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Abstract
Behavioral and Neuroendocrine Effects of Neonatalyg§dala Lesion on Rhesus
Monkeys Living in a Semi-Naturalistic Environment.
By Jessica R. Raper

Neonatal amygdala (AMY) lesions yield changes iniacand emotional behavior.
Previous studies have indicated that neonatal Abbrohs produced decreased social
and increased fear behavior in presence of pedEnipson et al, Phys Behav, 1969: 4;
Bauman et al., J. Cogn Neurosci, 2004:16). Becauge earlier developmental studies,
fear behavior was measured while the animals wiaeed in small social groups, here
we assessed whether similar social and emotioralgss will emerge after neonatal
AMY lesions in male rhesus monkeyddcaca mulatta) reared in a rich and complex
semi-naturalistic social environment composed 0&88lt females and 76 offspring
organized in 12 matrilines. Results show thatha¢al AMY lesions produce behavioral
changes, which become more pronounced as subjatisen Yet, in contrast to previous
findings, neonatal AMY damage does not result areased fear behavior when animals
are navigating in a rich and complex social envinent, but instead yields increased
maternal independence, play, dominance, and aggedsshaviors. Additionally,
neonatal AMY lesions produce blunted emotional tigdyg to stressful and potentially
dangerous situations. These changes are indiaaitnezluced fear behaviors,
presumably resulting from an inability to recogneential social risks. Thus,
behavioral outcomes of neonatal AMY lesions argcally dependent on the complexity

of the social context.
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Many primate species live in large and complexaagioups characterized by
hierarchical relationships among individual groupmfers. The ability to appropriately
communicate, through dynamic patterns of soci@ratdtions, is essential for survival
and stability of this hierarchical society. Indluial group members utilize these social
interactions to establish and maintain numeroug-tenm relationships with other group
members. Maintenance of these relationships resjpierception and recognition of
sensory cues from other individuals in the groug selecting an appropriate behavioral
response in order to appropriately function wittia social group. This ability to
recognize and respond with respect to sociallywegiebehavior requires neural systems
that process social cues.

Papez (1939) and MacLean (1949) were the firstiggaest a complex neural network
involved in social and emotional behavior basedeatomical connectivity. The
original circuit included the parahippocampal gyassan affective receiving area, which
sends information to the hippocampal formation amygdala. The hippocampal
formation and amygdala then generate output thiypethalamus, thalamus and
cingulate cortex where social and emotional resp®ase initiated (MacLean, 1949).
Papez and MacLean'’s views have now been reviseéxahded by recent
neuroanatomical research indicating that the amggéigppocampal formation, temporal
cortex, perirhinal cortex, orbital frontal cortemdacingulate cortex, which are heavily
interconnected, are all receiving polysensory imfation (Amaral, et al. 1992; Barbas,
1995; Suzuki, 1996; Cavada, et al. 2000; McGauglryi-Vazdajanova, & Roozendaal,
2000). Evidence from diverse laboratories havdicated two brain structures, the

amygdala and the orbital frontal cortex, in themakregulation of emotional and social
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behaviors in primates (Rolls, 2000; Adolphs, 20@achado & Bachevalier, 2003;
Bachevalier & Meunier, 2005). For the purposehid paper, we are focusing on the role

of the amygdala in social cognition in primates.

Structure and Electrical Properties of the Primate Amygdala

The amygdala is located in the anterior portiothefmedial temporal lobe. 1t is
comprised of 13 interconnected nuclei and recaemnserous projections from the
overlying temporal lobe cortex (Amaral, 1992). eThteral nucleus of the amygdala
receives information from all sensory systems,udiig visual information, such as
faces and facial expressions, gaze direction, Ipodyures, and movements, as well as
auditory information such as specific vocal souadd intonations. The amygdala can
then modulate the cortical processing of sensamyuitthrough its projections to the
basal nucleus which feeds back to the sensorycabeareas (McGaugh, Ferry,
Vazdarjanova, & Roozendaal, 2000). Additionallg trasal nucleus provides sensory-
specific cortical inputs to the central nucleusjalirconstitutes a relay to the brainstem
and hypothalamus, a pathway thought to influeneeatitonomic and endocrine
manifestations of emotion. The amygdala influerexedocrine response of emotions,
such as fear, through both direct and indirectqmtsj to the paraventricular nucleus
(PVN) of the hypothalamus. The central nucleuthefamygdala not only projects
directly to the PVN, it projects to the bed nuclefishe stria terminals and preoptic area
which in turn project to the PVN creating an indirpathway by which the amygdala can
also influence endocrine response (Feldman, Cong&®&aphier, 1990; Feldman,

Conforti, & Weidenfeld, 1995; Davis 2000). The @laand basal accessory nuclei project
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to the ventral striatum providing access to sulicalrelements of the motor system,
including modulation of facial and vocal expressionody postures, and movements.
The amygdala has also a high degree of intringimectivity to the hippocampal
formation, which implies that these structurescmgable of building highly integrated
representations of sensory stimuli and their cani@&maral, 1992; Suzuki, 1996;
McGaugh, Ferry, Vazdarjanova, & Roozendaal, 2000j)e hippocampal formation and
amygdala send and receive extensive projectiotigetprefrontal and temporal cortices,
such as the orbital frontal, entorhinal, and p&mathcortices, which may be involved in
the consolidation and retrieval of emotional anciaanformation (Suzuki, 1996).

As indicated above, the amygdala influences theasgulocrine response of
emotions through its projections to the hypothatapiiuitary-adrenal (HPA) axis
through both direct and indirect projections frdre tentral nucleus of the amygdala to
the paraventricular nucleus (PVN) of the hypothalamResearch conducted in rats
showed that electrical stimulation of the centiatleus of the amygdala significantly
increased plasma adrenocorticotropic hormone (ACAard) corticosterone. This
elevated ACTH can in turn be (a) diminished byteilal lesions of the central nucleus of
the amygdala (Feldman, Conforti, Itzik, & Weidenlfgl1994), (b) inhibited by negative
feedback of glucocorticoids or exogenous dexameti@administration (Weidenfeld,
ltzik, & Feldman, 1997), or (c) inhibited when hypalamic norepinephrine or serotonin
was depleted by catecholamine or serotonin neuirtggieldman & Weidenfeld, 1998).
Therefore, either the direct or indirect connediofthe amygdala to the PVN may
influence the neuroendocrine responses to fearfsiressful stimuli.

Research measuring neuronal activity in the amagsteows that there are four
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main groups of neurons in the primate amygdaleae firkt group of neurons responds to
stimuli that are primary (unlearned) reinforcers;isas taste. The second group
responds to conditioned visual stimuli that havevjusly been paired with a primary
reinforcer. This group of neurons also respondeletively novel stimuli, which are
found to be reinforcing because they are approaahddnspected. Activity in these
neurons seems to be linked to the positively reahg effects of produced by novel
stimuli. The third group of neurons responds tmptetely novel stimuli but not familiar
stimuli. The fourth group of neurons respondsaitet indicating their possible
involvement in social and emotional responsesdeddRolls, 2000).

Overall neuroanatomical and electrophysiologiedhdgrovides evidence
indicating that the amygdala may be responsibladf@ptive social behavior and
emotional expression. This proposal has also b#engthened by neuropsychological

studies of the amygdala functions.

Aspiration Lesion of Adult Primates:

Emotional Behavior

Aspiration removal of the medial temporal lobe, ethincluded the amygdala and
surrounding cortical areas, yields profound alteret of emotional and behavioral
responses in adult monkeys as discovered by tiyeweark of Kltiver and Bucy in the
year 1939. The behavioral changes that make uldltheer Bucy Syndrome include
hyperactivity, fearless or unusually tame natuy@ensexuality, “psychic blindness”, and
excessive examination of objects, typically witk thouth. The loss of fear was

especially striking because the monkeys selectethéstudy were intentionally “wild”
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and aggressive.

While Kliver and Bucy’s observations were detaikbeéy were also only
gualitative and anecdotal in nature, lacking threaiquantitative measures of behavior.
The first systematic study of behavior after agmratemporal lobectomy, which
included the amygdala, rhinal cortex, and temppodé¢ but spared the hippocampus, was
conducted by Rosvold, Mirsky, and Pribram (195Rhsvold and colleagues
guantitatively collected data on 8 male rhesus mgslobserving not only their
emotional reactions in individual cages but alsaitasing their dominance hierarchy
before and after the three top ranking males reckikieir surgery. Temporal lobectomy
surgeries began with the top ranking male proceedawn the hierarchy to the third
ranking male, there was a 2 month interval betwesaai surgery. Post surgery all three
operated animals were found to be more aggressivartl experimenters during
individual cage tests. Yet, in the group cageasituns, the first and second ranked males
became submissive upon reintroduction after surgéfizile the third ranked male
became hyperaggressive after surgery. This reggliests that the context of the
situation with which an animal is confronted afettie outcome of emotional expression
after temporal lobe damage.

The second empirical evidence comes from the-bin study performed by
Downer (1961) to examine the effects of selectsqg@ration lesion of the amygdala.
Animals were trained to perform a visual discrintioa sequence, recognition of edible
from non-edible objects by visual cues alone, feitg a midsagittal transection of the
optic chiasm and cerebral commissures. After iegrthe visual discrimination

sequence, the animals underwent unilateral renaithle amygdala of the right
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hemisphere. Upon recovery from surgery, the eygratateral (left) to the
amygdalectomy was sutured shut, thus deprivingniaet amygdala in the left
hemisphere of visual input. The post-operative @nal changes were striking. Prior to
the unilateral amygdalectomy surgery and sututb@tontralateral eye, animals were
“wild” and aggressive but found to be “placid” atpeaceful” following surgery. In
contrast, when the ipsilateral eye was suturedgédnégaving the amygdala in the left
hemisphere intact, the animal’s behavior abrugtynned to the pre-operative level of
aggression to visual threats.

In conclusion, aspiration amygdalectomy in adulinates cause dramatic
affective changes. The data demonstrate that dimbkich were previously “wild” and
aggressive toward experimenters prior to amygdaiaatje, became “tame” and
“peaceful” following amygdalectomy. However, thieedtion of these affective changes
also depended on the context of the situation iichvthe animals are placed.

Social Behavior

Rosvold, Mirsky, and Pribram (1954) were not aihlg first to systematically
study emotional reactivity after temporal lobectofsge above); they were also the first
to directly examine the social behavior changesr @fitnygdala damage. In the group
cage situations, the first and second ranked maleish were the first to receive
amygdala lesions, became submissive and fell tbdktem of the dominance hierarchy
upon reintroduction into the social group aftergguy. In fact the first ranked male
became extremely submissive such that, when atfdokether members of the group,
he did not respond with aggression or retaliat@lydvior even when the attack caused

blood to be drawn. While the third ranked maledmee hyperaggressive and remained at
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the top of the dominance hierarchy upon reintradadnto the social group after
surgery. Although, the degree and direction ofdvadral changes were not due to the
extent of damage to the temporal lobe, the autkiomshasized that both the first and
second ranked males returned to the group witbaat lone or two aggressive dominant
members, while the third ranked male returneddgooap with no aggressive or dominant
members to challenge him. Additionally, the lengthime spent in the dominant
positions of the social hierarchy could have a#ddhe outcome since the third ranked
male had held the dominant position for 16 weeksr po surgery, whereas the first
ranked male had held this position for only 6 weekkese results suggest that the social
environment with which an operated animal is camied affects the outcome and social
consequences of temporal lobe damage.

The initial findings of Rosvold and colleagues ppied further research into the
effects of amygdalectomy on social behavior. 169, Dicks, Myers, and Kling directly
examined the effects of amygdala damage on masashmonkeys in a free-ranging
colony at Cayo Santiago. Seven intermediatelyednkales, aged between 2 and 9
years, received aspiration lesion of either thegaala and uncus (n = 2), amygdala only
(n =4), or sham surgery (n = 1). After the suygéne animals were released into their
original social group with grim results. Everyitasoperated animal experienced some
period of social isolation after surgery. Additabhy, four of the six operated animals
died from wounds received in fights with other gnauembers within 35 days after
surgery. The authors noted that the operated dsiaichnot initiate social activity but
would only react when other members of the groiufpated interactions with them. For

example, upon reintroduction the 9-year-old operatale avoided contact with other
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monkeys and when approached by the alpha maleefleatthis social group, he wrongly
attacked the alpha male and was consequently chatsacked and driven into exile.
Researchers also suggested that the social comszgueere due to the degree of
temporal lobe damage as well as the age of opeaaiethl. The youngest operated
animals, 2 and 3 years of age, were able to rdedtaheir position in the social group
and were not observed displaying overly appareno@abalities in behavior. Overall, the
data strengthen Rosvold’s suggestion that the aexitplof the social environment has
an extreme impact on the effects of temporal |ldr@abye, but indicated that the age at
which the lesion is inflicted might have a sigreiint impact as well.

These earlier studies suggested that social behiavipeatly impacted by damage
to the temporal lobe, specifically the amygdala @rad this impact is context-and age-
specific. Nevertheless, the results should be @tewith caution since the use of
aspiration lesion techniques to damage the amyguaaessarily do not only damage cell
bodies within the amygdaloid nuclei but also damam@nection fibers from the adjacent
temporal cortical areas, which are passing thramghnearby the amygdala
(Bachevalier, 2000; Amaral, et al, 2003; Bachevaid/eunier, 2005). Thus itis
difficult from these earlier studies to ascribe fehavioral changes solely to amygdala
damage. This difficulty has recently been overcaimee it is possible to perform
selective lesions, which destroy neural cells Ipatrs fibers of passage, by administering
neurotoxins (i.e. ibotenic acid, a glutamatergioragts opens calcium channels causing
the cell to become over excited and fire to dedit@€ctly into the amygdala using MRI-

guided stereotaxic techniques.
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Neurotoxic Lesion of Adult Primates

Emotional Behavior

Meunier and colleagues (1999) compared the eftdaspiration and neurotoxic
amygdala lesions on emotional reactivity to threeig stimuli. Both types of lesion
produced similar effects of overly hypoaggressiond geduced fear. Yet, emotional
changes, such as enhanced submission and decegggedsion, were more subtle after
neurotoxic lesions than after the aspiration lesiohhese results suggest that some
affective changes after aspiration lesion of thggaala are likely due to unintentional
damage to surrounding cortical areas. This prdgasarecently been confirmed in a
study investigating the effects of entorhinal aednhinal damage on emotional
reactivity. The changes produced by rhinal cofrtiganage took mainly the form of
heightened defensiveness, and attenuated submasibapproach responses, that is, just
the opposite of some of the most distinctive symadollowing amygdala damage.
These findings raise the possibility that the rhomatex and amygdala have distinct,
interactive, functions in normal behavioral adaptato affective stimuli (Meunier &
Bachevalier, 2002; Meunier, Cirilli, & Bachevali&006).

These findings in non-human primates parallel tHosad in rodents using
conditioned fear as a tool for studying the roléhaf amygdala in emotional reactivity.
Studies in rodents, using either inactivation angenent lesion of the amygdala, have
shown impairments in conditioned fear responseldaning that a stimulus or context
predicts aversive consequences (Maren, Aharondvagselow, 1996; Muller,
Corodimas, Fridel & LeDoux, 1997; Wilensky, Schad,.eDoux, 2000; Goosens, &

Maren, 2001). Therefore, the role of the amygdathe acquisition and expression of
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fear is now well accepted. On the other hand, atemesearch examining the role of the
amygdala in fear response and emotional reactiasyutilized unconditioned (natural)
fears of primates. For example, both laborato aitd reared primates have been
found to be fearful of snakes, a natural preddibnéka, Keir, & Price, 1980). Predatory
fear response in monkeys is commonly tested byeptegy the animal, placed in a
Wisconsin General Testing Apparatus (WGTA), witteal or rubber snake replica, and
by recording the behavioral reactions, willingnesapproach, and/or latency to retrieve
a food item near the snake. Several studies umngptoxic amygdala lesions reported a
blunted fear response in that the operated aniweie more willing than unoperated
controls to approach, even touch, and retrieve fodbe presence of the snakes
(Meunier, et al. 1999; Kalin, et al. 2001; Stefana€lark & Zola, 2003; Kalin, Shelton,
& Davidson, 2004; Izquierdo & Murray 2004; IzquietdSuda, & Murray, 2005;
Machado & Bachevalier, In Press).

Primate fear responses to threatening social stiwvere also investigated using
the Intruder paradigm in which the animal is confeal with either an unfamiliar
conspecific or human intruder. Adult rhesus moskeith lesions of the amygdala
exhibit less fearful and aggressive behaviors cogthto controls when presented with a
taxadermic or live conspecific (Meunier, et al. 29Balin, et al. 2001). However, the
data on human intruders is not as clear. Severdies have found no effects of
amygdala lesions (Kalin, et al. 2001; Izquierdo &kéy, 2004; Izquierdo, Suda, &
Murray, 2005; Machado & Bachevalier, 2008), whereihers found reduced fear
expression and increased willingness to approacmtmiliar human in animals with

aspiration or neurotoxic amygdala lesions (Meureegl, 1999; Kalin, Shelton, &
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Davidson, 2004; Mason, et al. 2006). One posskpanation of this discrepancy may
relate to a habituation effect, since some stuatsesl pre-surgery and post-surgery tests
of the intruder that could habituate the animalth&presence of the intruder and thus
reduced emotional reactivity to it (Kalin, et al(; Machado & Bachevalier, 2008).
This effect of habituation of threatening stimslidonsistent with an fMRI study in
humans demonstrating that activity in the amygdageater when novel than familiar
faces are presented (Schwartz, et al. 2003).

Overall, results from studies utilizing predatondasocial fear suggest that the
amygdala plays a key role in the regulation andesgion of fear response and
emotional reactivity in nonhuman primates. These-klicited behavioral changes are
also associated with significant changes in neutoerine responses.

Neur oendocrine Response to Sress

The stress of being restrained has often beeredilio examine neuroendocrine
response. Kalin, Shelton, and Davison (2004) caetpthe neuroendocrine response to
restraint stress in adult male rhesus macaquesbilatteral lesions of the central nucleus
of the amygdala to that of control males. Basaitome levels and response to stress
were assessed twice for each animal, at least &k agat. Blood samples were collected
immediately before and after a 30-minute stressbich consisted of animals being
restrained for 10 minutes followed by 20 minutesaffinement to a transport cage.
Cerebrospinal fluid was also collected following 80-minute stressor and examined for
corticotrophin-releasing factor (acts on the aotgpituitary resulting in the release of
ACTH). The lesion had no effects on cortisol, but sigaifitly decreased

adrenocorticotropic hormone (ACTH) and corticotriopreleasing factor concentrations,
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as compared to controls. Machado and Bachevali#)g8) expanded on the findings of
Kalin and colleagues (2004) by comparing the newttoerine response of adult monkeys
with amygdala lesions to controls under the follegvconditions: pre- and post-lesion
surgery basal blood samples, restraint stress sexedo an aversive object, and exposure
to an unfamiliar conspecific. Basal blood samplese taken in the animal’s home cage,
stressor blood samples were taken in a rolling sagéar to the home cage, and all
samples were taken while the animal was under la@gist Results showed that
amygdala lesions had no effect on basal cortis@l$ebetween the pre- and post-surgery.
There was also no effect of lesion on cortisol Ie¥em the restraint stress condition, yet
lesion of the amygdala decreased cortisol levatspawed to controls in both the
exposure to an aversive object and unfamiliar ceci§p.

Overall results from lesion studies of adult maeajmave shown that damage to
the amygdala disrupts neuroendocrine responsegssstausing decreased endocrine
response. Presumably the decrease in neuroene@esponse to stress is caused by
disruption of amygdala projections to the hypothala.

Social Behavior

Using ibotenic acid lesions, Emery and colleag@é€1) reinvestigated the role
of the amygdala on dyadic social interactions inliaghale rhesus monkeys when placed
with familiar and unfamiliar monkeys. Animals wiimygdala lesion displayed more
positive social behaviors and lower levels of aggnee behavior compared to controls.
Additionally, monkeys with amygdala lesions wouddicit more social interactions from
unfamiliar stimulus monkeys on first encounter tiaauld controls. This display of

behavior by operated animals likely lead to stilsutuonkeys finding them more
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appealing and seeking out more positive sociatactens (contact, grooming, etc.) from
monkeys with amygdala lesions than with contrdlle authors suggested that amygdala
lesion yielded to social disinhibition; a findingmosite to that described earlier by Dicks,
Myers, and Kling (1969). Although the differentigan of results between the two
studies could have resulted from the lesion extehich was more extensive in the Dicks
and colleagues study than in the Emery and colkesmgtudy, an alternative explanation
could be the difference in complexity of the soe@aVironment in which the animals

were placed after their surgical procedure. Thwasalyad is a far more restricted
environment than the large complex social grouprget This latter possibility has
already been suggested in the earlier experimesisrithed above.

A recent study by Machado and Bachevalier (2@3@mined social behavior of
adult male rhesus monkeys with neurotoxic amyghtsi@ans when placed in small
groups of four animals both pre- and post-surg&gmpared to their presurgical
assessments, animals with amygdala lesions extiiniteeased levels of excitability,
activity, cage exploration, aggression, anxiety sncial avoidance behaviors.
Additionally, amygdala-operated animals showedaeiese in affiliation and popularity
with the other members of the group. While thesailts are contradictory of those
reported by Emery and colleagues (2001), they shaithe consequence of amygdala
damage on social behavior is directly related eodbmplexity of the social environment.
Lastly, unlike the earlier study by Rosvold andeafjues (1954), animals with
neurotoxic amygdala lesions did lose their domiedmerarchy rank, again suggesting
that the complexity of the social situation coukgplain the divergent results.

To summarize, studies examining the effects of otexic (selective) lesions of
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the amygdala together with the early research imhoman primates demonstrates that
the amygdala represents a critical component @uaah circuit involved in processing
appropriate social behavior and emotional reagtivithese results also stress the role of
the environment in the emergence of disturbed beralvesponses after amygdala
damage. Thus, it is becoming well accepted thatudt monkeys as well as in humans,
who have had normal development of social behandremotional regulation, damage
to the amygdala yields significant changes in eomati reactivity and social interactions.
But, what will be the consequences of amygdala d@nifathis damage occurred at a
time when subjects have not yet acquired the sskili$ necessary to navigate their
complex social environment, namely in infancy? rEhis in fact little information
available to directly answer this question.

In humans, cases with neonatal damage to the dateygre exceedingly rare
and the damage extends to surrounding structutast¢@an & Antues, 1981; Tonsgard,
Harwicke, and Levine, 1987; Rossitch & Oakes, 19&@1ska & Lanska, 1993;
Caparros-Lefebvre et al, 1996; Adolphs, Tranel, &diasio, 1998; Adolphs, 2001) and
there exist only a handful of developmental studiemonkeys, (described below), which
have reported alterations in social and emotioraetbpment after neonatal amygdala
lesion. Information about early onset conditiowital to the elucidation of how social
competencies develop from a neurobiological stamdamd particularly the role of the
amygdala in normal social development.

Behavioral Developmental and Amygdala Maturation

There are critical periods in primate developmehémsignificant refinements in

behavioral repertoire appear to coincide with nledeaelopment of the amygdala.
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Immediately following birth and until approximatedlyree months of age, infant
macaques lack fear and defensive behaviors andidgeem to understand the meaning
of social signals (Mendelson, 1982a; Mendelsonii& Golman-Rakic, 1982b).
Projections from higher-order visual cortices (aré& and TEO) to the amygdala
develop between one week and three months of agegghe amygdala more accurate
visual information regarding social signals (RodmE#94). In addition, at
approximately eight weeks of age the stria ternsnathich connects the amygdala to the
hypothalamus, basal ganglia, basal forebrain, asaseof the brainstem, has developed
moderate myelination (Amaral, et al, 1992; Gibsi#91). Refinements of the cortical-
amygdala projections and increased myelinatiomofgdala connections correlate with
the emergence of appropriate responses to sogralsiin infant macaques. Mendelson
and colleagues (1982a, 1982b) found that one-w&kkiant macaques looked equally
at pictures of monkey faces that are looking awagirectly staring at them. Yet, by
three and seven weeks of age, they responded todhkey faces with the appropriate
adult responses, that is lipsmacking and gaze iaveite direct stare. In addition, it is
also around three months of age that infant prisnbégin to enter into social interactions
with peers (Hinde, Rowell, & Spencer-Booth, 196&pnsidering the correlations
between neuroanatomical and behavioral developraewngral important questions
emerge. Would early-onset lesions lead to the ajapee of persistent defects
comparable to those seen in adult-onset lesions®o0ld further development and brain
plasticity reduce or even prevent the appearantieeodefect? Finally, would early-onset
lesions be dormant in early infancy but result taacading effect causing stark

behavioral changes later in life? The followingtgens briefly review the little
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information we have on the effects of amygdala dgemacurred in infancy.

Neonatal Aspiration Lesion of Primates

Emotional Behavior

Kling and Green (1967) conducted the first stuagxamine the effects of
neonatal amygdalectomy in maternally reared anémally deprived infant primates.
Growth patterns, mother-infant interaction, visegbloratory behavior, and quantitative
measures of affective changes were recorded. fdotafe behavioral differences were
found between operated animals and controls. Tdtenmally reared operated animals
reacted to human observers with species typicpbreses, such as grimace, withdrawal,
threat postures and barking. Likewise, materrddigrived operated animals reacted to
human observers in the same way as unoperatednaliyeteprived animals, displaying
withdrawal, cowering, and rocking. However, theperated animals were only
observed through the first two years of life, tha$ore the animals had reached puberty.
Kling and Green suggested that behavioral charglesving early amygdala damage
may require some degree of sexual maturation tafesdn

Thompson and colleagues conducted a longitudindlysio examine the effects
of neonatal amygdalectomy on 12 female rhesus nmyanké females received an
aspiration lesion of the amygdala at 3 months efad the other 6 remained as sham
operated controls (Thompson, Schwartzbaum, & Harl®89). At 6.2 months of age,
the authors examined emotional reactivity by plgdhre animals alone in a novel cage,
and after a 6 day period of habituation, they presefive different pictures: threatening

monkey, frightened monkey, relaxed monkey, infanhkey, and a control picture of
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inanimate objects to the animals. During the halibn phase the amygdala-operated
animals were less disturbed and engaged in margtatchan control subjects. When
the pictures were presented, the amygdala-opeaatiethls demonstrated less fear than
the controls. This result seems to contradict ¢Kiamd Green’s (1967) finding of no
difference in emotional reactivity between amygegbh@rated animals and controls. This
difference may reflect a difference in the meas@mnof emotional reactivity. Kling and
Green merely measured subject’s reactivity to huoteservers, whereas Thompson and
colleagues specifically designed a test based owleulge of normal rhesus monkey
behavioral reactivity to novel situations; by 3 rttenof age infants will respond to
strange situations by freezing, screaming, andoeafry behavior will only occur after
the animal is accustomed to the new environmentl¢Ma 1966). Yet, this still leaves
the question of whether the behavioral changes afienatal amygdalectomy may
emerge after further maturation of the animals.

To directly address this issue Thompson and calleag1977) reexamined
emotional reactivity at 6 years of age after thienas had reached sexual maturity.
Again animals were placed alone in a novel cagsifodays of habituation before being
left alone for a 24 hour period to examine theindagoral reaction. Neonatal
amygdalectomy yielded an increased activity in aehenvironment. The adult control
animals participating in this study received amygdesion as adults and received the
same tests to allow comparisons between the belaheibects of neonatal and adult
amygdala lesions. There was no difference in thet®nal reactions of neonatal and
adult amygdala lesions. These results suggeshéuatatal and adult lesions have similar

effects of blunting the emotional reactivity of sus monkeys.
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Studies examining the effects of neonatal amygl@aians on affective behavior
have had mixed results. Kling and Green (1967hdoniot difference between amygdala-
operated and control animals during, passive olsiervof animals’ responses to a
human observer. By contrast, using an emotiorsaitngty test Thompson and
colleagues (1969; 1977) found blunted fear respandencreased activity as early as 6
months, and these emotional changes remained wigects had reached sexual
maturity. Additionally, Thompson found that adattimals with neonatal amygdala
damage had the same changes in affective respsmsenals that received amygdala
damage as adults. Therefore, concerning emotreaativity, damage to the amygdala
early in infancy causes affective blunting simtiathat found after adult amygdala
lesions.

Social Behavior

Dicks, Myers and Kling (1969) found that younger@sg2 or 3 years of age)
that received amygdalectomy were able to reestatiismselves in their social group
and appeared to show less behavioral changeshbarder males (4 to 10 years of age)
with the same lesion. In addition, the first st@hamining the effects of neonatal
amygdalectomy on maternally reared and maternajtyided monkeys found that the
neonatal amygdala lesion had no effect on mothfantrbehavior (Kling & Green 1967).
This result suggests that early-onset amygdalarediave less negative effects on social
behavior than adult-onset lesions. However, inctise of Kling and Green'’s study the
operated animals were observed only through teetfiro years of life and left the
guestion of whether changes in social behaviorceffeould occur after puberty open.

Thompson and colleagues specifically examineddhg-term effects of neonatal
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aspiration lesion of the amygdala on social behanid2 female rhesus monkeys
(Thompson, Schwartzbaum, & Harlow, 1969; Thompsohos/fighi, 1976, Thompson,
Bergland, & Towfighi, 1977). Systematic observat®f the animals revealed that,
unlike operated-controls, amygdalectomized anirealsbited increased fear response
and hyperactivity during social testing as early asonths of age (Thompson,
Schwartzbaum, & Harlow, 1969). When retested at@6 years of age, the amygdala-
operated animals continued to display hyperactaitgt reached lower ranking status
being subordinate to controls (Thompson & Towfidl876; Thompson, Berland, &
Towfighi, 1977). Yet, when tested with an unfaamilconspecific, amygdala-operated
animals displayed less fear even after being atthbly an older more dominant animal
(Thompson, Bergland, & Towfighi, 1977). Finallyhen comparing the effects of early-
onset versus adult-onset amygdala damage, Thongpsboolleagues (1977) found no
behavioral differences between the neonatally-agpdrand adult-operated animals.
Overall, the results demonstrate that neonatal damauses similar behavioral changes
in social behavior than adult damage. In fact gearafter neonatal amygdala damage
become increasingly more evident with age.

The findings by Thompson were confirmed and expdruly the studies of
Bachevalier and colleagues (see for review, Badleayd994). The study was similarly
designed, using 12 rhesus monkeys of both sexexebving neonatal aspiration lesion
of the amygdala at 10-15 days of age and the rengaéserved as unoperated controls.
At 2 months of age, operated animals were not lagbiee but instead displayed less
activity and less manipulation of their environmaatcompared to controls. Social

interactions between operated animals and conirete normal but were initiated almost
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entirely by control animals. At 6 months, the alpesmin general activity disappeared,
whereas dyadic social interactions became dralstieaduced. Also, at the same age
control animals became more dominant over the ¢gei@imals that responded by an
increase in withdrawing from social interaction ¢Bavalier, 1994). When animals
reached adulthood, there was a complete lack ddlsateraction between operated
animals and controls during dyadic observation(f@athevalier, 2000). Bachevalier's
results confirmed that neonatal lesion of the amj@@roduces dramatic behavioral
changes which become apparent and more severdimeer

Results from studies examining the social behaleffacts of neonatal aspiration
lesions of the amygdala showed that damage proguoésund behavioral changes that
included increased social fear, lower dominancé&,rercreased submission, and
inappropriate responses to aggression. Yet, ta@de studies raised a number of issues
that need to be taken into consideration. Fingt,|éngth of observation of the animals
after the neonatal damage appears to be criticeg¢ 3{ling and Green (1967), who
observed their animals until 2 years of age (pasexual maturation), did not find any
behavioral changes, whereas Thompson, et al. (11%6%, 1977) and Bachevalier (1994,
2000), who observed the animals until they reac®eaial maturation, reported severe
behavioral changes. Second, the environment istwiie infant monkeys were reared
may also interact with early-onset damage in thversty of the behavioral changes
observed. For instance, in Kling and Green (1%8dqly, the infants were returned to
their mothers, whereas in the studies by Thompsioal, (1969, 1976, 1977) and
Bachevalier (1994, 2000), the infants were nurseayed and hand-raised by

researchers. Last but not least, all of thesdetuthve the limitation that the lesions



Behavioral Effects of Neonatal Amygdala Lesion22

were performed by aspiration technique causing den@surrounding cortical areas as
well as connecting fibers passing through and netrd amygdala that may have led to
more severe changes in behavior. This last limoitatas recently been empirically

investigated.

Neonatal Neurotoxic Lesion of Primates

Emotional Behavior

Prather, et al. (2001) directly examined the eff@ftneonatal neurotoxic lesion
of the amygdala on fear response in primates. stindy consisted of 3 rhesus monkeys
that had received neurotoxic lesion of the amygdalkd days of age and 3 unoperated
controls. All infants were reared with their mathentil 5.5 months of age after which
they were separated from their mother. At 8.5 mewif age, infants were presented with
neutral objects (i.e. luggage tag) and fearful ctigjéi.e. rubber snake replica) in their
home cage. Compared to controls, amygdala-opeaaiethls engaged in greater
manipulation of neutral objects and took a shataount of time to retrieve food
adjacent to the fearful objects. These findingscate that even selective early damage
to the amygdala resulted in drastic changes irctwie reactivity.
Neur oendocrine Response to Stress
A study by Goursaud, Mendoza and Capitanio (200&stigated neuroendocrine
response to stress in the same animals. At 31ntorihs of age subjects were separated
from their mothers and relocated to individual cafpe a 48 hour period of behavioral
testing; after testing was completed infants wetarned to their mothers. Blood

samples were collected by hand-restraining the awakject and taking the blood from
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the femoral vein. On test day 1 the first blooohpke was taken between 1.5 and 2.5
hours after subjects were initially separated ftbeir mothers. Then, the second blood
sample was taken at the end of the day beforejection of dexamethasone (synthetic
glucocorticoid that suppresses natural productioh@TH). On test day 2, the third
blood sample was taken and used for comparisonthétldexamethasone challenge,
which was immediately followed by an injection afranocorticotropic hormone (ACTH
acts on the adrenal gland to produce cortisolfoukth blood sample was drawn 30
minutes after the ACTH challenge to assess thetifumof the adrenal gland. Lesions of
the amygdala had no effect on cortisol levels feifg separation from the mother. The
results of the dexamethasone and ACTH challenges #tat animals with amygdala
lesions responded similarly compared to contrdlsus, unlike rodent studies (Feldman,
Conforti, & Weidenfeld, 1995) or adult nonhumanmpaie lesion studies (Kalin, Shelton,
& Davidson, 2004; Machado & Bachevalier, 2008)s tsiudy demonstrated no effects of
lesion on neuroendocrine response. Yet, resulisi®ktudy should be viewed with
caution since there were no baseline hormonaldawelasured for direct comparison
with hormonal levels measured under stress comditid hus, additional studies are
required to further evaluate the effect of neonagairotoxic amygdala lesion on
neuroendocrine response to stress.
Social Behavior

The study by Prather and colleagues (2001) wastladsbrst to examine the
effects of selective neonatal lesion of the amyagaal social behavior in primates.
Social behavior was observed under two conditiansther-infant interactions in home

cage until 5.5 months of age and, at 6.5 montlegyef in dyadic social interactions.
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There were no differences found during mother-ihfateractions since the controls and
amygdala-operated infants spent similar amountsna nursing and maintaining contact
with their mother’s ventrum. Differences in sodi@havior were observed during the
dyadic social interactions. The amygdala-operatthts displayed more fearful
behaviors (fear grimace and screams) during thdidymcial interactions compared to
controls. This result indicates that even selectigonatal amygdala damage results in an
increase in social fear.

Bauman and colleagues (2004a, 2004b) expandeceomatk of Prather, et al
(2001) by examining the effects of neonatal ibatexwid lesions of the amygdala on
social behavior. The study used 24 rhesus moniBegkwhich underwent neonatal
lesion of the amygdala at 12-16 days of age, 8rsttezeived neonatal lesion of the
hippocampus, and the remaining 8 served as agéaththam-operated controls. For
the purpose of this paper, | have only summarieadtita from the amygdala-operated
and controls animals. All subjects were raisenhdividual cages with their mothers for
the first 6 months of life. During this time, thexere given three hours of socialization 5
days a week with 5 other mother-infant pairs. A@enonths of age, infants were
weaned from their mothers and permanently placetniall social groups containing 6
experimental animals (2 from each treatment groldult male and 1 adult female.
Behavioral observations were conducted throughuoststudy under varying conditions:
home cage, dyadic, tetradic, and social groupe Bkather, et al. (2001), neonatal
amygdala lesion did not disrupt the developmemhofher-infant social interactions,
although amygdala animals did spend significanttyertime in contact with their

mothers compared to controls. Additionally, Baurparformed a mother preference test
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after the infants were weaned at 6 months of dge results showed that, unlike sham-
operated controls, animals with neonatal amygasehs did not show a clear
preference for their mother over an unfamiliar aéerale. That is, they spent a
significant amount of time alone or near the unfeanadult female instead of remaining
close to their mother (Bauman, et al., 2004a)6 Ahd 9 months of age, the amygdala-
operated animals developed a normal repertoire@akbehaviors but consistently
produced more fear behaviors than controls. Amnbaths of age, all animals were tested
with unfamiliar animals in a novel dyad conditisasults show that, unlike sham-
operated controls, amygdala-operated animals gispleess aggressive behaviors and
more affiliative behaviors. The authors propodet the amygdala plays a critical role
in the regulation of social fear responses (Bauratial. 2004b).

Together the findings from Prather, et al (2001d Bauman, et al. (2004a,
2004b) suggest that selective neonatal amygdalagemisrupts the ability to evaluate
potentially dangerous social situations resultmgicreased social fear. Yet, increases in
social fear were not observed during mother-infargractions. Perhaps, the amygdala
may regulate emotional responsiveness when theadsmeme placed in more complex
social environments (such as those seen in thedyattadic, and social group tests)

where social signals may become more ambiguous.

Environmental Considerations

Behavioral development in primates is greatlyuaficed by the complexity of the
environment in which they are raised. Studies Is&nm@vn that social isolation and/or

severe environmental restriction produce deficitprimate behavior (Mason, 1960;
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Anderson & Mason, 1974). Thus, both physical earvinent and complexity of social
group play a critical role in the emergence of nalrprimate social behavior (Rosenblum
& Andrews, 1994). Additionally, enriched environme as characterized by increased
social interaction, physical exercise, and contirsuexposure to learning task (Krech,
Rosenzweig, & Bennett, 1960) improve cognitive tiordng in normal, neonatal and
adult ischemic, and prenatally stressed rodentifReet al., 2007; Qian, Zhou, Pan,
Liu, & Wang, 2008). Therefore, results found afieonatal neurotoxic lesions when
animals were observed in a more restricted sooMdl@ment (Prather, et al, 2001;
Bauman, et al.,2004a, 2004b) may differ from thais&ined on animals that are placed
in a more complex social group. Indeed in theskeeaeonatal studies, the social
environment was limited to only a few animals ane tb its artificial creation contained
3 distinct transitions during a critical developrtemperiod, the first year of life. Subjects
were paired housed with their mother for the frshonths of life and had access to 5
other mother-infant pairs a few hours each dayenTdit 6 months of age subjects were
weaned from their mothers, lived in single cagead aryear of age, and again given
daily access to 5 other infant subjects along Wwitmrelated adult male and 1 unrelated
adult female. Lastly at 1 year of age, subjectsrafansitioned to a new living
environment of a small group with 24 hour accegb¢o/ other animals described above
(Bauman, et al. 2004a, 2004b). While a small grsimp of 8 is certainly more socially
complex than dyadic or tetradic interactions, ¢ nearly as socially complex as a
natural social group employed by Dicks, Meyers, Khidg (1969). Additionally, the
stability of social and physical environment hasrbshown to be essential for normal

primate infant development (Rosenblum & Andrew$4)9 Thus, in the Bauman and
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colleagues study infants changing social and phisicvironments 3 times during the
first year of life could have negatively impactéeit behavioral development. Thus,
overall the results suggest that the effects ofatenic amygdala lesion on social
behavior and emotional reactivity may be signifibaattenuated when the young
animals are raised in a rich and complex socialrenment.

To directly test this proposal, the goal of thesgrd pilot study is to examine the
effects of neonatal neurotoxic lesions of the anaygth male rhesus monkeys living in a
large complex social group in a semi-naturalistitisg at the Yerkes National Primate
Center Field Station. Results from this pilot ststiould begin to shed light on what
impact the complexity of social environment might/é on the affective and social
behavior effects of early amygdala damage.

Hypothesis 1. Social Behavior

Neonatal amygdala damage will cause changes iexjession of social
behavior. Given the previous studies reported apoe predicted that rearing in a large
and richly complex social environment will bufféretnegative effects of the neonatal
amygdala lesions on social behavior, yielding aulitle differences in social behavior
and social fear. To test this hypothesis, 2 madesived neurotoxic lesions of the
amygdala at approximately 1 month of age and 2rsttezeived sham-operations at the
same age. Animals will be kept with their motheridg the surgical procedures and
recovery, and the mother-infant pair will then bantroduced to the social group.
Weekly focal observations on subjects in their aslogioup will be conducted and
analyzed at different time points during developterorder to test this hypothesis.

Hypothesis 2: Emotional and Neuroendocrine Responses to Stress
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Subjects with neonatal neurotoxic amygdala damalyskow changes in their
ability to process potentially fearful situationsdahereby to mount a neuroendocrine
when faced with stressful events. Specificallygmegal amygdala damage will disrupt
the processing of the stressor and the abilityHizrinformation to reach the
hypothalamus and trigger the normal neuroendocesponse to stress. Thus, we predict
that animals with neonatal neurotoxic amygdalalesiwill show decreased emotional
reactivity to stress associated with blunted nendloerine responses to stress. To
examine this hypothesis animals, at approximateéyy&ars of age, will undergo tests
experimentally designed to elicit a stress respdinseSocial Isolation, Human Intruder,
and Social Intruder), blood samples will be cokkecbefore and after the first two tests

and later assayed for stress hormone levels.
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METHODS



Behavioral Effects of Neonatal Amygdala Lesion30

Subjects

Four infant rhesus monkeyslécaca mulatta) were selected from middle ranking
mothers living in a large social group of 76 adeihales and 96 offspring organized into
12 matrilines. At 30-35 days of age, 2 infantsereed bilateral neurotoxic lesion of the
amygdala and the remaining 2 received sham suggefi@o to three days prior to
surgery the mother-infant pair was removed fronir thecial group at the Yerkes Field
Station and transported to the Yerkes Main Cenfar.the day of surgery, the infant was
removed from the mother, and, after 24-hour sutgexvery period for the infant, the
pair was reunited. One week later the infant reambia follow-up MRI to verify the
extent and location of the lesion. The motherfbfaair was then transported back to the
Yerkes Field Station where they were placed bac¢hkeir social group using a staged
reintroduction procedure. Intensive behavioraleobations of the infants began

immediately following the reintroduction and contéd until 1.5 years of age.

Magnetic Resonance Imaging (MRI) Procedures argtligin Coordinates

The surgical technique utilized MRI for pre-surgilcecations of injection sites
and pre-surgical calculations of stereotaxic camthis of each injection site. On the day
of the surgery, the infant was anesthetized (Ketarhiydrochloride, 100 mg/ml),
intubated and given isoflurane, 1-2% to effect. IXrdrip of dextrose and 0.45% sodium
chloride was placed to maintain normal hydrationrpMRI and surgery. The animal’s
head was secured in a nonferromagnetic sterecapparatus with ear bars containing
vitamin E (opaque contrast) to establish the MRIrdmates of the tip of each earbar,

which served as precise reference points. Oncartimeal was aligned in the magnet
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their brain was imaged in each of two stereotalaogs (sagital and coronal) using a
Siemens 3.0 T/90 cm whole body. After a sagitiahlizer, a high resolution coronal
series was taken at 1 mm through out the brainwasdused to estimate the coordinates
of injection sites. Three Fluid Attenuated InversRecovery (FLAIR) coronal series
were taken at 3.0 mm (each offset of 1 mm) thrahghentire brain to detect
hypersignals from brain edema after surgery ane wsed to estimate the location and
extent of the lesions. After imaging, the infarasakept anesthetized in the stereotaxic
apparatus and immediately brought to the surgicis svhere it was prepared for aseptic
surgical injection of excitoxin, ibotenic acid, imle amygdala.

Injection coordinates were determined by usinghilgb-resolution T1 image that
cuts through the largest body of the amygdala, mbuat the level of the chiasm and the
middle portion of the anterior commissure. Fouyection sites were located 1mm dorsal,
1mm ventral, 1 mm lateral and 1 mm medial to th@eepoint of the amygdala,
allowing diffusion of ibotenic acid through the atamygdala. Coordinates of each
injection site were determined by measuring théadise of the target site to each of
three referents for each monkey: Anterior/Postetioordinates are calculated from the
zero point determined from the level of vitaminiletl ear bars; Medial/Lateral
Coordinates are calculated from the midline oftibein, usually identified by the
midsagittal sinus and third ventricle; Dorsal/Veht€oordinates are calculated from
the dorsal/ventral coordinates of the earbars.s&@@RI coordinates are then translated

into stereotaxic coordinates.

Surgical Procedure
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At the end of the MRI session, the infant was kepder deep anesthesia, moved
to the surgical suite, and prepared for surgeryjlindwas drawn at the middle line of
the head from the occiput to the occipital ridgd aapivicaine (1.5 ml at 0.25%
concentration) was injected subcutaneously aloagrthdline to reduce pain. Under
aseptic conditions, the scalp was opened alongiitine, and connective tissue was
gently displaced laterally to expose the skull. oTevaniotomies were made bilaterally,
in front of bregma and above the amygdala, andithra was cut and retracted to
expose the brain. Injections were made simultasigan the two hemispheres using
30-gauge needles attached topd®amilton syringes. The needles were lowered
slowly at each injections site, and QuMof ibotenic acid (10mg/ml concentration) was
manually injected at a rate of 0.2 ml/min. Aftejection, the needles were left in place
for an additional 3 minute period to allow compldiBusion of the excitoxin at the tip
of the needle and minimize its spread in the netdtk during retraction of the
needles. After the last injection, the dura waset with silk sutures, the bone
opening was covered with Surgicel NU-KNIT (absodediemostat), and connective
tissues and skin were sutured at the midline. rAftegery, the animal was placed in an
incubator ventilated with oxygen and was then retdrto the nursery upon complete
recovery from anesthesia. The following day, wtieanimal was alert and feeding

normally, it was then returned to the mother aredrdunion was monitored hourly.

Post-surgical MRI Scan

Infants received a second MRI session one weekquogery. The animal was

anesthetized, repositioned into the stereotaxiadrand both high-resolution T1 and
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FLAIR coronal images were again obtained on themalrplane (see pre-surgical MRI
for details above). Comparisons of the FLAIR ing@pee- and post-surgery were used to
assess location and extent of the hypersignalsatidg location and extent of brain

edema (see Figure 1 & 2).

Sham Surgery

Control animals received a sham-surgery and weegedd in the same way as the
experimental animals. They were removed from thmathers the day of surgery,
anesthetized, positioned in the stereotaxic franteraceived both T1 and FLAIR
images. They remained under deep anesthesiaughiypthe same amount of time as
the subjects that received neurotoxin injectiodpon arrival to the surgery suite, their
skin, skull, and dura were opened and the needieedfiamilton syringe was lowered at
the estimated amygdala level but no injections weaee. Afterward, the tissue was
closed in anatomical layers using the same proeealuthose described for the
experimental animals. They were then returnetiéa mother the day following
surgery, and while they did not receive a one webt&w-up MRI, they were separated

from their mothers for the same length of time asenthe experimental animals.

Lesion Extent Histology

Perfusion
Subjects were deeply anesthetized with Ketamine (#@hg/kg, IM), followed
by sodium pentobarbital (25-30mg/kg IV or IM) aneffaised transcardially with 0.9%

phosphate buffered saline, then by a sequence gfat&ormaldehyde at pH 7.4, 5%
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Figure 1. Extent of amygdala damagefor subject AMY-1 shown on MR images (A)
and histology sections at approximately the sawmel lef MR images and stained for
cells and fibers identification (B). From leftright in A, the images illustrate the
amygdala as seen on a T1-weighed image acquiregdrjosto surgery, a FLAIR image
performed 5-8 days after surgery and the depid¢hiegextent of hypersignals (white
area), and a T1-weighed image acquired 1 yearsuogery revealing the shrinkage of
the amygdaloid tissue. In B, the Thionin stain dastrates the cell loss within different
amygdaloid nuclei, and the Gallyas stain showsttifibers crossing through the area
of cell loss were spared. Red dashed outlinestteneof hypersignals (MR image) and
cell loss (Thionin stain) within the amygdala. &talashed lines outline specific nuclei
within the amygdala. Abbreviations: AB, accesdoagal; B, basal; CE, central; L,

lateral; ME, medial; PAC, periamygdaloid cortex.
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Figure 2. Extent of amygdala damage for subject AMY-2 shown on MR images (A)
and histology sections at approximately the sawel lef MR images and stained for
cells and fibers identification (B). From leftright in A, the images illustrate the
amygdala as seen on a T1-weighed image acquiregdrjosto surgery, a FLAIR image
performed 5-8 days after surgery and the depi¢hiegextent of hypersignals (white
area), and a T1-weighed image acquired 1 yearsuogery revealing the shrinkage of
the amygdaloid tissue. In B, the Thionin stain dastrates the cell loss within different
amygdaloid nuclei, and the Gallyas stain showstti@fibers crossing through the area
of cell loss were spared. Red dashed outlinestteneof hypersignals (MR image) and
cell loss (Thionin stain) within the amygdala. &talashed lines outline specific nuclei
within the amygdala. Abbreviations: AB, accesdoagal; B, basal; CE, central; L,

lateral; ME, medial; PAC, periamygdaloid cortex.
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glycerol with 4% paraformaldehyde, and 10% glycevibh 4% paraformaldehyde. The
brains were extracted immediately following perfusand transferred through 10%
glycerol with 4% paraformaldehyde, 10% glycerolhv® 1M phosphate buffer, and,
finally, 20% glycerol with 2% dimethyl sulfoxide {@SO) at 4°C. Lastly, the brains
were cut into three blocks in the coronal plan@gisi histological blade, then wrapped
with aluminum foil and stored at —70°C until cugfin

The brains were sliced at hih thickness on a freezing microtome with a custom
freezing stage (Model 860; American Optical Cokprton, VA). Every &' slice (every
250um) was collected in standard phosphate-buffer.s&tsections were mounted on 2
x 3 inch glass slides and air dried in preparatoorstaining.

Saining

Thionin stain (Nissl) was used to stain cell bodied identify the main amygdala
nuclei and laminar organizations of adjacent calareas. The sections (2bf) were
first dehydrated and defatted in xylene for two fsoéfter re-hydration through a series
of descending alcohols, the sections were thorqugiged in diH20, developed in a 1%
agueous solution of thionin for 1-3 minutes, anctkjy re-rinsed in diH20 before
dehydration through ascending alcohols, clearingylanes and being coverslipped.

To ascertain that the concentration and amouneofatoxin used did not
demyelinate the fibers of passage through the aaigigd silver stain (Gallyas) was used
to stain sections at 5Q0n. The sections were first rinsed in diH20 th&ced in
pyridine acid for 50 minutes with constant agitatidNext, the sections were re-hydrated
through a series of descending alcohols and rwugir a series of acetic acid solutions

(.05%, .1%, & .5% respectively). The sections wlen placed in silver nitrate solution
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for 50 minutes with constant agitation, and thewveltgped using a series of .5% acetic
acid, ABC solution, potassium ferricyanide, andisodthiosulfate. Lastly, the sections
were dehydrated, placed in xylene, and coverslipped
Lesion Assessment

Thionin stained sections through the amygdala weesl to identify the loss of
cells within each amygdala nuclei and adjacent@arareas, and plot this loss onto
corresponding coronal drawings from normal tempteien using Adobe Photoshop
software (v. 6). These drawings were imported ammffava-based image analysis program
(Image®; http://rsh.info.nih.gov/ij/) to measure the sudaarea (in pixels2) of damage
for intended targets, as well as all surroundingcstires sustaining unintended damage.
For any given region of interest (ROI), the meads@rface area of damage on each
section through each hemisphere was summed andrthiéiplied by image thickness (1
mm) to calculate a total volume of damage (Gundae&éensen, 1987). The volume of
damage was then divided by the normal volume oR®¢ (obtained from the normal
template brain in a similar manner) to estimate@ent of the total volume damaged.

Extent of Lesion

Damage to the amygdala was bilateral for bothestiljases (see Table 1 and 2).
The average bilateral damage for each subject essimilar averaging 56.6% for case
AMY-1 and 54.5% for case AMY-2 (Table 1). A detlldescription of the cell loss for
each of the 13 nuclei in the amygdala is givenabl& 2.

The lesion of AMY-1 (Figure 1) was bilateral andrsyetrical (53.2% on the
right and 59.8% on the left). In the right amygdalell loss was extensive (>70%) in the

lateral, central, medial nuclei, moderate (betw@@% and 70%) in the basal and
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Table 1. Percentage of cell losswithin the entire amygdala and adjacent structures

Intended Damage Unintended Damage
Cases R% L% X% W% Hippocampus TG TE ERhO PRh
AMY-1 53.2 59.8 56.5 31.8 0 0 .08 .07 .03
AMY-2 625 465 545 29.1 .58 0 0 0 0

Note: Data are the estimated percentage of norotaine as assessed from histological sections éomtiended damage to the
amygdala and unintended damage to the hippocargR®is(entorhinal cortex), PRh (perirhinal cortexypR percentage of damage
to the right hemisphere; L% - percentage of dantagee left hemisphere; X% - average of L% and R¥% = (L% x R%)/100

[weighted index as defined by Hodos and Bobko (}]084
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accessory basal nuclei, and mild (<30%) in thegrastcortical nuclei. In the left
amygdala, the cell loss was almost complete iratfoessory basal, central, medial, and
cortical nuclei, and in the periamygdaloid cort&he cell loss was moderate in the
lateral and basal nuclei. Unintended damage shdase was negligible (<0.1% in area
TE, entorhinal and perirhinal cortex bilaterally).

In case AMY-2 (Figure 2), the lesion was slightlpma extensive on the right
(62.5%) than on the left (46.5%). On the righg tell loss was extensive in the lateral,
basal and cortical nuclei, moderate in the accgdsasal and central nuclei, and mild in
the medial nucleus and periamygdaloid cortex. l@neft, the cell loss was extensive in
the accessory basal nucleus, moderate in the lcasdital, medial, and cortical nuclei,
and mild in the lateral nucleus. Unintended damagdkis case amounted to negligible
damage to the anterior portion of the left hippopam(0.58%).

Social Behavioral Observations

Behavioral observations took place in the semunradistic social group
compound either shortly after sun rise, continuingl mid-day or late afternoon,
continuing until sun down. Observations were aaunus, all occurrences focal scans.
Data were collected using a palm-based systenreébatds event-sequential data in an
actor:behavior:recipient format with an elapsedetsince the start of the observations
attached to each entry. This method of observailomvs for recovery of true
frequencies, latencies and durations. A sociahbi®r ethogram targeting 55 social
behaviors (Appendix I) was used for observatioBabjects and mothers received four
30-minute observations per subject per week untioBiths of age. At 3 months of age,

subjects received three 30-minute focal observatpar subject per week until 6 months
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Table 2. Percentage of cell losswithin amygdala nuclei

AMY-1 AMY-2

Nuclei R L% X% W% R% L% X% W%
Lateral 96.9 33.8 653 32.7 826 279 553 231
Basal 30.2 489 39.6 1438 78.1 554 66.8 433
AB 51.2 99.1 75.1 50.7 51.6 88.0 69.8 454
AAA 0.0 199 99 0.0 585 00 292 00
Central 719 875 79.7 629 65.5 51.9 58.7 34.0
Medial 82.2 895 854 735 97 69.0 394 6.7
COa 0.0 100 50 0.0 80.7 62.7 71.7 50.6
NLOT 0.0 100 50 0.0 175 233 204 41
PAC 00 729 365 0.0 7.1 16 43 01
Den 78.2 959 87.1 750 109 00 55 0.0
Cop 10.0 436 26.8 4.3 0.0 100 50 0.0
PL 57 00 29 0.0 21.7 0.0 10.8 0.0
Post- 679 100 84.0 67.9 49.4 59.9 546 296

Note: Conventions as in Table 1. Abbreviationd3, Accessory basal; AAA, anterior
amygdala area; COa, anterior cortical; NLOT, nusletithe lateral olfactory tract; PAC,
periamygdaloid cortex, Den, dorsal endopiriformlaus; COp, posterior cortical; PL,

paralamellar.
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of age. From 6 months to 1 year of age, each sutgeeived one 45-minute observation
per week. Finally between 1 and 1.5 years of egelh subject received two 45-minute
observations a week. Two observers collectedisiévations between 3 months and 12
months of age, inter-rater reliability to be goadahen’s kappa [k] 0.78. Only one

observer collected all observations between 122&nghonths of age.

Emotional Reactivity Testing

Social Isolation Test

At approximately 1.2 years of age, the subject segmarated from its mother and
social group for approximately 28 minutes and pdaicea single cage alone in a novel
environment to assess their emotional reactivity meuroendocrine response to novelty.
A baseline blood sample was collected within th&t 8 minutes of when the separation
test began and a second blood sample was takeim Wwithinutes after the separation test
was completed. During the 28-minute separatiaastibjects’ behavior was video taped
for later analysis using reactivity ethogram (Apgieril). The blood samples were
assayed for cortisol and ACTH to examine for ddfeses between treatment groups.

Human Intruder Test

Similar to the social isolation test, at approxieiatl.2 years of age, the subject
was separated from its mother and social grouppéac® alone in a single cage in a
room. However, this test accesses the subjecttgienal reactivity and neuroendocrine
response to an unfamiliar human intruder. A basdilood sample was collected within
the first 8 minutes of the human intruder test bemig. Following blood sampling, there

was a 10 minute acclimation period before the uilfamhuman (researcher wearing a
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rubber mask) entered the room, stood two meters the single cage, and presented
his/her side profile to the subject for 10 minutéd.the end of the 10 minutes, the human
left the room giving the subject 3 minutes aloné&imroom after which the unfamiliar
human re-entered the room, but this time starestthr at the subject for 10 minutes.
The human left the room giving the subject anoftteminutes alone. A second blood
sample was taken within 5 minutes after the 43 teifmuman intruder test was
completed. All of the subject’s behaviors wereeadaped during the human intruder
test for later analysis using reactivity ethograpgendix 11). Blood samples were
assayed for cortisol and ACTH to examine for défese between treatment groups.

Social Intruder Test

At approximately 1.2 years of age, all four sulgesere be separated from their
mothers and social group and placed togetherange110'x20’ familiar housing cage.
Four novel adult males were placed in single hausages 3 feet back from the mesh of
the large housing cage. This distance was negesansure that the subjects could not
gain contact and be injured through the mesh bythdt males. The large housing cage
allowed the subjects to explore freely, gettingwnit3 feet of the novel males or staying
back as far as 20 feet from the males. The subjeatained in the presence of the adult
males for 30 minutes. The subject’s reaction &rttales was video taped from multiple
angles for later analysis using reactivity ethog(@mppendix Il) with added distance
codes to calculate approximate distance from thesna

All scoring behavioral data for each emotionalitestask (Social Isolation,
Human Intruder, and Social Intruder) was condubtedne observer.

Neuroendocrine measures
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Blood samples were collected in chilled plastipepdorf tubes with EDTA
(100mg EDTA tetrasodium salt/ml déiper volume of blood). Samples were
centrifuged at approximately 3,000 rpm for 15 m@suin a refrigerated centrifuge (at
4°C). Plasma was pipetted into sterile plasticcapiprfs, immediately placed on dry ice,
and maintained at -80°C until they were assayedTH\ and cortisol levels in the plasma
were assayed with enzyme immunoassay kits andrpegtbby the Yerkes Biomarker
Core Laboratory. The ACTH was assayed using t@&biin kit (DiaSorin, Inc.,
Stillwater, MN) with an intra-assay coefficientwdriation (CV)% of 2.5%, an interassay
CV% of 7.5%, and an assay sensitivity of 10pg/ifthe cortisol was assayed using the
DSL kit (Diagnostic Systems Laboratories, WebsIef) with an intra-assay CV% of

4.9%, interassay CV% of 4.5%, and an assay seitgidifs. 5ul/dl.
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RESULTS

CHAPTER 1: SOCIAL BEHAVIOR
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To investigate the effect of neonatal amygdalaolesion development and
expression of social behavior a Multivariate Anadysf Variance was conducted with
group (AMY and SHAM) and age (3, 6, 9, 12, and 2inhths) as the main variables. A
Fisher LSD post-hoc analysis was performed to emargroup differences at each age
point. Due to the restricted number of animalsgreup each observation was treated as
a sample. To account for the differences in thgtle of observation at different age
points all behavioral results were converted interall rates of behavior per minute.
When homogeneity of variance could not be assunied siansformation was
performed. Means for all behaviors reported in €dbhare non-transformed means.
Finally, covariates were used to ensure that sigant group differences on some

behaviors would not influence the analysis of ottenaviors.

Mother-infant Interactions
As subjects matured they spent progressively lgssin full body contact with their
mother (Figure 3A). This decline in contact witlotimer was present in both the sham-
operated controls and those with neonatal amydédsiaens, but was more pronounced in
the later experimental animals at 9 and 12 montlagie [GROUP X AGEF(4,250) =
2.45,p=.047,°= .038 and AMY < SHAM: LSDp < .001,p = .005, at 9 and 12
months, respectively).

In addition, infant rhesus monkeys became morepeadéent from their mother
(time spent out of proximity to mother) as they umad. This increase in independence
from the mother occurred in animals of both gro(iigure 3B), although it was more

pronounced in the amygdalectomized males thaneistiam-operated controls at 3, 9, 12
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Table3. Mean rates per minute of social behavior
Mean rate per minute + Standard Errors for eaclawiehin each behavioral category in
sham-operated controls (SHAM) and animals with a¢égiramygdala lesions (AMY) at

ages 3, 6, 9, 12, and 20 months.
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Age (Months)

Behavior Group 3 6 9 12 20

Mother Infant Interactions

Contact SHAM 587+.042  .371+£.027  .485+.060* 731037* .125+.022
AMY 488+.056  .385+£.029  .267+.044* 163%.032*.032+.013

Independence SHAM 223+.029*  .439+.026  .371£054425+.036* .712+.031*
AMY .363+.055* .479+.031  .632+.045** .701+.087 .903+.017*

Groom & Genital Inspect SHAM .086+.017** .058+.010 .072+.024** .033+.008 .023+.009
AMY .031+.010** .014+.003* .014+.004* 022+.00 .001+.001

Follow & Retrieve SHAM .001x6.86* 6.7E°+6.7E° 4.3E°+4.3E> 000 000
AMY .005+.002* 8.2E'+7.2E* 000 1.0B+1.0E* 000

Note: LSD post-hoc *p<.05, *001. T-test tp<.05; Small numbers are expressediémtific notation E
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(continued)
Age (Months)
Behavior Group 3 6 9 12 20
Mother Infant Interactions (continued)
Weaning SHAM .003+.002 .021+.005 .038+.010** 182007 .016+.003
AMY .001+.001 .016+.004 .015+.004** .017+.006 .004+.001
Affiliative Behavior with Others
Contact SHAM .003+.001** .004+.002 .002+.001 16M01 .017+.015
AMY .071+.020** .019+.003 .014+.004 .003+£.001 .037+.012
Received Groom & Genital SHAM .007+.003 .003+£.001 .001+.001 .002+.002* .013+.011**
Inspect AMY .012+.003 .007+.002 .001+.001 054880 .105+.045**
Grooming Express SHAM 000 1:669.8E°> 3.9E*+3.4E° .003+.002  .005+.002**
AMY 000 2.9E+2.6E* 2.8E"+2.6E* .003+.001  .025+.009**

Note: LSD post-hoc *p<.05, *001. T-test tp<.05; Small numbers are expressediémtific notation E
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(continued)
Age (Months)
Behavior Group 3 6 9 12 20
Sexual Behavior
Incorrectly Oriented SHAM 000 8.485.8E™*  000* 8.5F+8.5E* .001+7.0E"

Mounts AMY

Play and Dominance Behaviors

Total Social Play SHAM
AMY

Rough & Tumble Play SHAM
Rate AMY

Rough & Tumble Play SHAM

Initiation AMY

.001+.001 .008+.003* .006+.002* .000A3* .001+5.9F

.054+.011 .215+.030 2% 165+.035* .233+.049*
.126+.040 .273%.042 A70+£.059** .333+.066* .404+.055*

.016+.004 .072+.011 084> .056+.019* .023+.007
.030+.011 .080+.011 .161+.030*  .114+.923.050+.011

.010+.003 .038+.007 0y .028+.011* .012+.004

.011+.005 .035+.006 .075+.018 86016* .034+.008

Note: LSD post-hoc *p<.05, *001

. T-test Tp<.05; Small numbers are expressediémtific notation E
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Behavior Group

Age (Months)

6 9 12 20

Play and Dominance Behaviors (continued)

Dominance Displays SHAM
AMY
Aggressive, Fear and Anxious Behaviors
Aggression Received SHAM
AMY
Aggression Expressed in SHAM
Proximity to Mother AMY
Aggression Expressed SHAM

while Alone AMY

.003+.003

.009+.004

.010+.003

.001+.001

.001+.001

.003+.003

.002+.001

.003+.001 .0008** .013+.004 .010+.003**

.010+.004 .036+.013** .023+.007 .067+.009**

.009+.002  0083** .006+.002* .018+.003**
.013+£.003  .038+.006** .020+.005* .039+.007**
9’65 3E* .002+.001  .003+.002  .006+.002%
.001+5.9E .004+.002  .003+.002  .001+.001t
.004+.001 8+0W4* .008+.003* .029+.006**

.005+.002 .030+.010* 028+.008* .062+.009**

Note: LSD post-hoc *p<.05, *001. T-test tp<.05; Small numbers are expressediémtific notation E
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(continued)

Age (Months)

Behavior Group 3 6 9 12 20

Aggressive, Fear and Anxious Behaviors (continued)

Fear Expressed SHAM .002+.001 .018+.004 .040+.013035+.008 .168+.015*
AMY .003+.001 .019+.005 .052+.009 .052+.012 37%.011*

Anxiety Expressed SHAM .062+.009 .070+.008 .00886. .096+.013* .153+.015
AMY .052+.009 .064+.008 .080+.017 .143+.017* 156+.017

Note: LSD post-hoc *p<.05, *001. T-test tp<.05; Small numbers are expressediémtific notation E



Behavioral Effects of Neonatal Amygdala Lesion54

Figure 3: Mother-infant interactions

Scores are averaged mean rate per minute for lmdgat with their mother (A), away
from their mother (B), and mother grooming and tgnnspection of their infant (C), for
sham-operated controls (white bar) and animals méttnatal amygdala lesions (black
bar) at 3, 6, 9, 12, and 20 months. Scores fdr eatividual in each group are illustrated
by an open square and open diamond for those sfaneiving sham-operations and by
a grey circles and grey triangles for those infaatgiving neonatal amygdala lesions. *

indicates p<.05.
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and 20 months of age [GROUP X AGH#4,250) = 3.23p = .013,7°= .049 and AMY >
SHAM: LSD: p=.010,p<.001,p<.001,p<.001, at 3, 9, 12 and 20 months,
respectively).

As a corollary, rhesus monkey mothers tended tgrpssively spend less time
grooming and genital inspecting their male offsgras they matured (Figure 3C, AGE:
F(4,250)=4.86p=.001,47%=.072). This maturational change was clearly avider the
mother of the sham-operated controls but lessisthéomothers of amygdala-operated
males, even when controlling for the total time h&ss spent in contact and proximity
with their infants. However, this group differeneached significance only for the three
youngest ages (GROUP(1,250)=28.98p<.001,7°=.104; LSD:p<.001,p=.003,
p<.001, for 3, 6, and 9 months, respectively).

When infant rhesus monkeys are very young the methaintain contact with
them by restraining and following them and proteeim from potential harm from other
higher ranking animals. As shown in Table 3, tusurred in mothers of normally
developing sham-operated controls that spent nmeerestraining and following their
infants at 3 months of age as compared to any etpefAGE:F(4,250)=4.86p=.001,
n°=.072]. Interestingly, mothers of amygdala-opetatéants spent even more time (5
times more) restraining and following their infaats3 months of age than mothers of
sham-operated controls, [GROUP X AGH4,250) = 4.51p = .002,7%= .067,
AMY>SHAM: LSD: p <.001 at 3 months of age).

As shown in Table 2, weaning behaviors (rejecting punishing) in mothers of
sham operated controls peaked at 9 months of dfyjeugh this peak was much less in

magnitude in mothers of amygdala-operated maldé® gfoup difference emerged even
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when the amount of time spent with mother was cdlett for [GROUP:
F(1,250)=11.54p=.001,,°=.044, AGE:F(4,250)=6.82p<.001,7°=.099, AMY <

SHAM: LSD: p=.001 at 9 months of age].

Affiliative Behaviors with Non-mother individuals

Because infant monkeys spend most of their timb thieir mother at least until
the juvenile period, the time spent interactingwmather members of the group is
negligible in infancy but increases in the juvemiriod. This progressive increase of
interest with other members of the group was ettidethe sham-operated control males,
but not in the amygdala-operated males.

First, as compared to sham-operated controls geattery little time in full
body contact with non-mother females even untihihths of age (Figure 4A), animals
with amygdala lesions displayed higher frequenclgarfy contacts with non-mother
females, especially at the youngest age of 3 mg@&ROUP X AGE:F(4,250) = 4.24p
=.002,5°= .064, AMY > SHAM: LSD:p < .001 at 3 months of age].

Second, at older ages (i.e. 12 and 20 months), wheontact with non-mother
females, animals with amygdala lesions receivedergoooming and genital inspections
by these non-mother females [Figure 4B; GROUP X AEE,250) = 4.24p = .002,,
=.064, AMY > SHAM: LSD:p =.042,p < .001, at 12 and 20 months respectively].
Finally, at 20 months of age (Figure 4C), animalhwmygdala lesions also displayed
more grooming toward other non-mother members@ftioup as compared to sham-
operated controls [GROUP X AGE(4,250) = 4.65p = .001,7°= .070, AMY > SHAM:

LSD: p<.001, 20 months of age].
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Play and Dominance Behaviors

Social contact play, such as brief, chase, andh-@ngl-tumble, is critical for
normal social development in rhesus monkeys (H&a@&pencer-Booth, 1967). As
shown in Figure 5A, neonatal amygdala lesions irtgghtmportantly the amount of
social plays displayed by the animals. Thus, $@t#y in sham-operated control males
sharply increased at 6 months of age but then resdastable until 20 months of age.
Males with neonatal amygdala lesions exhibited Isinincrease in social play at 6
months, but almost doubled the number of sociglgptes compared to operated controls
thereafter [GROUPE(1,250) = 22.09p < .001,5°= .081, AGE:F(4,250) = 10.01p <
.001,7%=.138, AMY > SHAM: LSD: p =.001, p =.011, p =L@ at 9, 12, and 20
months, respectively].

A similar change was seen for rough-and-tumble play dominance displays
(Figure 5B & 5C). Sham-operated controls exhibdaaedncrease in rough-and-tumble
play behavior that peaked around 9 months of agethen, steadily declined until 20
months of age. Although a similar pattern of clemgas observed in Group AMY, their
rate of rough-and-tumble play surpassed that ahsbperated controls at the ages of 9
months and 12 months [GROUR(1,250) = 11.56p = .001,5° = .044, AGE:F(4,250) =
10.89,p < .001,5°= .148, AMY > SHAM: LSD: p = .002, p = .017, resfigely]. These
group differences were also observed in the frequehinitiation of rough-and-tumble
play [Table 2; GROUPE(1,250) = 5.57p = .019,7%= .022, AGE:F(4,250) = 7.46p <
.001,7%=.107, AMY > SHAM: LSD p = .010, p = .040, at 18820 months,

respectively]. Finally, the normally developingengted control males rarely exhibited
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Figure 4: Affiliative behaviorswith non-mothers

Scores are averaged mean rate per minute for ¢amtacnon-mothers (A), non-mother
grooming and genital inspection of the infant (@)d groom of non-mothers by the
infants (C) for sham-operated controls (white lzexl animals with neonatal amygdala
lesions (black bar) at the ages of 3, 6, 9, 12,2dhchonths. Scores for each individual in
each group are illustrated by an open square aed diamond for those infants receiving
sham-operations and by a grey circles and greygiés for those infants receiving

neonatal amygdala lesions. * indicates p<.05.
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Figure5: Play and dominance display behavior

Scores are averaged mean rate per minutes foll ptaya (A), rough-and-tumble plays
(B), and dominance displays (C) for sham-operatedrols (white bar) and animals with
neonatal amygdala lesions (black bar) at the af@s&) 9, 12, and 20 months. Scores
for each individual in each group are illustratgdan open square and open diamond for
those infants receiving sham-operations and bywg grcles and grey triangles for those

infants receiving neonatal amygdala lesions. *datés p<.05.
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dominance displays at the youngest ages of 3 andrths and maintained only low but
stable rate of this behavior at 9, 12, and 20 n®offage. By contrast, animals with
neonatal amygdala lesions expressed more domimhsigiays throughout development.
This increase in dominance displays in Group AMYswagnificant only at 9 and 20
months of age [GROUP X AGE(4,250) = 7.06p = .012,4°= .101, AMY > SHAM:

LSD: p<.001,p < .001, respectively].

Sexual Behaviors

The typical species-specific mount for rhesus mgalmnsists of the mounting
partner placing their hands on the hips and faadpihg the calf of the other partner.
Thus, any mounts that are not of this orientati@nc@nsidered to be incorrectly oriented
mounts (non-foot clasp and mounting a body partrothian hindquarters). Typically
developing, sham-operated controls, exhibited ¥&nyincorrectly oriented mounts as
they mature (Table 2). By contrast, neonatally gdayectomized males exhibited many
more incorrectly oriented mounts as early as 6 hmof age and also at 9 and 12 months
of age [GROUPF(1,250) = 14.88p < .001,7%= .056, AMY > SHAM: LSD:p = .003,p

=.009,p=.009, at 6, 9, and 12 months, respectively].

Aggression, Fear, and Anxiety Behaviors

In macaque monkeys the mothers’ rank and socigi@tiplay an important
influence on how non-mother individuals direct aggion on an infant or juvenile
(Hinde & Spencer-Booth, 1967). Since all of thbjscts in this study were from middle

ranked mothers the amount of aggression receivedlditbe relatively equal across the



Behavioral Effects of Neonatal Amygdala Lesion64

two groups. Figure 6A illustrates that throughdewvelopment sham-operated control
males received a relatively low, but steady, réteggression (threat, hit, slap, bite, grab,
and chase). Yet, males with neonatal amygdalanegieceived significantly more
aggression starting at the older ages of 9, 1228ndonths [GROUP X AGH:(4,250)

= 3.95,p = .004,;,°= .059, AMY > SHAM: LSD: p < .001, p =.017, p =0,
respectively].

The mothers’ rank and social support also playyarkke on infant’'s expression
of aggressive behaviors (Imanishi, 1963; Hinde &Ber-Booth, 1967). Therefore, the
mother’s proximity to the infant could influencevinanuch aggression the infant
expresses. As show in Figure 6B, sham-operatetlatanales demonstrated a
progressive increase in aggression toward otheeswhproximity to their mother,
whereas males with neonatal amygdala lesions,gthaot different from controls at
any ages, showed an increase in aggression thatredat a younger age (9 months) as
compared to controls (20 months) followed by astdecline in this behavior at 20
months of age. Further exploration of this groifecence at 20 months of age using an
Independent T-test indicated that Group SHAM exgedssignificantly more aggression
while in proximity to their mothers as comparedamup AMY [t(1,50) = 2.40p = .021,
d=.664].

Just as mothers rank, social support, and proximéy influence infant’s
aggressive behavior toward others; one might goateithat the absence of mother
proximity may also influence the infant’s willings®to express aggression. As shown in
Figure 6C, normally developing sham-operated comades progressively expressed

more aggression without mother being in proximayttaey mature, whereas those with
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Figure6: Aggressive behaviors

Scores are averaged mean rate per minutes forssjgmereceived from other animals
(A), aggression while in proximity to their mothdB), and aggression toward others
when mother is away (C) for sham-operated con{wekste bar) and animals with
neonatal amygdala lesions (black bar) at the abgs& 9, 12, and 20 months. Scores
for each individual in each group are illustratgdem open square and open diamond for
those infants receiving sham-operations and byg grcles and grey triangles for those

infants receiving neonatal amygdala lesions. *¢atks p<.05.
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amygdala lesions exhibited the same progressorease but at a much higher at 9, 12,
and 20 months of age [GROUP X AGH#,250) = 3.55p = .008,7°= .054, AMY >
SHAM: LSD: p =.006, p =.010, p <.001, respediijie

Interestingly, there were almost no changes indke of fearful displays (fear
grimace and withdrawal) and anxiety behaviors (FRgwwA & 7B) after neonatal lesions.
Both groups displayed a slight but significant gase as the animals mature [AGE:
F(1,250)=79.82p<.001,7°=.561, and~(1,250)=22.42p<.001,°=.264, for fearful and
anxiety behaviors, respectively]. Although theupalifferences and the interaction
between Group and Age did not reach significandsoth behaviors, there was a slight,
but significant, decrease in fearful behaviors@trbnths of age and a slight increase in
anxiety behaviors at 12 months of age in Group AddYcompared to Group SHAM

[AMY < SHAM: LSD: p =.019; AMY > SHAM: LSD: p=.0Q, respectively].

Discussion

Overall, the results indicate that neonatal amyaytidions impact the expression
of behaviors from infancy until early adolescend@ée earliest change was the increased
independence from the mothers that occurred atchrearlier age in the
amygdalectomized males than in the sham-operatgdotonales. Reciprocally, this
early infant independence from the mother influehitee mother behaviors towards their
infants. Thus, mothers of infants with amygdakides spend less time grooming their
infants and more time restraining and followingithefants. During maturation these
changes in mother-infant interactions yielded femegections and punishments expressed

by the mothers toward their infants. Furthermaitthough animals with neonatal
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Figure7: Fear and Anxiety behaviors

Scores are averaged mean rate per minutes foufelsplays (A) and anxiety behaviors
(B) for sham-operated controls (white bar) and atémvith neonatal amygdala lesions
(black bar) at the ages of 3, 6, 9, 12, and 20 hson§cores for each individual in each
group are illustrated by an open square and omenatid for those infants receiving
sham-operations and by a grey circles and greydiés for those infants receiving

neonatal amygdala lesions. * indicates p<.05.
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amygdala lesions normally acquired species ty@iffdiative behaviors, they exhibited
greater affiliative behaviors as well as more dange displays than sham-operated
controls.

The neonatal amygdala lesions also altered thdslef@ggression, especially
when the mothers were not in proximity of theirainfs, even though the infants were
from middle-ranked mothers. This increased aggress/hich occurred when the
animals reached 9 months of age, was associatacwly a slight decrease in fear
behaviors. Finally, the neonatal amygdala lesass negatively impacted the
expression and/or learning of sexual behaviors.

Thus, the data suggest that neonatal amygdalankedid not create socially
withdrawn animals, instead they resulted in anindédplaying more independence and
hypersocial behavior. The lesions also appearédstapt the processing of potentially
dangerous social situations, leading to an aninithl Rvore aggressivity in social context.
Overall, our results not only confirm and extentt &lso contrast with, those of earlier
reports of behavioral changes after neonatal anmgdésions in monkeys (Bachevalier,
1994; Bauman, et al 2004; Thompson, Schwartzbauragow, 1969). The parallels

and divergences in the findings will be discussetlirn.

Mother-infant interactions:

Unlike previous studies reporting few behaviorames in the earliest stages of
development after neonatal amygdalectomy in monki€lysg & Green, 1967; Prather,
et al., 2001), our study demonstrated an early gemee of independent behaviors from

the males with neonatal amygdala lesions. Thispeddent behavior was expressed by
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less time spent with the mother and more time sjpecdntact with non-mother females
at 3 months of age as compared to sham-operatexs mahis increased independence
observed in animals with neonatal amygdala les®nst necessarily abnormal but
rather the timing of its emergence is. Typicathgsus infants rely heavily on their
mother for nourishment and protection during thdiest developmental stages, and it is
not until around 6 months that infants begin toadep independence from their mother
(Hansen, 1966; Hinde & Spencer-Booth, 1967). Tthesgarly emergence of
independent behaviors after neonatal amygdalaniessoa new finding that has never
been reported before. In fact, this finding isiark contrast to the findings from
Bauman and colleagues (2004a) who reported thatisifvith amygdala lesions spent
significantly more time in contact with their moteeeompared to control infants. This
observation held true for dyadic, tetradic, andlssmial group settings. One possible
explanation for this difference between the cursgatly and Bauman and colleagues
(20044a) is that physical and social environmertiibta has been shown to be important
for the emergence of infant independence from mqResenblum, 1974; Rosenblum &
Andrews, 1994). The current study had a very stphlsical and social environment
due to the long established troop in which the atsmavigated. In contrast, Bauman
and colleagues (2004a) utilized more restrictedaseavironments in which infants first
lived in cages housed with their mothers the mijarf time but were placed in small
groups with 6 other mother-infants pairs for 5 lsoeach day. The transitioning from
pair-housing to social group could have contributethe increased contact with and
decreased independence from mother. Alternatitleéydifference between studies

could reflect differences in physical environmegmes The current study utilized a large
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outdoor compound of approximately 720 meters s@gljaveereas animals in the Bauman
study were confined to 7 squared meters. The smaticlosure gave mothers a more
confined space to easily keep up with and restragir infants as compared to the larger
outdoor enclosure.

Interestingly, the increased independence from eratbticeably impacted on the
normal behavior of the mothers towards their idams a result, mother of infants with
neonatal amygdala lesions spent more time restigaenid following their infants and
thus less time grooming them. These changes @teren when the data were
corrected according to the total time the infapisng with their mothers. Finally, this
increased independence did not only impact intenastwith the mothers but also
interactions with other members of the social grolzreased independence from the
mothers also gave amygdalectomized males increggaattunity to spend time in

contact with non-mother females.

Social interactions with other members of the dagiaup:

Similar to previous studies, the present study highlighted the more
pronounced behavioral and social changes that etderg subjects aged (Bachevalier,
1994; Bauman, et al., 2004; Thompson & Towfighif@9Thompson, Berland, &
Towfighi, 1977). With further maturation, animalith neonatal amygdala lesions began
to produce increases in social play, dominancdalspand aggressive behaviors
compared to operated controls. Again, animals nébnatal amygdala lesions were able
to acquire a normal repertoire of social behavim@uding play, dominance, mounting,

and aggression. Yet, it was the rate at which atalggtomized animals expressed these
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behaviors that defined the difference between taethsham-operated controls.

The different rate of behavioral expression from dmygdalectomized males also
impacted drastically the way other animals intexdatith them. Thus, the
amygdalectomized males were both expressing mayessgjon as well as receiving
more aggression from others. However, it is diffito ascertain at the present time
which animals initiated the aggressive behavidnsture studies utilizing Lag Sequential
Analysis will be more appropriate to examine thigstion in detail. Additionally, this
finding contrasts with previous research indicatimgt neonatal amygdala lesions
produced less aggressive behaviors compared tootgyrdand no differences in the
amount of aggression received (Bauman, et al. 208§ain differences in social and
physical environment as discussed above may hayegla critical role in the divergent

behavior outcomes between the present study arBlaineman study.

Fear and anxious behaviors:

Unlike previous studies indicating that neonatalgdala lesions produced
increased fear behaviors and decreased affiliatiinpeers (Bachevalier, 1994;
Bauman, et al., 2004b, 2006; Prather, et al., 206bmpson, Schwartzbaum, & Harlow,
1969). The present results indicated a much diffiepattern of fear-related changes.
Thus, amygdalectomized males exhibited higher segthffiliation with non-relatives
and reduced fear behaviors compared to sham-operatgrols. These changes were
more prominent as the animals reached 20 montageoaind are consistent with previous
studies examining the effects of amygdala lesiagsiiaed in adulthood. These later

studies reported a reduction in fear after comet selective removal of the amygdala
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(Emery, et al., 2001; Izquierdo & Murray, 2004; Kalet al, 2004; Machado &
Bachevalier, 2006, 2008; Machado, et al., 2008; =y et al., 1999). Presumably, this
reduction in fear behaviors could also accounttierpremature independence and the

increase in social behaviors reported after amyglgsions acquired infancy.

Sexual behaviors:

The present study revealed changes in sexual hwttheit are also similar to
those found in large temporal lobe lesions of athdhkeys (Kliver & Bucy, 1939).
Males with neonatal amygdala lesions produced nmmarectly oriented mounts (non-
foot clasp and mounting a body part other thanduiagters) as compared to sham-
operated controls. Typically, sexual mounting hvebrafirst emerges between 3 and 6
months of age, and increases steadily in frequémoygh the first year of life in rhesus
monkeys (Hinde & Spencer-Booth, 1967). In the enirstudy, the emergence of
mounting behaviors in animals with neonatal amyadiegions was normally timed (6
months of age), yet it was the frequency and siyl@ounting behaviors that were
atypical. The increased frequency of incorrectigrted mounting is a new finding that

has never been reported after neonatal amygdatengeismm monkeys.

Factors influencing the different behavioral outesnfiound among studies:

Several factors could account for the slight bytamant differences in the long-
term behavioral outcomes of neonatal amygdalanssio non-human primates. One is
the social environment into which the infant morkegvigate. Previous studies have

used limited social environments ranging from sncges (Kling & Green, 1967), pair
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housed (Bachevalier, 1994), to artificially creasadlall social groups (Bauman et al,
2004, 2006). Rhesus monkeys naturally live inadoobops, consisting of numerous
animals of both sexes, ranging from all stagesesktbpment (DeVore, 1965;
Kaufmann, 1966; Hinde & Spencer-Booth, 1967). Tresent study utilized an
established social group of 174 animals arrangd@imatrilines, which made the
environment richer, more socially complex, and etds the natural troop environment.
Since a complex social environment is essentiahéomal behavioral development in
monkeys (Berman, 1980), one might postulate thadutd provide a more buffered
environment for social behavior development eveanimals with amygdala lesions.
Thus, the increased affiliation and decreasedifemfants with neonatal lesions when
normally raised in a complex social group attestithé impact of environment on
development and expression of social behavior.

Another important factor to consider for the diéfiet behavioral outcomes
observed across studies is the extent of the angygdanage. Obviously, all previous
studies using aspiration lesion techniques (Badlexyd994; Kling & Green, 1967;
Thompson, Schwartzbaum, & Harlow, 1969) damageanlyt neurons within the
amygdala nuclei but also fibers passing throughaandnd the amygdala as well as
cortical areas adjacent to the amygdala. Thistiaedil damage is likely to impact the
severity, and perhaps even, the direction of th@weral changes observed. These
different outcomes of amygdala lesions accordiniipéoamount of tissue damage have
already been stressed in studies of amygdala esiogquired in adulthood (Meunier et al,
1999, 2002). Meunier and colleagues (1999) fotmatl whereas aspiration and

neurotoxic lesions of the amygdala produce sinfitdravioral changes, the changes were
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more pronounced after aspiration lesions, preswrdie to damage to surrounding
cortical areas (i.e. entorhinal, perirhinal, anelaal E) and fibers passing near and through
the amygdala. A subsequent study aimed at in\&sighow damage to rhinal cortices
might contribute to behavioral changes found adtgiration lesions of the amygdala,
Meunier and colleagues (2002) demonstrated thaakhesions yielded emotional
changes that were in fact opposite to those destalfter either aspiration or neurotoxic
lesions of the amygdala. Thus, the exaggerategteyns found after aspiration lesions
cannot be a direct additive effect of rhinal catidamage, but instead reflect a direct and
different contribution of the rhinal cortices to etinal regulation. For example,
monkeys with rhinal lesions appeared to overesgrpatential danger, thus displaying
increased emotional reactivity compared to monkeis amygdala lesions which
appeared to underestimate potential danger anddtbpkaying less emotional reactivity
(Meunier, Cirilli, & Bachevalier, 2006). Althoughe difference in lesion techniques
could account for the behavioral outcomes in sofitbeprevious developmental
studies, this procedural difference cannot explaendifferent behavioral outcomes found
between the present study and that of Bauman dlehgaes (2004a, 2004b, 2006),
which, as the present study, used selective nexicoesions of the amygdala. However,
it is interesting to note that despite the useenfrotoxic lesion techniques, the amygdala
lesions in the Bauman and colleagues’ studies gtetduch more extended damage than
that reported in the present study. For exampignining the FLAIR MR images in the
previous studies (Bauman et al 2004a, 2004b, speds 2, 1, respectively) revealed the
presence of edema well beyond the confine of thggdada nuclei. Indeed, this edema

extended to the entorhinal, area TE, area 35 affyreal cortex, superior temporal
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sulcus, and anterior hippocampus. Thus, as comparde selective amygdala lesions
reported in the present study (see Figure 1 & 23, likely that the additional damage to
fibers in passage and adjacent cortical areas @uikhin the increase in fear behaviors
reported by Bauman and colleagues (2004a, 2004alfact, the behavioral differences
obtained between our study and those of Baumatiglatee behavioral differences
found in adult monkeys with selective versus mottereded amygdala lesions (see

above).

Relationships with studies of early amygdala damageher species:

Neonatal neurotoxic amygdala lesions in rodentsaksignificant changes in
social behavior compared to controls (Wolterinkale001; Daenen, Wolterink, Gerrits,
& van Ree, 2002; Diergaarde, Gerrits, Stuy, Spr&ijtan Ree, 2004). In comparison to
controls, rats that received neurotoxic amygdadeteat postnatal day 7 (PD 7)
exhibited decreased social play and social behs¢Wolterink, et al, 2001; Daenen, et
al, 2002; Diergaarde, et al, 2004). Decreasedkocntact, such as anogenital
investigation and approach/following, was only dxted by rats that sustained damage
to the medial amygdala nuclei on PD7 (Daenen, 20@R). Additionally, neonatal
amygdala damage in rodents leads to decreasedigatem in an open-field test
(Wolterink, et al, 2001). These results in rodestitswing decreased social play, contact,
and investigation, contrast with the present stiidy demonstrated increased social play
and contact behaviors. Perhaps the differing teseflect a species difference, at
postnatal day 7 rat pups eyes and ears are ssdlwhereas rhesus monkeys have their

eyes and ears open at birth. Additionally, at patstl day 7 rats are still undergoing
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significant brain development such as cell migratnd connections between the
amygdala and prefrontal cortex (Verwer, Van Vulp&i/an Uum, 1996). Therefore,
the equivalent to a postnatal day 7 rodent lesicanrhesus monkey would be performed
at an embryonic stage, prenatally.

Research examining the effects of amygdala dammalgeran patients has also
revealed significant changes in social and emotibelhavior (Adolphs, 2001; Adolphs,
Tranel, & Damasio, 1998; Adolphs, et al, 2005; Btaullickson, Koch, & Adolphs,
2006). One such patient is SM, a woman with a desease Urbach-Weithe known to
result in mineralization and atrophy of the medmhporal lobe tissue. SM is the purest
case of bilateral amygdala destruction without ificgmt involvement of any other
neural structures (Tranel, et al, 2006). Examamatif SM has revealed impairment in
her ability to recognize emotions from facial exgsiens, which is due to her failure to
look normally at the eye region (Adolphs, et alp2D The recognition of fear facial
expression in humans relies heavily on the eyesghtbie most important feature for
identifying this emotion, which explains why SM hdifficulty identifying fear more
than other emotional expressions (Adolphs & TraB@04; Adolphs, et al, 2005). Yet, if
SM is prompted to explicitly focus on the eyes thenidentification of emotional
expression becomes entirely normal (Adolphs, @08b). In addition with impaired
ability to recognize facial expressions, SM is atapaired in her ability to evaluate traits
of “approachability” and “trustworthiness” in thades of strangers in laboratory tasks
(Adolphs, Tranel, & Damasio, 1998). Lastly, eveaugh SM has a normal range of
social skills, she is almost completely devoid efative affect, particularly fear and

anger (Tranel, et al, 2006).
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The current results have many parallels with thaiseM and other bilateral
amygdala damaged patients (Young, Hellawell, VakVdd & Johnson, 1996; Broks, et
al, 1998). Neonatal amygdala-operated animalstspere time independent of their
mother and in contact with non-mother females aly @a 3 months of age, which
parallels SM’s tendency to classify strangers astivorthy as compared to human
controls. Both amygdala-operated animals and Sikldped a normal repertoire of
social behaviors across their life. However, kantihygdala-operated animals and SM
appear to have a deficit in the expression of oegmotions. Amygdala-operated
animals expressed fewer fear gestures as compastdin-operated controls, which is
an emotion that SM appears to be lacking. UnlikBsSnability to express anger, the
amygdala-operated monkeys easily expressed agggdsshaviors. Although there are
many similarities between human patients with biialtamygdala damage and results of
the present study, there are still some differenéegure studies should focus on the
areas of fear and aggression (anger) in an attengatrse out the differences between the

human patients and the animal model.
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CHAPTER 2. BEHAVIORAL AND NEUROENDOCRINE RESPONSESTO

STRESS
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As described in Chapter 1, the impact of early gaiaya lesions on fear-related
behaviors emerged around 20 months of age andedsnla slight, but significant,
reduction in these behaviors. To examine whetiesd changes could be even more
prominent when the animals are placed in moredtikesituations and are associated
with changes in neuroendocrine responses to saessals in Groups AMY and SHAM
were subjected to additional tests: The Socidhtsm Test, Human Intruder, and Social
Intruder. In the Social Isolation Test, animalgeveimply removed from their group and
placed alone in a novel room. In the Human Intrudst, they were separated from their
group and were faced with an unfamiliar human prisg his/her profile or starting at
them, thus producing two different levels of threhastly, in the Social Intruder Test,
animals were separated from their group and giestricted access to four novel male
conspecifics in the familiar environment. In aduit during the first two tests, blood
samples were collected prior and after the tesdsuaed to measure levels of

adrenocorticotrophin hormone (ACTH) and cortisol.

Social Isolation Test

Behavioral Reactivity

Emotional response were analyzed separately éofirgt half (0-14 minutes)
versus the last half (14-28 minutes) of the t&e to the limited number of subjects a
non-parametric Two-Way Friedman test was used ngpaoe groups (AMY vs SHAM)
and periods of testing (beginning vs end of thg.tdsollow up comparisons could not be
performed given that Mann-Whitney U test need greiaps of three or larger.

The amount of cage exploration exhibited by atsmé&both groups were higher

at the beginning than at the end of the Separ&tist{Figure 8A; #4(2, N = 4) = 8.00p
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=.018, and the Kendall coefficient of concordaaté.0 indicates a strong difference
among GROUP and PERIOD factors]. Examination efgfoup means at the beginning
of the test indicates a trend for Group AMM € 120.39,SD = 50.43) to exhibit less
cage exploration as compared to Group SHAM=155.22,SD = 77.22).

Sham-operated controls expressed more hostile lwebdthreat and cage shake
aggression) at the beginning of the test compardiet end (Figure 8B). However,
animals with amygdala lesions expressed low aratigtamounts of hostile behaviors
throughout the test’(2, N = 4) = 5.73p = .057, yet the Kendall coefficient of
concordance of .72 indicates a strong effect]. ifalthlly, examination of the group
means reveal a trend for Group AMM € 11.00,SD = 14.14) to exhibit less hostility at
the beginning of the test compared to Group SHAMV(25.50,SD = 19.09).

Operated control males produced more vocalizaijons, threat bark, and other
vocalizations) at the beginning of the test thatihatend. Amygdalectomized males also
exhibited the same pattern of vocalizations [Fid€ey*(2, N = 4) = 6.50p = .039, and
the Kendall coefficient of concordance of .81 iradés a strong difference between the
GROUP and PERIOD factors]. Yet, examinations ofrtfeans revealed that animals of
Group AMY vocalized more than Group SHAM throughthé test i1 = 296.50,SD =

61.52, andV = 216.50,SD = 136.47, for start and end of the test, respéelglive

Hormonal Reactivity
Repeated Measures ANOVA with Group and Time (basels Post-test) as
factors and repeated measures for the last fastenes used. Individual variability in

basal hormone levels were taken into considerdityonsing baseline levels as a
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Figure8: Social Isolation Test: Behavioral reactivity

Scores are averaged duration (seconds) for Cagerakipn (A), Hostility (B), and
Vocalizations (C) for sham-operated controls (wbi€) and animals with neonatal
amygdala lesions (black bar) at the beginning (D4taninutes) and at the end (14 to 28
minutes) of the separation test. Scores for eadividual in each group are illustrated by
an open square and open diamond for those infaogsving sham-operations and by a

grey circle and grey triangle for those infantsereing neonatal amygdala lesions.
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covariate. A Fisher LSD post-hoc analysis wasqureéd to examine group differences.

Following separation from their social group, bsttam-operated control males
with neonatal amygdala lesions showed a significarease in ACTH levels after the 28
minutes of separation as compared to baseline [EigA: TIME:F(1,1) = 316.83p =
.036,57°=.997]. Yet, this increase was greater in Groug\BHhan in Group AMY as
revealed by a significant interaction between Grang Time F(1,1) = 200.95p = .045,
n?=.995. AMY<SHAM LSD:p = .048].

A similar pattern of results was obtained for cwtilevels (Figure 7B). Again
Group SHAM appears to mount a greater respongdeetedparation stress compared to
Group AMY, although this group difference did neach significance [TIMEEF(1, 1) =
2.6,p=.353,7%°=.722; GROUP X TIMEF(1,1) = .815p = .532,°= .449]. Even
though there were no significant effects, the laffect sizes for both the main effect and
the interaction suggest that there may be a sagmifidifference, which cannot be
detected due to the small sample size of our pilaly.

Human Intruder Test

Behavioral Reactivity

The data were analyzed with a MANOVA using Groupn@ition, and Time as
the main factors and repeated measures for thenlagactors. Post-hoc analysis was
performed using a Fisher LSD test.

Interestingly, the two groups behave similarly@sponse to the Human Intruder
(Figure 10 & 11). Thus, when the Human Intrudared at them, all animals displayed
an increase in hostile and affiliative behaviorsvadl as an increase in freezing

responses. Yet, these changes were mainly obserted first 5 minutes of the test
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Figure9: Social Isolation Test: Neuroendocrineresponsivity
Mean blood levels of ACTH (pg/ml) [A] and Cortisgig/dl) [B] for sham-operated
controls (solid line) and animals with neonatal gasla lesions (dashed) at baseline and

post-separation test. * indicates p <.05.
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Figure 10: Human Intruder Test: Hostileand Affiliative Reactions

Scores are averaged mean frequency of Hostile bkayA) and Affiliative behaviors
(B) for sham-operated controls (white bars) andnate with neonatal amygdala lesions
(black bars) at the beginning (0 to 5 minutes) tigdend (5 to 10 minutes) of the Pre-
Alone condition (solid bars), the Profile conditibrertical slanted bars), the Stare
condition (dotted bars), and the Post-Alone coadithorizontal bars). Scores for each
individual in each group are illustrated by an opgnare and open diamond for those
infants receiving sham-operations and by a gregyecand grey triangle for those infants

receiving neonatal amygdala lesions.
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Figure1l: Human Intruder Test: Freezing and Vocalization Reactions

Scores are averaged mean duration (seconds) feziRge(A) and frequency of
Vocalizations (B) for sham-operated controls (whiges) and animals with neonatal
amygdala lesions (black bars) at the beginning ® minutes) and the end (5 to 10
minutes) of the Pre-Alone condition (solid barkg Profile condition (vertical slanted
bars), the Stare condition (dotted bars), and ts-Rlone condition (horizontal bars).
Scores for each individual in each group are itatsed by an open square and open
diamond for those infants receiving sham-operatansby a grey circle and grey

triangle for those infants receiving neonatal anaygdesions.
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condition. These changes were confirmed by sicgnifi Condition by Time interactions
for Hostile [F(3,1) = 10.84p < .001,4°= .670, Stare > All other conditions: LSD: p =
.001, Beginning > End: LSD: p = .002] and for FiegdF(3,1) = 15.70p < .001,5%=
.746, Profile > All other conditions: LSD: p < DBeginning > End: LSD: p <.001],
and a significant main effect of Condition of a#tive behaviorsi(3,1) = 3.55p =
.038,5°=.400, Stare > All other conditions: LSD: p = .pa6d vocalizations

[F(3,1)=4.46 p=.019,°=.455, Profile < All other conditions: LSD: p=.028

Hormonal Reactivity

Blood levels of ACTH and cortisol stress hormonef®le and after the Human
Intruder are given on Figures 12A and 12B, respelsti Statistical analyses were
performed as described for the Social Isolatiort @bsve.

Both sham-operated controls and animals with nebaatygdala lesions
mounted a neuroendocrine stress response to thmiliai human intruder, as reflected
by the increase in ACTH and cortisol levels fronsddane to post-test. Although these
changes in hormonal levels did not reach signitteg T IME: F(1, 1) = 10.49p = .191,
n?=.913; GROUP X TIMEF(1,1) = 2.09p = .385,,%= .676, for ACTH and TIME:
F(1, 1) = 31.59p = .112,%= .969; GROUP X TIME:F(1,1) = 23.551p = .129,5°=
.959, for cortisol], the effect sizes were largggesting that potential significant

differences could emerge with a larger sample size.

Social Intruder Test

To examine behavioral reactivity toward an unfaanitonspecific, subjects were
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Figure 12: Human Intruder Test: Neuroendocrineresponsivity
Mean blood levels of ACTH (pg/ml) [A] and Cortisgig/dl) for sham-operated controls
(solid line) and animals with neonatal amygdal#oles (dashed) at baseline and post-

Human Intruder test.
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introduced with limited access to four adult mal@&fie 30 minute test was divided into
thirds to examine if subjects had different readdito the unfamiliar males over time.
Statistical analyses used the same tests as tkesglikd for the Social Isolation test
above.

As shown in Figure 13A, animals with neonatal adalg lesions spent more time
in close proximity to the unfamiliar adult malesitvin 1 meter) across all time points of
the test as compared to sham-operated copd(@, [N = 4) = 8.10p = .044, and Kendall
coefficient of concordance of .675 indicates argirdifference among the GROUP and
PERIOD factors].

Overall few hostile behaviors were observed dutimgtest (Figure 13B) and they
were mostly produced by animals of the two grouwgsng the first 10 minutes of the
Social Intruder tesyf(3, N = 4) = 7.36p = .061, and the Kendall coefficient of
concordance of .6145 indicates a strong differamseng the factors].

Due to the camera angels during the task, submeissid fearful facial gestures,
such as lipsmack and grimace, could not be reliebtied, thus we report only fear
behaviors, such as withdrawals, that were obsemregh an animal was threatened by an
adult male. There were also very few withdrawal fieehaviors in both groups that
resulted in no significant group differenceq, N=4) = 1.32p = .724], even though

Group AMY displayed less withdrawals than Group SHA

Discussion
Overall, the results indicate that neonatal amyatidions impact emotional

reactivity and endocrine response to stressful tsyaithough the magnitude of the
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Figure 13: Social Intruder Test: Behavioral reactivity

Scores are averaged mean duration (seconds) fug bell meter or lesser from the adult
males (A), and averaged mean frequency of Ho®ilegnd Fear (C) behaviors for
sham-operated controls (white bars) and animals mebnatal amygdala lesions (black
bars) at three time points (0-10, 10-20 and 20-8tutes) during the test. Scores for
each individual in each group are illustrated bypan square and open diamond for
those infants receiving sham-operations and by grcle and grey triangle for those

infants receiving neonatal amygdala lesions.



Behavioral Effects of Neonatal Amygdala Lesion97

A. Time 1 meter & less to Adult M ales

160 -
A
m
A
T 120 - o o
g A
= 80 -
S o
IS
— | O O
8 40
0
10 min 20 min 30 min
o5 B. Hostile Behaviors
2 - °
%)
$ 15+
3
r 17
0.5
0 c—a o—a
10 min 20 min 30 min
12 C. Fear Behaviors
O
9 - O
%)
5 6
8
T
3 ° °
[ )
0
10 min 20 min 30 min



Behavioral Effects of Neonatal Amygdala Lesion98

behavioral and endocrine effects varied among thetienal tasks used.

Social Isolation Test:

Separation from the mother and social group yatidereased cage exploration
and hostile behaviors in sham-operated control snal€hese changes could indicate that
the separation increased the motivation of comtnihals to search for an escape to
regain contact with the social group. Howeverséhleehavioral changes decreased with
time as the animals presumably learned that ngpedtam the cage was possible.
Similar changes also occurred in animals with nedraanygdala lesions although they
were less dramatic, resulting in a trend towardificant difference in the amount of
cage exploration and hostility between the two geou the first half of the test session.
This reduced amount of behaviors after neonatalyaialg lesions was also accompanied
with an increase in vocalizations. Previous stsiti@/e shown that animals of many
species adopt defensive behavioral responses waeaddn a novel environment, such
as increased freezing and decreased vocalizaties) presented with sudden stimuli or
potential threats, to avoid predatorial detectidnlevassessing the potential danger of the
situation (Hansen, 1966; Bolles, 1970; Blanchatanirelly, & Blanchard, 1986).
Typically developing rhesus monkeys express fevalpations when placed in a social
isolation condition similar to that used in theg@et study (Kalin & Shelton, 1998). The
reduced emotional reactivity following neonatal gugla lesions has also been
described by Thompson and colleagues (1969) whaesththat, when exposed to a
novel environment, monkeys with neonatal amygdasd@éohs displayed less emotional

reactivity than controls as reflected by their inginess to enter the novel environment
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three times faster than the controls. Althoughlgrbups displayed an increase in
ACTH and cortisol levels from baseline to post-sapan test, this increase was greater
in the controls than in the animals with neonataygdala lesions, but the group
difference was significant only for ACTH levelshére are several possible factors that
may explain why significant group differences intsml levels were not detected in the
present study. First, the limited sample size @talve impacted our ability to detect
small group differences. Second, the timing obdisamples may not have been optimal
to detect the hormonal changes. The Social lsmdtest was 28 minutes in length
making it ideal for detecting the peak in ACTH, waiioccurs approximately 30 minutes
after the onset of the stressor. By contrastp#ak of cortisol has a much longer time
course and cannot be detected until hours aftesriket of the stressor. Thus, future
studies will need to investigate changes in horriaveals for several hours after the
administration of the stressors.

To date, Goursaud and colleagues (2006) wererstetdi have examined
endocrine responses to stress in rhesus monkdysiadnatal amygdala lesions. They
reported no differences in the blood cortisol leugtween animals with neonatal
amygdala lesions and controls. Although their ltsstonflict with those we report here,
the differences may result from differences in expental procedures. Thus, as
compared to our procedure, the lack of cortisotélexhanges in Goursaud and
colleagues’ study could be explained by the abseheadbaseline sample, since the first
sample was taken at least 2 hours after the stfesscial separation from the mother
began. The present neuroendocrine findings afi@ctrin line with those reported in

previous studies of monkey acquiring amygdala lesia adulthood and that have
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reported reduced cortisol levels after social ismeand restraint (Machado &

Bachevalier, 2008; Kalin, et al, 2004).

Human Intruder Test

The human intruder paradigm has been widely etilito examine emotional
reactivity in non-human primates (Izquierdo & Muyrr2004; Izquierdo, et al, 2005;
Kalin & Shelton, 1998; Kalin, et al, 2004; MachaflBachevalier, 2008). Yet, results
have been mixed in studies of the effects of amiggi@éaions in adult monkeys. Several
studies have found that adult lesions of eithercthraplete amygdala or the central
nucleus of the amygdala result in reduced freekettavior and increased coo
vocalizations (Kalin, et al, 2004; Machado & Bachlsr, 2008). Yet, other studies have
found no effects of amygdala lesions on emotioesponses (Izquierdo & Murray, 2004;
Izquierdo, et al, 2005). To date, there have lmeestudies examining the effects of
neonatal amygdala lesions on this paradigm, andethéts of the present study indicate
a similar emotional reactivity towards the humainuder by both the sham-operated
controls and amygdala-operated males. Thus, wisecial threat, such as an unfamiliar
human, is introduced to the stress of social séiparahe amygdalectomized males
expressed the same pattern of emotional behaws®skam-operated males. These
results are similar to those of previous studiem@ring the response of neonatal
amygdala-operated animals to a human experimeKierg and Green (1967) found that
both monkeys with neonatal aspiration lesions efadimygdala and controls responded to
humans by withdrawing which “is behaviour typicéklee normal infant.” In addition,

the lack of group difference in emotional reactivit the Human Intruder paradigm was



Behavioral Effects of Neonatal Amygdala Lesion101

also associated with no group difference in neuwtoernine responses. Thus, amygdala-
operated animals responded to the presence oltharhintruder with a rise in both
ACTH and cortisol that was comparable to that foumsham-operated controls. Yet,
these results should be viewed with caution. lations of our study include a small
sample size as well as large individual variabitigtween behaviors of subjects in both
the sham-operated and amygdala-operated grouperefdhe, it is possible that a
difference between groups might emerge with adaticubjects. Another possible
limitation was the timing of blood samples, whichymot have been optimal to detect
the hormonal changes. The Human Intruder Test®8aninutes in length, which missed
the peak in ACTH, occurring approximately 30 mirsuddter the onset of the stressor,
and also missed the peak of cortisol, which do¢gpeak until hours after the onset of the
stressor. Thus, one important modification oftest in future studies will be to shorten
the task to 30 minutes to capture the peak ACTldalmo continue to collect additional
samples several hours after the administratioh@stressor to capture the peak in

cortisol.

Social Intruder Test

When faced with the threat of a novel conspeaificider in a familiar
environment, animals with neonatal amygdala lesexisbited a blunted fear response;
that is, they spent significantly more time witloine meter or less to the unfamiliar adult
males than sham-operated controls. This willingnesemain in close proximity to the
adult males indicates that animals with neonatglgetala lesions did not perceive the
males as a threat as the sham-operated controls did

These results parallel those of previous studiasning the reactivity to
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unfamiliar conspecifics in animals with amygdaland@e. Thompson, Bergland, and
Towfighi (1977) found that both neonatal and adnhygdala lesions resulted in a
blunted fear response to an unfamiliar 10-yeareolaspecific. In fact, the authors
commented that operated subjects appeared to Wwaskubmit to the unfamiliar (more
dominant) animal. Additionally, Meunier and coljess (1999) found that adult animals
with aspiration or neurotoxic lesions of the amyigdapproached, touched, and
occasionally mouthed a conspecific monkey headuitisy whereas control animals did
not. Therefore, the present results of reduced\iehal and neuroendocrine reactivity to

stress are consistent with previous research im &dalt and neonatal amygdala lesions.

Summary

Although the overall findings pointed to the reddieenotional and
neuroendocrine responses to stress in animalsnedhatal amygdala lesions, these
changes did not occur on all three emotional redgtiasks. Different results in the
three tasks may simply be related to the magnitdidéress provided by the three tasks.
Social isolation in a novel environment alone wasenough to produce an emotional
response equal to that of controls, nor was exeadsua novel intruder in a familiar
environment. Yet, the combination of a novel ideguin a novel environment created the
most stressful situation and therefore causedrnhgdala-operated animals to mount an
equally emotional response compared to sham-opkecatgrols. Alternatively, the
different outcomes between the human and socialdet tests may reflect a difference
in the threat assessment. Perhaps an unfamilmahus processed as a more salient

threat and potential danger than an unfamiliar peai$ic. Future studies should conduct
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a more systematic examination of the differencésden these two intruder tests.
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CONCLUSIONS
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The current study demonstrates the critical rodgygdl by the amygdala in the
development of normal social and emotional respan3ée amygdala is not necessary
for the acquisition of social behaviors, since agwith neonatal amygdala lesions
expressed a normal repertoire of social behavibi®wyever, the amygdala is important
for the appropriate timing and expression of thexsgal behaviors. In addition to
confirming findings from previous studies (Bachesql1994; Bauman, et al 2004a,
2004b, 2006; Prather, et al, 2001; Thompson, Sdibanm, & Harlow, 1969), the
current study also demonstrated that the behawbiiges observed in animals with
neonatal amygdala lesions affected how other asim&tracted with them (see Table 4).

The rapid emergence of independence from the maalgether with
approachability towards other individuals and iased aggressivity as the animals
matured suggest that infants with neonatal amygddalans may have been less fearful
than control animals in a rich and complex soamli®nment. These changes are also in
line with the blunted emotional and endocrinologreactivity to stress observed in the
same animals when placed in isolation from theada@goup and when facing
conspecifics. Therefore, early amygdala damagdtseis disruption of the
hypothalamic-pituitary-adrenal axis (see Table 4).

The amygdala has both direct and indirect connestio the paraventricular
nucleus of the hypothalamus which can influenceoende response (Feldman, Conforti,
& Saphier, 1990; Feldman, Conforti, & Weidenfel®9%; Davis 2000). Thus, the
reduced behavioral and neuroendocrine responstessful agents suggest that
activation of the amygdala by stressful agenteiessary to modulate the function of the

hypothalamus and striatum.
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Table4. Comparison between previous studies and current study

Comparisons between findings from previous studfesquired amygdala lesions in
adulthood (Kluver and Bucy, 1939; Rosvold, Mirskpd Pribram, 1954; Downer, 1961,
Dicks, Meyers, and Kling, 1969; Franzen and My&853; Meunier et al., 1999; Emory
et al., 2001; Kalin et al., 2001, 2004; Machado Badhevalier, 2006, 2008) or in
infancy (Kling and Green, 1967; Thompson, et 869, 1976, 1977; Bachevalier 1994,
Prather et al., 2001; Bauman et al., 2004a, 200d®5; Goursaud, Mendoza, and

Capitanio, 2006).
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Amygdala Lesion Study Timing

Behavioral Changes Previous Adult Previous N&dna Current Neonatal

Social Repertoire No changes No changes dogds

Sexual Increase Not reported Increasetiactly oriented mounts
Aggressive Increase or Decrease No changesaeBse Increase

Social withdrawal Increase No changes or Ireea  No changes

Social activity No changes Decrease Increase

Social Fear Increase Increase Decrease

Neuroendocrine response Decrease No changes cred3e
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When compared to previous studies of neonatal dailgdesion (Thompson, et
al., 1981; Bachevalier, 1994; Bauman and colleag2@34a, 2004b, 2006), the present
findings also point to the important impact that tomplexity of the social environment
may have on the behavioral effects observed. dheptexity of the environment plays a
critical role in the emergence of social behaviwd/ar deficits (Mason, 1960; Anderson
& Mason, 1974). Therefore, both physical environtrend complexity of social group
equally influence behavioral development in prirsat@dditionally, stability of that
social and physical environment is essential fanmab primate infant development
(Rosenblum & Anderws, 1994). Thus, the restricedal and physical environment of
the Thompson and Bachevalier studies as well ashtheging social and physical
environment of the Bauman and colleagues studyddoaNe differently impacted
behavioral development. By contrast, the consigibysical and stable social
environment provided to the infants in the prestmdly could have fostered the
development of more typical primate social behavibhis conclusion seems
counterintuitive as one may predict that placingitifant monkeys with neonatal
amygdala lesions in a more complex social envirariroeuld enhance the behavioral
abnormalities observed. Thus, the complexity efgbcial and physical environment is a
significant factor to be considered when assedsia@ffects of brain damage on social
and emotional behaviors. Given the recent disgothet both the physical and social
environment significantly impact gene regulatiorpoétnatal brain development
(Nikolaev, Kaczmarek, Zhu, Winblad, & Mohammed, 20Thiriet, et al., 2008), it is

likely that, in the absence of a functional amyggdal rich environment may modulate
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gene functions in other developing brain areascwim turn may offer some functional
compensatory mechanisms.

Although the present results suggest a critidal ptayed by the amygdala in the
development of social and emotional behavior in kegs, there are important issues that
deserve comments. Lesion technique has been widely to examine how specific
areas of the brain contribute to behavior. Yed,résults can only tell us what the
remaining brain can do in the absence of a givertitre. Results are unequivocal when
the lesion of a given structure has a profound ohpa behavior, suggesting that the
structure mediates this function. However, sustr@ng relation between structure and
function may not apply when the behavioral outcoofes lesion are moderate or milder,
especially because permanent lesions as the ngior¢gsions used in the present study
may induce brain reorganization, which in turn rpagvide partial or complete
functional recovery. Thus, one might argue thatrttilder effects on social and
emotional responses and neuroendocrine responseess may likewise have resulted
from reorganization of the brain following the pement amygdala lesions. There are
several brains areas that might be able to compeefmathe amygdala damage in the
assessment of fearful situations. Both the preéflpmore specifically the orbital frontal
cortex and perirhinal cortex have been shown tmbaved in the regulation of
emotional reactivity (Adolphs, 2001; Meunier, & Bawalier, 2002; Machado &
Bachevalier, 2003; Bachevalier & Meunier, 2005hug recovery of function after
neonatal amygdala damage may involve either or bbthese structures. Future studies
using other techniques, such as electrophysiolbggcardings or PET imaging, will be

needed to more specifically define the role ofdahgygdala in the development of social
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and emotional behaviors.
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Appendix |: Social Behavior Ethogram

Distance Codes:

*px*  *proximity* within arm’s reach of another animal’s not scondten either
animal is in motion

*co* *contact* when two animals have portions of their bodiesantact not only
with hands like with touching or grooming

Duration Codes:

*fI*  *follow* persistent trailing of another animal with botfnaals in motion

*gm* *groom* one animal combing through the hair of anotheh\wwands or mouth

*kn* *Kkidnap* an animal other than its mother takes controlnoh&nt and carries it
away from its original location

*cv*  carry ventral, an animal is carrying another animal againsthkisyentrum while
standing, walking, or running

*cd* carry dorsal, an animal is carrying another animal that isrgyilown against
his/her back while standing, walking, or running

*cj* carry jockey, same as above but the rider is sitting-up onerarback

*cp* *chaseplay* active chasing between two animals, not agonistic

*bp* *brief play* low intensity play, upper body engagement, graypli

*rp*  *rough play* high intensity play, whole bode involvement, tumgland
wrestling

*sp* *solitary play* does not involve a partner, vigorous play by oliese. jumping,
swinging, flipping, etc.

*gp* *quiet play* does not involve a partner, quiet manipulatioambbject

Agoni stic/Dominance/Submissive/Other Behavior Codes:

*sa*  *dap* aggressive hand contact between two animals

*pbt*  *bite* aggressive intense mouth contact between two dmima

*gb* *grab* aggressive contact intensive grabbing betweeratwmals

*tr*  *threat* non-contact aggression, lunge, open mouth wooéinglap without
contact

*ch* *chase* animal chases another animal in a nonplay context

*di*  *display* bouncing, shaking vigorously, whole body movenwmna substrate

*ya* *yawn* wide-mouth yawn

*bs* *bodyshake* shaking of body as if drying self like a dog (sobred in rain)

*ss*  *scratch* self-directed behavior, scored for each bout acdtsbing

*gs*  *groom solicit* posture to solicit grooming from another animal

*gr*  *grimace* animal opens its mouth wide to show teeth withogaed jaw

*wd* *withdraw* clear avoidance of another animal

*|s*  *lipsmack* facial expression involving rapidly opening andsthg lips

Infant directed Codes:

*to*  *touch* an animal briefly touches an infant

*em* *embrace* hugging an infant momentarily

*gi*  *genital inspect* an animal visibly or physically inspects an infagenitals

*ha* *harass* an animal “messes with” an infant, pulling itd,tgrabbing in a non
agonistic manor
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*rs*  *restrain* an animal physically prevents an infant from mgvaway

*rj*  *rgect* an animal prevents an infant from making contactursing

*pu* *punish* an animal stops an infant from a certain behawophysically
removing it harshly or by mouthing it without caugiinjury

*da* *drag* an animal drags an infant by a limb across tharmto

*cu*  *crush* an animal uses its hands to push and hold dovinfant on the ground

*th*  *throw* an animal throws an infant

*hi*  *hit* an animal hits an infant with its hand

*ad* *aid* an animal rescues an infant from any type of aleusehavior by
interfering

Vocal Codes:

*sm* *scream* an animal loudly squeals at another animals

*00* *coo* an infants call for its mother

*gk* *gecker* an infants grunting in protest to another aninagksons

*ta* *tantrum* an infants sustained and high intensity protesnimther animals
actions

Sexual Codes:

*ht*  *hip touch* an animal places two hands on the hips of another

*pr*  *present* an animal directs its hindquarters toward anodifien with tail
deviated

*sn*  *sniff genitals® an animal smells of the genitals of another

*mt*  *foot clasp mount with thrusting* one or both feet of the animal are clasped on

the outside of the ankles of the recipient so tiatactor’s pelvis is oriented
toward the hindquarters of the recipient

*mn* *foot clasp mount without thrusting* same definition as above only without
pelvic thrusting

*nf*  *nofoot clasp and no thrusting* actor must still be in correct orientation, hips t
hips

*nt*  *nofoot clasp with thrusting* same as above only without pelvic thrusting

*am* *abortive mount* an animal will thrust on anther animal but incathgoriented,
actor mounts another body part other than hindqusrt

*if*  *interference* an animal causes the withdrawing or leaving beyafraimale
involved in sexual behavior with a female

*br* *break* an animal causes the withdrawing or leaving beyafralfemale
involved in sexual behavior with a male

*In*  *intromission* behavioral pattern when pelvic thrusting becomepée and
rhythmic

*ma* *mastrubation* any manual manipulation of the genitals that ghrimic and
repetitious

*g* *gaculatory reflex* release of ejaculate or the behavioral resporate th
characterizes such
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Appendix Il: Reactivity Ethogram

Activity Codes

*lo*  *locomotion* animal is initiates movement (walking, runningmiing, etc)

*pa* *pacing* animal is moving around in a stereotypical circylattern

*Iin*  *inactive* animal doesn’t change its body location for miant3 seconds

*fz*  *freezing* animal remain motionless except for some slighhmovements and
either standing or slightly crouched looking fordiat the stimulus

Behavior Codes

*tg* *tooth grind* repetitive, audible rubbing of upper and lowetliee

*ca* *cageaggression* dominance display including vigorous shaking ajeavalls,
or body slams against the walls

*tr*  *threat* lunge or open mouth without woofing

*gr*  *fear grimace* exaggerated grin, with teeth showing

*|s*  *lipsmack* rapid lip movement with pursed lips

*ya* *yawn* wide-open mouth, displaying teeth

*pr*  *present* rigid posture with rump and tail elevated and el toward stimulus

*te*  *tactile exploration* tactile manipulation of the physical environment

*oe* *oral exploration* use of mouth to explore the physical environment

*sd*  *sdf-directed* manipulatory or grooming a body part with anotbedy part

*gr*  *gcratch* scratching of a body part by hands or feet

Vocalizations

*vc*  *coo vocalization* clear, soft, moderate in pitch and intensity

*vo* *other vocalization* screaming or grunting

*vt*  *threat bark vocalization* low-pitched, loud, guttural sound, woofing



