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Bidirectional Control of Social Behavior by Activity within
Basolateral and Central Amygdala of Primates

Laurie L. Wellman, Patrick A. Forcelli, Brittany L. Aguilar, and Ludise Malkova
Department of Pharmacology and Physiology and the Interdisciplinary Program in Neuroscience, Georgetown University Medical Center,
Washington, DC 20007

Both hypoactivity and hyperactivity in the amygdala are associated with perturbations in social behavior. While >60 years of experi-
mental manipulations of the amygdala in animal models have shown that amygdala is critical for social behavior, many of these studies
contradict one another. Moreover, several questions remain unaddressed. (1) What effect does activation of amygdala have on social
behavior? (2) What is the effect of transient silencing, rather than permanent damage? (3) Is there a dissociation between the roles of the
central (CeA) and basolateral amygdala (BLA) in regulating social behavior? (4) Can the prosocial effects of amygdala manipulations be
explained by anxiolytic effects? We focally manipulated activity within the CeA or BLA in macaques by intracerebral microinjection of
muscimol (to inactivate) or bicuculline (to activate) to these amygdaloid subregions. Social interactions were observed in pairs of highly
familiar monkeys. We compared these effects to those achieved with systemic diazepam. Activation of the BLA but not CeA suppressed
social behavior. Inhibition of either structure increased social behavior, although the effect was greater following inhibition of the BLA.
Systemic diazepam was without effect. These studies, which are the first to bidirectionally manipulate the primate amygdala for effects on
social behavior, revealed that (1) the amygdala, as a critical regulator of the social network, is bidirectionally sensitive to perturbations in
activity, and (2) increased sociability after amygdala inactivation cannot be solely explained by decreased fear.
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(s )

Many previous studies reported loss of social interactions following permanent damage to the amygdala in nonhuman primates.
In contrast, we report that transient inhibition of the basolateral amygdala triggered a profound increase in social interactions in
dyads of monkeys highly familiar with each other. We compared these effects to those of systemic diazepam, which failed to
increase social behavior. While it has been suggested that suppression of “fear” could underlie the prosocial effects of amygdala
manipulations, our data strongly suggest that impairment in fear processing per se cannot account for the prosocial effects of
amygdala inhibition. Furthermore, our studies are the first to examine activation of the amygdala and to assess the separate roles
of the amygdaloid nuclei in social behavior in primates. j

ignificance Statement

have been associated with altered social processing (Adolphs et
al., 1994, 1995; Meyer-Lindenberg et al., 2005; Becker et al., 2012;
Sladky et al., 2012). These studies and others, together with a
broader experimental literature based on lesions in nonhuman
primates, have placed the amygdala at the center of the social
brain.

Nonhuman primates, and macaques in particular, have been a
valuable model for exploring social behavior, as these monkeys

Introduction

The amygdala is a critical integrator for affective processing. In-
deed, alterations in amygdala activation have been found in a
variety of neuropsychiatric disorders, including autism and social
phobia. Moreover, both amygdala hyperactivity and hypoactivity
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Figure 1.

have arich social repertoire and a clearly defined social hierarchy.
In adult macaques, amygdala ablations (which include damage to
surrounding tissue) result in deficits in social behavior, including
loss of social status, decreased affiliative interactions, and de-
creased response to threats (Rosvold etal., 1954; Kling and Broth-
ers, 1992; Meunier et al., 1999; Meunier and Bachevalier, 2002;
Kalin et al., 2004). Similarly, early life amygdala lesions also pro-
duce lasting social behavior impairments (Bachevalier et al.,
2001; Bliss-Moreau et al., 2010, 2011a,b, 2013; Malkova et al,,
2010; Raper et al., 2013, 2014; Moadab et al., 2015).

More circumscribed excitotoxic amygdala lesions result in behav-
ioral alterations that are less severe than those following more
extensive ablations (Emery et al., 2001; Machado and Bacheva-
lier, 2006; Machado et al., 2008). This includes decreased affilia-
tive personality features (but preserved social status) in groups of
familiar peers (Machado and Bachevalier, 2006). Variability in
the complexity of the social environment and the familiarity of
social partners also modulates the effects of lesions. Thus, Emery
et al. (2001) found that macaques with excitotoxic amygdala le-
sions tested in unfamiliar dyads showed increased proximity, in-
creased affiliative behaviors, and decreased aggression, especially
during early encounters (Emery et al.,, 2001; Machado et al,,

MRIand histological confirmation of amygdala targeting. 4, MRI (left) overlaid on a drawing of a coronal section of a
rhesus macaque brain at the level of the amygdala. The arrow indicates the position of the tip of a tungsten microelectrode placed
just above the dorsal boarder of the amygdala. Shaded areas (right) indicate the CeA (dark gray) and BLA (light gray). B, Repre-
sentative thionin-stained sections showing the localization of cannula tracks within the BLA (left) and CeA (right). Arrows indicate
the tip of the track. In most cases, there is only minimal tissue disruption surrounding the infusion site.
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2008). The authors described this behav-
ioral pattern as “social disinhibition” and
suggested that a deficit in fear processing
may have impaired normal responses to
social threat or to challenge by unfamiliar
conspecifics. Along these lines, a prosocial
effect of benzodiazepines has been re-
ported in both rodent and primate models
of social interaction (File et al., 1976; Ku-
mar et al., 1999). When interpreted in the
light of the disinhibition of punished re-
sponding or anticonflict tasks used to
screen anxiolytic compounds, these data
may suggest that the chemical amygdalec-
tomy resulting from benzodiazepine
treatment (Lader, 1979) also increases so-
cial behavior by decreasing fear.

A potential confound in lesion studies
is that the outcomes may be obscured by
changes in neural circuit function during
the postlesion period (Fox et al., 2010).
Reversible pharmacological manipula-
tions by intracerebral drug infusions offer
an alternative, which avoids postoperative
reorganization. Although this technique
may potentially introduce other con-
founds (Otchy et al., 2015), it offers the
ability to examine both inactivation and
activation of a structure. Using this ap-
proach, studies in rodents have demon-
strated divergent roles for the basolateral
(BLA) and central amygdala (CeA) in the
modulation of fear and social interactions
(Sanders and Shekhar, 1995a,b; Sajdyk and
Shekhar, 1997b). In nonhuman primates,
the separate roles of amygdalar subnuclei
have not been investigated with respect to
social behavior.

Thus, despite >60 years of experimen-
tation in primate models, several ques-
tions remain unaddressed. (1) What effect
does activation of the amygdala have on social behavior? (2)
What is the effect of transient silencing, rather than permanent
damage? (3) Is there a dissociation between the roles of the CeA
and BLA in social behavior? (4) Will transient pharmacological
inactivation of the amygdala result in behavioral effects equiva-
lent to those achieved with systemic benzodiazepine treatment?

To address these questions, we examined social behavior in
familiar dyads of juvenile macaques following intracerebral
injections of a GABA , receptor agonist or antagonist to silence or
activate amygdaloid nuclei, respectively. We compared these
treatments in the BLA and CeA to the effects to those evoked by
systemic diazepam.

A subset of the data used in this paper was published previ-
ously in an abstract form (Malkova et al., 2003).

Materials and Methods

Subjects. Eleven pigtail macaques (Macaca nemestrina) were used in this
study, four female (OH, OG, JN, BR) and seven male (OK, OF, GR, CH,
ZC, RK, ZK). They were born and raised as infants in the Infant Primate
Research Laboratory at the University of Washington Regional Primate
Research Facility, in a way similar to that described previously (Novak
and Sackett, 1997). At the age of 6—12 months, they were procured and
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transferred to Georgetown University, where all experimental proce-
dures were conducted. Here, all monkeys were pair-housed within two
joined individual cages (size, 61 X 74 X 76 cm). They were raised
in groups of three or four monkeys of the same age and were rotated
through combinations of pairs within and across these three or four
monkey groups over days and weeks, with the intent that all monkeys in
the experimental group would be highly familiar with each other. This
approach also allowed us to maximize the number of experimental pairs.
(Note that there were additional animals raised in these groups of three
or four monkeys with the present animals, but not all were part of the
present study.) Rotating the animals across different dyads precluded
generation of stable hierarchies that develop in larger consistent colonies.
Although it is likely that a hierarchy was established within each pair, the
dominance status was not formally assessed.

The monkeys were housed in a room with a regulated 12 h light/dark
cycle and maintained on primate lab diet (Purina Mills, catalog #5049)
supplemented with fresh fruit. Water was available ad libitum in the
home cage. Care and housing of the monkeys at the Georgetown Univer-
sity Research Resource Animal Facility met or exceeded the standards as
stated in the Guide for Care and Use of Laboratory Animals (National
Research Council (U.S.) Institute for Laboratory Animal Research,
2011), Institute for Laboratory Animal Research recommendations, and
AAALAC International accreditation standards. The study was con-
ducted under a protocol approved by the Institutional Animal Care and
Use Committee at Georgetown University.

The present experiments began after the animals were extensively so-
cialized and behaviorally trained (including chair training), which was
between 18 months and 2 years of age and typically continued until the
age of about 3 years, i.e., over the juvenile age period. In addition to the
experimental procedures described here, all subjects were trained on
various cognitive tasks administered at the Wisconsin General Testing
Apparatus; the tasks included visual object discrimination, visual delayed
nonmatching to sample, cross-modal auditory-visual matching task, and
reinforcer devaluation. As part of those experiments, some animals re-
ceived drug infusions in the perirhinal cortex (animals OH and OK;
Malkova et al., 2015) or in BLA (animals OG, OH, JN, OK, GR, ZC;
Wellman et al., 2005).

Implantation of drug infusion platform. The monkeys were implanted
with stereotaxically positioned chronic infusion platforms, which en-
abled us to target specific sites within the amygdala based on the coordi-
nates assessed by structural magnetic resonance imaging (MRI) scans.
For the preoperative and postoperative MRI and surgery, we followed the
procedures as described in detail in our previous studies (Wellman et al.,
2005; West etal., 2011; Holmes et al., 2012; DesJardin et al., 2013; Forcelli
et al., 2014). Briefly, before the surgery, each monkey received a T1-
weighted MRI structural brain scan to calculate stereotaxic coordinates
for the platform implantation. The infusion platform was implanted
under anesthesia and aseptic conditions (Wellman et al., 2005) followed
by a postoperative regimen of analgesics and antibiotics determined in
consultation with the facility veterinarian.

Postoperatively, each monkey received at least one T1-weighted scan
to obtain coordinates for infusions in the BLA and CeA; tungsten micro-
electrodes (FHC), which were visible on the scan, were used to determine
the precise coordinates as described previously (Holmes et al., 2012).
Figure 1A shows the placement of a tungsten microelectrode at the dorsal
boarder of the amygdala in one subject. The atlas plane shows the zone of
intended drug infusion, with the darker gray area indicating the CeA and
the lighter gray area indicating the BLA.

Intracerebral drug infusions. To transiently inactivate the BLA and CeA
(for intended infusion sites, see Fig. 1A4), the GABA, agonist muscimol
(MUS; Sigma-Aldrich) was administered at a dose of 9 nmol in a 1 ul
volume, bilaterally. This dose proved to be effective to achieve behavioral
effects in our previous study (Wellman et al., 2005). To transiently acti-
vate (disinhibit) the BLA, the GABA, antagonist bicuculline methiodide
(BMI; Sigma-Aldrich) was used at a dose of 27 nmol in a 1 ul volume,
unilaterally. To achieve a behavioral effect, we used a dose higher than in
our previous study (5-14 nmol; DesJardin et al., 2013), in which we
disinhibited a region within the deep layers of superior colliculus, an area
with a smaller extent than the BLA. In that experiment, we used a unilat-
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Table 1. Experimental dyads used for each experiment

BLA CeA
Dyad MUS BMI MUS BMI DzP
0G 0K 2
0G OH 2
0K 0G 2 3
0K OH 2 2
OH 0G 2 2
OH 0K 2
0K OF 2
OF 0G 2
OF 0K 2
(H JA 3 1
GR BR 3 3 1/dose
JA 06 1/dose
JA ZA 3 3
RK BR 1/dose
BR (H 1/dose
IA JA 1/dose
0G JA 1 1/dose

The first animal in each dyad denotes the injected animal, the second the noninjected partner. Numbers in each
column indicate the number of drug infusions each injected animal received while being paired with the partner
animal, for each brain area and each drug. The last column represents the number of systemic drug injections of
diazepam (DZP). Each injected animal received one saline injection and each of the following doses of diazepam: 0.1,
0.25,and 1.0 mg/kg.

Table 2. Operational definitions of general (nonsocial) and social behaviors

Behavior Description

General (nonsocial)

Locomotion Walks, runs, climbs of jumps
Manipulation Handles, chews, licks, moves, or smells objects or cage parts
Passive Inactive, stays in one location

Self-directed Engages in self-directed behaviors, i.e., self-grooms, hugs
head, self-grabs and bites, presses face with hands,
self-holds, closes fists, self-clutches, sexually self-stimu-

lates, prone, or head on chest

Motor stereotypies Repeatedly paces, somersaults, circles, swings
Vocalization Emits calls
Social

Approach Initiates social contact; moves body or head toward the
conspecific

Mounting Mounts the conspecific

Aggression Makes threatening gestures (i.e., mouth threat, head or
body lunge, cage shake) toward or hits, grabs, or bites
the conspecific

Isolation Sits alone

Contact Touches or holds the conspecific, not covered by any other
behavior

Play In contact with the conspecific, includes chasing, wrestling,
and “rough and tumble” behaviors

Grooming Subject grooms the conspecific

Solicitation of grooming Subject presents for grooming

Withdrawal Moves away from the conspecific when approached

Total contact Includes contact, dominance, grooming, and play

These terms are used throughout the manuscript.

eral infusion and achieved a robust behavioral effect. In pilot experi-
ments with disinhibition of the BLA, we found that unilateral BMI
infusion was also sufficient to achieve a behavioral effect, and we chose
this approach for further experiments. This approach is consistent with
minimizing potential adverse effects due to mechanical damage associ-
ated with repeated penetration of the infused area (and potentially other
adverse effects associated with overactivation of this area by bilateral drug
infusions). In most cases of lesioning a brain area, a bilateral lesion is
necessary to achieve a “loss of function” because after a unilateral lesion,
the intact hemisphere may be sufficient to subserve the given function.
However, in the case of activating a brain structure, i.e., a “gain of func-
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O OHw. OG syringe using aseptic technique while the mon-
key was seated in a primate chair (Crist Instru-
O OHw. OK ment) with minimal restraint. The entire
infusion procedure lasted 10—15 min. Behav-
ioral observation was initiated within 15 min
following an infusion. Following each drug in-

fusion, each dyad was video recorded for 1 h.
o In our previous study (DesJardin et al,
o 2013), behavioral effects resulting from bicuc-
o ulline infusions emerged as early as 2 min after

finishing an infusion, with the maximum re-
sponse occurring during the first 15 min of ob-

s servation. Similarly, we showed that muscimol
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Figure2.

tion,” unilateral activation is likely to be sufficient to achieve a behavioral
effect, as the activation adds to fully functioning sites in both hemi-
spheres. In the present experiment, we targeted unilateral infusions at the
BLA in both hemispheres in different experimental sessions; however,
the number of animals used in the experiment precluded a systematic
analysis of left versus right hemisphere effects. Similarly to the unilateral
bicuculline infusions in BLA, we started with unilateral infusions in CeA
in one subject. Contrary to the infusions in BLA, we did not observe any
changes in behavior and thus followed with bilateral infusions. Bilateral
infusions in CeA continued in all dyads. As a control, isotonic sterile
saline was infused in an equivalent volume (1 ul) in sites in which drugs
evoked behavioral changes.

In our previously published studies (DesJardin et al., 2013; Forcelli
etal., 2014), to verify the volume of diffusion of the infused solution,
we infused 1 pul of an MRI contrast agent, gadolinium, according to
the procedure described by Wilke et al. (2010). The range of diffusion
visualized in MRI sections was limited to a diameter of 3 mm at 60
min after infusion, in agreement with previous gadolinium imaging
in our laboratory and others (Asthagiri et al., 2011). This extent of
diffusion also matched that observed by Yoshida et al. (1991) using
isotopic labeling to monitor the spread of bicuculline methyl chlo-
ride. Furthermore, previous work in rats (Martin and Ghez, 1999)
showed that a 1 ul infusion of muscimol in a concentration of 9 mm
affected a sphere of tissue with a diameter of 3 mm surrounding the
site of infusion, showing a similar drug spread for both drugs.

Drug infusions occurred as in our previous reports (Wellman et al.,
2005; West et al., 2011; Holmes et al., 2012; DesJardin et al., 2013; Dybdal
et al., 2013; Forcelli et al., 2014; Malkova et al., 2015) via a removable
cannula that was inserted for each infusion in an area determined from

Baseline

Baseline

A-G, Inhibition of the basolateral amygdala increases social behavior. Designations of individual behaviors follow the
conventions in Table 2. Gray bars indicate baseline test sessions; blue bars indicate test sessions after infusion of muscimol.
Individual symbols indicate experimental dyads, as listed in the top right of the figure. In each dyad, the first one listed was the
infused monkey. Bars represent mean + SEM. *p < 0.05 (significantly different from baseline).

Muscimol 15 min of the recording. This time period also
limited the observation to the time before the
drug potentially diffused to neighboring areas

* and enabled us to examine separate effects of
infusions in the BLA versus CeA.

Systemic diazepam. Using a randomized de-
sign, one monkey (n = 6) in each dyad received
diazepam (0.1, 0.25, 1.0, or 2.5 mg/kg, i.m.) or
saline treatment. Drug sessions were at least 3 d
apart and alternated with baseline sessions.
Changes in behavior during the first 15 min
following treatment were compared within an-
imals across sessions.

Experimental design. The goal of the experi-
ments was to assess the effects of manipula-
tions of the amygdala subregions on social
interactions in dyads. All dyads consisted of
monkeys that were highly familiar with each
other. A list of the dyads used across experi-
ments is provided in Table 1. Experimental dy-
ads included both same-sex and mixed-sex dyads in all combinations.
However, the number of dyads for each experiment precluded any sys-
tematic analysis of male—female differences in behavior.

In designing the experiments, we wanted to control for (1) whether the
effect of infusion on behavior was stable across time and (2) whether the
baseline behavior remained stable. We intended to control for the possi-
bility that the baseline behavior changes following the experience with
the other animal in the dyad under the drug condition. For that purpose,
we used a repeated measures design in which, on the day before a planned
infusion, the experimental monkey was placed in an observation cage
(identical in size to the home cage) with one partner and the pair was
videotaped for 30 min with no experimenters present in the room and
remained in the cage together for 1 h. The pair was then separated to their
home cages. Twenty-four hours later, the experimental monkey was drug
infused, and immediately after the infusion, the two monkeys were again
placed in the observation cage and were videotaped for 1 h. Thus, the
baseline session assessed 24 h before the infusion together with the be-
havioral assessment following the drug infusion formed a unit, in which
each drug infusion session had its own preceding baseline control ses-
sion. The number of drug infusions for each dyad is presented in Table 1.
In addition, each monkey received one saline infusion and was assessed
in the same way as described for the drug infusions. Because we planned
to (1) use the same dyads for both activation and inhibition of a specific
amygdala region, (2) test each dyad repeatedly to assess the stability of the
effect, and (3) assess most animals with multiple partners, we designed
the experiment in a way that the baselines rather than saline infusions
were used as controls for each drug infusion. Using saline infusion in
each session preceding the drug infusion would have increased the total

Muscimol
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number of infusions (and brain penetrations) to a prohibitively high
level and we would have had to decrease the total number of drug infu-
sions and/or the number of experimental conditions. Alternatively, if we
had used one saline infusion as a control for each drug infusion, we
would have lost the opportunity to use a repeated measures design and to
assess the stability of the effect. Therefore, social interactions assessed
under saline were first compared with baselines (see Results). Because
these comparisons yielded no significant differences, baselines were used
as controls instead. Compared to the use of an indwelling cannula, per-
manently fixed in position, our approach gives us the flexibility to target
multiple sites within an individual animal. However, insertion of the
cannula for each drug infusion increases the likelihood of adverse effects,
including mechanical damage to the site. Thus, there is a limited number
of infusions that can be performed at each site. Our experimental design
is consistent with maximizing data collection from each subject while
minimizing potential adverse effects due to mechanical damage.

Behaviors were analyzed using the software program The Observer
(Noldus Information Technology) by two independent observers. A list
of behaviors and their definitions are presented in Table 2. These catego-
ries were modified from those used previously (Bachevalier et al., 2001;
Malkova etal., 2010). One observer (L.L.W.) analyzed all videotapes, and
those analyses were used for statistical processing. Additional observers
were trained to achieve a high level of interobserver correlation (r = 0.9
or better) and analyzed a subset of videotapes. Two behavioral classes
were used for analyses: general behaviors (nonsocial) and social behav-
iors. These classes were coded in parallel, e.g., an animal could be in a
social contact while engaging in manipulation. Frequency and duration
were recorded for each behavior. Both the baseline and postinfusion
videotapes were scored for 15 min from time t = 0.

Histology. Animals were perfused and brains processed for histological
localization of infusion sites, as described previously (Wellman et al.,
2005; Dybdal et al., 2013; Forcelli et al., 2014). In thionin-stained sec-
tions, we found the location of infusion sites to closely match the in-
tended targetin 10 of 11 animals. In one animal (ZK), injection sites were
located more medial than intended, and thus this animal was excluded
from data analysis. Histological panels (Fig. 1B) show localization of
injection tracks in the BLA and CeA. Note that in most cases, damage was
minimal.

Statistical analysis. Our a priori data analysis plan was to (1) compare
saline and repeated baseline sessions, and in the absence of differences
between these sessions, collapse for further analysis, and (2) determine
whether repeated infusions differed from one another, and in the absence
of differences between these sessions, collapse for further analysis. We
first determined whether saline and/or repeated baseline infusion ses-
sions differed from one another within subject. As they did not (see
Results), we collapsed across these sessions for further analysis. Data were
analyzed using GraphPad Prism and SPSS software. Data were tested for
normality (Kolmogorov—Smirnov test) before ANOVA. Data analyses
were performed using a two-way ANOVA (session by drug), and in the
absence of a session or session by drug interaction, we focused further
analysis on the main effect of drug. Thus, we compared, within subject,
the average of control sessions to the average of infusion sessions for a
specific region and drug. In a subset of data that did not display normal-
ity, data were analyzed using nonparametric tests (Kruskal-Wallis or
Friedman). Multiple comparison tests (Holm-Sidak) were applied to
correct for multiple comparisons. p values of <0.05 were considered
statistically significant. Behaviors were analyzed independently, as has
been reported previously (Bachevalier et al., 2001; Malkova et al., 2010).

As a post hoc analysis, we attempted to fit our data using a mixed linear
model including variables such as sex, dyad, and infusion session; how-
ever, because the study was not designed a priori for this analysis, we were
unable to fit a model due to insufficient degrees of freedom.

Results

Behavioral effects of BLA inactivation

Six dyads were used for this experiment. Each dyad was tested in
two muscimol-infused sessions and one saline session. Saline in-
fusions were compared with baseline sessions (recorded 24 h
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Figure3.  A-(, Inhibition of the basolateral amygdala alters general (nonsocial) behaviors.
Designations of individual behaviors follow the conventions in Table 2. The dyads presented
here are the same dyads as shown in Figure 2. Gray bars indicate baseline test sessions; blue bars
indicate test sessions after infusion of muscimol. Individual symbols indicate experimental
dyads, as listed in the top right of the figure. In each dyad, the first one listed was the infused
monkey. Bars represent mean + SEM. *p << 0.05 (significantly different from baseline).

before infusion), and no significant differences for any of the
behaviors were observed (all p values > 0.05). All behaviors (ex-
cept those that did not have normal distribution, i.e., passive and
manipulation) were analyzed by drug (2; muscimol vs no drug)
by session (2) two-way ANOVA with repeated measures. For
none of the behaviors did we find a significant effect of session or
session by drug interaction (F, 5, range, 0.14—0.96; all p values >
0.05). Below we report results of the main effects of drug for the
observed behaviors. Values for each behavior collapsed across the
two sessions are presented in Figures 2 and 3

We found that muscimol microinjection significantly in-
creased duration of total social contact (Fig. 2A; F(, 5y = 8.23,p <
0.05). The infused monkeys also displayed significantly increased
solicitation of grooming from their noninjected partner (Fig. 2E;
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Figure4. A-D, Activation of the basolateral amygdala reduces social contact. Designations of individual behaviors follow the
conventions in Table 2. Gray bars indicate baseline test sessions; red bars indicate test sessions after infusion of bicuculline
methiodide. Individual symbols indicate experimental dyads, as listed in the top right of the figure. In each dyad, the first one listed
was the infused monkey. Bars represent mean + SEM. *p << 0.05 (significantly different from baseline).

F(,5) = 16.84, p < 0.01). The partners responded by grooming
the injected monkeys as evidenced by a significant increase in
receiving grooming on the part of the injected monkey (Fig. 2G;
F 5y = 11.4, p < 0.02). The increase in total social contact was
driven in large part by an increase in this behavior. The amount of
grooming of the noninjected partner by the injected monkey did
not statistically differ between baseline and injected sessions (Fig.
2F; F(; 5y = 1.52, n.s.), indicating that muscimol infusion did not
increase active grooming of the noninjected partner by the in-
jected monkey. While the monkeys engaged in grooming, play
behavior was significantly decreased (Fig. 2C, F(, 5y = 8.9, p <
0.03). Withdrawal was observed only in one animal precluding
statistical analysis.

Changes in nonsocial behaviors were also observed. We found
that the muscimol-injected monkeys displayed a significant de-
crease in locomotion (Fig. 3A; F(, 5y = 17.4, p < 0.01) and ma-
nipulation of objects (Fig. 3C; W = 21, p < 0.03), and an increase
in passive behaviors (Fig. 38; W = —21, p < 0.03). Self-directed
behavior was increased in three animals, and decreased in three
animals after muscimol injection and thus did not differ statisti-
cally from baseline (Fig. 2D; F, 5, = 0.86, n.s.).

Behavioral effects of BLA activation

We next examined the effects of microinjection of bicuculline
methiodide into BLA in six dyads. Each dyad was tested in two
bicuculline-infused sessions and one saline session. Saline infu-
sions were compared with baseline sessions (recorded 24 h before
infusion), and no significant differences for any of the behaviors
were observed (all p values > 0.05). Drug by session two-way
ANOVA with repeated measures showed no significant effect of
session or session by drug interaction (F, 5, range, 0.16-5.1; all
p values > 0.05). Values for each behavior collapsed across the
two sessions are presented in Figures 4 and 5. Below we report
results of the main effects of drug.

We found that, opposite to the pattern seen with muscimol,
bicuculline microinjection in the BLA resulted in a significant
reduction in total social contact (Fig. 44; F(, 5y = 13.8, p < 0.01).
While the duration of withdrawal behaviors was not statistically

baseline and three microinjection ses-
sions, with the exception of one dyad (OG
+ JA), which could only be tested once.
Therefore, for statistical processing, we
averaged the data across the three sessions
for each dyad and analyzed the data by a
paired f test comparing drug infusion sessions with baselines. As
shown in Figure 6, muscimol injection in the CeA resulted in a
significant increase in total social contact (Fig. 6A; t5) = 4.67,p <
0.01). Receive grooming showed a trend toward increase (Fig. 6C;
tisy = 2.78, p = 0.069, two-tailed); however, no other behaviors
showed a significant change in either social or nonsocial behaviors.
This provides a striking degree of site specificity between the two
nuclei.

Behavioral effects of CeA activation

Bicuculline was injected in three dyads. Similarly to the uni-
lateral bicuculline infusions in the BLA, we started with uni-
lateral infusions in the CeA in one subject. Since we did not
observe any changes in behavior, we proceeded with bilateral
infusions, and this was done in all dyads. Data were averaged
for each dyad across one to three sessions and compared by
paired ¢ test, and are presented in Figure 7. There was no
significant change in total social contact (Fig. 7A; t;) = 0.18,
p = 0.88, n.s.) or any other behavior except for a significant
decrease in play (Fig. 7B; t;) = 3.9, p < 0.03, one-tailed  test
performed on ranks).

Effects of diazepam on social interactions

To determine whether systemic administration of a diazepam
would recapitulate the prosocial effects of intra-BLA muscimol,
we examined social responses in six dyads. The highest dose (2.5
mg/kg) produced significant motor and postural impairment in
four monkeys, and thus the dose-response experiments were
truncated at 1 mg/kg. The nonparametric Friedman test for re-
peated measures was used because the behavioral data were not
normally distributed. No significant effect was found for total
social contact (Fig. 84; sz.) = 3.8, p = 0.32, n.s.) or any other
measure of social behavior. The only significant effect of drug was
found for locomotion (Fig. 8C; st) = 8.0, p < 0.04), showing an
increase with the highest dose, but post hoc analysis did not show
any significant differences between doses. No other behaviors
showed a significant effect of drug.
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Figure 5.  A-C, Activation of the basolateral amygdala does not alter general (nonsocial)
behaviors. Designations of individual behaviors follow the conventions in Table 2. Gray bars
indicate baseline test sessions; red bars indicate test sessions after infusion of bicuculline me-
thiodide. Individual symbols indicate experimental dyads, as listed in the bottom of the figure.
In each dyad, the first one listed was the infused monkey. Bars represent mean + SEM.

Comparison between BLA and CeA

Although muscimol infusions in both the BLA and CeA signifi-
cantly increased total social contact, the magnitude of the effect
was much higher after infusions in the BLA. In addition, bicuc-
ulline infusions in the BLA resulted in a significant decrease in
social contact, whereas no effect was observed after infusions in
the CeA. Figure 9 shows a comparison of the magnitude and
direction of changes in total social contact after drug infusions in
the BLA versus CeA. To determine whether the change in behav-
ior was significantly different from zero, we performed a one-
sample ¢ test for each of the four experimental conditions. For the

Wellman et al. @ Amygdala and Social Behavior in Primates

BLA, both muscimol and bicuculline infusions yielded changes in
magnitude significantly different from zero (¢, = 3.9, p < 0.015
and t(5y = 2.4, p < 0.03, respectively), whereas for the CeA, only
muscimol infusions yielded a significant effect (t5) = 4.7, p <
0.01), and bicuculline infusions did not (¢,, = 0.17, p = 0.44,
n.s.). Furthermore, we compared the magnitude and direction of
the difference between the drug infusion and baseline between
conditions by Kruskal-Wallis one-way ANOVA. This resulted in
a significant effect of the condition (U = 11.93, p < 0.001), with
post hoc analysis indicating a significant difference between acti-
vation and inhibition within the BLA. No other comparisons
were significant.

Discussion

Here, we found that bilateral inhibition of the BLA increased
affiliative social interactions (solicitation of grooming, accep-
tance of grooming, and total social contact). Disinhibition of the
BLA yielded the opposite: decreased social contact and, in some
animals, withdrawal when approached. This pattern of changes
(Fig. 9) was specific to the BLA. While inhibition of the CeA also
increased total social contact, the effect was smaller in magnitude
and limited to more passive social behaviors (e.g., acceptance of
grooming); disinhibition of CeA, even when done bilaterally, did
not alter social interactions. Finally, systemic administration of
diazepam also did not affect social interactions.

Amygdala inhibition

Solicitation of grooming and grooming were significantly affected by
our BLA manipulations. As described in the literature, grooming is
affected by social hierarchy (Goy et al., 1988). While we did not assess
the dominance status within each dyad, we did observe that “solici-
tation of grooming” increased in the injected monkey in all dyads
and “receive grooming” increased in all but one of the injected ani-
mals (Fig. 2). This suggests that the BLA inhibition overrode the
background dominance status of the monkeys.

Our finding that inhibition of either the BLA or CeA increased
social interactions contrasts with an extensive body of literature
showing that lesions of the amygdala and surrounding tissue re-
sulted in reduced affiliative behaviors, reduced social rank, and de-
creased total social interactions (cf. Kling and Brothers, 1992;
Bachevalier and Meunier, 2005). How can we explain the difference
from the previous studies that found decreased social interaction
after amygdala ablations? In addition to differences in environmen-
tal complexity, damage produced to adjacent areas and disruption of
fibers of passage may have contributed. This is unavoidable with
ablation lesions of the amygdala and is even more severe for large
medial temporal ablations. Damage to and/or disconnection of
other areas may contribute to the emergence of abnormal behaviors
(e.g., hyperorality, hypersexuality, and inappropriate approach);
these behaviors may in turn preclude or reduce normal social
interactions.

However, our findings bear some similarity to results of the stud-
ies by Emery etal. (2001) (see Introduction) that showed a pattern of
social disinhibition in unfamiliar males following fiber sparing
amygdala lesions. Increased affiliative behaviors in these animals
persisted in a more complex environment with larger social groups
(Machado et al., 2008). These data, when contrasted with the find-
ings of Machado and Bachevalier (2006), support the notion (Ros-
vold et al., 1954) that social interactions in lesioned animals are
strongly affected by the complexity of environment, including the
number and familiarity of the conspecifics.

Although our manipulations also increased social interac-
tions, there is a major difference between prior studies (Emery et
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al., 2001; Machado et al., 2008) and ours. Our monkeys were
highly familiar with each other, and we expected (and found) that
they would show short latency of prosocial interactions, unlike
the typical reluctance seen in naive pairs of monkeys (Mendoza,
1993) or rodents (File and Seth, 2003). The social disinhibition
we observed after BLA inactivation, while similar in phenotype to
that previously reported, cannot be explained by a reduction in
fear. This does not rule out the possibility that inhibition of the
amygdala might decrease fear and increase the readiness to ap-
proach an unfamiliar animal. Likewise, our data do not speak to
other aspects of fear processing (e.g., response to threatening
stimuli, e.g., snakes) which may be disrupted by amygdala inac-
tivation, but these situations remain to be tested.

Interactions in unfamiliar dyads have also been explored in
rats. Sanders and Shekhar (1995a,b) and Sajdyk and Shekhar
(1997a,b) used a “social interaction” task in which the interac-
tions of two unfamiliar rats were measured over a brief period
of time. This task was validated as a measure of “anxiety” using
systemic benzodiazepines (File et al., 1976), with low levels of

interaction indicating high anxiety. In this model, the prosocial
effect of systemic benzodiazepines is dependent on GABA recep-
tors in the BLA (Sanders and Shekhar, 1995b). This contrasts
with the lack of prosocial effects we obtained in response to sys-
temic diazepam in familiar monkeys. At doses greater than those
we report here (2.5-5 mg/kg), animals displayed motor incoor-
dination, but still showed no prosocial effect. In fact, diazepam
reduced grooming in four of six dyads. Consistent with our
data, Delgado et al. (1976) reported that low-dose diazepam
eliminated grooming in dyads of monkeys that were not rou-
tinely housed together. Thus, both in familiar and unfamiliar
dyads of monkeys, diazepam failed to produce prosocial ef-
fects; thus, systemic anxiolytic treatment is not the functional
equivalent of focal amygdala inactivation, at least with respect
to social interactions.

Using the same “social interaction” task, Sanders and Shekhar
(1995a) found that microinjection of muscimol into the BLA was
without effect on social interactions, while muscimol in the CeA
increased social interactions. However, the dose the authors used
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to inactivate the BLA was rather low and
produced minimal effects when injected
in the amygdala in other experimental
tasks (Wilensky et al., 2000). By contrast,
in our highly familiar monkeys, inactiva-
tion of either the BLA or CeA significantly
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We found that unilateral activation of the
BLA resulted in a dramatic decrease in so-
cial interactions in familiar dyads. These
data are consistent with those reported in the rat (Sanders and
Shekhar, 1995a), which were interpreted as an expression of
increased anxiety. Interestingly, our findings of the lack of effect
on social interactions of disinhibition of the CeA are also consis-
tent with similar findings in rats. The divergent effects of activa-
tion of the BLA and CeA may relate to the relatively higher basal
firing rate of CeA neurons compared to BLA neurons (Mosher et
al., 2010); thus, disinhibition of the CeA may have been less ef-
fective. Our results are agnostic with respect to induction of
anxiety as the mediator of antisocial effects of BLA activation, but
it is wholly possible that activation of BLA by bicuculline infusion
in our animals induced an “anxiety-like” state that resulted in
decrease in their interactions with familiar partners. A question
remains whether these changes in behavior are specific to a social
setting or whether increased fear/anxiety extends to nonsocial
stimuli.

Amygdala circuitry

The present study is the first to separately manipulate BLA and
CeA in the context of social behavior in the nonhuman primate.
Due to the small injection volumes and a short interval between
the infusion and behavioral observation, drug spread to adjacent
areas was not a concern in our studies (Dybdal et al., 2013).
Moreover, the differing effects between the CeA and BLA support
the notion that diffusion of drug to adjacent structures is unlikely
to contribute to the effects. This contrasts not only with lesions
made by direct aspiration of the brain tissue but also with several
excitotoxic lesion studies that reported substantial damage to
adjacent areas (e.g., the entorhinal cortex; Emery et al., 2001).
Given the rate of drug spread after microinfusions (Yoshida et al.,
1991; Martin and Ghez, 1999), we likely only impacted a rela-
tively small proportion of the total volume of the BLA but
achieved a striking effect. This sensitivity underscores the critical
role for this region in social behavior.
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Our data argue against the idea that suppression of fear and/or
anxiety may be the only mediator of prosocial effects of amygdala
inactivation. How then, can we explain the effects of our inacti-
vations? The amygdala contains specialized cell populations that
respond selectively to eyes (Mosher et al., 2014), faces (Leonard et
al., 1985; Mosher et al., 2010), and body gestures (Brothers et al.,
1990). These data demonstrate that critical computations related
to the processing of social stimuli are performed by the amygdala.
These computations, through a larger network involving the cin-
gulate and prefrontal cortex, likely regulate the initiation of social
approach, processing of social threat, and the balance between
these features and components of social reward (Behrens et al.,
2009; Rushworth etal., 2013; Chang and Platt, 2014; Dal Monte et
al., 2015). By suppressing activity in the amygdala, we may bias
the calculations within the social network, leading to the in-
creased expression of social behavior.

Together, our present findings along with the extensive exper-
imental literature in humans and nonhuman animals leads us to
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the following conclusion: the amygdala, as a critical regulator of
the social network, is bidirectionally sensitive to perturbations
in activity. Moreover, while both hypoactivity and hyperactivity
within the amygdala cause social deficits, the precise nature of
these deficits and how they are expressed may be modulated by
both the situation and experience (Bachevalier and Mélkova,
2006).
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