift from 
Dr. Bradford Lowell

Agrp-ires-Cre The Jackson Laboratory Agrptm1(cre)Lowl/J
Strain #:012899
RRID:IMSR_JAX:01 2899

Npy-hrGFP The Jackson Laboratory B6.FVB-Tg(Npy-hrGFP)1Lowl/J
Strain #:006417
RRID:IMSR_JAX:00 6417

Cck-ires-Cre The Jackson Laboratory STOCK Ccktm1.1(cre)Zjh/J
Strain #:012706
RRID:IMSR_JAX:01 2706

Npy-ires2-FlpO The Jackson Laboratory B6.Cg-Npytm1.1(flpo)Hze/J
Strain #:030211
RRID:IMSR_JAX:03 021

NPY KO The Jackson Laboratory 129S-Npytm1Rpa/J
Strain #:004545
RRID:IMSR_JAX:00 4545
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REAGENT or RESOURCE SOURCE IDENTIFIER

Ai14 The Jackson Laboratory B6;129S6-Gt(ROSA)26Sortm14(C AG-tdTomato)Hze/J
Strain #:007908
RRID:IMSR_JAX:00 7908

Fos2A-iCreER The Jackson Laboratory STOCK Fostm2.1(icre/E RT2)Luo/J
Strain #:030323
RRID:IMSR_JAX:030323

C57BL/6J The Jackson Laboratory Strain #:000664 RRID:IMSR JAX:00 0664

Long-Evans Rat Charles River Strain Code 006

Software and algorithms

Ethovision XT16 Noldus http://www.noldus.com;
RRID:SCR 000441

Image J Fiji https://imagej.nih.gov/ij/

QuPath Bankhead et al., 2017 https://qupath.github.io/

GraphPad Prism 8 GraphPad Software https://www.graphpad.com/
RRID:SCR 002798

FEDviz Matikainen-Ankney et al., 2021 https://github.com/earnestt1234/FED3_Viz

pClamp11 (Clampfit/Clamp Ex) Molecular Devices https://www.moleculardevices.com/products/axon-patch-
clamp-system/acquisition-and-analysis-software/pclamp-
software-suite%23gref
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