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The present study examines the effects of bilateral orbital prefrontal cortex (PFo) lesions on monkeys’ emotional responses in two
different contexts: in the presence of a rubber snake and in the presence of a human intruder. For comparison, we also assessed the
responses of rhesus monkeys with selective amygdala lesions on these same tasks. Monkeys with PFo lesions, like those with amygdala
lesions, displayed blunted emotional responses to the fake snake. Unlike monkeys with amygdala lesions, however, monkeys with PFo
lesions displayed more mild aggression than controls in the presence of a human intruder. The findings support the idea that the PFo
helps integrate sensory signals in the service of choosing among competing responses. In addition, they point to a divergence of the roles
of the PFo and amygdala in responding to a social stimulus, the human intruder.
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Introduction

Studies of orbital prefrontal cortex (PFo) function have empha-
sized its role in rule-based response selection, inhibitory control,
and representation of the affective value of goals (Holland and
Gallagher, 2004). In addition, the PFo is thought to play a role in
social and emotional behavior. Damage to the PFo and amygdala
produce similar effects in many instances, for example, on tests of
reinforcer devaluation in monkeys (Malkova et al., 1997; Izqui-
erdo et al., 2004) and rats (Hatfield et al., 1996; Gallagher et al.,
1999) and on the Iowa gambling task in humans (Bechara et al.,
1999). In some cases, adaptive response selection requires the
PFo and amygdala to functionally interact (Baxter et al., 2000).
These findings inform the roles of the PFo and amygdala in ap-
petitive tasks but leave unaddressed their potential interaction in
emotional behavior.

In macaques, there is little information available on the role of
the PFo in responding to negative events predicted by environ-
mental cues, including potential predators and social threats.
One tool that might be used to investigate this issue relies on
monkeys’ innate emotional responses to snakes. Macaques, even

Received March 30, 2005; revised July 15, 2005; accepted July 29, 2005.

This work was supported by the Intramural Research Program of the National Institute of Mental Health. We
thank R. Saunders and the staff of the Nuclear Magnetic Resonance Facility, National Institute of Neurological
Disorders and Stroke, for assistance obtaining MR scans, P.-Y. Chen for histological support, and E. Buch and G. Edler
for help with behavioral testing.

Correspondence should be addressed to Dr. Alicia Izquierdo, Laboratory for Integrative Neuroscience, National
Institute on Alcohol Abuse and Alcoholism, National Institutes of Health, 5625 Fishers Lane, Room 2N09, Rockville,
MD 20852. E-mail: izquiera@mail.nih.gov.

DOI:10.1523/JNEUR0SCI.1232-05.2005
Copyright © 2005 Society for Neuroscience  0270-6474/05/258534-09%15.00/0

snake-naive ones, exhibit marked defensive responses in the pres-
ence of fake or real snakes (Mineka, 1987; Nelson et al., 2003),
and elicitation of these responses requires an intact amygdala
(Aggleton and Passingham, 1981; Meunier et al., 1999, Kalin et
al., 2001). Another commonly used tool relies on monkeys re-
sponses to an unfamiliar human observer. Early investigations by
Butter et al. (1968, 1970) found evidence of increased defensive
behaviors in monkeys with PFo lesions in response to a human
observer and a doll but not in response to a fake snake. In con-
trast, Kalin et al. (2001) found that monkeys with bilateral amyg-
dala lesions displayed fewer defensive behaviors in the presence
of a snake but not in response to a human observer. This set of
findings is seemingly at odds with the evidence for functional
interactions of the amygdala and the PFo in other settings (Baxter
et al., 2000; Schoenbaum et al., 2003). To further complicate
matters, yet other studies (Butter et al., 1970; Butter and Snyder,
1972) report an overall reduction in aggressive behaviors in mon-
keys with PFo lesions in the presence of a human observer and
somewhat less of a reduction in aggression in response to a doll or
snake.

Given the foregoing, we attempted a more systematic investi-
gation of the effects of PFo damage on emotional behavior. Rhe-
sus monkeys with bilateral PFo lesions were assessed for their
emotional responses in two different contexts: in the presence of
a fake snake and in the presence of a human intruder. For com-
parison, we evaluated monkeys with bilateral excitotoxic amyg-
dala lesions on the same tasks. These studies were intended to
inform the role of the PFo and the amygdala, and their potential
interaction, in response selection. If the PFo and the amygdala
worked together to support responses in the presence of emo-
tionally charged stimuli, we would predict similar effects of PFo
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and amygdala lesions. If not, results from the two experimental
groups might diverge.

Materials and Methods

Experiment 1: responses to fake snake, spider, and

neutral objects

Snakes produce significant behavioral reactions in both snake-naive and
snake-experienced rhesus monkeys (Mineka, 1987; Nelson et al., 2003).
Thus, exposure to fake or real snakes provides robust measures of emo-
tional responses without the need for formal training. Although several
studies have measured emotional responses to a snake, our study differs
from most of these in that withdrawal responses from the snake were
pitted directly against approach responses to familiar foods. In addition,
testing was performed only after monkeys had participated in other cog-
nitive tasks in the same apparatus. Thus, all monkeys had extensive ex-
perience displacing objects to obtain food rewards. Because the monkeys’
prepotent response was to approach the test tray to obtain food rewards,
our method arguably provided a more sensitive measure of response
selection relative to other tests in which monkeys have been exposed to
fake or real snakes. We collected two measures. First, we recorded laten-
cies to retrieve a food reward located on top of a clear Plexiglas box
containing either a neutral “junk” object or a potentially feared object.
Second, monkeys’ facial expressions and body movements in response to
such stimuli were videotaped and analyzed.

Subjects

Eighteen rhesus monkeys (Macaca mulatta), all male, were used. Four
monkeys had bilateral aspiration lesions of the orbital prefrontal cortex
(group PFo), four monkeys had bilateral excitotoxic lesions of the amyg-
dala (group Amyg), and 10 were maintained as unoperated controls
(group Con). Of the 10 unoperated monkeys, four were tested concur-
rently with group Amyg and six with group PFo. Monkeys with bilateral
PFo lesions and their controls were the same as those studied by Izqui-
erdo et al. (2004). Before the present experiments, the monkeys had been
given several cognitive tests not reported here. The training histories of
the monkeys in the different groups (group PFo and their controls vs
group Amyg and their controls) were highly similar, having included
food preference tests, visual discrimination learning, and tests of rein-
forcer devaluation. The monkeys weighed 6.2-12.6 kg at the beginning of
the study, were housed individually in rooms with automatically regu-
lated lighting (12 h light/dark cycle; lights on at 7:00 A.M.), and were
maintained on primate chow (catalog #5038; PMI Feeds, St. Louis, MO)
supplemented with fresh fruit. Monkeys were maintained on a controlled
diet to ensure sufficient motivation and healthy body weight. Water was
available ad libitum.

Apparatus

Monkeys were trained in a modified Wisconsin general testing apparatus
(WGTA) located in a darkened room. A clear Plexiglas box measuring
11.4 cm (width) X 71.1 cm (length) X 11.4 cm (height) was placed
within the test compartment of the WGTA. The box was hinged at the
back, which allowed the experimenter to easily lift the top and place
objects within the box. Test objects included the following: a rubber
snake measuring 50.8 cm in length and ~2 c¢m in diameter, a rubber
“jumping” spider measuring 10 cm (width) X 13.5 cm (length) X 2.5 cm
(height), made to jump by an air bladder, or one of eight neutral objects,
which, like the snake and jumping spider, were novel at the beginning of
the experiment. Three additional novel objects were dedicated to the
accommodation phase (see below). Food rewards consisted of a “fruit
snack” (Giant Food, Landover, MD), a chocolate candy (M&Ms; Mars
Candies, Hackettstown, NJ), or one-half of a peanut.

Test sessions were videotaped from two vantage points. One camera
was located on top of the WGTA facing straight down, thereby providing
aview of the test compartment from above. A second camera was located
behind the tester (~1 m from the monkey cage) to record a frontal view
of the monkey.

Surgery
At the time of surgery, anesthesia was induced with ketamine hydrochlo-
ride (10 mg/kg, i.m.) and maintained with isoflurane (1.0-3.0%, to ef-
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fect). The animals received 0.45% sodium chloride plus 5% dextrose via
an intravenous drip. Aseptic procedures were used. Heart rate, respira-
tion rate, blood pressure, expired CO,, and body temperature were mon-
itored throughout the procedure. After the aspiration removal (orbital
prefrontal cortex) or injections of excitotoxin (amygdala) were com-
pleted, the wound was closed in anatomical layers.

All monkeys received a preoperative and postoperative treatment reg-
imen consisting of dexamethasone sodium phosphate (0.4 mg/kg) and
Cefazolin antibiotic (20 mg/kg; Watson Laboratories, Corona, CA) for
1d before surgery and 1 week after surgery to reduce swelling and prevent
infection, respectively. At the end of surgery, and for 2 additional days,
the monkeys received the analgesic ketoprofen (10—15 mg). Ibuprofen
(100 mg) was provided for 5 additional days.

Surgeries were performed in two stages. We used the same method
described in previous reports from this laboratory (Malkova et al., 1997;
Baxter et al., 2000; Izquierdo and Murray, 2004). Two monkeys (PFo-1
and PFo-3) received removal of the left orbital prefrontal cortex as the
first operation, whereas the two others (PFo-2 and PFo-4) received re-
moval on the right side first. Monkeys with excitotoxic amygdala lesions
also received counterbalanced, two-stage surgeries: Amyg-2 and Amyg-4
received injections in the right hemisphere as the first operation, and
Amyg-1 and Amyg-3 received injections in the left hemisphere first. The
second stage surgery took place an average of 3.3 months after the first
stage surgery.

Amygdala lesion by ibotenic acid injection. After induction of anesthe-
sia, monkeys were placed in a stereotaxic frame. A bone flap extending
over the midline was made in the appropriate portion of the cranium,
and a final reading was taken on the position of the sagittal sinus, which
served as the landmark for calculation of stereotaxic coordinates in the
mediolateral dimension. Slits were cut in the dura to allow passage of the
injection needle. Injections of ibotenic acid were placed stereotaxically
throughout the amygdala in one hemisphere, with coordinates deter-
mined from magnetic resonance imaging (MRI) scans performed an
average of 2.75 d before the first surgery and 1.5 d before the second
surgery. Fifteen to 19 injections, each consisting of 0.6—1.0 ul of ibotenic
acid (10 mg/ml; Biosearch Technologies, Novato, CA), were made into
the amygdala via the 30 gauge needle of a Hamilton syringe held in a
micromanipulator. The injection sites were ~2 mm apart in each plane.
Each injection was made at the rate of 0.2 ul/min, and the needle was left
in place 2-3 min after each injection to limit diffusion of the toxin up the
needle track. The intended lesion (Fig. 1) included the entire amygdala,
including both the basolateral nuclear group as well as the central, me-
dial, and cortical nuclei.

Orbital prefrontal cortex lesion by aspiration. A half-moon-shaped cra-
niotomy was performed over the region of the prefrontal cortex. The
dura mater was cut near the dorsal edge of the bone opening and reflected
ventrally. Using a combination of suction and electrocautery, the orbital
prefrontal cortex was removed by subpial aspiration through a fine-
gauge metal sucker, insulated except at the tip. The intended lesion (Iz-
quierdo et al., 2004) extended from the fundus of the lateral orbital
sulcus, which marked the lateral boundary of the lesion, to the fundus of
the rostral sulcus, medially. The rostral limit of the lesion was a line
joining the anterior tips of the lateral and medial orbital sulci, and the
caudal limit of the lesion was ~5 mm rostral to the junction of the frontal
and temporal lobes. Thus, the lesion included Walker’s areas 11, 13, and
14 and the caudal part of area 10 (Walker, 1940).

Assessment of the lesions
The lesions in all eight operated monkeys were assessed quantitatively
from postoperative MRI scans. The extent of amygdala damage was eval-
uated from T2-weighted scans obtained within 12 d of surgery, and the
extent of orbital prefrontal cortex damage from T1-weighted scans was
obtained an average of 11.3 months after surgery.

For each operated animal, MR scan slices were matched to drawings of
a standard rhesus monkey brain at 1 mm intervals. Each lesion was
subsequently plotted onto the standard sections. For amygdala lesions,
the region of hypersignal evident in the T2-weighted MR scan was plot-
ted onto the standard sections. The extent of hypersignal has been re-
ported to accurately reflect the extent of neuronal cell loss, at least in the



8536 - J. Neurosci., September 14, 2005 - 25(37):8534 — 8542

hippocampus (Malkova et al., 2001; Nemanic
et al., 2002). For the orbital prefrontal cortex
lesions, the extent of the lesion visible in the
T1-weighted scan was plotted. We then mea-
sured the volume of the lesion as a function of
the total volume of the structure (either amyg-
dala or orbital prefrontal cortex) in the
standard.

In all four subjects of group PFo, damage to
the orbital prefrontal cortex was essentially as
intended. The lesions removed an average of
78.7% of the PFo bilaterally (range, 69.2—88.9).
The removals systematically spared a narrow
strip of cortex immediately ventral to the ros-
tral sulcus, a region classified as infralimbic
cortex by Preuss and Goldman-Rakic (1991).
For monkeys in group Amyg, the damage was
also essentially as intended. Left amygdala
damage could not be assessed for one case
(Amyg-2), so the estimates are based on seven
of the eight amygdalas in the four subjects. We
estimate the lesion to include 91.5% of the
amygdala bilaterally (range, 85.2-100). Each of
the monkeys with amygdala lesions sustained
some inadvertent damage to adjacent struc-
tures. Amyg-1, the monkey with the most com-
plete lesion, sustained bilateral unintended
damage to anterior portions of the entorhinal
cortex and hippocampus, to portions of the
ventral claustrum, the substantia innominata,
and piriform cortex. The remaining monkeys
in this group sustained only minor and unilat-
eral damage to a subset of these regions. (Note
that only one hemisphere could be evaluated in
case Amyg-2.) The percentage of damage to the
target structures in each hemisphere for each
individual monkey is provided in Table 1.

Intended

Figure1.

the amygdala lesions.

Behavioral testing procedures

Accommodation. Before the main task, all monkeys were accommodated
to the camera, Plexiglas box, and general test setup in the WGTA over two
sessions. In the first session, monkeys were required to retrieve a food
reward located in a food well of the test tray while the screen that nor-
mally separated the monkey from the experimenter stayed open for vid-
eotaping. During the second session, monkeys were exposed to the Plexi-
glas box; all monkeys readily reached for the food reward 20 times while
the box was empty and 10 times with one of the three novel objects
dedicated to this phase inside.

Main task. The method was adapted from Mineka and her colleagues
(Mineka et al., 1980; Mineka, 1987) and is identical to that reported
previously (Izquierdo and Murray, 2004). On each trial, the monkeys
were allowed to reach for and to procure a food reward that had been
placed on top of the clear box. The food was always located at the center
of the back edge of the top, the edge nearest the experimenter, which
meant that the monkey had to reach over the object in the Plexiglas box
to obtain the food reward. To help the experimenter quickly and accu-
rately set out the food, a small “x” marked the spot.

Each session was comprised of 10 trials. Eight of the trials were those in
which an originally novel, neutral object was placed in the clear box. Each
object was used once per session; thus, a different object appeared on
each neutral object trial within a session. For the remaining two trials, the
rubber snake and the rubber jumping spider were used. The snake and
spider trials appeared pseudorandomly in the sequence of 10 trials, with
the constraint that neither appeared on the first trial of the session. For
each monkey, a single food (one of the foods that ranked highly during a
previous test of food preference) was assigned to be used throughout the
experiment.

During the intertrial interval, while the screen between the monkey
compartment and test compartment blocked the monkey’s view of the
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Case Amyg-1

Case Amyg-4

Left column, Coronal sections from a standard rhesus monkey brain showing the location and extent of the intended
bilateral amygdala lesion (shaded region). Numerals indicate distance from the interaural plane (0). Middle and right columns, MR
images from cases Amyg-1 (largest lesion) and Amyg-4 (smallest lesion) at matching levels. T2-weighted MR images reveal the
extent of white hypersignal, which reflects edema consequent to the injections of ibotenate and therefore the approximate site of

Table 1. Percentage of damage to orbital prefrontal cortex (group PFo) and
amygdala (group Amyg)

Monkey Left Right Mean
PFo-1 92.5 85.2 88.9
PFo-2 76.1 62.2 69.2
PFo-3 854 729 792
PFo-4 85.0 70.0 715
Amyg-1 100 100 100

Amyg-2 98.5 98.5
Amyg-3 94.7 713 86.0
Amyg-4 100 704 85.2

Numerals indicate percentage of damage to orbital prefrontal cortex and amygdala sustained by each of the oper-
ated monkeys. PFo-1 to PFo-4, Monkeys with bilateral removals of the orbital prefrontal cortex by aspiration;
Amyg-1 to Amyg-4, monkeys with excitotoxic amygdala lesions; Left, left hemisphere; Right, right hemisphere;
Mean, average of the values for the left and right hemispheres.

Plexiglas box, the experimenter loaded the box and set out the food. A
trial was initiated when the experimenter raised the opaque screen. Dur-
ing this part of the trial, the experimenter faced the video monitors
(located to one side of the WGTA), and only her profile was visible to the
monkey. If the monkey took the food, the screen was immediately low-
ered, terminating the trial. If the monkey failed to take the food within
30 s, the trial was terminated. Monkeys were tested for a total of five
sessions, each consisting of 10 trials separated by 20 s intervals, at a rate of
one session every other day.

Videotape analysis. Time code generators on the videotape recorders
were used to synchronize the two camera views. In this way, the monkeys’
latencies to reach for the food reward (derived from the top-down view),
and the duration and frequency of their behavioral reactions to the stim-
uli (derived from the frontal view) could be analyzed to the nearest
millisecond.
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Table 2. Behaviors analyzed during experiment 1 (snake task) and experiment 2 (human intruder task)

Behavior

Description

Mild aggression

Frown Wrinkles or moves eyebrows up and down
Ears back Flattens ears against head
Yawn Opens mouth wide, baring upper teeth
High aggression
Head/body lunge Thrusts head or body forward
(age shake Shakes cage
Mouth threat Opens mouth slightly, exposing lower teeth
Defense
Freezing Motionless for =3's
Startle Jerks suddenly
Eye/head aversion Avoids eye contact, shifts gaze or whole head
Piloerection Hair stands on end
Move away Retreats from the stimulus
Submission
Lip smack Purses and alternatively closes and opens lips
Grimace Mouth closed, pulls lips backward exposing teeth
Presentation Presents its hindquarters with tail up
Approach
Look at Makes eye contact
Move toward Shifts body forward, closer to stimulus
>Touch Handles with hand or foot
Take/eat reward Picks up or mouths the food reward

Other behaviors (not directed toward the stimulus)
Manual exploration
Oral exploration

Handles any part of its surrounding
Licks or mouths any part of its surrounding

J. Neurosci., September 14, 2005 - 25(37):8534 — 8542 « 8537

sample of six monkeys (two monkeys from
each of the operated groups and four monkeys
from the control group). In general, there was
good agreement between the two scorers (anal-
ysis of both duration and frequency of defen-
sive and approach behaviors in a subset of
group Amyg and group Con, all correlations
>0.939, all p < 0.022; in a subset of group
PFo and group Con, all correlations >0.957,
all p < 0.043). This suggests that behaviors
exhibited by the monkeys in response to the
rubber snake could be reliably identified and
distinguished from one another. More im-
portantly, however, high reliability between a
scorer blind to the group assignments and
one aware of the group assignments strongly
argues against the possibility that any group
differences observed are caused by experi-
menter bias.

Experiment 2: responses to

human intruder

The response of intact rhesus monkeys to the
stare of an unfamiliar human intruder pro-
duces emotional behavior characterized by de-
fensive, submissive, and aggressive behaviors
(Kalin and Shelton, 1989). Although Kalin et al.
(2001) found no effect of bilateral amygdala
lesions on this measure, we included this task in
our battery to measure emotional responses to

Locomotor stereotypies Activities, such as circling, hopping, repeated three or more times
Self-directed activities Scratches, grooms, holds, etc. any part of its body

Look away Looks away while engaged in behavior not directed toward stimulus
Teeth gnashing Chewing motion without food in mouth

Miscellaneous

Engages in any peculiar activity not described above

a social stimulus, which would complement
our evaluation in the snake task of reactions to
a potential predator. In addition, we reasoned
that even if the behavior exhibited in response
to a human intruder was unaffected by the le-

Videotaped food-retrieval latencies and emotional behavior were
scored independently by two viewers. Timing for the latency measure
was initiated when the WGTA screen was raised above a given point,
located ~15 cm above the test tray, which was marked on the front of the
cage and visible in the frontal camera view. The response was considered
completed when the monkey grasped the food reward, just before it
withdrew its arm. If no response was made within the 30 s time limit, a
score of 30 s was given.

With minor modification (the inclusion of teeth gnashing as an
other behavior), behavioral scoring methods were the same as those
used by Meunier et al. (1999). A list of the behavioral categories,
together with a brief description of the constituent behaviors, is pro-
vided in Table 2.

For each monkey, behaviors during each of the five snake trials were
analyzed for mean cumulative duration and mean cumulative frequency
(Meunier et al. 1999; Izquierdo and Murray, 2004). Subsequently, means
for each group were obtained. Behaviors observed during the snake trials
were grouped as either defensive (e.g., move away, freezing, and eye/head
aversion) or approach (move toward and take reward). Because the “look
at” behavior was observed in monkeys that never reached over the rubber
snake as well as in monkeys that reached quickly, this behavior was ex-
cluded as an approach behavior. In addition, because the duration of the
snake trial varied across monkeys, for purposes of analysis, each trial was
prorated to a 30 s interval, which was the maximum trial length observed.
The frequencies were kept as raw scores.

Videotapes were first scored by an observer who was aware of the
group assignments. A subset of sessions was subsequently scored inde-
pendently by a second observer, one who was unaware of group assign-
ments. Interobserver reliability was calculated using Pearson’s correla-
tion coefficients and averaged across the five sessions per monkey in a

sions, it would provide a potential control for
the production of emotional responses in the
presence of the snake.

Subjects

These were the same subjects as in experiment 1, with the exception that,
after completing experiment 1, one monkey was killed because of illness
that did not respond to treatment. Thus, in experiment 2, there were
three monkeys in group PFo instead of four.

Apparatus

We used the same videotaping apparatus as in experiment 1, but only the
frontal camera view was used. Also, for the human intruder task, mon-
keys were not tested in the WGTA but in the open space of an unfamiliar
room. One male human, never before seen by the monkeys, served as the
human intruder.

Test procedures

Test procedures and behavioral scoring methods are identical to those
reported by Izquierdo and Murray (2004). Monkeys were placed in their
usual test cage, taken to a room they had never been in, and left alone for
5 min [alone condition (Alone)]. A human male unfamiliar to the mon-
key then entered the room, sat ~2.5 m away from the cage, and presented
his profile to the monkey for 5 min. The human never made eye contact
[no eye contact condition (NEC)] with the monkey during this time.
After leaving the room for 3 min, the same human returned to the room,
sat 2.5 m away from the monkey, and proceeded to stare at the monkey
[stare condition (ST)] for 5 min. In the ST condition, the human re-
mained motionless and projected a neutral face toward the monkey. All
conditions were videotaped and analyzed for duration of behavior in
seconds, using the same scoring methods as in experiment 1. As was the
case for behavioral scoring in experiment 1, interobserver reliability was
high (analysis of a subset of group Amyg and group Con, all correlations
>0.976, all p < 0.01; analysis of a subset of group PFo and group Con, all
correlations >0.934, all p < 0.05).
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Results A B c

Experiment 1 35 Snake Trials Spider Trials Neutral Object Trials
Responses to fake snake, spider, and ’g 30 - _
neutral objects . s e gigﬁg ggg 8:11:411;))
Because no statistical differences were 2 = Group Amyg (N=4)
found between the two control groups in '8§ 20

any of our measures, these groups were £§ 15

collapsed into a single group Con for all -2 10 #

analyses. Food-retrieval latencies for the 217 e ﬁ : %
three trial types are shown in Figure 2. A 0 N . s . 3 4 s a3 4 s
three-by-three-by-five ANOVA of the re- Session

sponse latencies by group (Con, Amyg,

and PFo) with repeated measures on trial Figure2. Mean food-retrieval latencies (in seconds) across sessions. A, Operated groups differed significantly from controlsin

type (snake, spider, and neutral object trial
types) and session (1-5) revealed a signif-
icant interaction between group and trial
type (Fiq30) = 4.571; p = 0.005). Statistical
analyses resulting from the ANOVA are
summarized in Table 3. Separate follow-up ANOVAs showed
that group differences in food-retrieval latency emerged on snake
and spider trials (snake, F(,;sy = 9.738, p = 0.002; spider,
F,15 = 6.350, p = 0.010) but not on neutral object trials
(F215 = 1.372; p = 0.284). In addition, there was a decrease in
latency across the five sessions, and this was true for all three trials
types (snake, F(, 60y = 8.892, p << 0.001; spider, F, ¢, = 20.149,
P < 0.001; neutral objects, F, o) = 3.490, p = 0.013). There were
no significant interactions of session and group (snake, Fg 59) =
1.255, p = 0.284; spider, Fg ¢y, = 0.672, p = 0.714; neutral ob-
jects, Fig a0y = 0.637, p = 0.744).

Snake trials. Food-retrieval latencies on snake trials are shown
in Figure 2 A. On average, control monkeys displayed long laten-
cies to retrieve the food on snake trials. On many trials, they never
reached for the food, and on others they took a long time to do so.
In contrast, the monkeys in both operated groups displayed rel-
atively shorter food-retrieval latencies. Individual ANOVAs con-
ducted on each session revealed that latencies differed signifi-
cantly by group for all five sessions (session 1, F, 5, = 4.390,p =
0.032; session 2, F(, 5y = 7.077, p = 0.007; session 3, F, ;5) =
10.745, p = 0.001; session 4, F(, ;5) = 5.613, p = 0.015; session 5,
F5,15) = 5.878, p = 0.013). Group PFo, although not significantly
different from the controls on the first session (Bonferroni’s test,
p = 1.0), showed a marginal difference from the controls on the
second session (Bonferroni’s test, p = 0.060) and differed signif-
icantly from controls on the last three sessions (Bonferroni’s
tests, sessions 35, respectively: p = 0.007, p = 0.052, p = 0.044).
For all five sessions, the group Amyg showed faster food retrieval
relative to the controls (Bonferroni’s tests, sessions 1-5, respec-
tively: p = 0.029, p = 0.013, p = 0.006, p = 0.049, p = 0.045;
Amyg vs Con). Post hoc tests revealed no significant differences
between group Amyg and group PFo in latencies for all five
sessions.

Spider trials. Food-retrieval latencies on spider trials are
shown in Figure 2 B. When confronted with the spider, the re-
sponses of the groups appeared similar; all monkeys displayed
longer latencies in the initial session relative to later sessions. Still,
a group difference emerged for session 1 (F, 5 = 5.314; p =
0.018), and post hoc Bonferroni’s tests revealed that group Amyg
displayed faster food-retrieval latencies than group Con (p =
0.017) but did not differ from group PFo ( p = 0.411).

Behavior during snake trials
Defensive behavior. Figure 3 shows the mean cumulative duration
of defense and approach behaviors exhibited by each group dur-

their latencies to reach over the rubber snake. Group Amyg (*) or group PFo (#) differ significantly from controls ( post hoc
Bonferroni’s tests, p << 0.05). B, Group Amyg (*) differs significantly from controls ( post hoc Bonferroni's tests, p << 0.05) in
latencies to reach over the rubber spider. , There were no group differences in latencies to reach over neutral objects. Group Con,
n = 10; group PFo, n = 4; group Amyg, n = 4. Error bars indicate SEM.

Table 3. Summary of three-by-three-by-five ANOVA on food-retrieval latencies in
experiment 1

F pvalue

Group 10.572 0.001
Trial type 13.149 <0.001
Group-by-trial type 4.571 0.005
Session 26.296 <<0.001
Trial type-by-session 7.031 <0.001
Session-by-group 1.145 NS

Trial type-by-session-by-group 0.806 NS

Resulting Fand p values of a three (Con, Amyg, PFo)-by-three (snake, spider, neutral object)-hy-five (session 1-5)
ANOVA on food-retrieval latencies in experiment 1. NS, Not significant.
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Figure 3.  Group mean cumulative duration of defense and approach behaviors when

exposed to the rubber snake. Only group Amyg differed significantly from group Con in
both their defensive and approach behaviors. *Significantly different from controls ( post
hocBonferroni's tests, p << 0.05). Group Con, n = 10; group PFo, n = 4; group Amyg, n =
4. Error bars indicate SEM.

ing rubber snake exposure. In general, both operated groups dis-
played fewer defensive behaviors than did the controls. Whereas
the monkeys in group Con exhibited defensive behaviors for
41.8 s per session, on average, monkeys in group Amyg displayed
only 11.8 s and those in group PFo only 26.1 s of defensive behav-
ior. (Mean cumulative numbers could be greater than the 30 s
trial duration because durations for constituent behaviors in the
defensive category were summed.) A repeated-measures ANOVA
on defensive behavior across all five sessions resulted in a main
effect of group (F,,;5, = 9.402; p = 0.002) and a within-subjects
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Figure 4.

Responses to a human intruder. The mean cumulative duration of categories of behavior during the human intruder task is shown. Error bars indicate SEM. 4, Alone condition; B, NEC

condition; C, ST condition. Group PFo showed less other behaviors in the Alone condition and more mild aggression in the ST condition. For a more detailed description of behaviors, see Table 2.
*Significantly different from both group Con and group Amyg. **Significantly different from group Con. Group Con, n = 10; group PFo, n = 3; group Amyg, n = 4.

effect of session (F, 49y = 2.876; p = 0.030) but no session-by-group
interaction (F, 4y = 1.256; p = 0.283). An identical pattern of re-
sults was found for the frequency of defensive behaviors (mean cu-
mulative frequency of defensive behavior: group Con, 7.12; group
Amyg, 2.15; group PFo, 3.6). Post hoc Bonferroni’s tests revealed that
only group Amyg displayed significantly less defensive behavior than
group Con (duration, p = 0.002; frequency, p = 0.018). Neverthe-
less, group PFo, when compared with only concurrently tested con-
trols, was also found to display significantly less defensive behavior in
the presence of the snake. A repeated-measures ANOVA on the cu-
mulative duration of behaviors for these monkeys (PFo, n = 4; Con,
n = 6) revealed a significant main effect of group (mean cumulative
duration of defensive behavior: group Con, 47.2; group PFo, 26.14;
Fiig = 8.630; p = 0.019).

Approach behavior. On average, both operated groups dis-
played a greater amount of approach behavior, relative to con-
trols, in the presence of the snake. Relative to monkeys in group
Con, which displayed only 9.4 s of approach behaviors, monkeys
in group Amyg engaged in 27.0 s and those in group PFo in 15.6 s
of approach behavior. A repeated-measures ANOVA on ap-
proach behavior across all five sessions resulted in a main effect of
group (F, 5y = 7.915; p = 0.005) and a within-subjects effect of
session (F, 0y = 3.674; p = 0.010) but no session-by-group in-
teraction (F4 60y = 1.522; p = 0.169). Post hoc Bonferroni’s com-
parisons revealed that only group Amyg spent significantly more
time in approach behavior than group Con ( p = 0.004). Unlike
the significant results for duration, there was no difference in the
frequency of approach behaviors across groups (mean cumula-
tive frequency of approach behavior: group Con, 1.46; group
Amyg, 2.35; group PFo, 1.8). Group PFo, when compared with
only concurrently tested controls, was also found to spend signif-
icantly more time in approach behavior. A repeated-measures
ANOVA on the cumulative duration of behaviors revealed a sig-
nificant main effect of group (mean cumulative duration of ap-
proach behavior: group Con, 7.476; group PFo, 15.58; F(, 4 =
6.882; p = 0.030).

Experiment 2

Responses to human intruder

Mean cumulative durations of the different categories of be-
havior exhibited in the different conditions are shown in Fig-

ure 4. Consistent with other published reports (Kalin et al.,
2001), intact control monkeys showed more defensive behav-
ior, especially freezing, in the NEC condition relative to the
Alone condition. In addition, they showed more defensive
behavior in the ST relative to the Alone condition, with a slight
increase in aggressive behavior as well. A repeated-measures
ANOVA on all three conditions yielded significant interac-
tions of group (Con, PFo, Amyg) by condition (Alone, NEC,
ST) for mild aggression (F, ,q) = 4.501; p = 0.006) and for
other behaviors (F,,g) = 3.336; p = 0.024). Follow-up tests
revealed a significant group difference in mild aggression spe-
cific to the stare condition (F, ;) = 4.041; p = 0.041). Group
PFo spent more time on average in mild aggression in this
condition than the other two groups ( post hoc Bonferroni’s
tests; PFo vs Amyg, p = 0.054; PFo vs Con, p = 0.078), whereas
group Amyg and group Con did not differ from each other
(p = 1.0). A significant group difference also emerged for
other behaviors (F(, 4, = 7.308; p = 0.007), and further anal-
ysis showed that group PFo spent significantly less time than group
Con in this category ( post hoc Bonferroni’s test, p = 0.006), but
group PFo did not differ from group Amyg (p = 0.104). Group
Amyg and group Con also did not differ from each other ( p = 1.0).
(Analyses in which group PFo was compared with only its own con-
currently tested controls similarly revealed significant group-by-
condition interactions for mild aggression and other behaviors.)

Discussion

The present study revealed that PFo and amygdala damage pro-
duced similar effects on monkeys’ responses to a potential pred-
ator (rubber snake) but slightly different effects when monkeys
were confronted with an unfamiliar human (human intruder).
Thus, amygdala and PFo damage caused both similar and differ-
ent effects on emotional behavior.

Responses to a fake snake

Monkeys with bilateral PFo lesions had significantly shorter la-
tencies to reach over the rubber snake relative to unoperated
controls. In addition, an analysis restricted to group PFo and
concurrently tested controls revealed a significant attenuation of



8540 - J. Neurosci., September 14, 2005 - 25(37):8534 — 8542

defensive responses and an increase in approach responses in the
presence of the fake snake. Monkeys with amygdala lesions ex-
hibited the same pattern of behaviors as monkeys with PFo le-
sions. Thus, when monkeys face potential predators, the effects of
PFo and amygdala damage are similar, both qualitatively and
quantitatively. Importantly, in neither group can the deficit be
accounted for by changes in visual perceptual abilities, motivation,
or appreciation of foodstuffs (Baxter et al., 2000; Izquierdo et al.,
2004). The present results thus provide new information on the
effects of PFo damage and, in addition, confirm and extend previous
findings of blunted defensive behavior in adult macaques after selec-
tive amygdala lesions (Meunier et al., 1999; Kalin et al., 2001) to
include shorter than normal food-retrieval latencies in the presence
of another prepotently aversive stimulus, a spider.

Neuroimaging investigations indicate the involvement of
these same brain regions in phobic subjects in response to their
phobic stimulus. For example, regional cerebral blood flow
(rCBF) increases in the left posterior orbital cortex while subjects
view phobic objects, compared with baseline (Rausch et al., 1995;
Reiman, 1997). In addition, using a habituation design, rCBF
decreases bilaterally in the amygdala (Veltman et al., 2004) but
increases in the posterior orbital cortex (Drevets et al., 1995). And
although rCBF in the right amygdala during exposure to phobic
stimuli correlates positively with the phobic individual’s subjec-
tive assessment of fear (Fredrikson and Furmark, 2003), rCBF
increases in posterior orbital cortex are inversely related to
changes in heart rate and anxiety levels (Drevets et al., 1995).
These and other findings (Timms, 1977) suggest that PFo neu-
rons may inhibit activity in other structures, such as the amyg-
dala, which in turn might suppress expression of emotion or
prepotent response tendencies.

Responses to a human intruder

Relative to controls, monkeys in group PFo showed significantly
more mild aggression toward an unfamiliar human in the Stare
condition and fewer behaviors in the other category in the Alone
condition. Monkeys in group Amyg showed no such alterations
in behavior. In support of these negative results, Kalin et al.
(2001) likewise found no effect of bilateral, selective amygdala dam-
age on responses to a human intruder. In the Stare condition, unlike
the NEC condition, the threat is unambiguous because the intruder
makes direct eye contact and maintains it for several minutes. Al-
though the group difference in mild aggression is modest, it is con-
sistent with evidence relating PFo damage (but not amygdala dam-
age) to increased aggression (Grafman et al. 1996) and to the clinical
phenomena of reactive aggression and acquired sociopathy (Blair,
2001). These findings, together, suggest a role for the PFo in modu-
lating aggression in threatening situations.

The disruption of emotional responses to snakes cannot be
ascribed to an inability to produce the responses. Whereas mon-
keys with damage to either the PFo or the amygdala exhibited a
paucity of emotional responses in the presence of the artificial
snake, they made many of the same behaviors in response to the
human intruder. For example, in the human intruder task, but
not the snake task, both groups of operated monkeys displayed
freezing behavior, as well as head and eye aversions, in amounts
equivalent to the controls.

Our results contrast with previous reports (Butter et al., 1970;
Butter and Snyder, 1972) in which monkeys with PFo damage
were reported to show a decrease in aggression and an increase in
avoidance behavior in response to human observers. These dif-
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ferent results could be related to differences in the degree of fa-
miliarity of human observers or low interrater reliability for be-
havioral scoring (Butter et al., 1968, 1970). Regardless, the
present study is the first to show different effects of PFo and
amygdala damage on responses to social stimuli. Whether this
represents a fundamental difference in processing of innate ver-
sus conditioned stimuli, predator versus social stimuli, or other
differences requires additional study.

Role of the PFo in response selection

As noted at the outset, evidence from ablation and physiological
studies is consistent with a role for the PFo in rule-based response
selection, inhibitory control, and representation of the affective
value of goals (for review, see Holland and Gallagher, 2004). How
the role of the PFo in emotional behavior might relate more
broadly to response selection or inhibitory control has not been
systematically explored. In the present assessments of emotional
responses to a fake snake and human intruder, as in many other
tests of instrumental responses in which a context guides action,
PFo damage disrupted the elicitation of adaptive responses. Be-
cause the actions themselves are available and apparently nor-
mally executed, the impairment is clearly in either selecting or
guiding action rather than in motor control per se.

The idea that PFo damage leads to either perseveration or loss
of inhibitory control, although consistent with some findings,
cannot explain the constellation of impairments that follow PFo
damage. For example, although monkeys with PFo damage show
perseveration on an object discrimination reversal task (Jones
and Mishkin, 1972), in another study, monkeys with lesions that
included the PFo showed no such perseveration. Instead, they
distributed their responses randomly across the possible choices
(Bussey et al., 2001). Accordingly, perseveration, per se, cannot
account for the deficits that follow PFo damage. Similarly, al-
though deficits in reversal learning or extinction have been char-
acterized as deficits in inhibitory control, monkeys with PFo le-
sions were unimpaired on a difficult test of inhibitory control, the
reversed-contingency task (Y. Chudasama, J. D. Kralik, and E. A.
Murray, unpublished observations). Consequently, an account
in terms of deficient inhibitory control mechanisms fails to cap-
ture the deficits that follow PFo damage.

Several lines of evidence support the idea that the PFo is im-
portant for facultative choices based on the value of expected
goals. A recurring theme is that the PFo is critical in conditions in
which there are multiple competing responses that must be eval-
uated and selected among. For example, recent work has shown
that PFo damage disrupts monkeys’ abilities to choose between
two objects on the basis of the underlying food value (Izquierdo
et al., 2004). In addition, rats with lesions of the orbital frontal
cortex are impaired relative to controls in making choices between
two actions, one leading to small, immediate rewards and the other
to large, delayed rewards (Kheramin et al., 2002; Winstanley et al.,
2004). Furthermore, human patients with damage that includes the
PFo exhibit impairments in laboratory-based gambling tasks in
which they must choose among actions that differ in terms of size
and probabilities of punishments and rewards (Bechara et al., 1999,
2000; Rogers et al., 1999). Consistent with these findings, physiolog-
ical studies have demonstrated that neurons in the PFo code the
value of predicted rewards (Tremblay and Schultz, 2000; Wallis and
Miller, 2003; Roesch and Olson, 2004), taking into account not only
magnitude of the reward (Wallis and Miller, 2003) but also potential
punishments (Roesch and Olson, 2004) in assigning value. Thus,
PFo neurons appear to integrate different types of sensory informa-
tion to code the value of expected goals.
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The responses of monkeys with PFo lesions to artificial
snakes may inform the possible role of the PFo in integrating
sensory inputs. First, on each trial, the positive and negative
signals, namely food and the snake, are in full view of the
monkey. There is no working memory requirement. Thus, the
present results, like the findings from several ablation (Bussey
et al., 2001; Rushworth et al., 1997) and physiological (Leb-
edev et al., 2004; Passingham and Sakai, 2004) studies, argue
against the idea that the primary function of the prefrontal
cortex is the mediation of working memory. Instead, the def-
icit after PFo lesions must be in another domain. Second,
because both snakes and food are unconditioned stimuli, there
is no requirement to associate environmental cues with posi-
tive and negative reinforcers. Indeed, observations of these
same monkeys in other settings indicate that monkeys with
PFo lesions, like controls, display intact food preferences for
familiar foods. Thus, the critical role of the PFo lies not in
assigning value to food rewards but in another domain. By
elimination, then, the best characterization of the role of the
PFo in the snake test is that of integrating competing signals to
generate appropriate responses. That is, the PFo may be criti-
cal for gauging the threat signaled by the snake against the
benefit of the food. On this view, the primary role of the PFo
would be in providing a common currency for the valuation of goals
leading to response selection, rather than in resolving competing re-
sponse options per se.
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