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Abstract

The amygdala is a key component of the neural circuits mediating the processing and response to 

emotionally salient stimuli. Amygdala lesions dysregulate social interactions, responses to fearful 

stimuli, and autonomic functions. In rodents, the basolateral and central nuclei of the amygdala 

have divergent roles in behavioral control. However, few studies have selectively examined these 

nuclei in the primate brain. Moreover, the majority of non-human primate studies have employed 

lesions, which only allow for unidirectional manipulation of amygdala activity. Thus, the effects of 

amygdala disinhibition on behavior in the primate are unknown. To address this gap, we 

pharmacologically inhibited by muscimol or disinhibited by bicuculline methiodide the basolateral 

complex of the amygdala (BLA; lateral, basal, and accessory basal) in nine awake, behaving male 

rhesus macaques (Macaca mulatta). We examined the effects of amygdala manipulation on: (1) 

behavioral responses to taxidermy snakes and social stimuli, (2) food competition and social 

interaction in dyads, (3) autonomic arousal as measured by cardiovascular response, and (4) 

prepulse inhibition of the acoustic startle (PPI) response. All modalities were impacted by 

pharmacological inhibition and/or disinhibition. Amygdala inhibition decreased fear responses to 

snake stimuli, increased examination of social stimuli, reduced competitive reward-seeking in 

dominant animals, decreased heart rate, and increased PPI response. Amygdala disinhibition 

restored fearful response after habituation to snakes, reduced competitive reward-seeking behavior 

in dominant animals, and lowered heart rate. Thus, both hypoactivity and hyperactivity of the 
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basolateral amygdala can lead to dysregulated behavior, suggesting that a narrow range of activity 

is necessary for normal functions.
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1. Introduction

The amygdala is at the heart of a circuit that integrates sensory information, processes the 

associated emotional valence, and guides behavioral and autonomic responses to these 

stimuli. Almost a century of studies in non-human primates have demonstrated that lesions 

of the amygdala dysregulate social behavior (Kling and Brothers, 1992; Machado et al., 

2008; Machado and Bachevalier, 2006; Mirsky, 1960; Rosvold et al., 1954), fear-associated 

behavioral responses (Chudasama et al., 2009; Kalin et al., 2004; Klüver and Bucy, 1938a, 

1938b), reward processing (Málková et al., 1997; Rudebeck et al., 2013), and autonomic 

functions (Braesicke et al., 2005; Mitz et al., 2017). These effects are modulated by the 

developmental stage both at injury and testing, and differ in severity based on the extent and 

precise location of the lesions. However, the amygdala is not a homogenous structure – it is 

a collection of nuclei (Amaral et al., 1992; Chareyron et al., 2011), which, while shown to 

have divergent functions in rodents (LeDoux, 2007), remains understudied in primates.

Across species, multimodal sensory information enters the amygdala via the lateral and 

basal nuclei (together with the accessory basal referred to as the basolateral complex), which 

project to the central nucleus (amongst other targets), the major output nucleus of the 

amygdala (Amaral et al., 1992). The central nucleus, in turn, projects to targets including the 

bed nucleus of the stria terminalis, periaqueductal grey, locus coeruleus, and paraventricular 

nucleus of the hypothalamus (Price and Amaral, 1981).

Thus, the amygdala can integrate and coordinate behavioral and autonomic responses to 

salient stimuli. Consistent with this, fear-inducing stimuli, such as snakes and spiders result 

in increased BOLD (blood oxygenation level dependent) signal in the amygdala in humans 

(Öhman et al., 2007). Moreover, large lesions that damage multiple nuclei of the amygdala 

reduce fear-associated behavioral responses to snakes in non-human primates (Bachevalier 

et al., 2001; De Gelder et al., 2014; Kalin et al., 2004, 2001; Machado and Bachevalier, 

2007; Meunier et al., 1999; Morris et al., 1999). Interestingly, selective damage to the central 

nucleus (CeA) in the non-human primate induces a similar response (Kalin et al., 2004). 

However, there are several gaps in knowledge: (1) what role does BLA per se play in this 

behavior? and (2) is increased activity in BLA causally associated with increased fear or 

avoidance responses?

Increased BOLD activity in the amygdala is associated with social anxiety disorder and 

autism spectrum disorder in humans (Fonzo and Etkin, 2017; Tottenham et al., 2014). 

Consistent with this, lesions to the amygdala alter social behavior in non-human primates 

(Emery et al., 2001; Kling and Brothers, 1992; Machado et al., 2008), including a loss of 

dominance in formerly dominant animals (Rosvold et al., 1954). More recently, our 
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laboratory has shown that transient inhibition of BLA increased, while disinhibition 

decreased, affiliative social interactions in non-human primate dyads (Wellman et al., 2016). 

The question has remained whether these effects are due to alterations in or dependent upon 

the social rank of the infused animal.

In addition to coordinating higher-level behavioral responses, BLA also modulates 

cardiovascular activation in rodents (de Abreu et al., 2015; Sanders and Shekhar, 1991). 

Amygdala lesions disrupt anticipatory changes in blood pressure in marmosets and increase 

resting heart rate in macaques (Braesicke et al., 2005; Mitz et al., 2017). In rodents, 

pharmacological inhibition of BLA during restraint stress blunts the typical increase in heart 

rate (Salomé et al., 2007). Moreover, pharmacological disinhibition of BLA increases heart 

rate and blood pressure in rodents (Sajdyk and Shekhar, 1997; Sanders and Shekhar, 1991; 

Soltis et al., 2018). In rodents, the amygdala has also been implicated in motor reflexes such 

as prepulse inhibition of the acoustic startle response (PPI). Both lesions and 

pharmacological inhibition of BLA impair PPI in rodents (Decker et al., 1995; Forcelli et al., 

2012). However, no studies to date have evaluated the impact of pharmacological 

disinhibition or inhibition of BLA on either PPI or cardiovascular responses in macaques.

To address these gaps, we used a focal microinfusion approach to transiently inhibit or 

disinhibit BLA in rhesus macaques. We hypothesized that inhibition of BLA would reduce 

anxiety-like responses, disrupt social dominance, and impair PPI. We likewise hypothesized 

that disinhibition of BLA would increase anxiety-like responses, cause cardiovascular 

activation, and impair social function.

2. Materials and Methods

2.1 Subjects.

Nine male rhesus macaque monkeys (Macaca mulatta) were used for these experiments (TH, 

NO, AB, YO, LO, SL, RE, OD, RA). Animals ranged in age from 4–6 years old, except for 

AB who was 3 years old at the beginning of the study, and weighed between 4.4–10.6 kg at 

the time of testing. The study was conducted under a protocol approved by the Georgetown 

University Animal Care and Use Committee. The monkeys were housed in a room with a 

regulated 12:12 h light:dark cycle and maintained on primate laboratory diet (Purina Mills, 

#5049) supplemented with fresh fruit. Water was available ad libitum in the home cage. 

Animals were regularly weighed and received daily environmental and food enrichment. 

Care and housing of the monkeys met or exceeded the standards as stated in the Guide for 

Care and Use of Laboratory Animals (the Guide, National Research Council (U.S.) Institute 

for Laboratory Animal Research, 2011), Institute for Laboratory Animal Research 

recommendations, and AAALAC International accreditation standards.

Animals were housed either in pairs or in groups of three to four, such that experimental 

partners for the social behavior experiment were all highly familiar with one another. In 

parallel with the extensive socialization, animals were chair trained for the microinfusion 

procedure (see below). Subsequently, they were implanted with a cranial infusion platform 

(see below) which enabled stereotaxic, MRI guided infusion into BLA. Animals were tested 
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under both druginfused and vehicle-infused conditions allowing for within-subject 

comparisons.

2.2 Experimental Design.

At first, the effects of BLA inhibition on the PPI were assessed. Four animals were tested on 

the PPI with MUS infusions in BLA (TH, NO, AB, YO). [Before the present experiments, 

these four animals, together with SL, were tested on the PPI with MUS infusions in the 

substantia nigra pars reticulata (SNpr) (Aguilar et al., 2018).]. Subsequently, all nine animals 

(TH, NO, AB, YO, LO, SL, RE, OD, RA) were subjects in both the “Reactivity to 

emotionally salient stimuli test” (RESST) and a social dominance test. These two 

experiments were conducted in parallel. The RESST task was administered a maximum of 

once per week. During the multi-week period of RESST testing, animals were also tested, on 

a different day of the week, on the social dominance test. At least two days elapsed between 

drug infusions in BLA, which allowed two infusion sessions to be conducted within one 

week. For the social dominance test, the three sessions (saline, muscimol, bicuculline 

methodide; see below) during which the infused animal was paired with a particular partner, 

were conducted over a period of two weeks. As is also indicated in the Results section, the 

implant of animal LO malfunctioned and had to be removed, precluding a MUS infusion in 

LO when paired with TH. LO was later reimplanted and was included as a subject in the 

next experiment.

Upon completion of the PPI, RESST, and the social dominance experiments, four animals 

(NO, LO, SL, RE) were implanted with a telemetric pressure transducer and were tested for 

the effects of drug infusions on heart rate and blood pressure. For these animals, in addition 

to the BLA, we also performed infusions in the superior colliculus (SC) and periaqueductal 

grey (PAG) for a separate set of experiments. In total, each animal was on the study over a 

period of two to three years and, typically, four to six animals were on the study 

simultaneously. Numbers of infusions per experiment for each animals are presented in 

Table 1. No additional infusions in the amygdala were performed in these animals. In 

addition to the above mentioned infusions in the SNpr, SC, and PAG, several animals 

received infusions into the parahippocampal cortex (YO, LO, SL, OD, RA) and 

hippocampus (OD, RA). Given the minimal tissue damage we routinely report after drug 

microinfusions (Dybdal et al., 2013; Wellman et al., 2016; see also Figure 1), these other 

experiments are unlikely to have impacted our present studies.

2.2.1 Surgery—A cranial microinfusion platform was implanted in a sterile surgery as 

we have previously described (Wellman et al., 2005; West et al., 2011). In brief, animals 

were anesthetized and their vital signs were monitored during the procedure. An infusion 

platform was anchored to the skull via sterile retaining clips and acrylic. Post-operatively, 

animals received antibiotics and analgesics in consultation with the facility veterinarians.

In a subset of animals (NO, LO, RE, and SL) we subsequently implanted a telemetry 

implant (Model D70 for NO, LO and SL; Model HD-S10 for RE) to monitor heart rate and 

blood pressure (Data Sciences International, St. Paul MN). The skin and connective tissue of 

the abdomen were opened in layers over the left oblique muscle and a pocket was created in 
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the body wall between the external and internal oblique muscles. The telemetry implant 

body was placed in the pocket and secured with 3–0 silk suture. The pressure catheter was 

tunneled toward the left femoral artery, which was isolated from the femoral vein and nerve 

and catheterized. The pressure catheter was advanced to the abdominal aorta while the 

pressure signal was monitored. Once a clear signal was detected, the catheter was secured in 

place with 3–0 silk suture. The connective tissue and skin were closed in anatomical layers 

with absorbable suture. Experiments commenced after a minimum two weeks after surgery.

2.2.2 Infusion platform and Cannula—A custom-designed chamber was produced 

from MRI-compatible material as previously described (West et al., 2011). The chamber had 

a removable lid, allowing the placement of a stereotaxic grid which allowed insertion of 

cannulae with 2mm resolution in the anterior-posterior and medial-lateral planes. A custom-

built telescoping infusion apparatus fit snugly into the infusion platform and allowed acute 

insertion of a removable cannula (27 gauge) with submm resolution in the dorsoventral 

plane (Wellman et al., 2005).

2.2.3 Magnetic Resonance Imaging (MRI)—Each animal had at least one post-

operative structural MRI scan (T1-weighted, 1 × 1 × 1 mm effective resolution) for which it 

was sedated with ketamine and xylazine (10 mg/kg, 1 mg/kg). Animals were transported to 

the imaging facility (Center for Molecular Imaging at Georgetown University Medical 

Center) and placed into a standard MRI-compatible stereotaxic frame (Crist Instruments). 

Tungsten microelectrodes were placed at pre-calculated coordinates in the infusion platform 

grid, immediately dorsal to the structures of interest. The MRI was used to create a subject-

specific atlas to calculate final infusion coordinates as we have previously described 

(DesJardin et al., 2013; Dybdal et al., 2013; Holmes et al., 2012; Malkova et al., 2015).

Postmortem MRI was performed to confirm infusion sites as described previously (Forcelli 

et al., 2014). Cryoprotected brains were wrapped loosely in paper towel moistened with 

cryoprotectant and placed into a plastic bag. The brain was centered in a 72-mm transmit/

receive volume coil within a 7-Tesla Bruker Biospin magnet running Paravision 4.0. The 

brain was imaged using a TURBO-RARE sequence (TE = 12 ms, rare factor = 8, TR =1,400 

ms) with four averages. The in-plane resolution was 0.25 mm with 0.5-mm slice thickness.

2.2.4 Drugs and Microinfusion—The GABAA agonist muscimol (MUS, 9mM; 

Sigma-Aldrich) was used to decrease (inhibit) activity in BLA, while GABAA antagonist 

bicuculline methiodide (BMI, 13.5mM; Sigma-Aldrich) was used to increase (disinhibit) 

activity in BLA. Drug was infused in a volume of 1 μl for a resulting dose of 9 nmol for 

MUS and 13.5 nmol for BMI. These doses are based on our prior studies in the amygdala 

and other structures (DesJardin et al., 2013; Dybdal et al., 2013; Forcelli et al., 2016, 2014, 

2017a; Holmes et al., 2012; Malkova et al., 2015; Wellman et al., 2016).

To transiently inactivate the BLA, MUS was administered bilaterally. 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. Thus, our approach is consistent with our prior studies in the amygdala, and is 

based on the notion that bilateral inhibition is required for loss of function (i.e., one 
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hemisphere could support normal behavior if the contralateral hemisphere was inactivated). 

In the case of activating a brain structure, i.e., a “gain of function,” unilateral disinhibition is 

likely to be sufficient to achieve a behavioral effect, as the disinhibition adds to fully 

functioning sites in both hemispheres. To transiently disinhibit the BLA, BMI was infused 

unilaterally. In our previous studies (DesJardin et al., 2013, Forcelli et al., 2016; Wellman et 

al., 2016), we used unilateral BMI infusions in the amygdala and in deep layers of the SC 

and achieved a robust behavioral effect. We chose this approach for the present experiments, 

allowing us to draw direct comparisons with our prior studies. This approach is consistent 

with minimizing potential adverse effects due to mechanical damage associated with 

repeated penetration of the infused area and potentially other adverse effects associated with 

overactivation of this area by bilateral drug infusions. 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.

Each drug was infused at a rate of 0.2 μl per minute, and the infusion cannula was left in 

place for a minimum of one minute to reduce drug reflux up the cannula track. Control 

sessions included at least one bilateral infusion of 1 μl saline in every subject at sites for 

which drug treatment was shown to have an effect. Because the present studies required 

many infusions, in addition to saline infusions, we used sham procedures to reduce the 

number of penetrations and thus the potential damage. Sham infusions consisted of a similar 

procedure as for the drug infusions, i.e., the animal was chaired, the chamber was cleaned, 

but no cannula was inserted. During the sham procedure the infusion pump positioned next 

to the animal was turned on for an equal amount of time as for the drug infusion. Use of 

sham trials refines the experiment by preventing unnecessary tissue damage due to further 

penetrations with microinjection cannula, consistent with the 3Rs (reduce, refine, and 

replace; National Academy of Sciences, 2004), recommended by the Guide. A minimum of 

two days elapsed between drug treatments in the same area.

The volume and concentration of drug we infused produces a reliable and robust degree of 

site-specificity (2mm resolution). Using these parameters, even in closely adjacent structures 

we have evoked different responses (Dybdal et al., 2013; Malkova et al., 2015; Wellman et 

al., 2016).

2.2.5 Tissue Preparation and Histological Procedures—At the completion of 

behavioral testing, animals were anesthetized with a sodium pentobarbital-based euthanasia 

solution and perfused transcardially with phosphate buffered saline followed by 4% 

paraformaldehyde. Brains were removed from the skull and post-fixed overnight. After 

fixation, brains were scanned at high field strength (7T) as described above, then 

cryoprotected and sectioned, stained with thionin and examined for localization of cannula 

placement (Fig 1).

2.3 Behavioral Testing

2.3.1 Reactivity to emotionally salient stimuli test (RESST)—All nine animals 

were subjects in this experiment (Table 1). They were tested on an experimental paradigm 
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used to measure emotional reactivity to stimuli, adapted from previous studies (Chudasama 

et al., 2009; Izquierdo et al., 2005; Izquierdo and Murray, 2007; Kalin et al., 2001; Machado 

and Bachevalier, 2007; Meunier et al., 1999; Mineka et al., 1984, 1980; Nelson et al., 2003; 

Rudebeck et al., 2006). This testing was conducted in a Wisconsin General Testing 

Apparatus (WGTA). The animal’s response to emotionally relevant stimuli was measured by 

its latency to retrieve a food reward placed on top of a transparent box containing, in 

succession, various objects (example stimuli shown in Figure 2B).

On each of ten trials, a neutral (8 trials) or threatening object (2 trials) was placed inside the 

box and presented to the animal in pseudorandom order for 30 sec. The interstimulus 

interval was a minimum of 30 sec. The threatening objects used in this study were taxidermy 

snakes. A total of six taxidermy snakes were used. Snakes were presented a maximum of 

two times per animal, with at least two intervening sessions between repeated presentations 

of the same snake. Neutral objects were trial unique.

After the presentation of these ten stimuli, for the next ten trials, a computer screen was used 

to play eight neutral (landscapes) and two social videoclips (30 sec) while the box remained 

empty. The two social videoclips consisted of one video of a macaque staring at the camera 

and one unfamiliar human staring at the camera. The eight neutral videos presented in each 

testing session were obtained from youtube.com and consisted of landscape scenes without 

animals. These stimuli were presented in a pseudorandom order. All the videos used were 

trial unique.

A total of 11 social videos (5 of monkey faces, 6 of human faces) were used. All videos 

were 40 seconds long to allow for a continuous 30 second presentation. A subset of macaque 

videos were provided by Dr. Peter Rudebeck as reported in (Rudebeck et al., 2006). The 

remaining 4 macaque videos were obtained from youtube.com. The human faces consisted 

of videos of one experimenter wearing a rubber mask (four masks, two male and two 

female, with the eye holes enlarged to show the experimenter’s eyes clearly) as well as three 

videos of unfamiliar humans recorded on an Apple desktop computer in our lab. All human 

videos consisted of the subject staring at the camera with a neutral expression.

Trials were presented such that the threatening or social trials were never the first or last trial 

and two threatening stimuli were never presented back-to-back. At least one week elapsed 

between repetitions of the task.

Prior studies indicate (Mineka et al., 1980; Nelson et al., 2003) that monkeys can quickly 

habituate to snake presentations over the course of several sessions. For this reason, we 

planned to compare, on a between group basis, the effect of inhibition of the BLA (Fig 2A). 

Because our second question was whether BLA disinhibition would increase fear-like 

responses, we chose to perform this experiment focusing also on habituation to snakes. The 

habituation process provided a larger dynamic range for detecting an effect. Because 

habituation occurred in all subjects, we performed these experiments on a within-subject 

basis (Fig 2A). Data were scored in Noldus Observer XT. Latency to retrieve the food 

reward was scored for each trial.
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2.3.2. Social dominance—The nine experimental subjects were arranged into 17 dyads 

based on their social compatibility. All the dyads used in this study were housed together 

and were highly familiar with one another. Animals were fed twice a day during these 

experiments and were food-restricted prior to testing, i.e., they did not receive their morning 

feed until after the experiment’s conclusion on the same day. The total amount of food the 

animals received on the experimental day was not reduced.

We used a modified version of a previously described dominance paradigm (Malkova et al., 

2010; Mirsky et al., 1957). In the present experiment, two familiar dyadic partners were 

taken from their home cage to an observation cage (85 cm x 95 cm x 100 cm) located in a 

separate room. 50 fruit flavored pellets (300 mg dustless precision pellets, BioServ) were 

dispensed at 10 sec intervals into the food hopper mounted on the cage. The pellets taken by 

the infused subject and the non-infused conspecific animal were counted.

Baseline sessions consisting of saline or sham infusion were used to assess the dominance 

relationship within each dyad. The dominance index for baseline trials was defined as 
# pellets taken by subject−# pellets taken by partner

total pellets taken  for each dyad. The upper quartile of the 

dominance index results were defined as dyads where the infused animal was dominant 

(RE/OD, RA/RE, OD/RA, OD/RE); the infused animal is listed first in each dyad. The lower 

quartile of the dominance index results were defined as dyads where the infused animal was 

subordinate (RA/OD, RE/LO, NO/TH, and LO/TH). The remaining dyads were classified as 

neutral (YO/NO, AB/NO, AB/YO, SL/RE, SL/RA, SL/OD, RE/RA, LO/RE, NO/LO). 

These categories were used to stratify data for subsequent analyses. Number of infusions 

done during these experiments are listed in Table 1.

For 30 min following the delivery of the last pellet, we measured duration of social contact, 

which we defined as play, grooming (giving, receiving, soliciting), and physical contact. We 

compared this to active (locomotion) and passive behavior (sitting alone). The categories of 

passive and locomotion were mutually exclusive conditions. The definitions of these 

behaviors follow the ethograms we have used in prior reports (Forcelli et al., 2017b; 

Wellman et al., 2016). Behaviors were scored using Noldus Observer XT.

2.3.3 Telemetric monitoring of heart rate and blood pressure—For this 

experiment four animals were used (LO, NO, SL, RE). NO, SL, and RE each received one 

saline infusion, one MUS infusion, and one BMI infusion. Animal LO received one saline 

infusion, two MUS infusions (which were averaged for data analysis), and three BMI 

infusions (which were averaged for data analysis) (Table 1). Animal LO was tested using 

two different amygdala coordinates, one more dorsal and one more caudal. For the sake of 

including all the relevant possible data, infusions from both these sets of coordinates were 

included in the analysis, although a saline control was only performed for the dorsal site.

For each session, the animal was moved from the home cage to the primate chair, at which 

point the telemetry implant was activated. Heart rate and blood pressure were monitored for 

a minimum of twenty minutes prior to the start of the microinfusion procedure (the last 

fifteen minutes of this were used for a pre-infusion baseline), continued through the infusion 

and concluded 50 minutes after the infusion. Although the animals were habituated 
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extensively to the chair, this likely represented a mild stressor, and thus may be akin to mild 

restrain paradigms used in rodents (Salomé et al., 2007) as compared to normal resting 

conditions.

Data were acquired using a Powerlab analog-to-digital converter and either LabChart 

software (AD Instruments, Colorado Springs, CO) or the PHYSIOTEL connect DSI-

LabChart bridge software package. Recordings were low pass filtered (100 Hz) to remove 

artifacts. Heart rate (HR), systolic pressure, diastolic pressure, pulse pressure (i.e., systolic 

minus diastolic pressure), and mean arterial pressure (MAP, calculated as 1/3 (systolic) + 2/3 

(diastolic)) were calculated from the blood pressure trace. These measures were averaged 

across five-minute intervals to obtain values for each time bin. Data immediately following 

the end of the infusion were normalized to the average of the pre-infusion baseline values for 

each subject, for each treatment. We did not analyze, statistically, the data during the 

infusion, as the recordings become noisy during the microinfusion procedure.

2.3.4 Prepulse Inhibition of the Acoustic Startle Response (PPI).—Four 

animals (AB, TH, NO, YO) were used for this experiment. YO received 3 MUS and 5 

control infusions, NO received 5 MUS and 4 control infusions, TH and AB each received 3 

MUS and 3 control infusions (Table 1). We tested animals repeatedly to provide the best 

estimate of the actual effect magnitude, as PPI is somewhat variable for a single session. We 

have previously used this design when examining the role of the SNpr in prepulse inhibition 

in non-human primates (Aguilar et al., 2018). We have also used a similar strategy 

(averaging across multiple infusion sessions) for our analyses of object-recognition memory 

(Malkova et al., 2015) and spatial memory (Forcelli et al., 2014). Infusions were averaged 

for each treatment within each animal.

PPI testing was conducted as we have previously described (Aguilar et al., 2018) using 

optimized parameters for prepulse intensity (4, 8, and 12 dB above background noise), 

startle pulse amplitude (105 dB), and inter-stimulus interval (50 ms). In brief, tests were 

conducted in a behavior room located next to the home cage room, in a sound attenuated 

chamber containing a primate chair (Crist Instruments Co.), which was attached to a 

platform sitting on a load cell (Med Associates). The primates’ whole-body startle 

movements were transmitted via 50kg load cell (Sentran LLC; YG6-B) located between the 

chamber floor and the primate chair platform.

The 50-minute sessions consisted of a 3-min acclimation period with background noise (70 

dB), 6 blocks of 3 randomized startling stimuli (90, 105, 110dB), 15 blocks of 4 randomized 

trials containing pulse-alone and prepulse-pulse trials, and 10 blocks of 3 randomized 

startling stimuli (90, 105, 110dB). Pulse alone trials across the whole session were used as a 

control for maintenance of startle amplitude. Startle amplitude was defined as the peak load 

cell output voltage over a 175-msec period beginning at the onset of the pulse stimulus. % 

PPI was calculated according to the formula [1-(Prepulse Trial – Pulse Alone trial) / (Pulse 

Alone trial)] *100.

2.3.5 Data Analysis and Statistics—In all experiments, the results of saline and sham 

infusions for each animal were pooled as these conditions did not differ on a within-subject 
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basis (RESST neutral objects t=0.74, df=4, P=0.50; snake t=0.92, df=4, P=0.41; neutral 

videos t=0.48, df=4, P=0.65; monkey/human faces t=0.18, df=4, P=0.87; social dominance 

t=0.77, df=5, P=0.47; locomotion t=0.36, df=13, P=0.72; passive t=0.95, df=13, P=0.36; 

total social contact t=0.41, df=12, P=0.69). For HR and BP, only saline infusions, and no 

sham/baselines were performed.

For prepulse inhibition, two animals received one saline infusion each and 2–4 sham 

infusions. The other two animals received only sham infusions (3–4 infusions). The saline 

infusions fell between the upper and lower values for the sham infusions, and thus we 

combined saline and sham infusions for statistical analysis.

All data with multiple factors (except for PPI) were analyzed using linear mixed effect 

analyses in SPSS. Sidak corrections for multiple comparisons were applied to our a priori 
planned comparisons (e.g., saline vs. MUS, saline vs. BMI). PPI was analyzed using a two-

way ANOVA with variables of drug treatment and prepulse intensity. Holm-Sidak multiple 

comparison test was used to correct these data. Paired student’s t-test was used to analyze 

baseline acoustic startle response. Statistical analyses were conducted using GraphPad Prism 

(Ver 8, Graph Pad Inc, La Jolla, CA) and SPSS (Ver 25, IBM, Armonk, NY).

3. Results

3.1 Localization of infusions.

As shown in Figure 1, our infusion sites all correctly targeted the BLA. Cannula tracks are 

evident in the postmortem MRI scans as well as the histological panels. Infusion sites for 

NO, TH and RA fell, bilaterally, within the accessory basal nucleus, AB, RE bilaterally 

within the lateral nucleus, LO bilaterally within the basal nucleus, YO within the lateral 

nucleus in the right hemisphere and the accessory basal in the left hemisphere, OD within 

the lateral nucleus in the left hemisphere and the basal nucleus in the right hemisphere, and 

SL at the boarder of the basal and lateral nuclei, bilaterally.

3.2 BLA inhibition reduces snake fear while BLA disinhibition reinstates it

We tested nine animals on the RESST paradigm (Table 1). Animal LO was excluded from 

the analysis of these data as it was a statistical outlier, showing a ceiling effect across 

stimulus type on baseline trials. Animals NO, AB, YO, and TH were in group Control First 

(Fig 2A). Animal TH was only used for the first session as it received an additional baseline 

on the second session. Because this animal received multiple baseline sessions, it was 

included in the analysis of stimulus habituation across baselines presented in Fig 2C. This 

animal did not have BMI infusion and therefore was not included in further analyses. 

Animals OD, RE, and RA were in group MUS First (Fig 2A). Animal SL was not used for 

analyses in Fig 2D-K, as it received an infusion in an unrelated area (data not shown) for its 

first trial, but otherwise went through a similar sequence of infusions. Data from this animal 

are included in the analyses in Fig 2L-O. Each animal (except TH) was tested at least once 

following bilateral infusion of saline, bilateral infusion of MUS, and unilateral infusion of 

BMI. The order of which side was used for the disinhibition experiment was alternated 

between animals. Because the behavioral responses to human faces and monkey faces did 
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not differ (no significant effect of stimulus type F1,27.3=1.0, P=0.33; no significant stimulus 

type-by-treatment interaction F3,14.15=0.11, P=0.97; mixed model) these data were collapsed 

for subsequent analyses.

Consistent with prior reports (Nelson et al., 2003), our animals habituated to the presentation 

of threatening stimuli across multiple test sessions (Fig 2C; between-subject analysis 

showed main effect of session F0.97, 5.83=7.09; p=0.0389).

As planned, we performed a between subject comparison of the first two sessions in a cross-

over design. Thus, Group Control First was infused with saline on the first session and 

Group MUS First was infused with MUS on the first session. For the second session, the 

treatments were reversed for these groups (Fig 2A, D-K). To assess the effects of amygdala 

disinhibition, we compared the performance of animals habituated to the snake stimuli to 

that following a subsequent BMI infusion, in a within-subject design. For this analysis, data 

from the two groups were collapsed in one group (Fig 2L-O).

We performed a mixed-effects analysis, with stimulus type (i.e., snake, neutral object, face 

videos, neutral videos) and test session as within-subject variables, and drug treatment as a 

between subject variable. We found a significant main effect of stimulus type (F1,31.1=18.98, 

P=0.0000003), a significant stimulus type-by-treatment interaction (F3,31.1=7.1, P=0.001), a 

significant treatment-by-session interaction (F2,7.5=14.2, P=0.003), and a significant 

stimulus type-by-treatment-by-session three-way interaction (F6,31.1=7.95, P=0.000030). 

There was no significant main effect of treatment (F1,32.2=1.26, P=0.27). We did not test for 

any other main effects or interactions.

On the first test session, in the control group, we detected an effect of stimulus type 

(F3,31.1=30.3, P=0.000000009, Fig 2D-G). This was due to a significantly longer latency to 

retrieve food from the snake stimulus as compared to the other stimulus types 

(Ps<0.0000005). This effect was not present during the second test session (F3,31.1=1.99, 

P=0.14; Fig 2H-K). On the first session, the MUS treated group also displayed an effect of 

stimulus type (F3,31.1=12.15, P=0.000020; Fig 2D-G). This was driven by a significant 

increase in latency in the monkey/human face video condition as compared to the other 

stimulus types (Ps<0.005). The latency for snake stimulus trials did not differ from that of 

neutral object trials (P=0.37). On the second test session, there was no effect of stimulus 

type for the MUS treated group (F3,31.1=2.4, P=0.09; Fig 2H-K).

Between-group analysis of the first session revealed significantly shorter latencies on snake 

trials in the MUS-treated group (F1,21.6=13.99, P=0.001, Sidak corrected), as well as 

significantly longer latencies on the neutral object and monkey/human face video trials in 

the MUS-treated group (F1,21.6=5.07, P=0.035 and F1,21.6=28.4, P=0.000025, respectively). 

On the second session, there were no significant differences between groups.

Thus, in snake-naïve animals, the presence of a snake stimulus increased latency to retrieve 

food rewards. Pre-treatment of the BLA with MUS abolished this avoidance response, while 

increasing latency on other trial types, but most notably in response to videos of monkey/

human faces. Nevertheless, there were still significant differences between responses to 
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those stimuli. The latencies of responses to the face trials were significantly longer than 

those to the neutral objects.

We next analyzed the effect of BMI infusion (Fig 2L-O) after habituation to the stimuli (2–3 

sessions), on a within-subject basis. The baseline preceding the BMI session was used for 

analysis. A two-way ANOVA (stimulus type and drug treatment as within-subject variables) 

revealed a significant main effect of drug (F1,4=27.92, P=0.0062), a borderline significant 

effect of stimulus type (F3,12=3.33, P=0.056), but no stimulus type-by-drug interaction 

(F3,12=1.03, P=0.41). Pairwise comparisons revealed significantly increased latency to 

retrieve the food reward for each of the stimulus types following BMI infusion (Fig 2L-O 

Ps<0.05). Thus, BMI infusion was associated with a significant increase in latency across all 

stimulus types, suggesting a non-specific increase in avoidance.

To determine if the presentation of the snake stimulus impacted responses on subsequent 

trials within a session, we compared the latency to retrieve the food reward on snake 

presentation trials with that on the neutral trials that immediately preceded and followed (Fig 

3). This analysis was motivated by an analysis performed by (Pujara et al., 2019) on a 

similar task following lesions to the orbitofrontal cortex, which was published during the 

course of our experiments. For this analysis we compared between groups on the first 

session (Control First vs. MUS First, as in Fig 2D-G) and within subject, across session for 

the BMI vs habituated baseline (as in Fig 2L-O).

For the first session (Fig 3A), as expected, we found a significant main effect of trial, i.e., 

the trial before a snake, the snake trial, the trial following a snake (F2,10=31.91, P<0.0001), 

no main effect of drug treatment (F1,5=0.022, P=0.89), and a significant trial-by-drug 

treatment interaction (F2,10=25.5, P=0.0001). This interaction effect was driven by a 

significantly shorter latency to retrieve the food on the snake trial in the MUS-treated group, 

consistent with our analyses in Fig 2. In the control group (Control First), the latency to 

retrieve the food was significantly greater on the snake trial than both the preceding and 

subsequent neutral object trials (Ps<0.001, Sidak corrected), whereas the neutral object trials 

did not differ from one another (P=0.85, Sidak corrected). This indicates that the prior 

experience with the snake did not affect the latency to retrieve a reward on the subsequent 

neutral trial. The MUS-treated group failed to show differences across trial types (Ps>0.18). 

The SAL-treated group showed no difference between the neutral trials before and after 

snake presentation (P>0.1). There was additionally no difference between the non-snake 

presentation trials between control and drug treatment (F3,10=2.020, P=0.1751).

When we compared the habituated baseline session to the BMI-infused session on a within-

subject basis across trials (Fig 3B), we found a significant main effect of drug (F1,4=9.53, 

P=0.037), a borderline effect of trial type (F1.2,4.7=4.67, P=0.084), but no significant trial-

by-drug treatment interaction (F1.9,7.8=0.41, P=0.67). The SAL-treated group showed no 

difference between the neutral trials before and after snake presentation (P>0.47). As in our 

analysis in Fig 2L-O, the latency on the snake trial was significantly greater following BMI 

infusion (P=0.04, Sidak corrected). BMI infusion did not statistically increase the latencies 

on the preceding and subsequent neutral trials (Ps=0.35 and 0.19, respectively). This differs 
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from the analysis in Fig 2, but this difference is likely due to the smaller sampling of neutral 

trials in this type of analysis.

3.3 Bidirectional manipulation of BLA alters social dominance behavior in familiar dyads.

We generated 17 dyads from the nine experimental subjects (see methods); several animals 

were used in multiple dyads with different partners. Data were stratified by baseline 

dominance status (see Methods). Four dyads were categorized as “Submissive Partner 

Infused”, nine as “Neutral”, and four as “Dominant Partner Infused”. All dyads were tested 

under control (sham or saline), and MUS conditions. 16 of the 17 dyads received BMI (The 

implant of animal LO malfunctioned and had to be removed, precluding MUS infusion for 

LO when paired with TH). We compared the effects of MUS and BMI infusion on the 

numbers of pellets taken as a function of dominance status and infusion status, i.e., by either 

the infused subject and non-infused conspecific animal.

We performed a three-way mixed effects analysis with treatment as a within subject variable 

and subject/conspecific and dominance status as between subject variables. We found a 

significant three-way interaction between subject/conspecific status-by-treatment-by-

dominance status (F9,27.3=17.1, P=0.000000005), but no other main effects or interactions 

[(treatment [F2, 60.7 = 1.00, P=0.37], dominance status [F2,63=1.3, p=0.28], treatment by 

dominance status [F4, 62.5=0.16, P=0.96]).

Pairwise comparisons showed that, as expected based on our group definitions, under control 

conditions, submissive animals took fewer pellets, neutral animals took equal numbers of 

pellets, and dominant animals took more pellets, as compared to the non-infused conspecific 

(Fig 4A). In submissive animals, neither MUS nor BMI infusion altered the number of 

pellets taken by the infused subject (MUS p=0.80, BMI p=0.79). Similarly, in neutral 

animals, neither MUS nor BMI infusion altered the number of pellets taken by the infused 

subject (MUS p=0.77, BMI p=0.81). By contrast, in dominant animals, both MUS and BMI 

infusion resulted in the dominant animal taking fewer pellets (MUS p=0.017, BMI 

p=0.000006). Concurrent with this, the non-infused conspecific animal took a greater 

number of pellets than during the control session (MUS p=0.03, BMI p=0.01). Thus, both 

inhibition and disinhibition of the amygdala affected competitive reward seeking behavior, 

but only when the infused subject was the dominant partner.

After dominance testing was performed, 14 of the 17 dyads were observed for an additional 

thirty minutes (one submissive dyad and two neutral dyads were not observed for all 

conditions and thus are not included in this analysis). We assessed changes in activity 

(passive behavior and locomotion) and social behavior. For each behavior, performed a two-

way mixed model analysis with dominance status as a between groups variable and 

treatment as a within-subject variable.

For passive behavior, we found a main effect of drug treatment (F1.5,16=4.2, P=0.04) but 

neither an effect of dominance status (F2,11=3.6, P=0.06) nor a drug treatment-by-

dominance status interaction (F4,22=0.20, P=0.94). The drug effect was due to a significant 

increase in passive behavior in the BMI-infused condition (Fig 4B, P=0.038, Sidak 

corrected).
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For locomotion, we found a main effect of drug treatment (F1.6,17.4=6.2, P=0.013) but 

neither an effect of dominance status (F2,11=0.63, P=0.55) nor a drug treatment-by-

dominance status interaction (F4,22=0.25, P=0.91). The drug effect was due to decreased 

locomotion in the BMI-infused condition (Fig 4C, P=0.013, Sidak corrected), which 

coincided with a significant increase in passive behavior in the BMI-infused condition.

For total social contact, we found no significant main effects or interactions [Fig 4D, drug 

treatment (F1.2,13.1=1.2, P=0.31); dominance status (F2,11=0.69, P=0.52); drug treatment-by-

dominance status (F4,22=0.62, P=0.65)].

We stratified the data from Fig 4D into asymmetrical dyads (i.e., dyads in which there was a 

dominant or submissive animal) and neutral dyads (Fig 4E). Stratification by dyad type 

produced a similar profile, i.e., no main effects or interactions [drug treatment (F1.2,14.9=1.7, 

P=0.21); dominance status (F1,12=0.33, P=0.58); drug treatment-by-dominance status 

(F2,24=0.27, P=0.76)]. Thus, after a period of social competition for food, amygdala 

inhibition and amygdala disinhibition were without impact on social contact, while 

amygdala disinhibition reduced general activity.

Male rhesus macaques reach sexual maturity at the age of 4 years (e.g., Kessler and Rawlins, 

1986), which was the case for all animals in this experiment, except for AB, who was 3 

years and 4 months old at that time. We inspected the scores for this animal to determine 

whether his behavior was different from that of the others, older animals. AB was the 

infused animal in two pairs, which both were ranked as “neutral” and his scores fell within 

the range of scores of the others. Furthermore, his scores in the subsequent observed social 

behavior was within the range of the others. We concluded that this animal was not an 

outlier and he was retained in all statistical analyses.

3.4 Bidirectional manipulation of BLA lowers heart rate.

We next assessed heart rate and blood pressure following infusion of MUS or BMI in four 

animals while they were restrained in a primate chair. Representative traces are shown in Fig 

5A. Data were analyzed using a mixed linear model with drug treatment and time as within-

subject factors.

For heart rate (Fig 5B), we found a main effect of drug treatment (F2,78=23.37, 

p=0.00000001), but neither a main effect of time (F8,78=1.71, P=0.101), nor a time-by-

treatment interaction (F16,78=0.18, P=1.0). The main effect of drug was due to a significant 

decrease in heart rate after BMI infusion (P=0.000000006, Sidak corrected), as well as a 

significant decrease in heart rate after MUS infusion (P=0.036, Sidak corrected). For pulse 

pressure (Fig 5C), we found a significant main effect of treatment (F2,78=39.2, 

P=0.0000000000016), but neither a significant main effect of time (F8,78=0.057, P=1), nor a 

time-by-treatment interaction (F16,78=0.11, p=1.0). The main effect of drug treatment was 

due to a significant increase in pulse pressure in the BMI-infused condition 

(P=0.00000000015, Sidak corrected). For mean arterial pressure (traces not shown) we 

found a trend toward an effect of drug treatment (F2,78=2.85, p=0.064), but neither a main 

effect of time (F8,78=0.34, p=0.95), nor a time-by-treatment interaction (F16,78=0.34, 

p=0.99).
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We analyzed the peak change in HR, comparing the baseline time bin to the bin with the 

largest deviation from baseline on a within-subject basis (Fig 5D). For two subjects the peak 

change in HR occurred in the 15 min post-infusion bin, for one subject at the 40 min bin and 

for the last at the 45 min bin. We compared, via one-sample t-test, the change in HR against 

a test value of zero (i.e., no change). MUS produced a significant decrease (−28 BPM) in 

HR (t=3.84, df=3, P=0.03). BMI produced a similar profile (−47 BPM), but this condition 

was more variable than MUS, as there was a single subject that had a much larger decrease 

than the others. When that animal was included in the statistical analyses, the effect was 

borderline significant (t=2.5, df=4, P=0.069); when the animal was excluded, the decrease in 

heart rate was numerically smaller (−26 BPM), but statistically significant (Fig 5D, t=7.87, 

df=2, P=0.016). The peak changes in systolic pressure (Fig 5E1), and diastolic pressure (Fig 

5E2) did not differ from zero (Ps ranged from 0.11 to 0.92). The peak change in pulse 

pressure (Fig 5F1) revealed a decrease in pulse pressure in the saline condition (t=3.78, 

df=3, P=0.032), which perhaps reflected habituation to the chair over the course of the 

session. The MUS treated group displayed a trend toward a decrease in pulse pressure 

(t=2.56, df=3, P=0.084). For both the saline and MUS conditions, all of the peak responses 

were decreases in pulse pressure. For the BMI condition, the peak responses were all 

increases in pulse pressure. The same subject that had a larger response for heart rate also 

displayed a larger response in terms of pulse pressure. When this value was included, there 

was no significant change from baseline evident, despite a 4.6 mmHg average increase in 

pulse pressure. When this value was excluded, the magnitude of the average increase was 

smaller (1.7 mmHg), but statistically significant (Fig 5F1, t=6.14, df=2, P=0.026). No 

significant effect in MAP was found (Fig 5F2),

3.5 Bilateral Infusion of Muscimol into BLA impairs PPI in Macaques.

Under control (saline-infused) conditions, all animals displayed PPI with prepulse intensities 

of 8 dB and 12 dB, and 3 of the four animals showed PPI with a prepulse intensity of 4 dB 

(Fig 6A). MUS infusion significantly increased PPI when compared within subject to a 

saline-infused baseline. A two-way ANOVA showed a main effect of drug treatment 

(F1,3=32.64, P=0.01), no effect of prepulse intensity (F2,6=1.28, P=0.35), and a significant 

drug treatment by prepulse intensity interaction (F2,6=6.67, P=0.03). Holm-Sidak corrected 

planned comparisons revealed a significant increase in PPI following muscimol infusion at 

prepulse of 4 and 12 dB above background (Fig 6A, PP4, p<0.01; PP12, P=0.04). PPI was 

numerically increased for all animals at all prepulses (aside from Animal TH as PP8). 

Baseline acoustic startle response (ASR), measured as the average response on pulse-alone 

trials, was not altered following muscimol infusion into BLA (Fig 6B, paired t-test, t=0.78, 

df=3, p=0.49).

4. Discussion

4.1 Conclusion

Here we report a constellation of behavioral changes resulting from transient inhibition and 

disinhibition of the BLA. (1) Inhibition of BLA reduced avoidance of fear-inducing stimuli, 

but it increased latency to food retrieval in the presence of monkey and human faces, 

suggesting increased attention and/or interest in social stimuli. By contrast, disinhibition of 
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BLA caused nonspecific avoidance behavior across stimuli. (2) Both inhibition and 

disinhibition of BLA reduced competitive reward-seeking in dominant, but not neutral or 

submissive monkeys, and (3) reduced resting heart rate. (4) Inhibition of BLA increased PPI, 

a pattern opposite to that observed in rodents. Thus, both hypoactivity and hyperactivity of 

the BLA led to dysregulated behavior across a spectrum of tasks, suggesting that a narrow 

range of activity is necessary for normal functions.

Transient inhibition targeted to BLA reduced fear-associated behavioral responses to 

threatening stimuli, an effect consistent with lesion studies that damaged the entire amygdala 

(Chudasama et al., 2009; Izquierdo et al., 2005; Machado and Bachevalier, 2007; Meunier et 

al., 1999) or the CeA (Kalin et al., 2004). This indicates that the BLA subdivision of the 

amygdala is critical for normal processing of threatening stimuli, a finding consistent with 

work in rodents in which BLA lesions or inhibition reduce anxiety-like behavior (Bueno et 

al., 2005; Lázaro-Muñoz et al., 2010). At a network level, a loss of function in BLA deprives 

the CeA of incoming information, thus both nodes of the circuit are likely necessary for 

processing of ethologically relevant fear-producing stimuli. As we indicated in the Methods, 

monkeys show fast habituation to snakes, especially to artificial (e.g. rubber) snakes and 

those that are stationary (e.g. taxidermic). The fast habituation enabled us to explore not 

only the effects of BLA inhibition but also its disinhibition (see below). It is possible that 

using other types of snakes, e.g. moving toy snakes (Rudebeck et al., 2006) would decrease 

habituation and would allow us to apply within-subject design throughout the experiment.

Interestingly, inhibition of BLA selectively increased the latency to retrieve a food reward 

when monkeys were shown videos of monkey or human faces. While decreased motivated 

responding following BLA inhibition (Simmons and Neill, 2009; West et al., 2012) could 

contribute to the longer latencies on neutral object trials, it cannot account for longer 

latencies for the face videos as compared to all other stimuli types. Other possibilities may 

explain this difference. First, the amygdala contains neurons sensitive to both facial 

expression and identity (Gothard et al., 2006; Hoffman et al., 2007), and inhibition of the 

amygdala may have slowed or disrupted facial processing resulting in longer latencies to 

parse the face. Second, inhibition of the BLA increases affiliative social interactions 

(Forcelli et al., 2016; Wellman et al., 2016); thus, it is plausible that the animals had a higher 

motivation to view social videos as compared to other stimuli. Combining the microinfusion 

approach with eye tracking in future studies is likely to be revealing in this regard.

After habituation across sessions, BLA disinhibition resulted in increased latency to all 

stimuli, suggesting nonspecific avoidance. Whether a lower dose of BMI in BLA would 

have produced effects selective to one stimulus type (e.g., snakes) over others merits future 

exploration. The increased avoidance observed after BMI infusion is reminiscent of 

increased anxiety-like behavior seen after amygdala disinhibition in the elevated plus maze 

(Zarrindast et al., 2008), open field (Siuda et al., 2011), and foraging in the presence of an 

artificial predator (Choi and Kim, 2010) tasks. Our manipulations thus may model the 

increased amygdala activity seen in patients with anxiety disorders (Fonzo and Etkin, 2017; 

Stevens et al., 2017) and in humans viewing anxiety-producing images (Adolphs et al., 

1995; Rabellino et al., 2016; Schlund et al., 2010; Vuilleumier et al., 2002). Findings from 

our lab and others suggest that disinhibition using BMI infusion may also be interpreted as 
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similar in function to electrical microstimulation (Dean et al., 1989; DesJardin et al., 2013; 

Ma and Kanwal, 2014). Both of these methods are techniques that stimulate cellular activity 

and thereby disrupt normal network functions. Taken together, our data suggest that in the 

primate, increased activity in the amygdala can be causally associated with increased 

anxiety.

4.2 Bidirectional manipulation of BLA activity alters competitive reward seeking behavior 
within familiar dyads

In macaques, large lesions to the amygdala and associated temporal cortices reduced the 

status of dominant animals (Kling and Cornell, 1971; Rosvold et al., 1954; Thompson et al., 

1977). However, smaller excitotoxic lesions restricted to the amygdala did not change 

competitive reward seeking in hierarchies established prior to surgery (Machado and 

Bachevalier, 2006). Furthermore, Machado and Bachevalier reported a trend toward a 

reduction in pro-social behavior during observation outside food competition. In contrast, 

our prior microinfusion studies of dyadic social interactions resulted in striking pro-social 

effects following BLA and CeA inhibition (Wellman et al., 2016). Thus, it was possible that 

transient manipulations would again produce a differing result. However, our findings are 

generally consistent with this lesion study – with submissive and neutral animals showing no 

change after amygdala manipulation. While decreased competitive reward seeking in 

dominant animals could reflect a change in dominance status, it may also reflect other 

processes.

As discussed above, MUS infusion in BLA can reduce response vigor. Similarly, we found 

that BMI infusion in BLA, potentially due to a different underlying mechanism, increased 

passive behavior. Thus, the reduction in competitive reward seeking may be due to a 

reduction in the rate of responding, and not due to altered social rank. This may have been 

selectively observed in the dominant animals, as submissive animals were near a floor effect 

and neutral animals required only mild exertion to obtain a portion of the pellets. The 

increase in passive behavior seen after both MUS and BMI infusion is consistent with that 

previously reported in the context of social behavior (Wellman et al., 2016). Qualitatively, 

the passive behavior is strikingly different than freezing behavior reported after injections in 

other areas (e.g., DesJardin et al., 2013). In the present study, the passive behavior was 

characterized by sitting quietly, but when the animal was approached or prompted by the 

conspecific, they were readily able and willing to move. As discussed in relation to the non-

specific avoidance response after BMI infusion in the RESST task, the increase in passive 

behavior observed after amygdala disinhibition may affect motivated responding. Studies of 

amygdala inhibition or lesion demonstrated that the amygdala is necessary for goal-directed 

behavior (Murray, 2007; Rhodes and Murray, 2013; Simmons and Neill, 2009; Wellman et 

al., 2005), but studies of motivation in non-human primates using microstimulation or 

disinhibition are less common. One study of self-stimulation in macaque and spider 

monkeys showed that amygdala microstimulation is rewarding but did not appear to alter 

overall motivated behavior (Rolls et al., 1980). In a deep brain stimulation study in rats, 

stimulation in the central amygdala was also found to be rewarding and appeared to increase 

motivated behavior (as measured by approach to food reward), but caused taste aversion 

(Ross et al., 2016). This study found central amygdala stimulation had no effect on overall 
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motor behavior. These results appear to differ from those we observed after disinhibition of 

BLA. One answer may be the localization of the stimulation; in a study of optogenetic 

excitation in rats, CeA disinhibition, but not BLA disnihibition, increased motivated 

responding to a food reward paired with stimulation onset (Robinson et al., 2014). BLA 

disinhibition, in our findings, did not appear to alter reward sensitivity. Our results in social 

interaction paradigm suggest that general increase in passive behavior and avoidance may be 

the cause of decreased reward-seeking during the social dominance and RESST tasks, but it 

is impossible to conclude whether BMI microinjection also caused a decrease in motivated 

response to food reward, and further studies should be done to resolve this point.

A second caveat of this task is a question of its relative stability. We had 4 dyads in which 

both partners served as the infused animal in separate sessions. In one of the dyads, the 

dominant animal remained dominant in both sessions. In another dyad, the pattern reversed 

(dominant to submissive) and in the remaining two dyads, the pattern changed (dominant to 

neutral and neutral to submissive). It is possible that the experience of task competition 

under a drug condition might have affected the relationship within the dyad for future 

interactions.

In the period immediately following the food competition task, disinhibition of BLA 

increased passive behavior and reduced locomotion; MUS was without effect. This differs 

from our prior findings, in which MUS increased passive behavior and decreased 

locomotion, and BMI was without effect (Wellman et al., 2016). Similarly, we failed to 

observe our previously reported increase in social contact after MUS infusion in BLA. 

Several variables may explain these differences. First, in our prior studies, animals were 

tested either in their home cage or in a neutral environment; here they were tested in the 

same environment in which they had just undergone competition for food. Second, in our 

prior studies, behavior was observed in the first half hour following drug infusion; here, 

observations began ~30 min after drug infusion as our primary goal was to observe food 

competition (Forcelli et al., 2016). Thus, drug spread and/or metabolism may have impacted 

the responses.

4.3 BLA disinhibition and inhibition lowers heart rate without altering blood pressure

Disinhibition of the BLA in anesthetized rodents increases heart rate and blood pressure 

(Sanders and Shekhar, 1991). However, there are conflicting reports regarding the effect of 

inhibition of amygdala, with some studies showing increased heart rate and blood pressure 

(Mesquita et al., 2016), others reporting no effect (Yoshida et al., 2002), and others still 

reporting decreased heart rate (Salomé et al., 2007). These prior studies differed in terms of 

the state of the animal (anesthetized vs. awake, restrained vs. freely moving). In non-human 

primates, amygdala lesions increase resting heart rate (Mitz et al., 2017), and attenuate 

anticipatory increases in blood pressure associated with aversive (Mikheenko et al., 2010) 

and appetitive (Braesicke et al., 2005) conditioned stimuli. Unexpectedly, we found that both 

disinhibition and inhibition of the BLA decreased HR, although the magnitude of the 

decrease was much larger for the BMI condition as compared to the MUS condition. Our 

finding with MUS is consistent with data in awake restrained rodents (Salomé et al., 2007), 

but differs from lesions in macaques (Mitz et al., 2017), suggesting that acute vs. chronic 

Elorette et al. Page 18

Neuropharmacology. Author manuscript; available in PMC 2021 November 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



disruption of amygdala function produces divergent effects on cardiovascular function. The 

differing impact of amygdala disinhibition between rats and our data in the primate may be 

due to differences in experimental conditions; while the rats treated with BMI were 

anesthetized, our monkeys were awake, but restrained in a primate chair.

The reduction in HR observed after BMI was surprising, as disinhibition of the amygdala 

was associated with increased anxiety-like responses in the snake task, and fear responses 

are typically associated with acute increases in heart rate and blood pressure (Martin, 1961). 

However, there is a difference between the acute response to a threat or stressor, which 

produces short latency changes in HR/BP and disinhibition of a structure that lasts for tens 

of minutes. Both HR and BP are quickly and dynamically regulated to maintain a narrow 

range of values. A heightened pulse pressure after BMI infusion coincided with a decrease 

in HR; this is consistent with a baroreceptor-reflex mediated homeostatic response, i.e., 

when blood pressure increases, HR decreases in order to maintain BP within a physiological 

range.

4.4 BLA inhibition increases prepulse inhibition without altering baseline startle

Permanent damage or transient inhibition of BLA disrupts PPI in rodents (Bakshi and Geyer, 

1998; Fendt et al., 2000; Forcelli et al., 2012; Wan and Swerdlow, 1996). By contrast, we 

found that transient inhibition of the macaque BLA resulted in facilitation of PPI. Previous 

work from our lab and others have shown that amygdala impacts on PPI in rodents are likely 

mediated through a nucleus accumbens-ventral pallidum pathway (Fendt et al., 2000; 

Forcelli et al., 2012), and the topography of projections from the amygdala to the nucleus 

accumbens differs between the rat and macaque (Russchen et al., 1985; Russchen and Price, 

1984). While in the rat, we likely inactivated the entirety of the accessory basal, basal and 

lateral nuclei, in the monkey we likely inactivated a smaller region. Thus, sub-total 

inhibition of this pathway as well as modulation of intra-amygdala projections may have led 

to divergent results.

4.5 Amygdala and broader networks

The amygdala is part of a broader network for social and emotional valuation. Lesions to 

other components of this network reduce responsiveness to social (anterior cingulate cortex) 

or threatening (orbitofrontal cortex) stimuli (Izquierdo et al., 2005; Rudebeck et al., 2006). 

These findings are similar to those we observed after amygdala inhibition, suggesting that 

these areas within the socioemotional valuation network work in concert with the amygdala 

to differentially influence responses to social or naturalistic stimuli.

The study of separable neural circuits both within the amygdala and in the amygdala’s 

projections to other brain regions is a growing field in the rodent (Janak and Tye, 2015), but 

has remained understudied in the non-human primate. Following on our prior studies using 

microinfusion to selectively examine the BLA’s role in social interactions (Forcelli et al., 

2016; Wellman et al., 2016) and reward processing (Wellman et al., 2005), here we 

identified specific roles for the BLA in the regulation of fear, social, autonomic, and 

sensorimotor responses in the macaque. Our data both converge and diverge (depending on 

the behavioral domain) with extant data from rodent and human studies. Our findings thus 
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underscore the continuing need to investigate the unique circuitry of the amygdala within 

primate models.
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Highlights:

• Amygdala inhibition increased approach to threat but also attention to faces

• Amygdala inhibition increased PPI of acoustic startle, opposite to effects in 

rats

• Amygdala disinhibition resulted in non-specific avoidance of stimuli

• Bi-directional amygdala manipulation reduced reward competition in 

dominant monkeys

• Bi-directional amygdala manipulation reduced heart rate but not blood 

pressure
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Figure 1. 
Documentation of infusion sites in BLA. A) Infusion sites plotted on drawings of coronal 

sections through the amygdala (the numerals, +16 and +14, represent distance from the 

interaural plane) from a rhesus macaque brain atlas (Laboratory of Neuropsychology, 

NIMH). Shaded areas denote the targeted area within the basolateral complex of the 

amygdala (BLA; i.e. the lateral, the basal, and the accessory basal nuclei). The symbols in 

red represent each individual animal and are consistent with the animal identification in B. 

The infusion placement was reconstructed from a combination of in vivo MRI, post mortem 
MRI, and/or histology. In each panel, the lateral nucleus is shaded in yellow, the basal 

nucleus in green, and the accessory basal in blue. B) Top and bottom rows show in vivo MRI 

images at the plane of the targeted infusions. In some cases, the tungsten electrodes are 

visible with the tip of the electrode dorsal to the intended site. Final adjustment of the 

cannula length was made based of these images. In the other cases, the electrode was placed 

in adjacent sections and was used as a landmark for the final cannula placement. Second row 

presents images showing cannula tracts from post mortem high-resolution (7T) MRI in 

corresponding cases. Third row shows the matching histological section. For cases RE, OD, 

and RA, only in vivo MRI was available.
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Figure 2. 
RESST (Reactivity to emotionally salient stimuli test). Bidirectional BLA manipulation 

affects processing of threatening and social stimuli. A) Experimental design: Sequence of 

experimental manipulations in groups Control First and MUS First. B) Examples of each 

type of stimuli, i.e. a snake, a neutral object, a monkey/human video, and a neutral video. C) 
Habituation of latency to retrieve food reward from above the snake stimulus across three 

baseline (control) sessions. This analysis was performed between subject, as 4 of 6 animals 

were in Group Control First, and 2 of 6 were in Group MUS First, and thus only included 

for Baselines 2 and 3. There was a significant linear trend of decreasing latency across trials 

(F1,12=13.7, P=0.003). D-G) Latency to retrieve food reward in the first session. Between-
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group analysis showed that, compared to Control First group, MUS First group had 

significantly lower latency for snake (D) but significantly higher latency for neutral object 

(E) and monkey/human video (F). No differences were found for neutral video. Within the 

group Control First, latency for snake was significantly higher than that for the other stimuli 

(denoted by ^), within the group MUS First, latency for monkey/human video was 

significantly higher than that for the other stimuli (denoted by $). H-K) Latency to retrieve 

food reward in the second session. No significant differences between groups or within 

groups were found. L-O) Latency to retrieve food reward in the BMI treatment session 

compared to habituated preceding baseline. Within-subject analysis showed that BMI 

significantly increased latency for all stimuli. Symbols that represent scores from individual 

animals correspond to those presented in Figure 1. *p<0.05, **p<0.01, ***p<0.001 Control 

vs. Treated.
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Figure 3. 
Comparison of latencies on trials immediately preceding (Before Snake) and immediately 

following (After Snake) the snake stimulus (Snake) in the first session. A) Between-group 

analysis: Consistent with the data presented in Figure 2, group Control First showed 

significantly longer latencies for snake compared to the neutral stimulus presented either 

before or after it; latencies to the two neutral stimuli did not differ from each other. This 

indicates that the prior experience with the snake did not affect the latency to retrieve a 

reward on the subsequent neutral trial. B) Within-group analysis: Consistent with the data 

presented in Figure 2, the latency on the snake trial was significantly greater following BMI 

infusion than in the preceding baseline (habituated) session, whereas the other between-

session comparisons did not reach the level of significance, likely due to the smaller 

sampling of neutral trials in this type of analysis. No significant differences were found for 
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either of the two within-session comparisons, indicating that the prior experience with the 

snake did not affect the latency to retrieve a reward on the subsequent neutral trial. Symbols 

that represent scores from individual animals correspond to those presented in Figure 1.
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Figure 4. 
Dominant animals take fewer rewards in a competitive reward-seeking task within a familiar 

dyad after either disinhibition or inhibition of BLA. A) Number of food pellets taken under 

the treatment with control (saline or sham infusion), BMI, or MUS in BLA, as a function of 

dominance status (Submissive, Neutral, Dominant) of the infused animal within the dyad. 

The infused animal and the non-infused conspecific are indicated by the solid and hashed 

bars, respectively. Within the Dominant infused animals, MUS and BMI both resulted in a 

significant reduction in pellets taken by the subject and an increase in pellets taken by the 
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non-infused conspecific. B-E indicate behaviors of the animals within each dyad recorded 

immediately after the competitive task (30 minutes). B) BMI significantly increased passive 

behavior in the infused animal compared with MUS and Control condition. C) BMI 

significantly reduced total locomotion in the infused animal compared with MUS and 

Control condition. D) Total social contact was not altered across drug treatments. E) Total 

social contact does not differ by drug treatment when compared in asymmetrical dyads 

(infused animal is submissive and the non-infused partner is dominant and vice versa) versus 

symmetrical dyads where no clear hierarchy exists. *p<0.05, relative to the control session. 

^=p<0.05, relative to the other partner.
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Figure 5. 
Both inhibition and disinhibition of BLA decrease heart rate in a mild restraint paradigm 

whereas BLA disinhibition increases pulse pressure. A) Examples of data recorded before 

and during the drug infusion and immediately after drug infusion (marked as End of 

Infusion) of saline, MUS, or BMI in case LO. Top panel: Heart rate (HR); Bottom panel: 

Pulse pressure. B) Heart rate expressed in percentage of baseline averaged across subjects 

for each treatment (+/− SEM). Heart rate was filtered for noise and averaged over five-

minute intervals across 45 minutes of recording. Both MUS (* = P<0.05) and BMI (*** = 
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P<0.001) significantly decreased HR compared to control (saline). C) Pulse pressure 

averaged over five-minute intervals across 45 minutes of recording. BMI significantly 

increased pulse pressure compared with control (*** = P<0.001). D-F) Peak change from 

pre-infusion baseline period after saline, MUS, or BMI in D) heartrate, E1) systolic blood 

pressure, E2) diastolic blood pressure F1) pulse pressure, and F2) mean arterial pressure 

(MAP). Both MUS and BMI resulted in a significant peak decrease in HR (*p=0.03; 

^p=0.016 when a statistical outlier was removed, shorter bar overlaid on BMI). BMI resulted 

in a significant increase in peak pulse pressure (^ p=0.026 when a statistical outlier was 

removed, shorter bar overlaid on BMI) whereas MUS resulted in a borderline significant 

decrease (# p=0.084); pulse pressure resulted in a significant peak decrease under control 

condition (* p=0.032), likely reflecting habituation to the chair during the course of the 

session. The remaining measures yielded no significant changes from baseline. Symbols in 

D and E1 – F2 represent values from individual measurements in each animal. Symbols for 

NO, SL, and RE correspond to those presented in Figure 1. Individual values for LO are 

represented by left and right half-filled circles to denote this animal’s infusions in two 

different sites within the BLA.
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Figure 6. 
Inhibition of BLA increases prepulse inhibition but does not alter baseline startle amplitude. 

A) Prepulse inhibition of acoustic startle response for prepulse amplitudes of 4, 8, and 12 

decibels above background white noise. MUS increased prepulse inhibition at 4 and 12 

decibels as compared to control treatment. B) MUS does not alter baseline acoustic startle as 

compared to baseline. Symbols that represent values from individual animals correspond to 

those presented in Figure 1.
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Table 1.

Number of infusions and sham procedures presented for each experiment and each condition for individual 

subjects.

RESST Social Telemetry PPI Total

SAL / 
Sham

MUS BMI SAL / 
Sham

MUS BMI SAL / 
Sham

MUS BMI SAL / 
Sham

MUS SAL+MUS
+BMI

NO 1/2 1 1 0/2 2 2 1/0 1 1 0/4 5 15

YO 1/4 1 1 0/1 1 1 -- -- -- 1/4 3 9

TH 1/3 1 0 -- -- -- -- -- -- 0/3 3 5

LO 1/2 1 1 1/1 1 2 1/0 2 3 -- -- 13

AB 1/3 1 1 0/3 2 2 -- -- -- 1/2 3 11

SL 1/3 1 1 1/3 3 3 1/0 1 1 -- -- 13

RE 1/2 1 1 2/2 3 3 1/0 1 1 -- -- 14

OD 1/0 1 0 2/1 2 2 -- -- -- -- -- 8

RA 1/0 1 0 1/1 2 2 -- -- -- -- -- 7
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