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INTRODUCTION

There is a long history of studying the role of medial
temporal lobe brain structures in emotional processing
(e.g., Kliiver & Bucy, 1939; Weiskrantz, 1956, etc.).
Particular attention has been paid to the function of
the amygdala in the perception and generation of
appropriate emotional behavior. For example, nonhuman

Additional Supporting Information may be found in the online
version of this article.
Received 16 September 2009; Accepted 12 February 2010
Correspondence to: E. Bliss-Moreau and D. G. Amaral

Contract grant sponsor: National Institute of Mental Health

Contract grant number: R37MH57502

Contract grant sponsor: National Institute of Health

Contract grant number: RR00169

Published online 21 April 2010 in Wiley InterScience
(www.interscience.wiley.com). DOI 10.1002/dev.20451

© 2010 Wiley Periodicals, Inc.

Developmental Psychobiology
T

Neonatal Amygdala or
Hippocampus Lesions Influence
Responsiveness to Objects

ABSTRACT: Medial temporal lobe brain structures, such as the amygdala, play an
important role in the normal perception and generation of emotional behavior. Little
research, however, has assessed the role of such structures across the neuro-
developmental trajectory. We assessed emotional behavioral responses of rhesus
macaques that received bilateral ibotenic acid lesions of the amygdala or
hippocampus at 2 weeks of age and sham-operated controls. At 9 and 18 months
of age, animals interacted with novel objects that varied in visual complexity as a
means of varying emotional salience. All animals behaved differently in the
presence of visually simple, as compared to complex, objects, suggesting that they
were sensitive to variation in emotional salience. Across both experiments,
amygdala-lesioned animals appeared to be less behaviorally inhibited insofar as
they explored all objects most readily. Interestingly, hippocampus-lesioned animals’
propensity for exploration mirrored that of control animals in some contexts but
that of amygdala-lesioned animals in other contexts. At 18 months of age, both
amygdala-lesioned and hippocampus-lesioned animals were judged to be less
fearful than controls during the testing procedure. Implications for understanding
the neurobiology of emotional behavior are discussed. © 2010 Wiley Periodicals,
Inc. Dev Psychobiol 52: 487-503, 2010.
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primate research has demonstrated that the amygdala
plays a critical role in generating appropriate social
responses during interactions with conspecifics (e.g.,
Emery et al., 2001; Kling & Brothers, 1992; Machado &
Bachevalier, 2006) and modulating appropriate behav-
ioral inhibition in the presence of novel and emotionally
provocative objects (e.g., Aggleton & Passingham, 1981;
Machado, Kazama, & Bachevalier, 2009; Mason, Cap-
itanio, Machado, Mendoza, & Amaral, 2006; Stefanacci,
Clark, & Zola, 2003; Zola-Morgan, Squire, Alverez-
Royo, & Clower, 1991). Amygdala lesion experiments are
typically conducted with adult animals. As such, there is a
paucity of work investigating how amygdala damage
influences behavior across animals’ early neurodevelop-
mental trajectories. Evaluating the development of normal
emotional responding is germane to understanding the
etiology of, and developing appropriate treatment for,
neurodevelopmental and psychiatric disorders in which
normal emotional responding is disrupted, such as autism
and anxiety.
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Much is known about how damage to the amygdala
in adult animals influences emotional processing (for
reviews LeDoux, 2000; Phelps, 2006). Monkeys that
receive amygdala lesions as adults consistently demon-
strate atypical emotional responses in the presence of
provocative objects. These atypical responses are often
characterized by an increased propensity to approach and
examine objects (Aggleton & Passingham, 1981; Mason
et al., 2006; Stefanacci et al., 2003; Zola-Morgan et al.,
1991). Animals with damage to the amygdala also
consistently show fewer emotional behaviors related to
fear processing (Aggleton & Passingham, 1981; Kalin,
Shelton, Davidson, & Kelly, 2001; Machado et al., 2009)
and increased ‘‘tameness’ (Zola-Morgan et al., 1991).
Amygdala-lesioned animals, furthermore, do not modu-
late their behavioral responses based on the variation in
the emotional salience of object stimuli (Mason et al.,
2006). Animal-like objects used by Mason et al. (2006)
were selected to differ in visual complexity to vary
the extent to which they were emotionally provocative.
While control subjects’ latency to take the food from in
front of the objects increased with the level of object
salience, the amygdala-lesioned subjects’ latency did not
increase.

Although the hippocampus has been widely implicated
in declarative memory processes (for a review see Squire,
Stark, & Clark, 2004), little is known about its role in
emotional processing and, in particular, its role in
generating responses to emotionally significant objects.
Zola-Morgan et al. (1991), demonstrated that hippo-
campus-lesioned macaques were comparable to control
subjects in their willingness to approach and examine
provocative objects. Like control subjects, hippocampus-
lesioned subjects were more aggressive and fearful of the
objects than amygdala-lesioned animals (Zola-Morgan
et al., 1991). In contrast, recent evidence indicates that
hippocampus-lesioned monkeys are less behaviorally
inhibited than controls in the presence of emotionally
provocative stimuli insofar as they spent more time in
proximity to the objects, retrieved a food item placed near
the object more quickly and displayed less defensive
and avoidance behavior (Chudasama, Wright, & Murray,
2008). Clearly, further investigation of the role of the
hippocampus in normative responding to objects of
emotional significance is warranted.

Even less experimental work has investigated the role
of the amygdala or hippocampus in the development of
normal emotional responding. In one study, 9-month-old
infant macaques with neonatal lesions to a large portion
of the medial temporal lobe (including amygdala,
hippocampus, and surrounding cortex), compared to
age-matched control subjects, were less active and
more withdrawn but otherwise showed similar patterns
of behavior (e.g., decreased touching of objects) in the
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presence of novel and familiar objects (Meunier, Nalwa,
& Bachevalier, 2003). Preliminary research from our
laboratory demonstrated that three rhesus macaque
infants (6—8 months of age) that received bilateral
amygdala lesions at 2 weeks of age spent more time
exploring novel objects and were faster to retrieve food in
the presence of an emotionally evocative stimulus (e.g., a
rubber snake) as compared to three unoperated control
animals (Prather et al., 2001). These findings essentially
replicate findings in adult animals suggesting that
abnormal emotional processing resulting from amygdala
damage may arise at any point during development. To
further and more thoroughly investigate this claim, the
present experiments sought to confirm and extend the
results of Prather et al. (2001) using a larger group of
amygdala-lesioned animals as well as a second
group of animals that received bilateral lesions to the
hippocampus.

We tested affective responsivity in the same group
of subjects at two time points—9 months of age
(8.5 months post-lesion) and 18 months of age
(17.5 months post-lesion)—to investigate whether abnor-
mal responsivity persists over time and varies based on the
emotional salience of objects. Previous research with
young neurologically intact macaque monkeys who
varied in age (ranging from 20 days to 27!/, months)
demonstrated that while the mean number of emotion-
related behaviors generated in the presence of animal-like
objects was consistent across age groups, older animals
(6!, — 271/, months), as compared with younger animals
(20-105 days) generated more behaviors directed at the
objects (i.e., facial expressions and vocalizations; Bern-
stein & Mason, 1962). These findings suggest that while
the general magnitude of responsivity may be consistent
across age, the specific pattern of behaviors generated
may change with development. Interestingly, in this same
study, animals from all age groups were more responsive
to complex as compared to simple objects (Bernstein &
Mason, 1962) indicating that the ability to differentiate
between objects based on their visual properties is present
early in development.

In the present study, we hypothesized that animals with
early damage to the amygdala, as compared to neuro-
logically intact controls, would be less avoidant and more
interactive with novel and emotionally salient objects
during both the 9- and 18-month time points. Although
we anticipated that the hippocampus and control
animals would both respond to novel objects and differ-
entiate between levels of complexity, we had no specific
expectations regarding differences between these
two groups. Based on the previous literature in adult
animals, we suspected that hippocampal lesioned animals
would respond in a manner quite similar to control
animals.
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ANIMALS FOR EXPERIMENTS 1 AND 2

All experimental procedures were developed in consulta-
tion with the veterinary staff at the California National
Primate Research Center (CNPRC). All protocols were
approved by the UC Davis Institutional Animal Care and
Use Committee.

Animals and Living Conditions

Twenty-four infant rhesus monkeys (Macaca mulatta)
were randomly assigned to one of three lesion conditions:
bilateral amygdala lesions (five females, three males),
bilateral hippocampus lesions (five females, three males)
or sham-operated controls (four females, four males). All
surgeries were performed at 12—16 days after birth. The
animals were returned to their mothers following surgery
and housed in standard home cages (61 cm W x 66 cm
D x 81 cm H). Following a brief recovery period, each
mother-infant pair was assigned to a socialization group
consisting of six mother-infant pairs and one adult male.
Socialization groups met for a minimum of 3 hr/day,
5 days/week in a large group cage. Each socialization
group included two subjects from each lesion condition.
The age range across the group was no more than
2 months. When the youngest member of a socialization
group reached 6 months of age, the animals were weaned
and separated from their mothers. Weaning of each
socialization group happened on a single occasion
according to standard protocols at the CNPRC. Briefly,
mothers were sedated and removed from the home cages.
Infants continued to live in the same cage in which they
had lived with their mothers. Immediately following
weaning, infants participated in an experiment to inves-
tigate their attachment to their mothers (Bauman,
Lavenex, Mason, Capitanio, & Amaral, 2004a). Infants
continued to participate in group socialization on the same
schedule as before separation from their mothers. The
same adult male remained in each group and a new adult
female was added to each group to provide continued
exemplars of normal adult social behavior. Experiment 1
occurred at approximately 9 months of age. At 1 year of
age, each rearing cohort became permanently socially
housed (24 hr/day, 7 days/week) with their original
socialization cohort in an indoor chain link enclosure
2.13m Wx335m Dx244m H). Experiment 2
occurred while infants were living 24-hr/day in their
socialization groups.

One male amygdala-lesioned animal was humanely
euthanized at approximately 1 year of age because of
severely deteriorating health related to a congenital heart
defect. He was subsequently replaced with an alternative
amygdala-lesioned male. The substitute subject was
the same age as subjects in the test group, received an
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amygdala-lesion at 2 weeks of age, and was reared with
his mother only for the first year of life. At 1 year of age,
the animal was weaned and pair housed with an age-
matched female until being introduced to his socialization
cohort at approximately 1 year and 3 months of age. The
original subject participated in Experiment 1 and the
replacement subject participated in Experiment 2.

Surgical Procedures

The surgical procedures summarized below are detailed
in previous publications (Bauman et al., 2004a; Bauman,
Lavenex, Mason, Capitanio, & Amaral, 2004b). On
the day of surgery, each infant was anesthetized with
ketamine hydrochloride (15 mg/kg i.m.) and medatomi-
dine (30pg/kg), and placed in an MRI-compatible
stereotaxic apparatus (Crist Instruments Co., Inc., Dam-
ascus, MD). The infant’s brain was imaged using a
General Electric 1.5 T Gyroscan magnet, 1.0 mm thick
coronal sections were taken using a TI1-weighted
Inversion Recovery Pulse sequence (TR =21, TE=7.9,
NEX 3, FOV =8 cm, Matrix, 256 x 256). From these
images, we determined the location of the amygdala or
hippocampus and calculated the coordinates for the
ibotenic acid injections. Infants were ventilated and vital
signs monitored throughout the surgery. A stable level of
anesthesia was maintained using a combination of
isoflurane (1.0%—varied as needed to maintain an
adequate level of anesthesia) and intravenous infusion
of fentanyl (7—10 pg/kg/hr). Following a midline incision,
the skin was laterally displaced to expose the skull, two
craniotomies were made over the amygdala or the
hippocampus, depending on the predetermined lesion
condition, and the dura was reflected to expose the surface
of the brain. Ibotenic acid (IBO, Biosearch Technologies,
Inc., Novato, CA, 10 mg/ml in .1 M phosphate buffered
saline) was injected simultaneously bilaterally into the
amygdala or hippocampus using 10 pl Hamilton syringes
(26 gauge beveled needles) at a rate of .2 pl/min. Sham-
operated controls underwent the same presurgical prep-
arations, received a midline incision and the skull was
exposed. The control animals were maintained under
anesthesia for the average duration of the lesion surgeries
and the fascia and skin were sutured in two separate layers.
Following the surgical procedure, all infants were
monitored by a veterinarian and returned to their mothers
once they were fully alert.

Lesion Analysis

Although the animals are continuing in behavioral testing
and have therefore not been euthanized, T2-weighted MR
images acquired 10 days after surgery were used to
examine the extent of the edema associated with the
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lesion. Hyper-intense T2-weighted images allow for the
visualization of edema caused by ibotenic acid induced
cell death. The hyper-intense T2-weighted signal for each
of the 16 lesion animals (8 amygdala lesion, 8 hippo-
campus lesion) was evaluated to confirm the general target
and extent of the lesions (i.e., amygdala lesion sparing the
hippocampus or hippocampus lesion sparing the amyg-
dala). Imaging occurred using a General Electric 1.5 T
Gyroscan magnet; 1.5 mm thick sections were taken using
a T2 weighted Inversion Recovery Pulse sequence
(TR =4000, TE=102, NEX 3, FOV =8cm, Matrix,
256 x 256). T2-weighted images of coronal sections
through the mid portion of the amygdala are illustrated
in previous publications (Bauman et al., 2004a,b;
Lavenex, Banta Lavenex, & Amaral, 2007), providing
substantial reassurance that the ibotenic acid was injected
and was focused in the amygdaloid complex or hippo-
campal formation. Lesion extent was further character-
ized in T1-weight MRI images when animals were 4 years
of age (Machado, Snyder, Cherry, Lavenex, & Amaral,
2008). The mean percentage of tissue loss for amygdala-
lesioned animals was 71.9% (minimum 67.0%, maximum
80.7%) and for hippocampus-lesioned animals was 76.6%
(minimum 66.0%, maximum 86.8%; Machado et al.,
2008).

The extent of the targeted lesion was confirmed in one
amygdala-lesioned animal that died due to an unrelated
illness and was then used for histological evaluation of
lesion (Bauman et al., 2004a, Fig. 3; Bauman et al., 2004b,
Fig. 2).

EXPERIMENT 1: OBJECT RESPONSIVENESS
TESTING AT 9-MONTHS OF AGE

Method

Animals were tested in their home cages (61cm
W x66cm D x 81cm H) once they turned 9 months
old. During the testing, animals were in auditory contact
with other experimental animals but had no visual access
to them. In the week prior to testing, they were acclimated
to the testing procedure by placing a small gray plastic cup
containing banana slices in their cage twice a day for
5 consecutive days. All subjects retrieved the banana
during this acclimation phase.

The general procedure was based on a previous
experiment conducted in our laboratory (Prather et al.,
2001). Testing for responsiveness to objects was com-
pleted on four consecutive days. Each test day included
two types of trials and there were five trials total per day.
The first trial was intended to assess animals’ propensity
to explore completely novel, nonbiological objects.
Objects were selected that could be easily manipulated,
but that were unlike any objects the animals had
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experienced before, and did not have biological features
(i.e., without eyes and/or mouths). The first trial consisted
of a 60-s presentation of a novel nonbiological object
suspended from a small chain. Animals remained free
(unconstrained) during the placement of the objects.
Objects were placed in each animal’s cage by an
experimenter who was familiar to the animals. On each
novel object trial, the experimenter reached into the cage
and attached the chain to the top of the cage so that it was
equidistant from each side of the cage. The object was
therefore suspended in the center of the cage, approx-
imately 6-in. from the cage floor. A different object was
presented each day in the same order for all animals: toy
plastic keys, plastic golf balls, a toy for birds, and a
luggage tag. Examples of objects are illustrated in
Figure 1.

The next four trials of the daily test session were
intended to compare responses to emotionally salient
animal-like objects paired with food and to food alone.
The objects resembled animals insofar as they included

FIGURE 1 Objects used for Experiments 1 and 2. Note:
Examples of novel objects used in Experiment 1 (A) and
Experiment 2 (B). Example of simple (C) and complex (D)
animal-like objects used in Experiments 1 and 2. Examples of
objects presented either stationary or in motion. For the motion
condition, the “Barbie Disco Ball” (E) spun while flashing
lights, while the truck (F) drive across the object platform.
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visible eyes and/or mouths. Similar objects have been
shown to generate behavioral responses in macaques in
previous experiments (e.g., Bernstein & Mason, 1962;
Mason et al. 2006). On each 30-s trial, a slice of banana
was placed in the familiar food cup located on the floor at
the front and center of the cage. On trials 1 and 4 (food
only) no other object was present. On trials 2 and 3
(food + object), an animal-like object attached to a small
wooden base was placed immediately behind the food cup
so that the base of the object touched the front center of the
cage. A different object was used on each test day. Each
object had a simple form and a complex form. Simple
objects were the same size and shape as complex objects,
but lacked specific details (see Fig. 1 for example of
objects). The complex objects—a Dalmatian dog puppet,
a Sylvester-the-Cat doll, a Mr. Potato Head, and a rubber
snake with realistic features—were presented to all
animals in the order given, with simple objects always
presented before complex.

For both types of trials, a trial began when an
experimenter placed the object and/or cup with banana
slice in the appropriate location in the cage. Objects were
shielded from the animals’ view until being placed in the
cage so that neither the test animal nor any other animal in
the room could see the object. A second experimenter,
seated approximately 2 m from the cage, recorded latency
to contact the object and/or take the food, as well as the
frequency and duration of exploration. Exploration was
defined as any physical contact with or manipulation of
the object. Other behaviors that were recorded are listed in
the included ethogram (Supplemental Materials). Behav-
iors were recorded using the Observer software (Noldus,
Sterling, VA). Both experimenters avoided staring at the
subject during the trial.

Data Analysis Strategy

Means for latency to first response and frequency and
duration of exploration were computed for each trial type.
Data were log10(x + 1) transformed in cases where they
were not normally distributed as indicated in the Results
Section. For the purposes of interpretation, raw data
(means and variance indices) are presented in the text and
tables; log transformed data are available upon request.
On trials during which animals did not take the food or
explore the objects, missing latency data were replaced
with the length of the trial (30 s). Data were subjected to
traditional ANOVA. Lesion condition was the between-
subjects factor for all analyses. For data from the 30-s
trials during which food was presented with or without an
object, object complexity was the repeated measure. In the
analyses of food retrieval, there were three levels of the
repeated measure (no object, simple objects, complex
objects); in the analyses of object exploration there were
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two levels of the repeated measure (simple objects v.
complex objects). In order to document the specific
pattern of effects between lesion groups, we ran a series of
nonparametric mean comparisons using Mann—Whitney
tests. We elected to use nonparametric post hoc tests
because such tests are particularly well suited to compare
means when data are not normally distributed and when
sample sizes are small. Because our a priori hypothesis
was that amygdala-lesioned animals’ affective responses
to objects would differ significantly from hippocampus-
lesioned and control animals (i.e., pair-wise group
differences) we completed the Mann—Whitney compar-
isons to evaluate group differences even in cases where the
p values associated with the overall ANOVA did not reach
conventional levels of significance.

Results

Sixty-Second Novel Nonbiological Object Trials

As predicted, amygdala-lesioned monkeys were faster to
first explore and explored novel, nonbiological objects
more frequently and for longer than either hippocampus-
lesioned or control monkeys. Hippocampus-lesioned and
control animals’ frequency, duration, and latency to first
explore did not differ (see Tab. 1).

Thirty-Second Animal-Like Object and/or Food
Reward Trials

Retrieval of food reward. Food retrieval behavior did
not differ between lesion groups. All animals retrieved the
food most frequently and fastest when no object was
present and least frequently and slowest when a complex
object was present (with simple objects intermediate) (see
Tab. 2).

Object exploration. As with the novel objects,
amygdala-lesioned monkeys explored objects most
readily in terms of frequency, duration and latency.
Strikingly, control animals did not explore objects at all
and hippocampus-lesioned animals only explored simple
objects. There was a trend level difference between
hippocampus-lesioned and control animals driven by
hippocampus-lesioned animals very minimal exploration
of simple objects (see Tab. 3).

Experiment 1: Summary of Findings

The results of Experiment 1 demonstrate marked
behavioral differences between amygdala-lesioned sub-
jects as compared to hippocampus-lesioned and control
subjects. In the presence of both completely novel objects
and animal-like objects, amygdala-lesioned subjects were
faster to first explore objects, explored objects more
frequently and for longer.
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Table 1. Exploration of Novel Objects
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C A H Lesion Effect Mann—Whitney

Experiment 1
Frequency (rate)” 20413 77+ .33 06+.13 F(2,24)=3.59, p<.05, A>C: p<.042;
nﬁ =.255 A>H: p<.013;
H versus C: n.s.
Duration (s)¢ 33+.22 2.22+1.21 .09+ .06 F(2,24)=5.08, p<.02, A>C: p<.050;
r]g =.326 A >H: p <.006;
H versus C: n.s.
Latency (s) 56.99 +2.11 48.70+4.05 58.13+1.27 F(2,24)=3.29, p < .06, A <C: p<.050;
77}% =.238 A <H: p<.028;
H versus C: n.s.

Experiment 2
Frequency (rate)” 13+.07 1+ .43 44+ .27 F(2,23)=1095,p<.17, A>C: p<.058;
7/}% =.163 A versus H: n.s.;
H versus C: n.s.
Duration (s)* 14 +.08 1.90 + .87 1.64 +1.28 F(2,23)=244,p< .11, A>C: p<.014;
n}% =.196 A versus H: n.s.;
H versus C: n.s.
Latency (s) 58.00+1.32 4742 +4.38 50.39+4.09 F(2,23)=247,p<.11, A <C: p<.020;

n

=.198

A versus H: n.s.;
H versus C: n.s.

C, control group; A, amygdala-lesioned group; H, hippocampus-lesioned group. Means = standard errors. Lesion groups were compared using

Mann—Whitney tests.

“Data used in ANOVA was log transformed.

All animals differentiated between simple and com-
plex animal-like objects as indicated by how frequently
and how quickly they took food in the presence of objects.
All animals took food less frequently and were slower to

take food when objects were complex as compared to
simple. This suggests that the increase of exploration
exhibited by the amygdala-lesioned was not driven by an
inability to differentiate between simple and complex

Table 2. Experiment 1—Food Retrieval Behavior in the Presence of Animal-Like Objects

Lesion Group

C A H
Frequency (rate)
Object type
No object 74 +.17 89+£.05 .86 +.07 Effect of object complexity:
Simple object S59+.18 72+ .14 JI5+.14 F(2,42)=11.63, p <.0001, n;‘; = .356
Complex object S53£.16 56413 J5+.16

Effect of lesion

Latency (s)
Object type
No object
Simple object
Complex object

Effect of lesion

F(2,21)=.42, p < .66, 775 =.038;
A versus C, n.s.; H versus C, n.s.; A versus H, n.s.

19.15+4.48 6.99 +2.26 10.15+2.54
13.69 +5.01 12.02 £3.64 13.69+3.92
15.86 +4.29 15.95+£3.25 15.86 +3.41

F(2,21)=.20, p< .82, 77[2, =.019;
A versus C, n.s.; H versus C, n.s.; A versus H, n.s.

Lesion x object complexity:
F(4,42)=1.04, p < 40, 17 = .090

Effect of object complexity:
F(2, 42)=23.96, p <.0001, 77 = .533

Lesion x object complexity:
F(4,42)= .39, p< .82, 77,2, =.036

C, control group; A, amygdala-lesioned group; H, hippocampus-lesioned group. Means = standard errors. Lesion groups were compared using

Mann—Whitney tests.
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Table 3. Experiment 1—Exploration of Animal-Like Objects
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Lesion Group

C A H
Frequency (rate)”
Trial type
Simple object 0+0 .16 £.09 13 £.07 Effect of object complexity:
Complex object 0£0 32+.15 0+0 F(1,21)=.00003, p < .99, ng =.000

Effect of lesion

Duration (s)*
Object type
Simple object 0+0
Complex object 0+£0

1.23+.73
1.394+.67

Effect of lesion

Latency (s)
Object type
Simple object
Complex object

30+0
30+0

27.36+1.48
25.13+2.21

Effect of lesion

F(2,21)=3.32, p < .06, 1, = .240;
A>C,p<.011; H>C, p<.064; A versus H, n.s.

F(2,21)=5.58, p<.01, 775 = 347,
A>C,p<.011; H>C, p<.064; A versus H, n.s.

F(2,21)=3.78, p<.04, 175 = .26;
A>C,p<.011; H>C, p<.064; A versus H, n.s.

Lesion x object complexity:
F(2,21)=4.21,p<.03, ng = .286

27+ .17 Effect of object complexity:
0+0 F(1,21)=.082, p < .78, 1 = .004

Lesion x object complexity:
F(2,21)= .43, p<.65, ng =.040

28.69 + .85
30+0

Effect of object complexity:
F(1,21)=.27,p< .61, 775 =.013

Lesion x object complexity:
F(2,21)=3.11, p<.07, i} = .229

C, control group; A, amygdala-lesioned group; H, hippocampus-lesioned group. Means = standard errors. Lesion groups were compared using

Mann—Whitney tests.
“Data used in ANOVA was log transformed.

objects. Despite the differentiation between simple
and complex objects in the take-food measure, we did
not see a robust effect of stimulus complexity for object
exploration.

Observed differences between control and hippo-
campus-lesioned animals’ propensity to explore were
driven by low rates and durations of exploration of simple
objects. Importantly, while hippocampus-lesioned ani-
mals did explore objects, the durations of those explora-
tions was short. In the presence of complex objects,
control and hippocampus-lesioned animals behaved
identically—both groups showed behavioral inhibition
and did not manipulate the objects at all. This suggests
that the hippocampus is not as critical for regulating
appropriate (species typical) behavioral responsiveness to
objects.

EXPERIMENT 2: OBJECT RESPONSIVENESS
TESTING AT 18-MONTHS OF AGE

The goal of Experiment 2 was to confirm the findings from
Experiment 1 at a later point in development. To that end,
animals completed a similar experiment in which they
were presented with novel objects and animal-like objects
that were presented in either simple or complex
form. Additionally, we sought to test a hypothesis

that amygdala-lesioned animals might be particularly
sensitive to object motion. In data collected during social
interactions (Bauman et al., 2004b), amygdala-lesioned
subjects showed increased social fear in the presence of
conspecifics. One possible explanation for this finding is
that amygdala-lesioned subjects are particularly sensitive
to the movements of other animals. To address this
question, we included both stationary and moving objects
as stimuli in this experiment.

Method

At the time of testing, subjects were approximately
18 months of age (age range 16.8—22.8 months, no
differences in age between lesion groups). Testing
occurred in a specialized testing cage that was separated
from the animals’ home cages with a large metal divider.
As in Experiment 1, animals completing the testing were
in auditory contact with the other experimental animals
but had no visual access to the other experimental animals.
Other animals in the room could not see the test cage
nor the objects being presented. The testing cage was
an adapted lab care cage (83.32cm D x 101.6cm
H x 80.0lcm W) with a clear plastic front window
(80.01cm D x98.3cm H x 1.016 cm W) which had two
vertical openings (25cm Hx 5cm W) separated by
5.08 cm and centered 32.25 cm from the left and right
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sides of the cage. An opaque guillotine door (80.01 cm
Dx983cm Hx1.016cm W) in front of the clear
window could be controlled by a rope-and-pulley system.
In front of the cage there was a platform containing
a central food well (2.54cm D x 2.54cm W) situated
5.18 cm from the front of the cage and a frame directly
behind the food well (22.86cm D x 15.24cm W)
for securing the bases attached to the test objects.

Five days before the experiment began, all animals were
acclimated to the test cage. On each day, each animal was
placed in the test cage and presented with a single food
reward (mini-marshmallow) on ten 30-s trials. Each trial
began when the opaque guillotine door was lifted and ended
when the opaque door was closed 30 s later. Criterion to
move to the test phase was retrieval of the food item eight
out of ten times on 2 consecutive days.

Testing for responsiveness to objects was similar to
that used in Experiment 1. As in Experiment 1, testing
occurred on four consecutive test days, each including two
types of trials. In contrast to Experiment 1, each test day
of Experiment 2 included 7 trials. Trial 1 was identical to
Trial 1 in Experiment 1—a novel nonbiological object
was suspended from the center of the cage by a chain for
60-s in order to assess animals’ propensity to explore
completely novel nonbiological (i.e., without biological
features like eyes and mouths) objects. A different object
was presented each day in the same order for all animals:
a Koosh ball, a dog chew toy, women’s hair accessories,
and a wheel. As in Experiment 1, the objects were easily
manipulatable, completely novel to the animals, and
lacking any biological features. Examples of objects can
be found in Figure 1.

The next six trials of the session were intended to
compare responses to emotionally salient objects (i.e.,
animal-like objects that were potentially fear inducing or
objects presented either stationary or in motion) paired
with food and to food alone. On each 30-s trial, a food
reward (mini marshmallow) was placed in the food well
on the object platform. On trials 1 and 6 (food only) no
other object was present. On trials 2—5 (food + object), an
object from one of the two object series was presented:
animal-like objects, or, stationary or mobile objects. As in
Experiment 1, animal-like objects were presented either
in simple or complex form; simple objects were the same
size and shape as complex objects, but lacked details.
Objects in the animal-like series were selected from the
objects used in Experiment 1. Objects in the stationary/
mobile series were selected on the basis that they could be
easily set in motion (by a switch or remote control), could
move on their own, and could be easily controlled as
they moved on the object platform. Objects from the
stationary/mobile series were presented either still or in
motion. Objects in the stationary/mobile object series
were electric children’s toys that could be left powered off

Developmental Psychobiology

for the stationary presentation or powered on for the
mobile presentation. In the mobile presentation, objects
spun (e.g., the “‘Barbie Disco Ball’”) or moved across the
object platform (e.g., the toy truck). All objects were
presented on the object platform.

All trials began when the opaque door was raised and
ended when it was lowered. The opaque door remained
lowered during the inter-trial interval which was approx-
imately 30 s long. Two experimenters operated the opaque
door and recorded behaviors; they sat approximately
1.5m from the test cage and were therefore in visual
contact with the subject. One experimenter recorded the
latency to contact the object and/or take food, as well as
the frequency and duration of contact with the object
(exploration) using the Observer software (Noldus). As in
Experiment 1, exploration was defined as any physical
contact with or manipulation of the object. Other
behaviors recorded that were recorded are listed in the
included ethogram (Supplemental Materials). Both
experimenters avoided staring at the subject during the
trial. All trials were recorded on video with a tripod-
mounted video camera positioned directly in front of
the cage.

Temperament Assessments

Following the final test day of the experiment, the
animals’ temperamental responses to the objects were
assessed using a four-factor index. Temperament assess-
ments were made by a trained coder while watching the
videotapes of each trial recorded during the testing
sessions. The coder was blind to the animals’ lesion
condition, had no previous contact with the animals, and
was unfamiliar with the animals’ previous testing history.
Thus, the coder was able to provide an unbiased assess-
ment of each animal’s temperament for each trial of the
experiment. The coder reached 90% reliability with an
established coder (JT). For each trial, each animal’s
behavior was assessed on four factors: (1) Confidence,
(2) Nervousness, (3) Fearfulness, and (4) Activity. Each
factor was scored on a scale of 1 -5, where 1 indicated that
the factor was not at all descriptive of the animal’s
behavior and 5 indicated that the factor was very
descriptive of the animal’s behavior (see definitions in
Tab. 4).

Data Analysis Strategy

Data were analyzed as they were for Experiment 1. Means
for latency to first response, and frequency and duration of
response were computed for each trial type. Data were
loglO(x + 1) transformed in cases where they were not
normally distributed as indicated in Results Section. For
the purposes of interpretation, raw data (means and
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Table 4. Temperament Rating Definitions

Traits Definition

Confidence Animal’s movements are fluid, not furtive. Animal is not tentative and spends the majority of time in the front of
cage, takes the food with little or no hesitation and may touch the object or touch the object/reward presentation
platform

Nervousness Animal fidgets, yawns, scratches, or displays stereotypies. Movements may be jerky. Animal appears overly
vigilant

Fearfulness Animal appears anxious and readily grimaces, screams, cowers, and/or moves away from object. Noticeably averts
gaze from object or front of cage

Activity Animal actively moving around the cage and remains stationary only for short periods of time. An active animal

will spend time in many different locations

variance indices) are presented in the text and tables; log
transformed data are available upon request. Data were
subjected to traditional ANOVA. Lesion condition was the
between subjects factor for all analyses. For data from the
30-s trials in which food was presented with or without an
object, object complexity was the repeated measure. In the
analyses of food retrieval there were three levels of the
repeated measure (no object, simple object, complex
object); in the analyses of object exploration there were
two levels of the repeated measure (simple object vs.
complex object, or, stationary object vs. mobile object).
As in Experiment 1, lesion group differences were
evaluated using a series of nonparametric mean com-
parisons (Mann—Whitney tests). Because our a priori
hypothesis was that amygdala-lesioned animals’ affective
responses to objects would differ significantly from
hippocampus-lesioned and control animals (i.e., pair-
wise group differences) we completed the Mann-—
Whitney comparisons to evaluate group differences even
in cases where the p-values associated with the overall
ANOVA did not reach conventional levels of significance.

Results

Test Procedure Acclimation

With the exception of one amygdala-lesioned animal, all
animals met the criterion to retrieve a single food reward
(aminiature marshmallow) within 30 s on 8 out of 10 trials
over 2 consecutive days. The animal that did not meet
criterion was not included in these analyses.

Sixty-Second Novel Nonbiological Object Trials

While there were not significant overall differences
between the groups as revealed by an ANOVA, between
group nonparametric comparisons showed that amygdala-
lesioned animals, compared to control animals, tended to
explore objects more frequently, explored objects for
significantly longer and were significantly faster to first
explore objects. As in Experiment 1 hippocampus-
lesioned and control animals did not differ in their

propensity to explore; however in contrast to Experiment
1, the differences between amygdala-lesioned and hippo-
campus-lesioned animals were not significant (see Tab. 1).

Thirty-Second Animal-Like Object and/or Food
Reward Trials

Retrieval of food reward. As in Experiment 1, there
were no group differences in the frequency or latency of
food retrieval. All groups retrieved food most frequently
and fastest when no object was present and least
frequently and slowest when a complex object was
present (with simple objects intermediate) (see Tab. 5).

Object exploration. The overall pattern established in
Experiment 1—that amygdala-lesioned animals, com-
pared to controls, had an increased propensity to
explore—was essentially replicated (see Tab. 6). Amyg-
dala-lesioned animals, compared to control animals,
explored objects for significantly longer and tended to
explore objects more frequently and faster. It is important
to note that there was a good deal of variability in the
pattern of behavior within the amygdala-lesioned group;
this large magnitude of variance likely masked group
differences. In contrast to Experiment 1, hippocampus-
lesioned animals also explored objects for longer and
tended to explore objects more frequently and more
quickly than control animals.

Object complexity did not influence object exploration
as measured by the frequency of contact, the duration of
contact, or the latency to first contact. Similarly, there
were no significant interactions between lesion group and
stimulus complexity.

Thirty-Second Stationary/Mobile Object and/or Food
Reward Trials

Retrieval of food reward. While there were not overall
lesion group differences in food retrieval behavior,
amygdala-lesioned and hippocampus-lesioned animals
tended to retrieve food more frequently than did control
animals across all trial types (see Tab. 7).
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Table 5. Experiment 2—Food Retrieval Behavior in the Presence of Animal-Like Objects

Lesion Group

C A H
Frequency (rate)
Trial type
No object 97 +.02 1+£0 .94+ .06 Effect of object complexity:
Simple object 75+ .11 934+.05 91£.07 F(2,40)=10.41, p <.0001, ng =.342
Complex object 59+.16 82411 .81£.10
Eftect of lesion F(2,20)=1.04, p < .37, 775 =.094; Lesion x object complexity:
A versus C, n.s.; H versus C, n.s.; A versus H, n.s. F4,40)=1.32, p<.28, 77;2) =.117
Latency (s)
Trial type
No object 4.40+£1.25 348+ .51 541+2.15 Effect of object complexity:
Simple object 10.25+3.05 6.22+1.29 7.83+£2.34 F(2,40)=19.07, p <.0001, ng = 488
Complex object  16.08 £4.19 9.39 £2.52 10.05 +2.69
Effect of lesion F(2,20)=.78, p< .47, 77'% =.072; Lesion x object complexity:
A versus C, n.s.; H versus C, n.s.; A versus H, n.s. F4,40)=1.69, p<.17, 7][2) =.145

C, control group; A, amygdala-lesioned group; H, hippocampus-lesioned group. Means = standard errors. Lesion groups were compared using
Mann—Whitney tests.

All lesion groups differentiated between the levels of trials with mobile objects (with stationary objects
object motion (and therefore complexity) as measured intermediate). Evaluation of the marginal means indicated
by the frequency and latency to retrieve food. The three that amygdala-lesioned animals retrieved food more
groups retrieved food most frequently and fastest on frequently in the presence of both stationary and mobile
trials with no object and least frequently and slowest on objects as compared to controls; hippocampus-lesioned

Table 6. Experiment 2—Exploration of Animal-Like Objects

Lesion Group

C A H
Frequency (rate)”
Trial type
Simple object .06 £.06 S54+£.22 22412 Effect of object complexity:
Complex object .03+.03 .61+ .40 Al+.16 F(1,20)=.96, p < .34, 77,% = .046
Eftect of lesion F(2,20)=2.09, p <.15, ng =.173; Lesion X object complexity:
A>C, p<.060; H>C, p<.050; A versus H, n.s. F(2,20)=.70, p < .51, 175 =.065
Duration (s)*
Trial type
Simple object .06 £.06 2.06 £ .87 33+.19 Effect of object complexity:
Complex object .03+.03 284+ 1.75 72433 F(1,20)=.19, p < .67, 77% =.009
Eftect of lesion F(2,20)=3.24, p <.06, 7]12, = .245; Lesion x object complexity:
A>C, p<.046; H>C, p <.035; A versus H, n.s. F(2,20)=1.27, p <.30, 775 =.113
Latency (s)*
Trial type
Simple object 29.43 + .57 20.28 +4.19 27.86 £1.25 Effect of object complexity:
Complex object 29.58 + .42 22.49+4.16 25.78 £2.07 F(1,20)=.37,p<.55, 77]% =.018
Eftect of lesion F(1,21)=2.19, p< .14, 7712, = .180; Lesion x object complexity:
A<C,p<.063; H<C, p<.061; A versus H, n.s. F(2,20)=1.65, p<.22, 775 =.142

C, control group; A, amygdala-lesioned group; H, hippocampus-lesioned group. Means =+ standard errors. Lesion groups were compared using
Mann—Whitney tests.
“Data used in ANOVA was log transformed.
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Table 7. Experiment 2—Food Retrieval Behavior in the Presence of Stationary-Mobile Objects

Lesion Group

C A H
Frequency (rate)
Trial type
No object 97+£.02 1+£0 .94+ .06 Effect of object complexity:
Stationary object 5+ .11 93 £.05 91+£.07 F(2,40)=17.88, p <.0001, 775 = 472
Mobile object A1+.12 75 £.09 75 £.09

Effect of lesion

Latency (s)
Trial type
No object
Stationary object
Mobile object

Effect of lesion

F(2,20)=2.16, p< .14, 17[2) =.178;

A>C,p<.088; H>C, p<.098; A versus H, n.s.

440+1.25 3.48 + .51 5.41+2.15
10.25 £3.04 6.22£1.29 7.83+2.35
20.92+293 13.81+3.18 13.97+1.78

F(2,20)=1.61, p<.22, np = .139;

A versus C, n.s.; H versus C, n.s.; A versus H, n.s.

Lesion x object complexity:
F(4, 40)=2.48, p < .06, 1 = .199

Effect of object complexity:
F(2, 40)=33.25, p <.0001, 775 =.624

Lesion x object complexity:
F(4,40)=1.85,p< .14, 7]5 =.156

C, control group; A, amygdala-lesioned group; H, hippocampus-lesioned group. Means = standard errors. Lesion groups were compared using

Mann—Whitney tests.

animals also retrieved food more frequently as compared
to controls but only on trials with mobile objects.

Object exploration. Replicating the previous patterns
of object exploration, amygdala-lesioned animals, com-

pared to the other groups, explored objects more
frequently and for longer and tended to be fastest to

first explore (see Tab. 8). Amygdala-lesioned animals

Table 8. Experiment 2—Exploration of Stationary/Mobile Objects

explored objects significantly more frequently, for longer
and tended to be faster to first explore than control

Lesion Group

C A H
Frequency (rate)”
Trial type
Stationary object 13 £.09 54423 16£.08 Effect of object complexity:
Mobile object 0+0 25+.11 0+0 F(1,20)=11.98, p < .002, n* = .375

Effect of lesion

Duration (s)“
Trial type
Stationary object
Mobile object

Effect of lesion
Latency (s)*
Trial type

Stationary object
Mobile object

Effect of lesion

F(2, 20)=4.20, p < .030, * = .296;

A>C, p<.050; H versus C, n.s.; A>H, p<.076

.06 £.06
0+0

F(2,20)=4.74 p < .021, 775 = .322;

2.06 £+ .87
1.14 4+ .56

A>C, p<.045; H versus C, n.s.; A>H, p<.088

2796 +1.47
300

23.39+3.12
25.63+1.80

F(2,20)=2.73, p <.09, n§ = 214;

A <C, p<.060; H versus C, n.s.; A<H, p<.067

33+.19
0+0

28.20+ .94
30+£0

Lesion x object complexity:
F(2,20)=2.94, p<.75, n* =.029

Effect of object complexity:
F(1,20)=10.94, p < .004, 10 = .354

Lesion x object complexity:
F(2,20)= 81, p < .460, 1} = .075

Effect of object complexity:
F(1,20)=4.78, p < .04, 7712) =.193

Lesion x object complexity:
F(2,20)=3.91, p<.68, 1, = .038

C, control group; A, amygdala-lesioned group; H, hippocampus-lesioned group. Means =+ standard errors. Lesion groups were compared using

Mann—Whitney tests.

“Data used in ANOVA was log transformed.
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FIGURE 2 Experiment 2: Temperament Assessments. Note: Mean temperament assessment across
object series. Panel 1: animal-like object series. Panel 2: stationary/mobile object series. A, amygdala-
lesioned animals; H, hippocampus-lesioned animals; C, control animals.
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animals. In contrast to the pattern of effects observed
with the animal-like objects from this experiment, there
were also differences between amygdala-lesioned
and hippocampus-lesioned animals—amygdala-lesioned
animals tended to explore objects more, for longer and
faster than hippocampus-lesioned animals. Hippocam-
pus-lesioned and control animals did not differ; no
animals from either group explored the mobile objects.
All animals explored objects in their stationary, as
compared to mobile, form more frequently and for longer,
and were faster to first explore stationary objects.
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Table 9. Experiment 2—Temperament Assessment Statistics

Mann—Whitney comparisons

Statistical effects
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significant for the stationary/mobile objects. The pattern
of means were similar across both object series—control
animals showed the greatest differences, and amygdala-
lesioned animals showed the smallest differences.

Activity Ratings. Hippocampus-lesioned animals tended
to be most active during the animal-like object series. All
groups were equally active during the stationary/mobile
object series. In both object series, there was a significant
main effect of object such that all animals were rated to be
most active when no object was present and least active
when complex or mobile objects were.

Experiment 2: Summary of Findings

As in Experiment 1, amygdala-lesioned animals were not
behaviorally inhibited in the presence of objects with
which they had no prior experience. Specifically, in the
presence of novel objects, amygdala-lesioned, as com-
pared to control subjects, were fastest to first explore,
explored for longer and tended to explore more frequently.
Similarly, amygdala-lesioned subjects were faster to
first explore animal-like objects than control subjects,
and explored more frequently than control subjects;
interestingly hippocampus-lesioned animals also demon-
strated an increased propensity for exploration of these
objects. These behavioral measures were complemented
by the observer temperament ratings of confidence and
fearfulness. Overall, amygdala-lesioned animals were
rated to be the most confident and the least fearful but both
amygdala-lesioned and hippocampus-lesioned subjects
were significantly less fearful as compared to controls.
These differences were most pronounced when animals
were presented with the most complex objects.

All animals were faster to explore and explored objects
longer when the objects were presented stationary as
opposed to in motion. As with stationary objects,
amygdala-lesioned subjects exhibited a lack of inhibition
in the presence of objects in motion. Amygdala-lesioned
subjects, as compared to hippocampus-lesioned and
control subjects, lacked behavioral inhibition insofar as
they explored objects more, for longer and were faster to
first explore. Taken together, these results suggest that
motion of objects did not influence amygdala-lesioned
subjects lack of behavioral inhibition.

One remarkable finding from Experiment 2 is that
amygdala-lesioned and hippocampus-lesioned animals
behaved more similarly than they did in Experiment 1.
Specifically, both groups explored novel objects as
frequently and for the same duration, although amyg-
dala-lesioned animals differed from control animals while
hippocampus-lesioned animals did not. Like amygdala-
lesioned animals, hippocampus-lesioned animals explored
animal-like objects more frequently, for longer, and faster
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and were rated to be less fearful than controls. These
findings are consistent with evidence indicating that
macaques that received hippocampus-lesions as adults, as
compared to controls, were less behaviorally inhibited in
the presence of emotionally provocative objects (Chuda-
sama et al., 2008). Interestingly, the exploration finding
did not hold for objects from the stationary/mobile series
during which the behavior of hippocampus-lesioned
animals did not differ from that of the control animals. It
appears that hippocampus-lesioned animals, but not
control animals, benefited uniquely from experience with
general object types (novel toys and animal-like objects)
that were experienced during Experiment 1 and then again
during Experiment 2. During their second interaction with
an object type, hippocampus-lesioned animals were less
inhibited.

Experiment 2 replicated the ““‘take food-reward” effect
documented in Experiment 1; all animals differentiated
between the two levels of complexity of the object stimuli.
Animals retrieved the food reward more frequently and
were faster to retrieve it when objects were simple
(or stationary) as compared to when objects were complex
(or in motion). While there was not an overall effect of
lesion condition, both amygdala-lesioned and hippo-
campus-lesioned animals tended to retrieve food more
frequently than controls. As in Experiment 1, there were
no lesion condition differences in frequency or latency to
take food reward in the presence of objects from the
animal-like set.

Comparison of Experiment 1 and Experiment 2

We assessed changes in responsivity to novel and animal-
like objects across Experiment 1 and Experiment 2' using
a series of repeated measure ANOVAs with time (Experi-
ment 1 or Experiment 2) as the only repeated measure for
Novel Object data and time (Experiment 1 or Experiment
2) and object complexity (simple or complex) as the
repeated measures for the Animal-Like Object trials.
For the sake of brevity, only effects that supplement the
previously presented findings are discussed. All other
statistics are available upon request.

'One amygdala-lesioned animal in the original cohort died after
Experiment 1 and was replaced with a different experimental animal
for Experiment 2. Data from those two animals have been removed from
the present analyses. For the sake of completeness, we repeated all
analyses from Experiments 1 and 2 without these two subjects; patterns
of means, standard errors, and effects did not change notably. For that
reason, we have not included additional figures comparing Experiments
1 and 2.

2Itis important to note that the test cages differed between Experiments 1
and 2. Given this, we are unable to directly evaluate the extent to which
behavioral differences observed across the two time points are a result of
neurodevelopmental trajectory alone.
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Sixty-Second Novel Nonbiological Object Trials

Across both experiments, amygdala-lesioned animals
explored novel nonbiological objects most frequently
and for the longest duration and were fastest to first
explore the objects. Patterns of frequency, latency and
duration to explore objects were consistent across
experiments. Interestingly, all animals tended to be faster
to explore novel objects during Experiment 2 as compared
with Experiment 1, F(1, 19) =3.60, p < .07, nﬁ =.159.

Thirty-Second Animal-Like Objects and/or Food
Reward Trials

Retrieval of food reward. Food retrieval behavior was
consistent across Experiments—Iesion condition had no
impact on the propensity to retrieve food rewards but
stimulus complexity did. All animals took food most
frequently and fastest when no object was present and
least frequently and slowest when the complex objects
were present.

Object exploration. Animals explored more frequently
during Experiment 2 as compared to Experiment 1, F(1,
19)=6.45, p<.02, T\Z = .254. This was qualified by
a significant time x complexity x lesion effect, F(2,
19)=4.85, p <.02, ng = .338. The difference in explo-
ration between Experiment 2 and Experiment 1 was most
robust for amygdala- and hippocampus-lesioned animals.
Amygdala-lesioned animals explored simple objects
significantly more during Experiment 2 as compared to
Experiment 1. Hippocampus-lesioned animals explored
all objects more during Experiment 2 as compared to
Experiment 1.

All animals were faster to first explore (log trans-
formed) during Experiment 2 as compared to Experiment
1,F(1,19)=4.47,p < .05, "r]]% = .190. Asin the frequency
data this was qualified by a significant time x complex-
complexity x lesion effect on latency to first explore
object, F(2,19)=3.90,p < .04, ”qf} = .291. The latency to
first explore did not differ between Experiments 1 and 2
for control subjects. In contrast, amygdala and hippo-
campus-lesioned subjects were faster to first explore in
Experiment 2 as compared to Experiment 1. Amygdala-
lesioned subjects tended to be faster to explore complex
objects during Experiment 1 and simple objects during
Experiment 2. The pattern was reversed for hippocampus-
lesioned subjects.

GENERAL DISCUSSION

Across two experiments, we demonstrated that young
rhesus macaques with early bilateral amygdala lesions
are behaviorally uninhibited when tested at two points in
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their development in the presence of novel objects and
emotionally salient objects that were potentially fear
inducing. This lack of behavioral inhibition was charac-
terized by an increased propensity to physically explore
objects. Diminished behavioral inhibition was observed
with different types of objects—novel nonbiological
objects, simple and complex animal-like objects and
objects presented either stationary and in motion. Further-
more, amygdala-lesioned subjects were rated as being
more confident and less fearful of objects. This pattern of
findings was remarkably stable over time. These data are
consistent with previously published studies that show
that adult amygdala-lesioned nonhuman primate subjects
explore objects of emotional significance more than
controls and are less fearful and more relaxed or ““tame”
in the presence of such objects (Mason et al., 2006;
Zola-Morgan et al., 1991).

Based on similar previous testing in our laboratory
(Mason et al., 2006), we expected, but did not find, lesion
differences in the frequency and latency to retrieve a food
reward presented in proximity to an object of emotional
significance. While we did not find significant lesion
differences in the food retrieval data, we did find that all
animals retrieved food most frequently and fastest when
no object was present and least frequently and slowest
when complex (or mobile) objects were present. In
contrast to the adult amygdala-lesioned animals tested
by Mason et al. (2006), young amygdala-lesioned
macaques, similar to hippocampus-lesioned and control
subjects, showed evidence of differentiating between
levels (or intensity) of emotional salience as evidenced in
their food retrieval latencies. One possibility is that food
reward retrieval behavior is a better index of behavioral
inhibition in adults because adults, as compared to young
animals, are less prone to manipulate objects in their
environments (Reinhardt, 1990). Another possibility is
that because the lesions were created early in their
development, emotional processing in our young amyg-
dala-lesioned macaque subjects was less compromised
(in contrast to adult lesioned animals) because other areas
of the brain were able to compensate for some, but not all,
of the typical amygdala functions. A final possibility is
that the levels of stimulus complexity that were tested in
this study (two—simple and complex) were not sufficient
to capture variation in food reward retrieval behavior
related to lesions. These are all avenues of potentially
fruitful areas for future research.

The lack of behavioral inhibition observed in our
amygdala-lesioned subjects in this experiment is consis-
tent with previous observations that the same amygdala-
lesioned subjects’ behavior is also uninhibited in social
contexts. For example, following weaning from their
mothers at 6 months of age, each subjects’ behavior was
observed while it was in a large testing cage in the
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presence of its mother (constrained on one end of the cage)
and a familiar adult female (constrained on the
opposite end of the cage) (Bauman et al., 2004a). In this
emotionally provocative social testing environment,
hippocampus-lesioned and control subjects positioned
themselves in proximity to their mothers while amgydala-
lesioned animals did not and instead explored the
cage (Bauman et al., 2004a). Amygdala-lesioned animals
also made fewer distress vocalizations (Bauman et al.,
2004a) suggesting that they were less emotionally reactive
to the testing context. Importantly, in that testing
environment, as in the present experiment, hippocam-
pus-lesioned and control subjects’ behavior did not differ
markedly.

One of the strengths of this series of experiments is that
we were able to compare the behavior of amygdala-
lesioned subjects to that of age-matched hippocampus-
lesioned subjects and to nonoperated control subjects.
In the present report, hippocampus-lesioned animals’
behavior were intermediate between amygdala-lesioned
and control animals, suggesting that their emotional
processing was not as impaired as amygdala-lesioned
animals but not necessarily normal either. Examining the
trajectory of hippocampus-lesioned animals’ behavior
over time supports the idea that their emotional processing
is compromised, although less than that of amygdala-
lesioned animals. While hippocampus-lesioned animals
behaved most similarly to controls at 9 months of age,
their behavior was comparable to amygdala-lesioned
animals at 18 months of age when tested with objects
similar to those that they saw before (the novel and
animal-like objects). Notably, at 18 months of age,
hippocampus-lesioned animals behaved like controls in
the presence of objects that were completely different
from those with which they had previous experience
(objects from the stationary/mobile series). This pattern
of effects suggests that multiple exposures to the
same type of objects led to a behavioral habituation
for hippocampus-lesioned animals (but not amygdala-
lesioned or control animals). We know from other testing
with these animals that their brains underwent reorgan-
ization allowing for intact spatial memory in the absence
of hippocampi (Lavenex et al., 2007) and it is possible that
this reorganization could have subserved such habitu-
ation. Further inquiry is needed to investigate, character-
ize, and justify this claim. By 18 months of age,
hippocampus-lesioned animals were more active than
control subjects. This is consistent with the hypermotoric
behavior that we have documented with these animals in
social settings (Bauman, Toscano, Babineau, Mason, &
Amaral, 2008; Lavenex et al., 2008) and with evidence
from other research groups who have demonstrated
hyperactivity in hippocampus-lesioned adult macaques
(e.g., Machado & Bachevalier, 2006).
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Future research should investigate the development of
more naturalistic emotional responding which occurs
when particular affective challenges are presented (e.g.,
interacting with a novel but dominating conspecific), or
interaction with a broader diversity of objects. While it is
possible that the effects observed were specific to the types
of stimuli used, it is more likely that variation between
lesion conditions is stimulus general—in other words, it is
most likely that amygdala-lesioned animals’ behavioral
inhibition system is compromised such that they inap-
propriately approach and engage all sorts of stimuli, not
just complex animal-like children’s toys. Similarly, it
would be interesting to vary the time window in which
animals have to respond and interact with the objects.
In general, durations of exploration were short and the
latency to first exploration was long. It is possible, even
probable, that the length of our trials may have artificially
truncated meaningful variation in behavior that would be
apparent at longer trial lengths.

In closing, the two experiments presented in this paper
provide evidence that early damage to the amygdala, and
to a lesser extent the hippocampus, of nonhuman primates
disrupts normative emotional processing. This behavioral
disruption—decreased behavioral inhibition—observed
in our young subjects was similar to that observed after
similar brain damage imposed later in life. These findings
therefore suggest that, despite reorganization of neural
networks following damage (Machado et al., 2008), early
damage to regions of the medial temporal lobe, and the
amygdala in particular, may have life-long consequences
for emotional processing.
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