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In a natural environment, foragers constantly face the risk of
encountering predators. Fear is a defensive mechanism evolved to
protect animals from danger by balancing the animals’ needs for
primary resources with the risk of predation, and the amygdala is
implicated in mediating fear responses. However, the functions of
fear and amygdala in foraging behavior are not well characterized
because of the technical difficulty in quantifying prey–predator in-
teractionwith real (unpredictable) predators. Thus, thepresent study
investigated the rat’s foragingbehavior ina seminaturalistic environ-
ment when confronted with a predator-like robot programmed to
surge toward the animal seeking food. Rats initiallyfled into the nest
and froze (demonstrating fear) and then cautiously approached and
seized the food as a functionof decreasingnest−foodand increasing
food−robot distances. The likelihood of procuring food increased
and decreased via lesioning/inactivating and disinhibiting the amyg-
dala, respectively. These results indicate that the amygdala bidirec-
tionally regulates risk behavior in rats foraging in a dynamic fear
environment.
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Many organisms forage for resources (such as food, water,
mate, and shelter) and information about their environ-

ment. Although essential for survival, foraging behavior also
increases the likelihood of encountering dangers such as preda-
tors (1). Fear is a defensive mechanism thought to have evolved
to protect animals from danger by balancing the animal’s pri-
mary needs with the risk of predation (2–5). In 1939, Kluver and
Bucy (6) revealed that lesions in the medial temporal lobe al-
tered fear behavior in rhesus monkeys. Subsequent studies have
identified the amygdala as the crucial brain structure concerned
with fear in animals, including humans (7–9).
The contemporary views on the role of the amygdala in fear

derived largely from animal studies using the Pavlovian fear-con-
ditioning paradigm (10, 11), where an initially innocuous condi-
tioned stimulus (CS; e.g., tone, light, context) is contingently
paired with an aversive unconditioned stimulus (US; e.g., elec-
tric shock), which reflexively activates unconditioned responses
(URs). The subject learns rapidly that a CS signals the impending
US by displaying conditioned responses (CRs; e.g., freezing, po-
tentiated startle, autonomic changes) thatmimic fearURs.A large
body of evidence from lesion, pharmacological, neurophysiological,
molecular, and imaging studies point to the amygdala as the key
structure subserving fear conditioning (12–17; but see ref. 18 for an
alternative view). In humans, the amygdala also has been impli-
cated in recognizing fear in facial expressions (9, 19). Nonetheless,
how the amygdala’s involvement in these fractional fear responses
translates to behavior in the natural environment remains unclear.
Ethobehavioral studies have shown that rats display situation-

specific defensive behaviors when encountering bigger animals
(such as a cat or a human at varying proximity) (20, 21), predatory
odors (such as the fox odor component 2,3,5-trimethyl-3-thiazoline
or a cat odor) (22, 23), and moving objects (such as a toy humanoid
robot hovering on a string) (24). Here, we investigated the func-
tions of fear and amygdala in the rat’s foraging behavior in
a seminaturalistic environment when confronted with a predator-

like Robogator (LEGOMindstorms robot) programmed to surge
toward the animal as it emerges from the nesting area in search of
food (Fig. 1).

Results
Fear, Amygdala, and Foraging Behavior.Rats, implanted with lesion
electrodes in the amygdalae and food-restricted, quickly learned
to search for food pellets placed 25.4, 50.8, or 76.2 cm away from
the acclimated nesting area in a large, open field (Fig. 1A). Upon
procuring the pellet, the animals instinctively returned to the nest
for consumption (Fig. S1). After 5–7 d of baseline foraging, the
Robogator was positioned in the opposite end of the open field
(Fig. 1B). As the animal emerged from the nest and approached
the pellet, the Robogator surged a set distance (∼23 cm) toward
the pellet, snapped its jaws, and then returned to its starting po-
sition. Upon the first encounter with the Robogator, all rats in-
stantly fled into the nest and froze (an overt demonstration of
fear). Flight to a familiar enclosure and freezing also have been
reported as responses to a compound (tone+ light) fear CS in rats
(25). When animals reemerged from the nest, they made slow,
cautious attempts toward the food. Each time the rat directly or
circuitously approached the food, the Robogator surged, reliably
evoking escape behavior in the animal (Fig. S2).
Whether the animal acquired the pellet depended on the nest–

food distance. Although none of the animals procured the pellet at
76.2 cm within the 3-min allotted time, one rat succeeded at 50.8
cm, eight rats succeeded at 25.4 cm, and one rat retrieved the pellet
at 12.7 cm (Fig. 2A). This result indicates that the rats encoded
a spatial (or distance) gradient of fear near the Robogator. After-
ward, under light halothane anesthesia, electrolytic lesions were
made in the amygdalae (Fig. S3). The lesion resulted in dramatic
changes in foraging behavior the next day, because nine animals
obtained the pellet placed up to 127 cm away, and one animal
succeeded at 101.6 cm. Amygdalar-lesioned rats paused momen-
tarily until the Robogator retracted from its surge before snatching
the pellet; a few animals closely explored the Robogator (which
prolonged the latency) before seizing the pellet. All lesioned rats
returned to the nest for consumption. Using the food procurement
distances as ordinal data (Fig. 3), a sign test confirmed that the
maximum distances of successful foraging behavior were signifi-
cantly greater after lesions than before amygdalar lesions (S10 = 0,
P < 0.002, two-sided).

Reversible Inactivation of the Amygdala and Foraging Behavior. To
determine whether the lesion effects resulted from damage to
the intrinsic amygdalar neurons or to the fibers of passage and
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whether reexposure to the Robogator on test day 2 might have
reduced fear via an habituation (extinction)-like process, rats with
guide cannulae in the amygdala (Fig. S3) were infused with the
GABAA receptor agonist muscimol (0.876 nmol, 0.1 μL per side)
15–30 min before their first encounter with the Robogator. All
rats showed virtually no escape response to the Robogator; they
simply approached and paused (or explored) the Robogator be-
fore seizing the food placed farthest from the nest (i.e., 127 cm)
and returning to the nest (Fig. 2B). On the following day, the
animals were retested without muscimol. All seven rats failed to
procure the food pellet placed 76.2 cm away within the criterion
time. However, six rats seized the pellets placed 50.8 cm away, and
one rat was able to take the pellet placed 25.4 cm away. A sign test
showed that the maximum distances of successful foraging be-
havior were extended significantly in the intraamygdalar muscimol
condition compared with the no-drug condition (S7 = 0, P < 0.02,
two-sided) (Fig. 3). The fact that more animals secured pellets
placed 50.8 cm away in the day 2 no-muscimol condition than in
the day 1 prelesion condition (Fig. 2A) suggests that amygdalar-
independent learning (e.g., familiarity with the Robogator) oc-
curred in the intraamygdalar muscimol animals during day 1.

Disinhibition of the Amygdala and Foraging Behavior. Because
amygdalar lesions/inactivations blocked the rat’s fear of the Robo-
gator, we then tested whether intraamygdalar infusions of the
GABAA receptor antagonist bicuculline methiodide (100 pmol, 0.2
μLper side) produced heightened fear. Previous studies have found
that bicuculline infusions into the amygdala produce anxiogenic
responses (26, 27), presumably by blocking the endogenous GABA
inhibitory effects in the amygdala (28). Following the infusion, five
of six animals showed increased latencies and/or shortened dis-
tances to secure pellets compared with the drug-free condition

on the previous day (Fig. 2C). A paired t test, with latency/distance
(s/cm) as a fear index, indicated that intraamygdalar bicuculline
significantly elevated the fear of foraging compared with the drug-
free condition (t6 = 2.78, P= 0.039, two-sided) (Fig. 3).
After testing with the Robogator, rats with lesions and cannulae

implants underwent a standard contextual fear conditioning (Fig.
S4). Amygdalar-lesioned animals displayed neither postshock
freezing during training nor conditioned freezing during the next
test day. Amygdalar-cannulated animals showed robust postshock
freezing (when trained drug-free), virtually no conditioned freez-
ing when tested with muscimol infusions (day 2), and strong con-
ditioned freezing when retested drug-free (day 3). These results
indicate that amygdalar lesions and muscimol infusions used in
the present study were comparably effective to those used in fear-
conditioning studies (29, 30).

Discussion
Most laboratory studies of fear assess the animal’s tendency to emit
specific CRs (e.g., freezing) or instrumental responses (e.g., avoid-
ance) following a dermal pain caused by electric shock in small
enclosures (10–18). Although effective in producing robust fear
responses, this approach limits or does not address the functional
aspect of fear as defensive behavior. In contrast, the present study
used an ethologically plausible seminaturalistic environment (see
also refs. 4 and 5) and a programmed predator-like robot (Robo-
gator) to investigate the functions of fear and amygdala on rats’
foraging behavior. The Robogator effectively mimicked a natural-
istic threat because its size is relatively larger than the rat, and its
shape (with eyes, moving jaw, and tail) and surging action simulate
a predatory strike. The utilization of a robot, moreover, allowed
relatively reliable and quantitative interaction with the rats, which is
not possible with real (but unpredictable) predatory animals.
Our findings indicate that rats’ foraging behavior is regulated

by fear and the amygdalar activity. Specifically, the Robogator’s
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Fig. 1. Foraging experimental design. (A) Baseline days. Snapshots show
a rat emerging from a nest into a foraging area to search for pellets placed
25.4, 50.8, and 76.2 cm away. Once the animal returns with the food to the
nest, the gateway closed until the next foraging trial. (B) Test day. Snap-
shots show the same rat foraging for a pellet 76.2 cm from the nest when
confronted with a Robogator for the first time. Each time the animal
approached the vicinity of the pellet (about ≤25 cm), the Robogator
surged, snapped its jaws once, and returned to its original position. The rat
immediately fled to the nesting area. A stationary Robogator did not ob-
struct foraging. (Video clips are available at http://faculty.washington.edu/
jeansokk/Robogator.html).

Fig. 2. Limits of foraging distance. (A) A frequency histogram of maximum
successful foraging distances before (black; test day 1) and after (green; test
day 2) amygdalar lesions. (B) Maximum successful foraging distances under
intraamygdalar muscimol (purple; test day 1) and drug-free (black; test day
2) conditions. (C) Maximum successful foraging distances under drug-free
(black; test day 1) and with intraamygdalar bicuculline (orange; test day 2)
conditions. Inset shows fear index (latency/distance) between drug-free and
bicuculline tests.
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brief surge action pattern evoked a coordinated set of defensive
behaviors (i.e., fleeing and freezing in the nest) followed by risk-
assessment behavior comprised of stretched posture anchored
near the gateway (to scan and monitor the foraging area) before
cautiously venturing out toward the food pellet until the surging
Robogator retriggered the rat’s defensive behavior. However, the
Robogator’s disrupting effects on the animal’s foraging varied as
a function of nest−food and food−robot distances. Although
none of the rats were able to sequester the pellet placed 76.2 cm
from the nest, all animals were successful when the food was
placed ≤25.4 cm away. This adaptive adjustment of foraging be-
havior by fear is in accord with the models of “predatory immi-
nence” (4) and “(risk assessment-based) antipredator defensive
behavior” (5) that postulate fear responses as a coordinated re-
action to the specific threat situation and its perceived proximity.
Fleeing followed by freezing in the nest are URs, because they

are both innately and reliably elicited by the surging Robogator
US (but see ref. 25). However, the changes in rats’ venturing
behavior with repeated experience with the Robogator indicate
that learning is involved also. For instance, the foraging area may
become a contextual (spatial) CS associated with the fear gener-
ated by the Robogator US that evokes an instrumental avoidance
response (e.g., 18, 31). Future studies need to reveal the extra-
amygdalar learning components and how they supply the animals
with “a representation of the causal structure” (32) in the foraging
environment with a potential threat.
What, then, is the basis of the rats’ decision to accept the risk

and attain pellets placed ≤25.4 cm but not 76.2 cm from its nest? A
motivational hypothesis (2, 4, 5) would posit that the farther the
food is from the nest, themore strongly the fear motivation for self-
preservation inhibits the hunger motivation for foraging (Fig. 4A).
To expand this qualitative approach food−avoid predator conflict,
we suggest incorporating a simple quantitative model of preda-

tion risk assessment based on the animal’s velocity (VA, ∼88 cm/s;
Fig. S4), the Robogator’s velocity (VR, ∼75 cm/s), the distance the
animal traverses from nest-to-food-to-nest (dN-F-N), and the dis-
tance from the Robogator’s position to the nest (dR-N) (Fig. 4A).
The likelihood of foraging then is determined by a simple com-
parator mechanism that gauges the margin of safety based on the
animal’s estimate of the time to reach the food and carry it back to
the nest (tA = dN-F-N/VA) contrasted with the animal’s estimate of

Fig. 3. Track plots. (Left) Animals before and after amygdalar lesions. (Middle) Animals with intraamygdalar muscimol and drug-free conditions. (Right)
Animals with drug-free and intraamygdalar bicuculline conditions. Numbers next to plots denote the latency (in seconds) to procure the food pellet suc-
cessfully. The absence of a number signifies unsuccessful foraging. Dotted vertical lines demarcate the nest–foraging area boundary.
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Fig. 4. Hypothetical accounts of foraging behavior under predatory threat.
(A) A qualitative model posits that a foraging hungry animal is effectively in
an approach food–avoid predator conflict situation. (B) A simple quantita-
tive model suggests that the animal’s foraging behavior varies as a function
of the subject’s speed (VA), the predator’s speed (VR), the distance the sub-
ject navigates to acquire food and back to safety (dN-F-N), and the pursuit
distance of the predator (dR-N). (See Discussion for explanation.)
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the time needed for the Robogator to reach the nest from its
position (tR = dR-N/VR). Foraging is likely to occur if the margin of
safety is significantly greater than a threshold (tR− tA≥ θsafety), and
foraging doesnot occur if the tR− tA≤ θsafety. For example,when the
food is placed at 76.2 cm, the estimated time for the animal to
complete the pellet procurement is ∼1.73 s (excluding the delay in
seizing the pellet), and the estimated time for the Robogator to
reach the nest is∼1.81 s. At this distance, themargin of safety is too
narrowandmay lead toa fatal outcome for the rat. In contrast,when
the food is placed 25.4 cm away, the estimated time for food pro-
curement is dramatically shortened, creating a much wider margin
of safety. The proposed model of predation risk assessment, which
is essentially a “two trains” puzzle (33), is simply a scheme to il-
lustrate how time to respective goals (distance/velocity) of prey and
predator can be used to conceptualize risk-taking behavior of prey.
Whether this simple model is valid will require detailed parametric
studies (e.g., determining whether θsafety is a linear or nonlinear
function of the Robogator’s size and location) and elaborations
(e.g., identifyingneurocomputational processes ofperceived speeds
of both the animal itself and the predator) (1, 4, 20, 21). Nonethe-
less, the fact that rats do not simply avoid foraging altogether in the
presence of theRobogator but insteadmake repeated efforts (from
different directions) to procure the food indicates the utilization of
risk assessment on the part of the animal. Perhaps timing or an-
ticipatory control mechanisms—hypothesized in other behaviors
such as interval timing in associative learning (34–36)—might have
relevance to the present finding of predation risk-taking and
foraging behavior.
Consistent with the motivational notion of fear inhibiting hun-

ger for foraging, the propensity to secure food increased dramat-
ically when the amygdala was lesioned or inactivated.With lesions/
inactivation, rats evidently were not frightened by the Robogator’s
sudden movement; they momentarily paused but did not run back
to the nest. This effect was not nonspecific, because the animals’
behavior of taking the pellet back to the nest for consumption was
unaffected. Conversely, with pharmacological disinhibitions of the
amygdala, animals’ fear of the Robogator increased, as evidenced
by increased latency and/or decreased distance required to procure
the pellet. These results indicate that the amygdala bidirectionally
regulates predation risk–foraging behavior in a dynamic fear en-
vironment.Without the amygdala and consequently devoid of fear,
the animal’s foraging behavior becomes perilously maladaptive.
Conversely, an overactive amygdala will hinder foraging behavior
even under safe circumstances and thereby reduce the animal’s
biological fitness.
A functional MRI study (37) initially reported increased amyg-

dalar blood flow/oxygenation in normal subjects engaged in a pro-
spective negativemonetary outcome task, implicating the amygdala
in human risky decisions and loss aversion (38). In accordance,
a recent study found that two human subjects with focal bilateral
lesions of the amygdala (caused by Urbach–Wiethe disease) dis-
played a significant reduction in loss aversion in a gambling task
(39). By demonstrating the involvement of amygdala in risk be-
havior related to predation in foraging rats, the present study raises
an intriguing possibility that the phenomenon of loss aversion em-
bodies the basic survival instinct in animals and therefore can be
investigated at molecular-genetic levels using rodents.
In conclusion, the utilization of rats’ foraging behavior in a

seminaturalistic, dynamic fear environment presents an avenue for
investigating the neurobiology of fear and predation-risk behav-
iors. This approach might be useful in revealing how the amygdala
and its associated circuitry are involved in other risk-taking and
thrill-seeking behaviors in humans (40), in screening drug effects
that may not translate accurately to human conditions based on
conventional fear-conditioning studies, and in addressing the
neuronal basis of the basic approach–avoid conflicts that may
contribute to human psychopathologies.

Materials and Methods
Subjects. Experimentally naïve male Charles River Long-Evans rats (initially
weighing 275–300 g) were housed individually in the Department of Psy-
chology animal care facility at the University of Washington (accredited by
the Association for Assessment and Accreditation of Laboratory Animal
Care) and were maintained on a reverse 12-h light-dark cycle (lights on at
1900 hours). Animals were placed on a standard food-deprivation schedule
with free access to water to reach gradually and then maintain 80–85% of
their normal weight. Experiments were conducted during the dark phase of
the cycle, in strict compliance with the University of Washington Institutional
Animal Care and Use Committee guidelines.

Amygdala Surgery. Under anesthesia (30 mg/kg ketamine and 2.5 mg/kg
xylazine, i.p.), rats were mounted in a stereotaxic instrument (Stoelting) and
were implanted chronically with either custom-made electrolytic electrodes
or guide cannulae (Plastics One Inc.) bilaterally into the amygdalae. Lesion
electrodes were made of two stainless steel insect pins (#00) insulated with
epoxy (except for ∼0.5 mm at the tip), with the tips spaced ∼0.8 mm laterally
and ∼1.0 mm vertically. Stereotaxic coordinates for lesion electrodes were
(referenced from bregma) anteroposterior (AP) – 2.5; mediolateral (ML) ±
4.0 (4.8) and ± 7.4 (8.4) mm. Stereotaxic coordinates for 26-gauge guide
cannulae (Plastics One Inc.,) were AP – 2.5, ML ± 4.5–5.0 and ± 7.4 mm.
Implanted lesion electrodes and cannulae were cemented to the skull with
four anchoring screws. All rats were given 5–7 d of surgical recovery and
daily handling before the experimental procedures began.

Lesion and Drug Infusion. Amygdalar lesions were made under light halo-
thane anesthesia (a gas mask was placed on the animal while it was gently
restrained) (41, 42) by passing constant current (1 mA, 10 s; Grass Medical
Instruments) through each tip. Muscimol-free base and bicuculline methio-
dide (Sigma-Aldrich) dissolved in artificial cerebrospinal fluid (pH ∼7.4) were
microinfused into the amygdala bilaterally by backloading the drugs up
a 33-gauge infusion cannula into polyethylene (PE 20) tubing connected to
10-μL Hamilton microsyringes (Hamilton Company). The infusion cannula
protruded 1 mm beyond the guide cannula. Infusion volumes of 0.1 μL and
0.2 μL per side were delivered for muscimol and bicuculline, respectively,
using a Harvard PHD2000 syringe pump (Harvard Apparatus) at a rate of 0.1
μL/min. The infusion cannula remained in place for 30 s after the infusion.
The dosages and volumes of muscimol (0.876 nmol, 0.1 μL per side) and
bicuculline (100 pmol, 0.2 μL per side) used are well within the intra-
amygdalar infusion parameters used in fear conditioning (43, 44) and anx-
iety (26, 27) studies, as well as in recent in fluorescent imaging of muscimol
spread in the amygdala (45, 46).

Foraging Apparatus. A custom-built seminaturalistic apparatus consisted of
a nesting area (29.21 cm length × 57.12 cm width × 59.69 cm height;
equipped with a water bottle; 16.2 Lux illuminance) with a remotely con-
trolled gateway (10 cm × 10 cm) to an adjacent foraging area (201.93 cm
length × 58.42 cm width × 60.96 cm height; 56.7 Lux; 60 dB white noise, A
scale). The ANY-maze video tracking system (Stoelting Co.), with a video
feed from an ultra-digital wireless camera (LW2101; Lorex Technology Inc.)
affixed over the apparatus and connected to a Sony HD DVD recorder (RDR-
HX900), was used to capture video images and automatically track the
animal’s movement (30 frames/s) from both nesting and foraging areas.

Robot Device. A Mindstorms robot (LEGO Systems), in a figure of Robogator
on wheels (66.04 cm length, 17.78 cm width, 15.24 cm height), was pro-
grammed to surge 23 cm (at a velocity of ∼75 cm/s), snap its jaw once (at an
angular velocity 44.4 rpm), and return to its starting position. A wireless
mini-video camera (RC-12; RF Systems), attached next to the Robogator’s
jaw, was used to transmit a live video of the rat’s response to the robot
wirelessly to a digital video recorder.

Behavioral Procedures. Rats maintained on 80–85% normal body weight
underwent successive stages of habituation, baseline foraging, and robot
encounter.
Habituation days. Animals were placed in the nesting area for 30 min/d for 3
consecutive days with three food pellets (grain-based, 2.0–2.5 g) in the nest
to acclimatize to the nesting area.
Baseline days.After aminute in the nesting area (no food pellets), the gateway
to the foraging area opened, and the animal was allowed to explore and
search for a food pellet placed 25.4 cm from the nest area (first trial). As soon
as the animal took the pellet back inside the nest, the gateway closed. Once
the animal finished consuming the pellet, the second foraging trial (with the
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pellet placed 50.8 cm from the nest area) and then the third foraging trial
(with the pellet placed 76.2 cm from the next area) started in the same
manner. Animals underwent 5–7 consecutive days of baseline foraging.
Robot encounter days. There were two consecutive robot test days with the
Robogator placed at the opposite end of the foraging area. The food pellet
was placed at the 76.2-cm location on thefirst encounter with the Robogator.
After the gateway opened, each time the animal approached the vicinity (∼25
cm) of the pellet, the Robogator surged 23 cm toward the pellet, snapped its
jaws once, and returned to its original position. Animals were permitted 3
min to procure the pellet. If the rat was unsuccessful, the gate was closed
with the animal inside the nesting area, and the food pellet was placed 25.4
cm closer to the nest on the following trial. If the rat successful, the pellet
was placed farther from the nest (in 25.4-cm steps; maximum distance, 127
cm) on succeeding trials. The furthermost nest–food foraging distance and
the latency required for the animal to procure the pellet successfully (i.e.,
the time from the gate opening to the rat’s returning to the nest with the
pellet) served as the dependent variables.

Histology. At the completion of behavioral testing, animals were overdosed
with Buthanesia and perfused intracardially with 0.9% saline followed by
10%buffered formalin. The brains were removed and stored in 10% formalin
overnight and then kept in 30% sucrose solution until they sank. Transverse

50-μm sections were taken through the extent of the lesion and cannulae,
mounted on gelatin-coated slides, and stained with cresyl violet and Prussian
blue dyes (cf. refs. 29 and 46).

Statistical Analyses. The maximum distances (12.7, 25.4, 50.8, 76.2, 101.6, and
127 cm) at which the animals successfully procured pellets within the 3-min
criterion were scored as ordinal data and analyzed with a sign test (47). For
data with overlapping distances (i.e., the bicuculline experiment), a paired t
test was performed on fear index (computed as latency/distance, s/cm)
measures. The baseline pellet procurement latency and freezing data were
analyzed using repeated-measures ANOVA.
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