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Abstract

This study investigated the impact of infant maltreatment on juvenile rhesus monkeys’ behavioral 

reactivity to novel stimuli and its associations with amygdala volume. Behavioral reactivity to 

novel stimuli of varying threat intensity was measured using Approach/Avoidance (AA) and 

Human Intruder (HI) tasks. In vivo magnetic resonance imaging (MRI) was used to measure 

amygdala volume. Interestingly, group behavioral differences were context-dependent. When 

exposed to a human intruder, maltreated subjects displayed more anxious behaviors than controls; 

however, when presented with fear-evoking objects, maltreated animals exhibited increased 

aggression and a shorter latency to inspect the objects. Finally, under testing conditions with the 

lowest levels of threat (neutral novel objects) maltreated animals also showed shorter latencies to 

inspect objects, and reduced avoidance and increased exploration compared to controls. This 

suggests alterations in threat assessment and less behavioral inhibition in animals with early 

adverse experience compared to controls. Some of these behavioral responses were associated 

with amygdala volume, which was positively correlated with abuse rates received during infancy, 

particularly reflecting a relationship with exploration, consistent with previous studies.
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Childhood maltreatment is associated with psychopathology, including anxiety, mood and 

conduct disorders, impulsivity, and aggression (Cohen, Brown, & Smailes, 2001; Manly, 

Kim, Rogosch, & Cicchetti, 2001). Although internalizing symptoms (e.g. anxiety, negative 

mood, and social withdrawal) have been reported in children and adult victims of childhood 

maltreatment (Keiley, Howe, Dodge, Bates, & Pettit, 2001; Manly et al., 2001; Young, 

Abelson, Curtis, & Neese, 1997), other studies report that maltreatment is more likely 

associated with externalizing problems (e.g. aggression, impulsivity, conduct disorders, 

delinquency) or comorbid internalizing/externalizing behaviors (Cicchetti & Rogosch, 2001; 

Manly et al., 2001; Stouthamer-Loeber, Loeber, Horrish, & Wei, 2001; McMillen et al., 

2005). Alterations in threat perception are hypothesized to underlie some of these 

externalizing symptoms. For example, physically abused children are hyper-vigilant to 

aggressive stimuli, more likely to believe others will behave aggressively toward them, and 

to respond aggressively when confronted with ambiguous social situations (Dodge, 

Lochman, Harnish, Bates, & Pettit, 1997; Price & Glad, 2003).

Infant maltreatment not only occurs in humans, but also in nonhuman primates (Brent, 

Koban, & Ramirez, 2002; Johnson, Kamilaris, Calogero, Gold, & Chousos, 1996; 

Maestripieri, 1998; Sanchez, 2006; Troisi & D’Amato, 1983), with prevalence rates of 2-5% 

reported in macaque species (Maestripieri, 1999). In these studies maternal physical abuse is 

operationalized as violent behaviors, such as crushing, dragging, or throwing the infant 

(Maestripieri, 1998; Troisi & D’Amato, 1983), that cause intense infant distress and are very 

different from both the aggressive repertoire of these species and the bites and slaps 

exhibited during conflicts related to weaning. Infant abuse is exhibited mostly during the 

first 3 postnatal months and repeated with successive offspring (Maestripieri, 1998; 

McCormack, Sanchez, Bardi, & Maestripieri, 2006; Sanchez, 2006). It has a higher 

prevalence among related females, suggesting intergenerational transmission along the 

maternal line (Maestripieri, Tomaszycki, & Carroll, 1999; Maestripieri et al., 2006). 

Therefore, the spontaneous occurrence of infant maltreatment in these nonhuman primate 

species provides a unique opportunity to use a naturalistic animal model to investigate the 

behavioral, physiological, and neurobiological effects of maternal maltreatment in 

longitudinal studies with strong experimental control.

Previous studies in rhesus monkeys have demonstrated that, comparable to human children, 

abusive parenting leads to infant socioemotional alterations, including increased emotional 

reactivity (tantrums and screams), delayed independence from the mother, and reduced 

levels of play (Maestripieri & Carroll, 1998; Maestripieri, Jovanovic, & Gouzoules, 2000; 

McCormack, et al., 2006; McCormack, Newman, Higley, Maestripieri, & Sanchez, 2009). 

The neurobiological underpinnings of these behavioral consequences are only beginning to 

be understood and are a focus of this study, which examined whether the emotional 

alterations reported during infancy persist during the juvenile, prepubertal period and are 

associated with developmental changes in amygdala volume, a brain structure important for 

emotional regulation (Phelps & LeDoux, 2005; Quirk & Beer, 2006) and very sensitive to 

early experiences and stress (Landers & Sullivan, 2012; McEwen, 2012; Pechtel & 

Pizzagalli, 2011; Tottenham et al., 2010). The study of the juvenile and adolescent periods is 

critical developmentally because of significant socioemotional changes in this species, 

including affiliative (Ehardt & Bernstein, 1987) and aggressive behaviors (Bernstein & 
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Ehardt, 1985) that result in intense peer-directed activities that become increasingly gender-

specific with age and involve sequences of behaviors that mimic adult social interactions 

(see Suomi, 2005 for review). The juvenile period includes the prepubertal period and onset 

of puberty (typically reached around 3 years in females and 4 years in males - Suomi, 2005; 

van Wagenen & Catchpole, 1956; Wilson, Walker, & Gordon, 1983), developmental 

transitions where an increased vulnerability to stressors has also been reported in humans 

(Spear, 2000), and the incidence of psychopathology increases (Forbes, Williamson, Ryan, 

& Dahl, 2004), particularly in children with previous exposure to adversity (Gunnar & 

Vazquez, 2006).

The neurobiological changes that underlie maltreatment-related behavioral alterations are 

not clearly understood. Limbic regions that play critical roles regulating socioemotional 

behavior impacted by early adversity, particularly the amygdala, are likely candidates. 

Magnetic resonance imaging (MRI) studies have shown both increases and decreases in the 

volumes of the amygdala, and other limbic brain regions including the hippocampus and 

prefrontal cortex (PFC) in adults with histories of maltreatment (Bremner, 2002, 2003, 2006; 

Dannlowski et al., 2012; Teicher, Anderson, & Polcari, 2012; van Harmelen et al., 2010). 

Studies in children and adolescents exposed to early adversity also report inconsistent 

alterations in amygdala volume, some reporting larger and others reporting smaller volumes 

(see Tottenham & Sheridan 2010 for review; Tottenham et al. 2010; Hanson, Nacewicz et al. 

2014), as well as more diffuse neural alterations including reductions in temporal, frontal, 

and parietal cortical gray matter (GM) volumes and decreased corpus callosum (CC) and 

white matter (WM) volumes (De Brito et al., 2013; Edmiston et al., 2011; Hanson et al., 

2010; Hanson et al., 2012; Teicher et al., 2003). These inconsistencies could be explained by 

differences between studies in developmental timing of the experience and of the measures, 

or to the possibility that early life stress-related effects on amygdala volume may only be 

detected later in life, after adolescence (Nelson, 2013; Tottenham & Sheridan, 2010).

Given these inconsistencies and questions in the human literature, particularly during 

development, the goal of this study was to examine the persistent effects of infant 

maltreatment on emotional reactivity and its potential relation to alterations in amygdala 

volume during the juvenile period using a nonhuman primate model where the adverse 

experience takes place specifically during the first few postnatal months. For this we used 

standardized laboratory tasks (the Human Intruder Paradigm - Kalin & Shelton, 1989- and 

the Approach/Avoidance Test - Machado, Kazama & Bachevalier, 2009; Meunier, 

Bachevalier, Murray, Malkova, & Mishkin, 1999) that evoke strong and distinct behavioral 

responses to novel stimuli of varying degrees of threat in rhesus monkeys, including 

defensive responses reflecting underlying states of fear and anxiety, as well as aggressive 

and submissive responses, and exploration. These are unconditioned responses present very 

early in life which are stable throughout development (Kalin, Shelton, & Takahashi, 1991). 

Furthermore, the behavioral responses to these laboratory tasks and the underlying neural 

circuits have been extensively studied and are regulated by amygdala circuits (Kalin & 

Shelton, 2001; Kalin, Shelton, Fox, Oakes, & Davidson, 2007; Meunier et al., 1999; Prather 

et al., 2001). We hypothesized that early adverse experience would result in persistent 

increased emotional reactivity during the juvenile period. Specifically, based on the human 

literature cited above, we predicted that abused subjects would show more impulsive and 
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aggressive behavior, in parallel to higher levels of fear and anxiety, than controls. We also 

hypothesized that these behavioral effects would be related to alterations in amygdala 

volume, based on prior work supporting the role of the amygdala in emotional reactivity, 

particularly during these tasks (Machado et al., 2009; Meunier et al., 1999; Raper, Wilson, 

Sanchez, Machado & Bachevalier, 2013). Although preclinical studies of chronic and early 

life stress report alterations in amygdala structure and function (Sanchez, Ladd & Plotsky, 

2001) often involving increases in amygdala volume (McEwen & Gianoros 2010), the 

inconsistent effects reported in human maltreated populations make it difficult to make 

directional volumetric predictions.

METHODS

Subjects and Housing

This study was conducted at the Yerkes National Primate Research Center (YNPRC) Field 

Station, Emory University (Lawrenceville, GA). The subjects were 20 juvenile rhesus 

macaques (Macaca mulatta) living in four large social groups consisting of 2-3 adult males 

and 18-49 adult females with their sub-adult and juvenile offspring. The groups were housed 

in outdoor compounds with adjacent indoor housing areas. Water was available ad libitum 

and monkey chow and fresh fruit/vegetables and enrichment items were provided twice 

daily. All studies were performed in accordance with the NIH Guide for the Care and Use of 

Laboratory Animals and approved by the Emory University Institutional Animal Care and 

Use Committee (IACUC).

The studies were conducted when subjects were juveniles (behavioral testing: at 2 years, 

ranging 26-28 months of age; MRI scans: at 4 years, ranging 48-55 months of age). None of 

the subjects had reached puberty prior to behavioral testing. Ten of the subjects (6 females, 4 

males) experienced maternal physical abuse early in infancy (Abused group; see operational 

definition below and in McCormack et al., 2006). The other 10 subjects (6 females, 4 males) 

were non-abused controls. Controls were matched to abused subjects by sex, age, mother’s 

dominance rank and, whenever possible, social group of origin. All mothers were 

multiparous females (average of prior offspring: 6 for abusive group, range = 3-12, 6.2 for 

controls, range = 2-12). In order to avoid confounding effects of heritability on our 

measures, the adult females were selected from different matrilines (i.e. they were 

unrelated).

Following behavioral definitions, observation protocols and inclusion/exclusion criteria 

described in detail for this species in previous publications (e.g. Maestripieri, 1998; 

McCormack et al., 2006; McCormack et al., 2009; Troisi & D’Amato, 1983), infants were 

classified as abused if the mother was observed exhibiting at least 3 instances of the 

following violent, aberrant, behaviors towards the infant during its first 3 months of life: (1) 

dragging infant by its tail or leg while walking or running; (2) crushing infant against the 

ground with hands; (3) throwing infant with one hand while standing or walking; (4) 

stepping or sitting on infant; (5) rough grooming: restraining infant and pulling its hair 

causing distress calls; (6) abusive carry: carrying infant with one arm away from her body. 

As reviewed above, these behaviors caused distress in the infants, who experienced an 
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average of 1.5 abuse events per hour during their first month of life (McCormack et al., 

2006).

Experimental Procedures

Prior to this study, mother-infant pairs were captured once per month during the first 6 

months of life and every 6 months thereafter for blood sampling and to undergo testing. All 

mothers were trained to move on command from the outdoor corral into the indoor area, 

where they were transferred to a squeeze cage via a transfer box carrying their infants until 

the infants were 12 months old. After 12 months, juveniles were trained to go from the 

outdoor corral to the indoor area without their mothers and to transfer into a transport box 

for transport to the testing room, in less than 10 minutes.

Prior to testing, subjects were habituated to the testing room and cage 3 times per week for 

20-min sessions for two weeks. During habituation, a food reward (jelly bean) was placed 

on top of the plexiglass testing box (without objects inside it) so that subjects learned that 

there was a positive reward available for approaching the testing box. All subjects retrieved 

and consumed the food reward during habituation sessions. A digital camera was set up 2 

meters from the testing cage to videotape the subjects during testing.

After habituation, subjects (26-28 mos old) were tested with the Approach/Avoidance Test 

and Human Intruder Paradigm in separate sessions, 3 days apart. The order of the tasks was 

counterbalanced to control for test order effects.

Approach/Avoidance Tests (AA: Neutral and Fear-Evoking Objects)—On the 

day of testing, each subject was transported to the testing room and placed in the testing 

cage with the plexiglass box (30×30 ×30 cm) attached to it. Subjects were able to reach 

through a small hole in the testing cage to manipulate and bite items in the box, but could 

not retrieve them. During two separate sessions, 3 days apart, and following a 2 min 

habituation to the testing room and apparatus, the subject was presented with either 6 

neutral/positive or 6 fear-evoking objects placed inside the plexiglass box, for 5 min each, 

with a positive food reward (jelly bean) on the top of the box. Objects in each test were 

presented in the same order across subjects. The Approach/Avoidance task is designed to 

measure the conflict between exploratory behaviors and behavioral inhibition in response to 

novel objects of varying threat intensities (Machado et al., 2009; Meunier et al., 1999; 

Williamson et al., 2003). Objects were chosen based on characteristics previously shown to 

evoke fearful or defensive responses in this species in previous studies (Williamson et al., 

2003). For the Neutral Object Test, a roll of construction tape, a rubber ball, a piece of kiwi, 

a plastic cup, a toy train, and a baby rattle were presented in the order listed, for 5 min each. 

During the Fear Object Test, subjects were presented with a toy frog with large eyes, a toy 

dinosaur with teeth, a battery-operated pig that moved and “oinked”, a plastic owl with large 

eyes presented with playback of predatory hawk calls, a rubber snake, and a mirror (to 

simulate the presence of a social intruder), in the order listed, for 5 min each.

Human Intruder Paradigm (HI)—The HI paradigm (Kalin & Shelton, 1989) was used to 

assess emotional reactivity (including fearful, anxious and aggressive behaviors) to an 

unfamiliar human under 3 different and consecutive conditions, 10 min each, that pose 
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different degrees of threat to rhesus monkeys: (1) Alone condition (no human intruder), (2) 

moderately threatening Profile condition (no eye contact: NEC), and (3) a threatening Stare 

condition (human makes direct eye contact with the monkey). On the day of testing, the 

subject was transferred to the testing room and placed in the testing cage, where they first 

stayed alone; this Alone condition elicits distress responses (vocalizations, locomotion) and 

exploration. Next, for the NEC, the intruder entered the room and stood next to the digital 

camera, 3 m from the cage, presenting his/her profile to the monkey. During this condition 

rhesus monkeys typically stop vocalizing and become behaviorally inhibited (freeze) while 

scanning the environment/intruder. After this, the intruder left the room. Upon return (2 min 

after) the intruder stood in the same place as in the profile condition, but facing the monkey 

and making direct eye contact with the animal (Stare condition). Direct eye contact is a 

threatening behavior for rhesus macaques, which typically stop freezing and display 

aggressive or submissive behaviors towards intruder.

All sessions were videotaped for later scoring of the following behaviors by trained coders 

(>90% agreement): latency to eat food reward (jelly bean) and to inspect/touch/bite each 

object in the AA tests, fearful and anxious behaviors, aggressive and submissive behaviors, 

vocalization, exploration, and locomotion. See Suppplemental Material (Table 1) for the 

detailed ethogram, operational definitions of behaviors coded, and the scoring method.

MRI Acquisition and Analysis—T1-MRI scans were acquired when the animals were 4 

years old (range: 48-55 mos; mean±SEM scan ages: maltreated animals=51.99±0.6 mos, 

controls=51.98±0.57 mos). The scanning age was not different between Control and Abused 

animals, as described in Results. Images were acquired on a 3T Siemens Trio scanner 

(Malvern, PA) at the YNPRC Imaging Center using a transmit and receive volume coil and 

a magnetization prepared rapid gradient echo (MPRAGE) sequence with the following 

parameters: TI/TR/TE=950/3000/3.3ms; 4 averages; voxel size: 0.6 mm3 isotropic (Howell 

et al., 2013).

Automatic segmentation of the amygdala was performed using an atlas-based approach in 

which a population-based atlas was first non-linearly registered into each subject’s native 

space using Advanced Normalization Tools (ANTs) and the AugoSeg software (Avants, 

Epstein, Grossman, & Gee, 2008; Styner et al., 2007). These warp fields were then applied 

to a manual segmentation of the amygdala. Automatic segmentations of the amygdala were 

manually adjusted to ensure neuroanatomical accuracy by a rater blind to experimental 

groups and guided by anatomical criteria in the Saleem and Logothetis macaque brain atlas 

(Saleem & Logothetis, 2012) and anatomical landmarks for the macaque amygdala (Amaral 

& Bassett, 1989; Price, Russcher, & Amaral, 1987), with the hippocampus as the posterior 

boundary, the rostral periamygdaloid cortex as the anterior boundary, the white matter and 

cerebral spinal fluid (CSF) as the ventrolateral boundaries, and the rhinal fissure defining the 

ventromedial border.

Data Analysis

For low occurrence behavioral categories, behavior that was not performed by all animals 

was transformed from durations and frequencies to categorical data (“yes” or “no”) based on 
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whether or not each animal performed the behavior. Thus, latencies, exploration, 

locomotion, inspect, manipulate, avoid during Stare condition, and freeze during Profile 

condition were analyzed as frequencies (number of occurrences per minute) and durations 

(proportion of entire test), while all other behaviors were transformed to categorical data. 

The categorical data was analyzed using Chi-square tests and reported as likelihood ratios 

with Fisher’s exact p values for group effects and Breslow-Day values for group by sex 

effects, due to their higher stringency. Duration and frequency data were analyzed with 

repeated measures ANOVAs, with each AA test type (Neutral Object vs. Fear Object Test) 

and HI test condition (Alone vs. Profile vs. Stare) as the repeated factor, and group (Control 

vs. Abused) and sex as fixed factors. Tukey’s HSD post-hoc tests were used following 

significant F values.

A Student’s t-test was used to examine potential group differences in total brain volume to 

rule out its confounding effect on amygdala size. Amygdala volume was analyzed using a 

repeated measures MANOVA with hemisphere (left vs. right) as the repeated measure and 

group (Control vs. Abused) as fixed factor, and total brain volume as a covariate. Spearman 

Rank order correlations were conducted to determine the associations between behavioral 

data where group differences were detected (frequency & duration) and amygdala volume, 

after controlling for total brain size and group effects. Data was analyzed using SPSS. 

Significant effects were set at p<0.05 level for all analyses (two-tailed).

RESULTS

Behavioral Results (Laboratory Paradigms)

Approach/Avoidance Tests (Neutral and Fear-Evoking Objects)—There was a 

significant test effect (F (1, 14) = 5.946, p = 0.028, ) and test by group interaction 

effect (F (1, 14) = 7.942, p = 0.014, ) for exploration during the Approach/

Avoidance Tests. The proportion of time spent exploring was greater during the Neutral (M 

= 0.429, SE = 0.036) than during the Fear Object Test (M = 0.349, SE = 0.028). As shown in 

Figure 1A, abused subjects spent a greater proportion of time exploring (M = 0.478, SE = 

0.045) than control subjects (M = 0.327, SE = 0.058) during the Neutral Object Test (t (1, 17) 

= 2.253, p = 0.040), but not during the Fear Test (Abused: M = 0.339, SE = 0.0444; controls: 

M = 0.3169, SE = 0.038; t (1, 17) = 0.109, p = 0.915). There was also a main group effect for 

the latency to visually inspect objects (F (1, 14) = 5.442, p = 0.033, ), so that abused 

subjects had a shorter latency (M = 21.457sec, SE = 10.897) compared to controls (M = 

57.408sec, SE = 10.897), independently of whether they were neutral or fear-evoking (see 

Figure 1B). A group effect was also detected for proportion of time spent inspecting objects 

visually, independent of object valence, (F (1, 14) = 6.700, p = 0.021, ), with abused 

subjects spending a larger proportion of time (M = 0.058, SE = 0.006) visually inspecting 

objects than controls M = 0.035, SE = 0.006). There were also test effects for the latency to 

eat the food reward (F (1, 14) = 12.987, p = 0.002, ), latency to bite objects (F (1, 14) 

= 29.291, p < 0.001, ), and the proportion of time inspecting objects (F (1, 14) = 

25.430, p < 0.001, ). Thus, the latencies to eat the food reward and bite object were 
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shorter for neutral objects (M = 122.648sec, SE = 18.104; M = 170.160sec, SE = 21.572, 

respectively) than for fear-evoking objects (M = 178.425sec, SE = 23.944; M = 276.246sec, 

SE = 9.582, respectively). Despite their group, subjects also spent a greater proportion of 

time inspecting (visually, without touching) fear-evoking objects (M = 0.074, SE = 0.009) 

than neutral objects (M = 0.019, SE = 0.004).

For the categorical data, there was a significant group effect for avoidance of neutral objects 

(χ2 = 5.3, p = 0.04; Figure 1C), with a smaller percentage of abused subjects (20%) avoiding 

the neutral objects compared to control subjects (70%). For the Fear Object Test, there was 

also a group effect for biting objects (χ2 = 5.3, p = 0.04; Figure 1D), such that a larger 

percentage of abused animals (80%) bit the fear-evoking objects compared to control 

animals (30%).

There were no group, group by sex, or group by sex by test effects for proportion of time 

spent visually inspecting and manipulating objects or for latencies to manipulate objects, 

bite objects, or eat the food reward (p > 0.05), or in the number of control and abused 

subjects that performed the following behaviors: freezing, withdrawal, grimace, coo, 

displacement behavior, agitation, threat, lipsmack, exploration of box, inspect/manipulate 

object, or locomotion (p > 0.05).

Human Intruder Paradigm—There was a group effect for displacement behavior during 

the Stare condition of the HI Paradigm (χ2 = 4.54, p = 0.05), with a larger percentage of 

abused subjects (77.78%) showing displacement/anxious behavior (yawn, scratch, and body 

shake) compared to controls (30%; see Figure 2). Of the abused animals 30% exhibited both 

anxious behavior during the Stare condition and aggressive behavior in response to the fear 

object, while none of the controls showed this co-occurrence.

Condition effects, characteristic of the HI paradigm were also found. Thus, freezing and 

threatening behavior varied across conditions (F (2, 30) = 307.078, p <0.001, ; F

(2, 30) = 36.616, p <0.001, , respectively). Subjects froze more during the NEC (M 

= 0.843, SE = 0.045) than during the Alone (M = 0.068, SE = 0.030) or Stare conditions (M 

= 0.028, SE = 0.019; t (1, 18) = 17.613, p < 0.001; t (1, 18) = 12.849, p < 0.001, respectively). 

Subjects also threatened more during the Stare (M = 8.482occurences/minute, SE = 1.946) 

than during the Alone or NEC conditions (M = 0.0 occurences/minute, SE = 0.0, for Alone 

and NEC; t (1, 18) = 6.854, p < 0.001).

There were no main group, interaction or condition effects for duration of freezing, 

avoiding, exploration, locomotion or inspection (p > 0.05). There were no group effects 

either, in agitation, lipsmacks, coos, or threats. No passive, grimace, or withdraw behaviors 

were observed.

Total Brain and Amygdala Volumes

There were no differences in scanning age between abused and control animals (t(17)=0.007, 

p=0.99). No difference in total brain volume was detected, either, between abused 

(M=96766.48 mm3, SE=2484.83) and control subjects (M= 93031.43 mm3, SE=2676.89) 
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(t(17)= −1.02, p=0.32). No significant effects of group (F (1,16)=0.002, p=0.961, ) 

or hemisphere (F(1,16)=0.241, p=0.63, ) were detected on amygdala volume 

(abused: right, M = 317.78 mm3, SE = 19.29, left M = 332.72 mm3, SE = 11.43; and control: 

right M = 309.43 mm3, SE = 8.56, left M = 331.60 mm3, SE = 9.25). And, finally, there was 

no group effect on the ratio of right/left amygdala volumes, either.

Correlations: Amygdala Volume, Behavioral Reactivity, and Infant Abuse Rates

Correlations were calculated controlling for both group (due to the group differences in 

behavioral responses during the AA and HI described above), and whole brain volume (as 

commonly done in the literature, see Tottenham and Sheridan 2010 for review) by adding 

them as covariates in the statistical models. A significant positive correlation between both 

right and left amygdala volumes and abuse rates received during the first three months of 

life was detected (right, r=0.70, p=0.01; left, r=0.748, p=0.005). A closer look at the subject 

plots identified an abused subject that received very high rates of abuse and also had the 

largest amygdalae volumes (both left and right), above 2 SD from the mean. When this 

subject was excluded from the analyses no significant correlations were detected.

Correlations between amygdala volume and behavioral reactivity were performed in each 

group separately. Thus, while in the control group a positive correlation was detected 

between right amygdala volume and duration of cage exploration –tactile, oral, or visual- 

during both the Neutral Object Test (r=0.79, p=0.03), and the Fear Object Test (r=0.75, 

p=0.05), in the abused group a negative correlation was detected instead between right 

amygdala volume and duration of cage exploration only during the Fear Object Test (r=

−0.92, p=0.03).

DISCUSSION

Our findings suggest context-dependent alterations in behavioral reactivity to novel stimuli 

in juvenile rhesus macaques that were abused by their mothers as infants, and some 

interesting associations with amygdala volume. Thus, when exposed to a human intruder, 

maltreated subjects showed more displacement/anxious behaviors than controls; however, 

when presented with fear-evoking objects, maltreated animals exhibited increased 

aggression and vigilance (visual inspection) towards the objects. Finally, under testing 

conditions with the lowest levels of threat (neutral novel objects) maltreated animals showed 

shorter latencies to inspect objects, and reduced avoidance and increased exploration 

compared to controls. This suggests alterations in threat assessment and potentially less 

behavioral inhibition in animals with early adverse experience, in comparison to controls. 

The seemingly opposite behavioral effects of maltreatment (e.g., increased fear/vigilance in 

some animals and aggression in others, and co-occurrence of increased fear and aggression 

in 30% of abused subjects), is interesting because it shows some parallels with reports in 

human populations (Cicchetti & Rogosch 2001;Manly et al., 2001; McMillen et al., 2005). 

Some of these behavioral responses, in particular the levels of exploration, were associated 

with amygdala volume, which was positively correlated with abuse rates received during 

infancy.
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The three laboratory tests elicited very specific and context-dependent behavioral patterns. 

Similarly to reports in abused children (e.g., Cicchetti & Rogosch 2001), the behavioral 

differences detected between abused and control subjects were also context-dependent, and 

support the manifestation of different alterations (increased anxiety/fearfulness or aggression 

than controls, or co-ocurrence of both), depending on the level of threat and the individual. 

Thus, when exposed to a low threat level (neutral novel objects), abused subjects spent more 

time exploring the environment visually, had a shorter latency to inspect the objects, and 

fewer abused animals avoided the objects than control animals. This could reflect alterations 

in threat assessment and potentially less behavioral inhibition/fearfulness than in controls 

under low levels of threat, at least based on reports showing that anxiogenic drugs decrease 

environmental exploration in this species (e.g., Kalin, Shelton & Turner 1992).

However, when exposed to a higher level of threat (Fear Object Test or HI), a different 

behavioral pattern emerged. During the Fear Object Test, when juveniles intensify the visual 

inspection of the objects in comparison to neutral stimuli (consistent with heightened 

vigilance and previous reports in macaques, Meunier et al., 1999), a greater number of 

abused subjects exhibited aggression (biting) toward the objects, as well as increased 

vigilance (i.e. longer visual inspection of objects and shorter latencies) as compared to 

controls. These results could reflect differences in threat assessment and ability to inhibit 

aggressive, possibly risky, responses towards potentially dangerous stimuli. They are also 

consistent with human literature showing that physically abused children are more likely to 

attend to aggressive cues and respond aggressively, especially in contexts where there is a 

perceived threat (Dodge et al., 1997; Price & Glad, 2003; Shields & Chicchetti, 1998), 

which has been partially attributed to these children’s selective attention towards threat-

related cues (Pollak & Tolley-Shell, 2003). The behavioral response/strategy we detected is 

not incompatible, therefore, with an underlying higher fear state.

Consistent with previous studies using the HI Paradigm in this species (Kalin & Shelton, 

1989), we found that the NEC condition elicited an increase in freezing behavior, while the 

Stare condition induced higher levels of aggressive threats across both groups of animals. 

Kalin and Shelton (1989) proposed that these different behavioral patterns/strategies have 

adaptive ethological significance in response to potential threats (such as predators). During 

the Stare condition though, a greater number of abused subjects exhibited displacement 

behaviors (scratch, yawn, body shake) than controls. Displacement behaviors index anxiety 

in rhesus monkeys and other primates (Brent et al., 2002; Maestripieri, 1993). They are 

exhibited by rhesus monkeys in naturalistic conflict situations, increase with stress/threat 

intensity (Troisi, 2002), and are potentiated by anxiogenic drugs and reduced by anxiolytics 

(Schino, Perretta,Taglioni, Monaco & Troisi, 1996). A common outcome of child 

maltreatment is internalizing disorders such as anxiety and depression (Bolger & Patterson, 

2001; Cohen et al., 2001; Keiley et al., 2001; Manly et al., 2001; Young et al., 1997); thus, 

our findings of greater number of abused animals exhibiting anxious behaviors than 

controls, at least under high levels of threat, is consistent with reports in the human 

literature. Increased anxiety is, indeed, a common outcome of early life stress in other 

animal models that involve mother-infant relationship disruption (see Sanchez et al., 2001 

for review; Sanchez, Noble, Lyon, Plotsky, Davis, Nemeroff & Winslow, 2005).
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Our findings of context-dependent manifestations of behavioral alterations in juvenile 

abused macaques (higher aggression versus higher anxiety, sometimes co-occurring in the 

same individuals) support similar views in humans (Buss, Davidson, Kalin, & Goldsmith, 

2004) and are consistent with the complex behavioral alterations reported in abused children 

(e.g., Cicchetti & Rogosch, 2001). Thus, while some studies report internalizing symptoms 

(e.g. anxiety, negative mood, social withdrawal) in neglected, physically and sexually 

abused children and adult victims of child abuse (Bolger & Patterson, 2001; Keiley et al., 

2001; Manly et al., 2001; Young et al., 1997), other studies report externalizing problems, 

such as aggression, impulsivity, conduct disorders or comorbid internalizing and 

externalizing problems (Cicchetti & Rogosch, 2001;Manly et al., 2001; McMillen et al., 

2005). Although factors such as type, severity, and timing of maltreatment likely contribute 

to different behavioral outcomes, it is also possible that specific behavioral manifestations of 

altered emotional regulation are context-dependent or involve plurifinality of 

psychopathologies. Interestingly, the seemingly paradoxical effects detected in our study 

(increased aggression versus increased anxiety/vigilance), and context-dependent increased 

versus decreased behavioral inhibition/fearfulness has also been reported in rhesus monkeys 

with amygdala lesions in similar novelty tests (Meunier et al., 1999).

Despite the lack of group differences in amygdala volume in the current study, a positive 

correlation was found between amygdala volume and abuse rates received during infancy, 

suggesting that a developmental impact of the early adverse experience on this limbic 

structure may be emerging during the juvenile period. Although we recognize the 

disagreement in the literature, this relationship seems consistent with prior reports of 

increased amygdala volume resulting from early adversity and chronic stress (Tottenham & 

Sheridan 2010; McEwen & Gianoros 2010). Our findings also support the view that the 

effects of early life stress on amygdala volume may be not be detected until later in life, 

after adolescence (Nelson, 2013; Tottenham & Sheridan, 2010). Our group has also reported 

alterations in white matter microstructural integrity in these same subjects (Howell et al., 

2013), particularly in tracts involved in visual processing, emotional regulation and 

somatosensory and motor integration, similar to brain WM regions affected in maltreated 

children (Choi, Jeong, Polcari, Rohan, & Teicher, 2009; Jackowski et al., 2008; Paul et al., 

2008), suggesting alterations in neural circuits that could underlie the alterations in 

emotional reactivity reported in the current study.

Interestingly, opposite relationships were found between amygdala volume and behavioral 

responses to the novel stimuli in the Approach/Avoidance tests for abused versus control 

subjects. The positive correlation between right amygdala volume and increased time spent 

exploring in controls in contrast to the negative correlation found in the abused animals 

could be interpreted as an inverted “U” shape relationship, where the animals with the 

highest amygdala volumes (i.e. highest abuse rates) show the lowest exploration, or highest 

behavioral inhibition, commonly interpreted as an underlying fear state (Fox, Henderson, 

Marshall, Nichols & Ghera, 2005) and consistent with reports of increased right amygdala 

volume in children with generalized anxiety disorder (De Bellis et al., 2000). Alternatively, 

this opposite relationship with amygdala volume may, reflect alterations in amygdala 

function, a view supported by findings in both humans and animal models (Cohen et al., 

2013). In summary, these group differences in amygdala-behavior associations suggest that 
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alterations in the right amygdala may underlie the behavioral alterations in threat assessment 

reported in the current study.

In summary, this study provides evidence that infant maltreatment has long-term, persistent, 

consequences on the behavioral reactivity of juvenile rhesus monkeys to novel stimuli. 

When exposed to a human intruder, maltreated subjects displayed more anxious behaviors 

than controls; however, when presented with fear-evoking objects, maltreated animals 

exhibited increased aggression and a shorter latency to inspect the objects. Finally, under 

testing conditions with the lowest levels of threat (neutral novel objects), maltreated animals 

also showed shorter latencies to inspect objects, and reduced avoidance and increased 

exploration of stimuli compared to controls. In addition, amygdala volume was associated 

with rates of abuse received during infancy, suggesting an effect of the early adverse 

experience on the structural development of this structure. Some of the behavioral responses 

to novel stimuli where group differences were detected were associated with amygdala 

volume in both groups of animals, particularly reflecting a relationship with exploration. 

Although the findings of this study are interesting and provide some explanations and 

support for contradictory reports in human studies, they also need to be interpreted with 

caution due to the limitations of our small sample size and the multiple comparisons 

performed, as well as the presence of outliers for the volumetric data. Further studies are 

needed to replicate these findings with larger sample sizes and to examine the 

neurodevelopmental time courses of alterations underlying behavioral effects.
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Figure 1. Behavioral responses to the Approach/Avoidance Tests
(A) Exploration: Abused subjects spent a greater proportion of time exploring during the 

Neutral Object Test (t (1, 17) = 2.253, p= 0.040). (B) Latency to inspect the objects: Abused 

subjects had a shorter latency to inspect objects (F (1, 14) = 5.442, p= 0.033). (C) 
Percentage of animals that avoided objects: A smaller percentage of abused subjects avoided 

the neutral objects (χ2 = 5.3, p = 0.04). (D) Percentage of animals that bit objects: A larger 

percentage of abused animals bit the fear-evoking objects (χ2 = 5.3, p = 0.04).
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Figure 2. Behavioral responses during the Human Intruder Paradigm
A larger percentage of abused subjects showed displacement/anxious behavior (yawn, 

scratch, and body shake) during the Stare condition, compared to control subjects (χ 2 = 

4.54, p = 0.05).
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Figure 3. Amygdala volumes measured using structural MRI
(A) Example of automatic segmentation of subcortical structures, including the right 

(purple) and left (pink) amygdala. (B) No significant differences in amygdala volumes 

(right, left or right/left ratio) were detected between abused and control animals (uncorrected 

for brain volume, but similar results detected after correction).
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