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We examined the relationship between social rank and brain white
matter (WM) microstructure, and socioemotional behavior, and its
modulation by serotonin (5HT) transporter (5HTT) polymorphisms in
prepubertal female macaques. Using diffusion tensor imaging and
tract-based spatial statistics, social status differences were found in
medial prefrontal cortex (mPFC) WM and cortico-thalamic tracts, with
subordinates showing higher WM structural integrity (measured as
fractional anisotropy, FA) than dominant animals. 5HTT genotype-
related differences were detected in the posterior limb of the internal
capsule, where s-variants had higher FA than l/l animals. Status by
5HTT interaction effects were found in (1) external capsule (middle
longitudinal fasciculus), (2) parietal WM, and (3) short-range PFC
tracts, with opposite effects in dominant and subordinate animals. In
most regions showing FA differences, opposite differences were de-
tected in radial diffusivity, but none in axial diffusivity, suggesting that
differences in tract integrity likely involve differences in myelin. These
findings highlight that differences in social rank are associated with
differences in WM structural integrity in juveniles, particularly in tracts
connecting prefrontal, sensory processing, motor and association
regions, sometimes modulated by 5HTT genotype. Differences in
these tracts were associated with increased emotional reactivity in
subordinates, particularly with higher submissive and fear behaviors.

Keywords: diffusion tensor imaging, emotional behavior, nonhuman
primates, prepuberty, social stress

Introduction

The primate brain has evolved to adapt to complex social
environments (Dunbar and Shultz 2007) and, as a conse-
quence, early social experiences have a strong influence on its
development. In particular, social stress during childhood is
associated with behavioral and cognitive impairments and in-
creased risk for psychopathology and health problems later in
life, including anxiety and mood disorders (Teicher et al.
2002, 2003; Gunnar and Quevedo 2007; Weber et al. 2008).
These long-term adverse effects of stress are more prevalent in
females than in males (Becker et al. 2007) and often emerge
during puberty (Seeman 1997; Kessler et al. 2001; Reardon
et al. 2009). However, it is likely that adverse social experi-
ences prior to puberty are also critical for neurobehavioral
changes.

In addition, genetic factors can affect vulnerability to these
stressful experiences. For example, allelic variants in the

promoter region of the gene encoding the serotonin (5HT)
transporter (5HTT) affect emotional and neuroendocrine stress
responses and modulate vulnerability to the deleterious effects
of early life stress, both in humans (Caspi et al. 2003; Zalsman
et al. 2006; Stein et al. 2008; Caspi et al. 2010) and nonhuman
primates (Bennett et al. 2002; Champoux et al. 2002; Barr et al.
2004; McCormack et al. 2009). In both species, the short (s)
allele carriers—with less functional 5HTTs—seem more vul-
nerable to stress (Holmes and Hariri 2003; Suomi 2003). There
is also evidence that these gene by environment interactions
are more salient in females (Barr et al. 2004; Eley et al. 2004;
Sjoberg et al. 2006). Despite the reported role of social stress
and genetic variation in the etiology of psychopathology in
females, particularly during the peripubertal period, the
underlying neurobiological mechanisms are still not clearly un-
derstood.

One potential mechanism could be through effects on brain
white matter (WM), which is sensitive to adverse experiences
(Eluvathingal et al. 2006; Choi et al. 2009; Coplan et al. 2010;
Govindan et al. 2010) and 5HT (Whitaker-Azmitia et al. 1996),
particularly during development. The important functional
role of brain WM has been underscored by the development of
neuroimaging methods that visualize fiber tracts and measure
their structural integrity in vivo, such as diffusion tensor
imaging (DTI; Thomason and Thompson 2011). DTI measures
water diffusion in the brain and provides measures of WM
fiber tract properties, including fractional anisotropy (FA), a
measure of structural integrity of WM tracts. Because increased
tract microstructural integrity (via, for example, increased
myelin) can affect information transfer by increasing conduc-
tion speed along the axon (Lang and Rosenbluth 2003; Paus
2010), brain WM tract integrity is recognized as an important
mechanism underlying behavioral control (Fields 2008; Tho-
mason and Thomson 2011). In addition, brain WM integrity is
vulnerable to early stress/adversity (Eluvathingal et al. 2006;
Katz et al. 2009; Coplan et al. 2010; Govindan et al. 2010; Frodl
et al. 2012) and is affected by polymorphisms in the 5HTT
gene (Pacheco et al. 2009).

Prospective studies assessing the impact of persistent
exposure to social stressors on brain WM in children are diffi-
cult. An example of cumulative adverse social experiences is
low socioeconomic status (SES), which represents a complex
form of chronic early social stress associated with socioemo-
tional and cognitive impairments in children, also involving
poor access to material and social resources (Bradley and
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Corwyn 2002; Hackman and Farah 2009). Low SES during
childhood has also been shown to increase the risk for
depression in women (Gilman et al. 2002). Although there is
some recent evidence of low SES effects on brain gray matter
(GM; Hackman and Farah 2009; Jednoróg et al. 2012; Noble
et al. 2012), the effects of continual adverse early social experi-
ences such as low SES on brain WM and associated effects on
socioemotional deficits in girls are not understood.

To address some of these questions, the present study used
a nonhuman primate model of chronic social stress, notably
social subordination in rhesus monkeys, to investigate how
this adverse experience and 5HTT polymorphisms interact to
affect brain WM tracts in prepubertal female macaques using
DTI. Subordinate dominance status in rhesus monkeys is en-
forced through unpredictable and recurring contact and non-
contact aggression from more dominant animals in the group.
Both subordinate adult (Bernstein and Gordon 1974; Bernstein
et al. 1974; Bernstein 1976; Shively and Kaplan 1984) and
juvenile females (Bernstein and Ehardt 1985) receive more ag-
gression from higher-ranking group mates and terminate these
interactions by emitting submissive behavior, a defining
feature of subordination. Because offspring of group living
macaques assume the relative rank of their mother (Sade
1967), offspring of subordinate mothers are exposed to high
rates of aggression from birth. Consequences of this unpredict-
able, continual harassment in adult females include stress-
related phenotypes, including hypothalamic–pituitary–adrenal
axis (HPA) dysregulation, evidenced by hypercortisolemia and
reduced glucocorticoid negative feedback (Shively et al. 1997;
Jarrell et al. 2008; Kaplan et al. 2010). Thus, social subordina-
tion is a well-established nonhuman primate model of chronic
psychosocial stress used to study its adverse effects on a broad
range of adult behavioral, neuroendocrine, and health out-
comes (Gust et al. 1991; Kaplan et al. 1996; Morgan et al. 2002;
Michopoulos et al. 2009; Paiardini et al. 2009; Kaplan et al.
2010; Tung et al. 2012). While the subordinate phenotype is
less well understood in juveniles, they undergo delayed
puberty (Wilson et al. 1986, 2013; Zehr et al. 2005), an effect
exacerbated in 5HTT s-allele carriers (Wilson and Kinkead
2008) and associated with increased emotional reactivity
(Wilson et al. 2013). However, the neurobiological effects of
social subordination on these juvenile females are unknown.
In this study, we used DTI and tract-based spatial statistics
(TBSS) to examine differences in brain WM tract integrity
between dominant and subordinate females prior to puberty,
and its modulation by 5HTT polymorphisms. WM tract integ-
rity was measured by FA, in parallel with radial diffusivity (RD)
and axial diffusivity (AD) measures to aid with the interpret-
ation of the local microstructural mechanisms involved (Keller
and Just 2009; Wheeler-Kingshott and Cercignani 2009;
Bennett et al. 2010; Burzynska et al. 2010; Metwalli et al. 2010;
Shamy et al. 2010; Hu et al. 2011; Taubert et al. 2011; Shi et al.
2012; Tang et al. 2012). Given recent evidence that social sub-
ordination is associated with reduced GM density in the pre-
frontal cortex (PFC) of adult male macaques as measured by
magnetic resonance imaging (MRI; Sallet et al. 2011), we
hypothesized that prefrontal tracts would be particularly af-
fected in prepubertal female subordinate monkeys, as well. To
assess the functional correlates of social rank-related brain
differences, we also examined the associations between brain
WM tract integrity, emotional behavior, and measures of stress
physiology in these juveniles.

Materials and Methods

Subjects
Subjects were 35 prepubescent female rhesus monkeys (Macaca
mulatta) living in 4 social groups consisting of 60–100 adult females
and their juvenile offspring, and 4–6 adult males. Animals were
housed in outdoor enclosures (three-quarters of an acre area) with
access to climate-controlled indoor facilities at the Yerkes National
Primate Research Center (YNPRC) Field Station in Lawrenceville, GA.
Free access to a standard low-fat, high-fiber diet (Purina Mills Int., Lab
Diets, St. Louis, MO, USA) and water was provided. Subjects were
studied between 14 and 22 months, prior to menarche, which was
reached by these females at 29.92 ± 0.62 months (Wilson et al. 2013),
consistent with other reports for outdoor-housed female rhesus
monkeys (around 26 months of age; Wilson et al. 1986). All procedures
were approved by the Emory University Institutional Animal Care and
Use Committee in accordance with the Animal Welfare Act and the US
Department of Health and Human Services “Guide for Care and Use of
Laboratory Animals.”

Determination of Social Rank
Each subject’s relative dominance rank within her natal group was de-
termined based on outcomes of dyadic agonistic interactions in which
a subordinate female is one who unequivocally emits a submissive be-
havior in response to an approach or to an actual aggressive act from a
more dominant animal (Bernstein 1976). Thus, dominant rank was not
determined by who aggresses whom, but rather who submits to
whom. Each animal’s relative rank was calculated as the ratio of her
rank to the total number of animals in her group, exclusive of animals
<12 months old. Thus, a subject ranking 25 out of a group of 100
animals received a relative rank of 0.25. For the present analysis, we
compared the most subordinate females in the cohort (animals with a
relative rank of >0.60, representing the 40% lowest ranking animals;
n = 13) with more dominant females (n = 22). This relative rank value
was also used in regression analyses to determine its relation to other
behavioral and physiological phenotypes (see below).

5HTT Genotyping
All subjects were genotyped for polymorphisms in the 5HTT promoter
gene (SLC6A4), as described previously (Hoffman et al. 2007). Of the
35 females, 17 had both alleles of the long promoter length variant (l/l:
10 dominant and 7 subordinate) and 18 had at least one short allele
(s-variant: 12 dominant −9 l/s, 3 s/s− and 6 subordinate −4 l/s, 2 s/s−).
Subjects with the l/s or s/s genotype were combined (s-variant or */s)
based on the low occurrence of the s/s genotype and previous reports
that both genotypes result in similar phenotypes in rhesus monkeys
(Champoux et al. 2002).

Coefficients of Relatedness
Because this colony is pedigreed, kinship coefficients were determined
(Hamilton 1964) per rank and 5HTT genotype. Average coefficients
for dominant-l/l, dominant-s-variant, subordinate-l/l, and subordinate
s-variant groups were 0.040, 0.045, 0.062, and 0.082, respectively, indi-
cating that any shared genetic factors within each status-genotype cat-
egory would not explain the phenotypic differences between the groups.

DTI Data

DTI Acquisition
Subjects were transported from their social group to the YNPRC
Imaging Center the day before the scans. The scanning age was not
different between dominant and subordinate subjects (20.68 ± 0.29 vs.
20.89 ± 0.33 months), nor between l/l and s-allelic variant females
(20.68 ± 0.36 vs. 20.90 ± 0.28), as described in Results, and corre-
sponds to a juvenile period before puberty onset (menarche) for these
females (29.92 ± 0.62 months) (Wilson et al. 2013). A DTI and a T1-
-weighted MRI scan were acquired during the same session using a 3-T
Siemens Magnetom TRIO system (Siemens Med. Sol., Malvern, PA,
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USA) and an 8-channel phase array coil. All animals were scanned
supine in the same orientation, achieved by placement and immobiliz-
ation of the head in a custom-made head holder via ear bars and a
mouth piece. A vitamin E capsule was taped on the right temple to
mark the right side of the brain. Scans were acquired under isoflurane
anesthesia (1–1.2% to effect, inhalation), following initial induction
with telazol (5 mg/kg, i.m.). Animals were fitted with an oximeter,
electrocardiograph, rectal thermistor, and blood pressure monitor for
physiological monitoring, an i.v. catheter to administer dextrose/NaCl
(0.45%) to maintain normal hydration, and an MRI-compatible heating
pad. Upon completion of the scans and full recovery from anesthesia,
each female was returned to her social group.

DTI scans were acquired following published protocols by our group
for rhesus monkeys (Hecht et al. 2013), using a single-shot dual spin-echo
EPI sequence with GeneRalized Auto-calibrating Partially Parallel Acqui-
sitions (GRAPPA) (R = 3), voxel size = 1.3 × 1.3 × 1.3 mm with zero gap,
60 directions, time repetition (TR)/time echo (TE) = 5000/86 ms, field of
view (FOV) = 83 mm, b: 0, 1000 s/mm2, and 12 averages. T1-MRI scans
were acquired using a 3-dimensional (3D) magnetization-prepared rapid
gradient-echo (3D-MPRAGE) parallel imaging sequence with GRAPPA
(R = 2), voxel size = 0.5 × 0.5 × 0.5 mm3, time to inversion/TR/TE = 950/
3000/3.49 ms, FOV= 96 mm, 8 averages.

DTI Image Analysis

Preprocessing
The FMRIB Software Library (FSL, FMRIB, Oxford, UK; Smith et al.
2004; Woolrich et al. 2009) FDT tool was used to fit a tensor model at
each voxel in native diffusion space to calculate the diffusion proper-
ties selected for this study (FA and AD; RD was calculated at each voxel
by averaging the second and third eigenvalues for each voxel using the
fslmaths command in FSL) after correcting for B0 inhomogeneity-
induced distortion and eddy current effects, and skull stripping using
the BET FSL tool (Smith 2002).

These FSL diffusion analysis tools have been previously applied
with success to rhesus brain DTI data by our group (Hecht et al. 2013)
and others (Makris et al. 2007; Willette et al. 2010, 2012; Bendlin et al.
2011). The diffusion properties examined (FA, RD, and AD) character-
ize the local microorganization of brain WM and have been previously
used in combination in DTI studies describing developmental changes
of brain tracts (Shi et al. 2012) and effects of lesions (Shamy et al. 2010)
in this species, as well as effects of experience in humans (e.g. Tang
et al. 2012). This is because changes in FA (calculated as the ratio of dif-
fusion parallel to the fibers to the diffusion perpendicular to the fibers)
can be either due to changes in perpendicular diffusion along the tract
(measured by RD, which decreases with increased axonal myelination;
Keller and Just 2009; Zhang et al. 2009; Bennett et al. 2010) or due to
changes in parallel diffusivity (measured by AD, which increases with
axonal density, caliber, and microtubular packing and organization;
Kumar et al. 2010, 2012), evidence also supported by combined DTI
and histological studies performed in rodent and nonhuman primate
brains (Song et al. 2002, 2003; Choe et al. 2012). Thus, higher FA
values in the presence of decreased RD, but no AD changes, are gener-
ally interpreted as increased WM tract integrity due to increased myeli-
nation, whereas increased FA in parallel to increased AD, without RD
changes, indicates increased fiber tract organization.

Tract-Based Spatial Statistics
The FSL TBSS tool (Smith et al. 2006) was used to identify the centers
of all major WM tracts present in all subjects. This method uses non-
linear registrations (Rueckert et al. 1999) to align all subjects’ FA data
to a predetermined common space or template image, from which a
group mean FA image is calculated. In our study, the data were regis-
tered to the Wisconsin 112RM-SL monkey atlas (McLaren et al. 2009,
2010), resulting in a final resolution of 0.5 × 0.5 × 0.5 mm. The mean
FA image was then skeletonized and thresholded (only voxels with FA
of >0.2 were included), so that only the centers of major tracts are
included in the analysis, excluding small peripheral tracts that may
confound findings due to anatomic individual variability and partial
volume effects. Each subjects’ individual FA values were then projected

onto the mean FA skeleton (Smith et al. 2006). Skeletonized FA data
significantly minimize the number of voxels included in the voxel-wise
statistical analysis (described below), cutting down multiple compari-
sons, and are less dependent on the accuracy of the initial registrations.
A version of the tbss_non_FA script modified to use the Wisconsin
112RM-SL monkey atlas space was applied to generate each subject’s
skeletonized RD and ADmaps.

Statistical Analysis of DTI Measures
A voxel-wise 2-way analysis of variance (ANOVA) was run to examine
the effects of social status (high vs. low-ranking) and 5HTT genotype
(l/l vs. s-variant) on skeletonized FA data using the Analysis of Func-
tional NeuroImages software package (AFNI; Cox 1996). Results were
considered significant at P < 0.05, after cluster correction for clusters
>150 significant contiguous voxels (18.75 mm3), a more stringent cri-
teria than previously used for similar rhesus monkey DTI studies (Will-
ette et al. 2010). Results (significant clusters >150 voxels) were
displayed in the Wisconsin 112RM-SL rhesus atlas (McLaren et al. 2009,
2010), which is in the brain coordinate space of the Saleem–Logothetis
rhesus atlas (Saleem and Logothetis 2007).

Binary masks were created for the regions showing FA differences
(i.e. voxel clusters of significant FA differences detected in the voxel-
wise ANOVA, status, and/or 5HTT genotype effects). The mean RD and
AD were calculated within these regions, following previously pub-
lished approaches (Smith et al. 2004; Tang et al. 2012). A 2-way
ANOVAwas run in SPSS to examine the effects of status and 5HTT gen-
otype on RD and AD in those clusters with significant FA differences,
with significance level set at P < 0.05. The mean FAwas also calculated
for each cluster to examine its correlations with behavioral and cortisol
data using Pearson correlation (see details below). Finally, a test–retest
analysis of stability and replicability of DTI FA, RD, and AD measures
was performed in clusters with significant effects in a small group of
animals (n = 5) that were scanned twice, a few weeks apart, using a
paired t-test.

DTI Probabilistic Tractography
To identify the most likely fiber tract(s) passing through the WM
regions with significant status and/or 5HTT genotype effects, we per-
formed probabilistic tractography in each individual macaque brain
using the FSL imaging suite and methods published by our group for
nonhuman primates (Hecht et al. 2013), rodents (Gutman, Keifer, et al.
2012; Gutman, Magnuson, et al. 2012), and humans (Gutman et al.
2009). A pipeline was constructed using the NiPype framework (Gor-
golewski et al. 2011) to perform image registration and to generate
tractography maps for each subject. Briefly, the reference volume from
the DTI data set (the “nodif” or b0 volume) was registered to the tem-
plate (Wisconsin 112RM-SL rhesus atlas; McLaren et al. 2009, 2010)
using a 12-degrees of freedom linear registration as implemented in
the FSL FLIRT module. Regions of interest (ROIs) for probabilistic trac-
tography were derived from the significant cluster masks previously
identified in the TBSS analysis. For each ROI, probabilistic tractogra-
phy was computed in the template space for each voxel within the
seed mask using the default parameters in FSL using distance correc-
tion, resulting in a probabilistic tractography map for each ROI (based
on the 7 significant clusters identified) for each subject. All tractogra-
phy used a multifiber reconstruction algorithm implemented in FSL,
bedpostX, which permits the reconstruction of geometrically complex
pathways, including crossing fibers (Behrens et al. 2007). After tracto-
graphy, each individual raw tract map was thresholded at 1% of the
robust mean intensity and binarized, and combined to produce a
group probability map; in this composite image (group probability
map), the intensity of each voxel represents the number of individual
subjects that showed connectivity with that voxel after thresholding.
For visualization, the composite images were then thresholded at a
group level to highlight only voxels that were common to at least 40%
of subjects; of note, we evaluated the effects of both relaxed and more
stringent subject- and group-level thresholds which produced qualitat-
ively similar results. Resulting fiber tracts were identified using avail-
able rhesus brain and fiber pathway atlases (Schmahmann and Pandya
2006; Saleem and Logothetis 2007; Schmahmann et al. 2007).
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Behavioral Data

Group Social Observations
Focal behavioral observations (2 × 30 min) were collected monthly
from 14.3 ± 0.24 until 22.5 ± 0.24 months for each subject using an
established rhesus ethogram (Altmann 1962) with modifications
(Maestripieri et al. 2006). Behavioral categories included affiliative
(proximity, grooming, and contact), agonistic (aggression and sub-
mission), anxiety-like (yawn, body shake, and scratch; Troisi et al.
1991; Schino et al. 1996), and play behaviors. Data were recorded
using netbooks and a custom-designed program that captures initiator,
behavior, recipient, and time (Graves and Wallen 2006). Interobserver
reliability, calculated as interobserver % agreement on the frequencies
and durations of behaviors emitted by a female during formalized
observations, exceeded 92%. Durations and frequencies of behaviors
were averaged across observation sessions for analysis.

Emotionality Testing
The Human Intruder (HI) paradigm (Kalin and Shelton 1989) and the
Approach-Avoidance (AA) task (Meunier et al. 1999) were performed
before the scans (at 18.37 ± 0.11 months) to examine associations of the
subjects’ emotional behavior with the neuroimaging data. These tasks
evoke strong and distinct behavioral responses to novel, threatening
stimuli (Kalin and Shelton 1989; Meunier et al. 1999; Machado et al.
2009) and have been used to examine the effects of early stress (Grand
et al. 2005) and 5HTT genotypes (Bethea et al. 2004) in rhesus
monkeys. The HI paradigm (Kalin and Shelton 1989) is comprised of 3
consecutive 10-min conditions: (1) An alone (AL) condition that elicits
distress vocalizations and locomotion; (2) a profile (PR) condition where
an unfamiliar experimenter enters the testing room and presents his/her
facial profile toward the monkey, who typically stops locomoting/
vocalizing and freezes while scanning the intruder; and a stare (ST) con-
dition, during which the experimenter faces the animal and makes con-
tinuous eye contact with it, a threatening behavior for rhesus macaques
that induces aggressive and submissive behaviors toward the intruder.
Sessions were videotaped and scored for frequencies and durations of
behaviors following a previously published ethogram and procedures
(Machado and Bachevalier 2006), with an interrater reliability >92%.

The AA task (Meunier et al. 1999) was done a week apart from the
HI and consisted of six 5-min sessions, during which a different novel
object (3 neutral and 3 fear-evoking) was presented in a tray per
session, in parallel to a food reward ( jellybean) to drive approach be-
haviors. For the present analysis, we only report responses to the most
fear-evoking object (battery operated toy pig that moved and emitted
sounds). AA sessions were also videotaped and scored for frequencies
and durations of behaviors (exploration and locomotion; aggressive,
submissive, anxiety-like, and fearful behaviors; latency to touch/
inspect objects and to eat the jellybean) using a published ethogram
(Machado and Bachevalier 2006). Interobserver reliability was >92%.

Statistical Analysis: Behavioral Associations with Rank and
Neuroimaging Data
A principal component analysis (PCA) using a rotation method of
Oblimin with Kaiser normalization was performed using the SPSS 19.0
software separately for the AA and HI data to group behaviors into
similar patterns of responses that represent the most prominent behav-
ioral phenotypes, as previously done in rhesus monkeys (Williamson
et al. 2003). The AA PCA included behavioral responses to the motor-
ized pig and the HI PCA included behavioral responses to the most
threatening conditions, the PR and ST (Tables 1 and 2). Behaviors with
loading scores of ≤0.4 were excluded from the analysis. Composite
scores were calculated for each PCA component identified for correla-
tional analysis.

Linear regression assessed the relation between relative social rank
and levels of aggression, submission, and affiliation exhibited in the
social group. In addition, Pearson product-moment correlations were
used to examine the associations between neuroimaging measures
(mean FA in clusters with significant status and/or 5HTT genotype
effects) and behavioral data (behaviors in the social group and factors
derived from the HI and AA PCAs). A Sidak correction for multiple

correlations was used to set the significance level for the regression
analyses. In addition to the magnitude of the correlation coefficient,
Cohen’s d values were also reported to provide the effect size of the
associations. Using established conventions (Cohen 1992), effect sizes
of >0.3 and <0.7 were considered moderate and those of >0.7 large.

Cortisol Data
Serum cortisol levels were measured to examine HPA axis basal activity
and stress reactivity a week before the HI and AA tasks. For this, a base-
line blood sample was collected from the animal’s saphenous vein in
the awake state, within 10 min from initial access of the group, follow-
ing previously published protocols (McCormack et al. 2009; Arce et al.
2010). Immediately after, the subject was transported to a novel
behavioral testing room and placed in a testing cage for 30 min, when
another blood sample (post-stress) was obtained to measure stress-
induced increase in cortisol secretion. This brief social separation is a
potent stressor in monkeys that activates the HPA axis (Arce et al.
2010). Cortisol assays were performed at the YNPRC Biomarkers Core
Lab using a commercially available RIA kit (Beckman-Coulter/DSL,
Webster, TX, USA), with a range from 0.50 to 60 µg/dL, and intra- and
interassay coefficient of variabilities of 4.9% and 8.7%, respectively.

Statistical Analysis: Associations with Rank and
Neuroimaging Data
Linear regression models assessed the relation between relative social
rank and cortisol levels [baseline and stress-induced increases (the
latter measured as the delta from baseline to poststress levels)].
Pearson product-moment correlations were used to examine the
associations between cortisol (baseline and stress increases) and FA
measures. A statistical significance level was set at P < 0.05.

Results

DTI Data

Social Status and 5HTT Genotype Effects on FA Measures
No differences in scanning age were detected by 2-way ANOVA
for social status (dominants = 21.05 ± 0.30, subordinates = 20.69
± 0.33 months; F(1,31) = 0.476, P = 0.495) or 5HTT genotype

Table 2
Factor loadings of PCA for the AA test

Behaviors Factor 1 Factor 2 Factor 3
Anxious aggression Anxious vigilance Impulsivity

Threaten object frequency 0.942
Look away from object frequency 0.763
Bite object frequency −0.439
Locomote frequency 0.823
Visually inspect object frequency −0.805
Latency to take reward −0.761
Latency to explore box −0.664

Table 1
Factor loadings of PCA for the HI test, no eye contact (NEC) condition

Behaviors Factor 1 Factor 2 Factor 3 Factor 4
Fear Submission Anxiety Distress

Freeze duration— NEC 0.85
Turn away frequency—Stare −0.791
Avert gaze frequency—Stare 0.88
Lipsmack frequency—Stare 0.676
Anxiety-like behaviors—Stare 0.838
Toothgrind—Stare 0.721
Coo—Stare −0.792
Threat—Stare −0.768
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(l/l = 20.76 ± 0.37, */s = 21.06 ± 0.26 months; F(1,31) = 0.476,
P = 0.495).

Two-way ANOVA of the TBSS results identified several
regions of the FA skeleton that exceeded the criteria for signifi-
cance (P < 0.05, cluster-corrected for clusters >150 significant,
contiguous, voxels).

A main effect of status was found in 3 separate clusters (Figs 1
and 2): One in the left medial PFC (mPFC) (cluster 1, 204
voxels), and two in the WM along the left dorsal medial wall
(cluster 2, 202 voxels and cluster 3, 196 voxels). In all these clus-
ters, low-ranking animals had higher FA than dominants regard-
less of the 5HTT genotype. Probabilistic tractography identified
cluster 1 as involving local, short-range, intrahemispheric mPFC
fibers, some of them cross-hemispheric (crossing through the
genu of the corpus callosum (CC)—in 40–60% of the animals;
Fig. 1C). Clusters 2 and 3 both involved short-range, cortico-
cortical fibers (intra- and interhemispheric) in the dorsomedial
wall interconnecting frontal regions corresponding to the sup-
plementary motor, premotor, and primary motor cortex in most
animals, and also connecting these frontal motor areas with the
somatosensory cortex in 25–50% of subjects (Fig. 2C). In
addition, cluster 3 also contained cortico-thalamic tracts con-
necting somatosensory and primary motor cortices with thal-
amic regions (Fig. 2D). Based on proximity and overlap in the
tractography results, clusters 2 and 3 appear to be part of the
same network.

A main 5HTT genotype effect was detected in a single
cluster (cluster 4, 153 voxels), in the left posterior limb of the
internal capsule (PLIC, Fig. 3), with s-variants showing higher

FA than l/l animals regardless of social status. Probabilistic
tractography identified this cluster as involving mostly cortical
descending pathways, including corticorubral and corticosp-
inal tracts with bilateral connectivity (via the corpus callosum)
in about 50% of the animals (Fig. 3A).

A significant status × 5HTT genotype interaction effect was
detected in 3 different clusters: One in the left external capsule
(EC; cluster 5, 242 voxels; Fig. 4), one in the right parietal
cortex WM (cluster 6, 167 voxels; Fig. 5), and a third in the left
PFC WM (cluster 7, 157 voxels; Fig. 6). In all 3 of these clusters,
dominant l/l animals had lower FA than s-variant animals,
while the opposite was true for low-ranking animals (l/l had
higher FA than s-variants). Probabilistic tractography identified
cluster 5 (EC) as involving the left middle longitudinal fascicu-
lus (MLF; Fig. 4C), a long association parieto-temporal tract
that reciprocally connects the inferoparietal cortex with corti-
cal areas in the superior temporal sulcus (STS) and gyrus
(STG) as identified in macaques by tract-tracing (Schmahmann
and Pandya 2006) and diffusion spectrum imaging (Schmah-
mann et al. 2007). Cluster 6 (parietal cortex WM) involved
short-range, parietal “U” fibers (Fig. 5C), short cortico-cortical
association fiber tracts. Cluster 7 involved short-range prefron-
tal tracts connecting the dorsolateral, ventrolateral, and dor-
somedial PFC in the left hemisphere and across the 2
hemispheres in 40–60% of subjects (Fig. 6C).

Status and 5HTT Genotype Effects on RD and AD Measures
We used a 2-way ANOVA to analyze status and 5HTT genotype
effects on RD and AD in those clusters with significant FA

Figure 1. Results of the DTI analysis: Main effect of status. (A) TBSS 2 × 2 ANOVA results showing the main effect of status (high/dominant vs. low/subordinate), cluster 1: Left
medial prefrontal cortex (mPFC) WM. (B) Results from the 2-way ANOVA showing that low-ranking animals have significantly higher FA than high-ranking ones. (C) Representation of
the affected tracts using probabilistic tractography: Group probability map (subject-level threshold at 1% of the robust mean intensity with distance correction applied) showing that
the cluster of significant voxels in (A) includes local, short-range, intrahemispheric mPFC fibers, with some cross-hemispheric fibers (crossing through the genu of the CC), in 40–
60% of the animals (yellow). Left-to-right images represent sagittal, coronal, and axial planes. The composite images (group probability maps) show voxels that were common to at
least 15 (40%) animals. Colors represent the percentage of subjects that showed connectivity with that voxel in the single-subject analysis: 40–60% animals in yellow, 60–80% in
orange, and 80–100% in red. oPFC: orbital prefrontal cortex.
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differences and found 2 different patterns of results: (1) In
most of the clusters, the significant FA effects (status, 5HTT
genotype, or status × genotype) were accompanied by oppo-
site effects on RD, but not on AD; thus, in clusters 1–3, where a
main status effect of FA was detected (with subordinates
showing increased FA), an opposite effect was found on RD,
so that subordinate animals showed lower RD than dominants
(cluster 1, F(1,31) = 4.445, P = 0.043; cluster 2, F(1,31) = 10.025,
P = 0.003; cluster 3, F(1,31) = 8.993, P = 0.005), without differ-
ences in AD; similarly, in cluster 4, where a main 5HTT geno-
type effect was detected on FA (with s-variants showing higher
FA than l/l animals), the opposite genotype effect was detected
on RD, so that s-allele carriers showed lower RD than l/l
animals (F(1,31) = 18.272, P = 0.0000169), without differences
in AD; furthermore, in clusters 6 and 7, which showed status ×
genotype effects on FA (with dominant l/l animals showing
lower FA than s-variant animals, while the opposite was true
for low-ranking animals), an opposite interaction effect was
detected on RD, so that dominant l/l subjects showed higher

RD than s/* and the opposite was true for low-ranking animals
(cluster 6: F(1,31) = 8.369, P = 0.007; cluster 7: F(1,31) = 4.535,
P = 0.041), with no effects detected on AD Only cluster 5
showed a different pattern of effects, where the status ×
genotype interaction effect on FA (with dominant l/l animals
showing lower FA than s-variant animals, while the opposite
was true for low-ranking animals) was accompanied by similar
effects on AD, but no effects at all on RD, so that high-ranking,
l/l animals had lower AD than high s/*, and the opposite was
true for low-ranking animals (F(1,31) = 8.305, P = 0.007).

Test–Retest Analysis of Stability and Replicability
of DTI Measures
No significant test–retest differences were detected for DTI
measures in any of the 7 identified clusters described above.
This analysis suggests that the measures are stable and repro-
ducible, and that the experimental group differences reported
are not spurious.

Figure 2. Results of the DTI analysis: Main effect of status. (A) TBSS 2 × 2 ANOVA results showing the main effect of status in 2 clusters, 2 and 3: WM along the left dorsal
medial wall. (B) Results from the 2-way ANOVA showing that low-ranking animals have significantly higher FA than high-ranking ones. (C and D) Probabilistic tractography: Group
probability map (subject-level threshold at 1% of the robust mean intensity with distance correction applied) showing that (C) both clusters of significant voxels in (A) involved
short-range, cortico-cortical fibers (intra- and interhemispheric) in the dorsomedial wall, interconnecting frontal regions corresponding to the primary and supplementary motor area
(SMA) and premotor cortex in most of the animals, as well as connections of these frontal motor areas with somatosensory cortex (SSC) in about 25–50% of subjects. Left-to-right
images represent coronal and axial planes. The composite images (group probability maps) show voxels that were common to at least 15 (40%) animals. Colors represent the
percentage of subjects that showed connectivity with that voxel in the single-subject analysis: 40–60% animals in yellow, 60–80% in orange, and 80–100% in red. PMD: dorsal
premotor cortex; SME: somatosensory cortex (D) represents the group probability map of additional caudal tractography in cluster 3, suggesting the involvement of cortico-thalamic
tracts connecting somatosensory and primary motor cortices with thalamic regions. Left-to-right images represent sagittal and coronal planes. Thresholds and color codes as in C.
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Figure 3. Results of the DTI analysis: Main effect of the 5HTT genotype. (A) TBSS 2 × 2 ANOVA results showing the main effect of 5HTT genotype (l/l vs */s –or short-variant-) in
a cluster (cluster 4) in the left PLIC. (B) Results from the 2-way ANOVA showing that l/l animals have significantly lower FA than */s ones. (C) Probabilistic tractography: Group
probability map (subject-level threshold at 1% of the robust mean intensity with distance correction applied) showing that the cluster of significant voxels in (A) involves mostly
cortical descending pathways, including corticorubral and corticospinal tracts with bilateral connectivity via the corpus callosum in about 50% of the animals. Left-to-right images
represent sagittal, coronal, and axial planes. The composite images (group probability maps) show voxels that were common to at least 9 (25%) animals. Colors represent the
percentage of subjects that showed connectivity with that voxel in the single-subject analysis: 25–50% animals in yellow, 50–75% in orange, and 75–100% in red. The slightly
different group threshold applied to the composite image of this cluster was chosen for display purposes, but more stringent group-level threshold results showed qualitatively
similar results ( just slightly narrower bands). STS: superior temporal sulcus; SME: somatosensory cortex.

Figure 4. Results of the DTI analysis: Status × 5HTT genotype interaction effect. (A) TBSS 2 × 2 ANOVA results showing significant status × 5HTT genotype interactions in a
cluster (cluster 5) in the left EC. (B) Results from the 2-way ANOVA showing that dominant l/l animals had lower FA than s-variant ones, whereas l/l subordinates had higher FA than
*/s. (C) Probabilistic tractography: Group probability map (subject-level threshold at 1% of the robust mean intensity with distance correction applied) showing that the cluster of
significant voxels in (A) corresponds to the left middle longitudinal fasciculus, which reciprocally connects the inferoparietal area with cortical regions in the STS and STG.
Left-to-right images represent sagittal, coronal (rostral vs. caudal), and axial planes. The composite images (group probability maps) show voxels that were common to at least 15
(40%) animals. Colors represent the percentage of subjects that showed connectivity with that voxel in the single-subject analysis: 40–60% animals in yellow, 60–80% in orange
and 80–100% in red. STG: superior temporal gyrus; STS: superior temporal sulcus.

3340 Social Subordination and 5HTT Genotype Relations to Brain Tract Integrity • Howell et al.



Behavioral Data

Group Social Observations: Status and 5HTT Genotype
Associations
Regression analyses demonstrated that higher-ranking juven-
iles, indeed, direct higher rates of aggressive behaviors toward
others (r =−0.46, P < 0.01), whereas rates of aggression re-
ceived (r =−0.35, P < 0.03) and submissive behaviors emitted
increased significantly with more subordinate status (r = 0.34,
P = 0.04). The degree by which social rank predicted these be-
haviors was not affected by adding the 5HTT genotype to the
regression model.

Emotionality Testing: PCA
Four components were identified in the HI paradigm PCA
(Table 1): Fear, submission, anxiety, and distress. The first
component accounted for 22.1% of the variance and was
labeled as “fear” based on the positive loading of freezing dur-
ing the PR condition, behavior reflecting fearfulness/anxiety in
this task (Kalin and Shelton 1989). In addition, turn away
during the ST condition loaded negatively. The second com-
ponent accounted for 19.1% of the variance and included lips-
mack and gaze avert during the ST condition, both of which
loaded positively and indicate “submissive” or pacificatory be-
haviors used to neutralize a potentially threatening interaction
(Altmann 1962). The third component (labeled “anxiety”) ac-
counted for 17.5% of the variance and included anxiety-like
behaviors (yawn, scratch; Schino et al. 1996) and toothgrind-
ing (also reflecting distress and anxiety; Williamson et al. 2003;
Machado and Bachevalier 2006) during the ST condition, all
with positive loadings. The fourth component (labeled as “dis-
tress”) accounted for 13.6% of the variance and included coo
vocalizations and threats during ST (both with negative

loadings), a positive score in this component indicating low
frequencies of these behaviors and thus lower reactivity and
distress based on previous reports of PCA loadings for rhesus
monkeys (Williamson et al. 2003).

Three components were identified in the AA task PCA for
behaviors exhibited in response to the most fear-evoking
object (motorized pig) (Table 2): Anxious aggression, vigi-
lance/anxiety, and impulsivity. The first component accounted
for 30.2% of the variance and included threat object (positive
loading), look away from object (functioning to avoid inter-
action with the object; positive loading), and bite object
(negative loading). While threat is considered an aggressive be-
havior for this species (Altmann 1962), in the context of the AA
and other behaviors it may reflect more defensive aggression
(Meunier et al. 1999) and we considered positive scores on this
component as indicating “anxious aggression.” The second
component accounted for 20.5% of the variance and included
locomotion (positive loading) and visually inspecting the
object (negative loading), thus a high score on this component
indicates high exploration and low “vigilance/anxiety.” The
third component accounted for 15.3% of the variance and in-
cluded latency to take the jellybean and latency to explore the
testing box, both with negative loadings, thus a high score on
this component indicates shorter latencies indicating increased
“impulsivity.”

Behavioral Correlations with FA Measures
Mean FA in significant clusters was associated with specific be-
haviors from the social group and from component scores of
the HI and AA PCAs, all showing moderate-to-large effect sizes
(Table 3). Mean FA in cluster 1 (left mPFC tracts) positively cor-
related with HI-component-1 (fear) and with submissive

Figure 5. Results of the DTI analysis: Status × 5HTT genotype interaction effect. (A) TBSS 2 × 2 ANOVA results showing a status × genotype interaction in a cluster (cluster 6) in
the right parietal WM. (B) Results from the 2-way ANOVA showing that dominant l/l animals had lower FA than s-variant ones, and l/l subordinates had higher FA than low */s. (C)
Probabilistic tractography: Group probability map (subject-level threshold at 1% of the robust mean intensity with distance correction applied) showing that the cluster of significant
voxels in (A) corresponds to short-range, parietal cortico-cortical “U” fibers in the right hemisphere. Left-to-right images represent sagittal, coronal, and axial planes. The composite
images (group probability maps) show voxels that were common to at least 15 (40%) animals. Colors represent the percentage of subjects that showed connectivity with that voxel
in the single-subject analysis: 40–60% animals in yellow, 60–80% in orange, and 80–100% in red. ips: intraparietal sulcus.
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behavior in the social group, so that animals with higher FA
were more fearful and submissive. Mean FA in cluster 2 (left
cortico-thalamic tracts) was also positively correlated with
social submission. Mean FA in cluster 4 (left PLIC) was posi-
tively correlated with group observations of submissive behav-
ior and negatively with play behavior. FA in cluster 5 (left MLF)
positively correlated with HI-component-2 (submission toward
HI). FA in cluster 6 (right parietal “U” fibers) negatively corre-
lated with HI-component-3 (anxiety) and AA-component-1
(anxious aggression), so that animals with higher FA showed

less anxiety-related behaviors. FA in cluster 7 (left short-range
prefrontal fibers) negatively correlated with AA-component-1
(anxious aggression), and positively with HI-component-2 (sub-
missive behaviors toward HI), with animals with higher FA exhi-
biting less anxious aggression and more submission toward HI.

Additional correlational analyses were performed to better
understand how behaviors in different contexts related to each
other as well as to relative dominance ranks within the social
groups. HI-component-1 (fear) was negatively correlated with
social aggression (r =−0.445, P = 0.014, Cohen’s d =−0.994),

Figure 6. Results of the DTI analysis: status × 5HTT genotype interaction effect. (A) TBSS 2 × 2 ANOVA results showing a status × genotype interaction effect in a cluster
(cluster 7) in the left prefrontal WM. (B) Results from the 2-way ANOVA showing that dominant l/l animals had lower FA than s-variant ones, and l/l subordinates had higher FA than
low */s. (C) Probabilistic tractography: group probability map (subject-level threshold at 1% of the robust mean intensity with distance correction applied) showing that the cluster of
significant voxels in (A) corresponds to the left, short-range, prefrontal WM tracts connecting dorsolateral,ventrolateral, and dorsomedial PFC in the left hemisphere and bilaterally via
the genu of the corpus callosum in 40–60% of subjects. Left-to-right images represent sagittal, coronal, and axial planes. The composite images (group probability maps) show
voxels that were common to at least 15 (40%) animals. Colors represent the percentage of subjects that showed connectivity with that voxel in the single-subject analysis: 40–60%
animals in yellow, 60–80% in orange, and 80–100% in red. dlPFC: dorsolateral PFC; vlPFC: ventrolateral PFC.

Table 3
Pearson correlations of mean FA in regions where significant effects of status and/or 5HTT genotype with behavioral data collected in the social group and factors derived from the PCA analysis of
emotionality tests (HI and AA)

Cluster of significant FA voxels Behavior/components R
df = 33

P-value Cohen’s d

Cluster 1, main status effect HI-component-1, fear 0.364 0.044 0.782
Submissive behaviors in the group 0.389 0.023 0.845

Cluster 2, main status effect Submissive behaviors in the group 0.346 0.045 0.738
Cluster 4, main 5HTT genotype effect Submissive behaviors in the group 0.438 0.01 0.974

Play in the group −0.349 0.043 −0.745
Cluster 5, status by genotype effect HI-component-2, submissive 0.422 0.018 0.931
Cluster 6, status by genotype effect AA-component-1, anxious aggression −0.525 0.002 −1.234

HI-component-3, anxiety −0.616 0.0002 −1.564
Cluster 7, status by genotype effect AA-component-1, anxious aggression −0.41 0.018 −0.899

HI-component-2, submissive 0.439 0.013 0.977

Note: Shown are P-values associated with these correlations. Applying a Sidak correction yields a critical P-value of 0.005. However, all effects sizes, reflected in the magnitude of the correlation
coefficient as well as the associated Cohen’s d value, indicate medium-to-large effects.
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suggesting that animals that were more fearful during the HI dis-
played less social aggression in their groups (i.e. subordinate
animals). Indeed, more subordinate status predicted higher
scores on this fear-related component (r = 0.343, P = 0.059,
Cohen’s d = 0.730). In addition, HI-component-3 (anxiety) cor-
related positively with AA-component-1 (anxious aggression;
r = 0.613, P = 0.0003, Cohen’s d = 1.552), but negatively with
submissive behaviors in the social group (r =−0.400, P = 0.029,
Cohen’s d = 0.873), so that less anxiety during the HI task was
associated with less anxious aggression during the AA, and with
more submission in the group. Finally, more subordinate status
predicted higher scores on the HI-submissive component
(r = 0.390, P = 0.030, Cohen’s d = 0.847), consistent with higher
rates of lip-smacking during the ST condition of the HI
(r = 0.459, P = 0.005, Cohen’s d = 1.033). However, subordinate
status also predicted a higher frequency of threats (r = 0.326,
P = 0.053, Cohen’s d = 0.690), whereas more dominant status
predicted longer duration of freezing during the ST condition of
the HI (r =−0.358, P = 0.032, Cohen’s d =−0.767), reflecting
two different strategies for dealing with a threatening situation,
depending on social rank.

Cortisol Data: Associations with Status, 5HTT Genotype,
and FA Measures
Relative rank was also included in regression analyses to deter-
mine its relation to HPA axis activity (baseline and stress-
induced cortisol). More subordinate status significantly pre-
dicted higher baseline cortisol concentrations (r = 0.37,
P = 0.04, Cohen’s d = 0.797), but a more blunted cortisol stress
response to the social separation test (r =−0.44, P < 0.01,
Cohen’s d =−0.980). The degree by which social rank pre-
dicted these phenotypes was not affected by adding the 5HTT
genotype to the regression model.

When examining the associations between mean FA in each
significant cluster and cortisol measures (baseline and stress-
induced increases), no significant correlations were found in
any brain regions.

Discussion

To the best of our knowledge, this is the first DTI study to
examine the relationship between social subordination and
brain WM tract integrity in association with socioemotional be-
havior, and its modulation by 5HTT polymorphisms in a pre-
pubertal female macaque model. At this juvenile stage of
development, social rank-related differences were found in
tracts connecting the prefrontal, motor, association, and
sensory processing brain regions, with subordinate females
showing higher WM integrity than dominant animals, some-
times modulated by the 5HTT genotype. Microstructural differ-
ences in these tracts could affect emotional and sensory
processing, leading to increased emotional reactivity in subor-
dinates, as supported by the associations detected between FA
and submissive and fear behaviors, and consistent with reports
in human conditions (Kim and Whalen 2009; Noriuchi et al.
2010). In most of the brain regions showing differences in FA,
a measure of WM tract integrity, opposite differences were de-
tected in RD, but not in AD, suggesting that differences in tract
integrity likely involve differences in myelin (Song et al. 2002,
2003; Keller and Just 2009; Zhang et al. 2009; Bennett et al.
2010; Hu et al. 2011; Choe et al. 2012). The one exception was

the EC (MLF), where FA differences were accompanied by
differences in AD, but not in RD, indicating different mechan-
isms involved (e.g. differences in axon density/caliber, cyto-
skeletal organization; Song et al. 2002; Kumar et al. 2010,
2012; Choe et al. 2012). While our study design cannot disen-
tangle genetic or prenatal effects from the postnatal experience
of social subordination, these findings provide important evi-
dence that differences in social status up to the prepubertal
period are associated with differences in brain WM structure
linked to behavioral function.

At the behavioral level, subordinate juveniles received more
aggression from higher-ranking animals and exhibited more
submission than dominants, consistent with the behavioral
phenotype reported in the literature for preadult low-ranking
rhesus females (Bernstein and Ehardt 1985). In adults, the un-
predictable, continual harassment experienced by subordinate
females results in stress-related phenotypes, including hyper-
cortisolemia and HPA dysregulation (Shively et al. 1997; Jarrell
et al. 2008; Kaplan et al. 2010; Michopoulos et al. 2012). Con-
sistent with those reports, the juvenile subordinates in this
study also showed elevated basal cortisol, suggesting that sub-
ordination during the prepubertal period is, indeed, a psycho-
social stress that results in neuroendocrine signs of chronic
stress already at this young age.

Neuroimaging analyses showed that subordinate females
had increased WM tract structural integrity (increased FA) com-
pared with higher-ranking animals in 3 regions. These in-
cluded mPFC WM involving local, intra-, and interhemispheric
tracts, as well as WM along the dorsomedial wall which in-
volved: (1) Fibers interconnecting frontal regions in the sup-
plementary motor, premotor, and primary motor cortex, and
these frontal motor areas with the somatosensory cortex and
(2) cortico-thalamic tracts connecting somatosensory and
primary motor cortices with the thalamus, which transform
sensory information into action and are also potentially part of
the mirror neuron or motor representation systems (Rizzolatti
and Fadiga 1998). The fact that the effects of social subordina-
tion were limited to limbic prefrontal and frontal tracts
suggests specificity of rank-related differences, that is, these
were not widespread effects. This observation is important
given that PFC and frontal regions are particularly vulnerable
to early life stress in primates (Sanchez et al. 1998, 2001;
Kaufman and Charney 2001; De Bellis et al. 2002; Teicher et al.
2003; Spinelli et al. 2009), and WM alterations have been re-
ported in these regions in children and nonhuman primates
exposed to other forms of chronic stress during development
(Eluvathingal et al. 2006; Paul et al. 2008; Coplan et al. 2010;
Govindan et al. 2010). A caveat of our study design, though, is
that it cannot separate the contribution of postnatal social
stress experience from potential genetic or maternal experien-
tial prenatal effects on the structural differences observed in
subordinates. However, consistent with the possibility
that subordination effects on brain WM could be a consequence
of chronic stress (as supported by the elevated cortisol levels in
subordinates), region-specific effects of chronic stress have been
reported specifically on mPFC neuronal structure, including re-
traction of dendritic fields and synaptic loss, in primates and
rodents (Joels et al. 2007; Arnsten 2009). These smaller dendritic
fields with fewer synapses can actually result in electrically more
compact neurons with enhanced neuronal output due to reduced
integration of input (Joels et al. 2007; Thomason and Thompson
2011) and, consequently, in less flexible/versatile functional and
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behavioral responses. Our findings of increased FA in subordi-
nates’ local mPFC tracts potentially involved in emotional regu-
lation (Drevets 2001; Arnsten 2009), as well as in frontal and
cortico-thalamic tracts that transform sensory information into
action (Rizzolatti and Fadiga 1998), and the association of this in-
creased tract integrity with higher fear and submission—beha-
viors associated with lower rank—would be consistent with this
notion of decreased behavioral flexibility. That is, these brain
structural differences in subordinates (increased tract integrity
potentially due to increased myelination) could lead to increased
conduction speed along mPFC and frontal tracts (Paus 2010),
which would support prepotent behavioral responses potentially
adaptive for survival of subordinates in their social groups (i.e.
higher submission and fear behaviors). Although these interpret-
ations are speculative because our design does not allow us to es-
tablish causality between brain and behavioral differences, it is
possible that the brain structural phenotypes in subordinates
function to facilitate attending and reacting to cues to successfully
navigate the social environment and to minimize the risk of ag-
gression from more dominant animals (Silk 2002). These specu-
lations are consistent with reports of increased FA in the
ventromedial PFC of squirrel monkeys exposed to early life
stress, an observation that was interpreted as “adaptive,” prepar-
ing the individual to cope with challenges in their environment
(Katz et al. 2009). Altogether these findings suggest that different
positions in the social hierarchy likely lead to different female
strategies to deal with threatening or uncertain situations, poten-
tially related to brain structural differences.

Structural effects of social subordination have been recently
reported in prefrontal GM of adult male rhesus monkeys by
MRI, as well as in the STS and amygdala (Sallet et al. 2011),
and there is evidence that low SES, a complex mix of chronic
social stress and limited access to resources, results in reduced
prefrontal and frontal volumes and gyrification, associated
with socioemotional and cognitive deficits in children
(Hackman and Farah 2009; Jednoróg et al. 2012). Our findings
provide further evidence that structural differences associated
with social status in primates extend to brain WM as well,
specifically affecting the integrity of medial prefrontal and
frontal tracts in developing females. Consistent with our find-
ings of a positive correlation between FA in these tracts and
fear, increased FA in prefrontal regions involved in emotional
control has also been linked to increased emotional reactivity,
in particular anxiety, in human studies (Han et al. 2008; Phan
et al. 2009; Zhang et al. 2012). Thus, dispelling the common
misconception that higher FA is better functionally, altogether
this evidence supports the recent view (e.g., Thomason and
Thompson 2011) that higher FA in developing individuals may
reflect less cognitive flexibility and could potentially impact
neurocircuit organization during learning, resulting in prepo-
tent responses potentially adaptive to that specific environ-
ment, as suggested for subordinates in our study.

In contrast to the correlations detected between status-related
differences in tract integrity and behavior, no associations were
found with the levels of the stress hormone cortisol, despite
being elevated in subordinate juveniles. This suggests that rank-
related FA differences are not mediated by the concurrently
high basal cortisol concentrations. Future studies will need to
elucidate whether subordination-related brain structural effects
are a consequence of chronic exposure to high cortisol prior to
this prepubertal period, or whether they are mediated by other
biological or genetic factors.

We also examined how 5HTT polymorphisms modulated
social rank effects. The effects of 5HTT allelic variation on
emotional reactivity are thought to reflect brain structural
differences caused by exposure to different levels of 5HT
during development (Whitaker-Azmitia et al. 1996), since
adult levels of brain transporters are similar (Willeit et al. 2001;
Shioe et al. 2003; Jedema et al. 2010; Murthy et al. 2010). In
fact, there is evidence that s-allele carriers have reduced GM
volume in mPFC, frontal, temporal, and parietal cortices and
amygdala (Canli et al. 2005; Pezawas et al. 2005; Jedema et al.
2010), and reduced FA in the uncinate fasciculus (UF, connect-
ing the ventromedial PFC with temporal regions) (Pacheco
et al. 2009), which could underlie activity differences in these
limbic circuits (Hariri et al. 2002; Rao et al. 2007). In this study,
we did not detect genotype effects on UF, but rather on the
PLIC, with s-variant animals showing higher FA than l/l sub-
jects, and higher FA being associated with increased social sub-
mission and less play, suggesting a potential effect on social
interactions. Tractography identified the tracts affected as corti-
cal descending pathways, including the corticospinal and corti-
corubral tracts, involved in the voluntary motor control of
upper and lower limbs for locomotion and manipulation of
objects, as well as of posture and muscle tone control (Hum-
phrey et al. 1984). Reduced FA in the PLIC has been associated
with motor impairments (Sach et al. 2004; Puig et al. 2011) and
hypotonia (Yamada et al. 2006) in clinical conditions. Based
on this evidence, the higher FA in s-variants could result in
higher muscle tone and readiness to locomote associated with
their higher submission, but the association with reduced play
is difficult to explain.

We also found social status by 5HTT genotype interaction
effects in several regions, with opposite genotype effects in
subordinates and higher-ranking animals. These included
the left EC, identified by tractography as the left MLF, a long
association fiber pathway connecting the inferoparietal area
with cortical regions in the STS and STG in macaques (Schmah-
mann and Pandya 2006; Schmahmann et al. 2007). In this
cluster, higher FA was associated with higher gaze-averting/
submission rates toward the HI. The MLF is involved in the
processing of auditory spatial information in macaques
(Schmahmann and Pandya 2006; Schmahmann et al. 2007),
with left STG dominance reported for processing of conspeci-
fic vocalizations in fMRI studies (Joly et al. 2012). Increased FA
in left parieto-temporal tracts including the MLF, involved in
auditory processing, has been associated with increased
language comprehension in humans (Wong et al. 2011). Based
on all this evidence, the higher MLF FA shown by s-variant
than l/l females, at least in higher-ranking animals, could
potentially result in faster, more efficient, cortical auditory
processing.

Additional interaction effects were found in “U” parietal
tracts (cortico-cortical association fibers connecting adjacent
gyri and involved in sensory information integration) and
short-range tracts connecting PFC regions within and between
hemispheres. Although the opposite effects of genotype on
subordinate and dominant animals are difficult to interpret,
the negative correlation between FA in these tracts and anxiety
during the HI task is interesting given that similar associations
have been reported between microstructural WM abnormal-
ities (low FA) in frontolimbic and parietal regions and psycho-
pathology in some clinical populations, also modulated by the
5HTT genotype (Alexopoulos et al. 2009).
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It is important to note the limitations of this study. First of
all, our research design does not allow to demonstrate causality
between social rank, brain WM microstructure, and behavioral
differences, because it cannot disentangle whether the WM
structural differences in subordinates are the result of postnatal
social experience, maternal prenatal experience (e.g., prenatal
stress; Wadhwa 2005), or transgenerational transmission of
brain and behavioral phenotypes via genetic or epigenetic
mechanisms (Nelson and Nadeau 2010). Because rhesus
monkey offspring assume their mother’s social rank, effects of
postnatal social experience are potentially confounded by their
mother’s prenatal experience. Thus, if the mothers experi-
enced social stress during gestation, this could alter brain
maturation and lead to behavioral deficits later in life (Seckl
2008; Harris and Seckl 2011). Furthermore, our recent report
that social status differences in adult females’ peripheral gene
expression are associated with differences in DNA methylation
patterns (Tung et al. 2012) supports the possibility that some
of the social rank effects on brain and behavioral/neuroendo-
crine phenotypes are mediated via epigenetic modifications,
which could also be transmitted from mothers to daughters.
An additional limitation is that, because we only studied the
animals at one age point, we cannot determine, either, when
the social rank- or 5HTTgenotype-related differences emerged
or whether they reflect differences in developmental trajec-
tories. Given all these caveats, the findings of this study should
be interpreted with caution. While future studies need to deter-
mine the unique contributions of genetic/epigenetic factors
versus pre- and postnatal experience on social rank-related
brain differences, evidence from our group and others support
that at least some of the systems studied are very plastic and
sensitive to social experience, including social rank changes
during adulthood. For example, rank rearrangement results in
distinct behavioral and physiological phenotypes (Shively
et al. 1997) and genome-wide expression patterns (Tung et al.
2012) that match a female’s current, but not former, rank. The
central question for future studies is whether brain structure
exhibits similar social experience-induced plasticity.

In addition to the study design limitations described above,
technical limitations of the DTI neuroimaging procedures also
need to be noted. We performed a combined analysis of FA,
RD, and AD, because these DTI properties provide good
overall indices of changes in tract structural integrity and the
underlying mechanisms due to their strong relationships with
histological measures of WM microstructure (i.e. myelin thick-
ness, axon density/caliber/diameter, fiber spread, etc.).
However, some of those relationships remain controversial
(Wheeler-Kingshott and Cercignani 2009) and our level of
analysis cannot truly demonstrate the microstructural/cellular
processes involved in the social status and/or 5HTT genotype
differences detected, or their actual biological/physiological
meaning besides the behavioral correlations reported here.
These questions are particularly complex in developing pri-
mates, where it is not clearly understood whether ongoing WM
maturation processes such as myelination and axon pruning
may contribute to DTI properties in a different way than in
adults (Paus 2010). Finally, the FA thresholding used for the
TBSS method excluded small fiber tracts from the analysis that
could also be affected, which is a methodological limitation
due to the generation of potential false negatives.

Taking into account all these potential mitigating factors,
our data nonetheless suggest the existence of differences in

brain structural connectivity between subordinate and higher-
ranking prepubertal females, in part modulated by 5HTT poly-
morphisms. Structural differences in the main tracts affected,
which connect the prefrontal, motor, association, and sensory
processing brain regions, were associated with specific behav-
ioral phenotypes, particularly submissive, fear, and anxious
behaviors that vary as a function of social status. Ongoing
longitudinal analyses will determine if these rank-related
differences persist into adolescence (a period of important
brain circuitry reorganization; Lebel et al. 2008; Giedd and
Rapoport 2010; Knickmeyer et al. 2010; Shi et al. 2012) and
adulthood, while planned studies will begin to examine
whether prenatal and genetic/epigenetic factors synergize
with postnatal social experiences to influence neurobehavioral
development.
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