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ABSTRACT
BACKGROUND: Anxious temperament (AT) is an early-life heritable trait that predisposes individuals to develop
anxiety and depressive disorders. Our previous work in preadolescent children suggests alterations in the uncinate
fasciculus (UF), the white matter tract that connects prefrontal with limbic regions, in boys with anxiety disorders.
Here, using a nonhuman primate model of AT, we tested whether this sexually dimorphic finding is evolutionarily
conserved and examined the extent to which heritable and environmental influences contribute to UF microstructure.
METHODS: Diffusion tensor images were collected in 581 young rhesus monkeys (1.89 6 0.77 years old; 43.9%
female). Using tract-based analyses, we assessed the relationship among AT, UF microstructure (as measured with
fractional anisotropy), and sex. Heritability of tract microstructure was determined using oligogenic linkage analysis of
this large multigenerational pedigree.
RESULTS: We predicted and found a negative relation between AT and UF fractional anisotropy in male but not
female monkeys (AT3 sex; p = .032, 1-tailed). Additionally, heritability analyses revealed that variation in UF fractional
anisotropy was largely due to nonheritable factors (h2 = 0.185, p = .077).
CONCLUSIONS: These results demonstrate a cross-species, male-specific relation between UF microstructure and
anxiety and provide a potential substrate for anxiety-related prefrontal-limbic dysregulation. The heritability analyses
point to the importance of environmental influences on UF microstructure, which could be important in mediating the
nonheritable components of pathological anxiety. These findings have the potential to guide new treatment strategies
for childhood anxiety disorders and further support the use of nonhuman primates as a translational model to
discover mechanisms underlying the development of anxiety.
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Anxiety disorders are among the most prevalent psychiatric
disorders, and worldwide it is estimated that w25% of in-
dividuals will experience one or more anxiety disorders in their
lifetime (1). The likelihood of developing an anxiety disorder
increases through a combination of genetic and environmental
factors. For example, having a parent with an anxiety disorder
confers increased risk that is likely mediated by heritability and
social learning. Estimates for the heritability of anxiety disor-
ders vary between 20% and 40% (2–6). Anxiety disorders
frequently begin in childhood (7), and considerable research
has demonstrated the ability to detect an early-life anxious
phenotype that is associated with a 3- to 4-fold increased risk
to develop anxiety and mood disorders (8,9). This phenotype,
termed behavioral inhibition or the related anxious tempera-
ment (AT), is evolutionarily conserved across nonhuman pri-
mates and humans (10). Understanding the environmental and
genetic factors that influence the neural mechanisms under-
lying AT has the potential to aid in conceptualizing novel early-
life intervention strategies.

Children with high levels of behavioral inhibition, similar to
young monkeys with extreme AT, display heightened

behavioral and physiological reactivity to threat (10–13), re-
sponses that are thought to be mediated by the amygdala via
projections to its downstream targets (14,15). Nonhuman pri-
mate studies demonstrate that increased amygdala meta-
bolism is associated with AT (16–18), a finding that is
consistent with studies of individuals with a history of behav-
ioral inhibition as well as individuals with anxiety disorders
(19–21). Additionally, in both nonhuman primates and humans,
reduced functional coupling between the amygdala and reg-
ulatory regions such as the prefrontal cortex (PFC) is associ-
ated with AT and anxiety disorders (22–25).

The uncinate fasciculus (UF) is of interest because it is a key
white matter structure that is involved in frontolimbic connec-
tivity (26–28). Research in both adults and children has impli-
cated the UF as a pathway that is altered in anxiety disorders
(29–34). Specifically, adults with anxiety disorders display
significantly reduced UF fractional anisotropy (FA), a measure
of white matter microstructure (29–34). Our previous study in
preadolescent children with anxiety disorders more directly
links these findings to pathophysiological mechanisms,
because the reduced UF FA cannot be attributed to illness
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chronicity and/or psychotropic medication exposure (35).
Importantly, the reduction in UF FA associated with anxiety
disorders appears to be sexually dimorphic, such that it was
observed in boys and not girls (35). Further studies elaborating
the factors underlying this effect in male subjects will be
important in understanding sex-specific pathophysiologies
and in deriving novel treatment targets.

The rhesus monkey is ideally suited to uncover mechanisms
relevant to human pathological anxiety because of similarities
between humans and rhesus monkeys in brain structure and
function and in social and emotional behavior (13,36,37). Like
humans, the rhesus monkey has a well-developed PFC, with
similar connectivity between the amygdala and the PFC
conveyed by the UF (13). Therefore, we developed and vali-
dated a reliable nonhuman primate model of AT focused on
understanding the early risk to develop anxiety and other
stress-related psychopathology. With this model, using a large
fully phenotyped multigenerational pedigree, we defined the
neural circuit that underlies AT (16,17,38). We also found that
AT was approximately 29% heritable (17), which is similar to
the heritability observed in human anxiety and anxiety disor-
ders (2–6), and that metabolism in components of the AT cir-
cuit are also significantly heritable (17).

We now use this large sample to understand whether the
reduction in UF FA observed in boys with anxiety disorders is
evolutionarily conserved, and if so, the extent to which it is
influenced by heritable and nonheritable factors. More specif-
ically, we explore the hypothesis that AT is related to UF FA, and
as in human children, that this effect is sexually dimorphic and
selectively occurring in male monkeys. In addition to the UF, we
explore the heritability of microstructure in other prominent
whitematter tracts. Thesedata set the stage formechanistic and
proof-of-concept nonhuman primate studies with the ultimate
aim of developing new early-life circuit-based interventions.

METHODS AND MATERIALS

Subjects

Behavioral, endocrine, and neuroimaging assessments were
performed in 594 young rhesus monkeys (Macaca mulatta); of
these, 581 animals (326 male, 255 female) had usable diffusion
imaging data and were included in this study. The average age
was1.896 0.77 years,with a range between0.84 and4.42 years
(Supplemental Figure S1). This age in monkeys is roughly
equivalent to prepubescent childrenbetween 3 and 12 years old.
Imaging data from some of these subjects was previously pub-
lished (16–18,24,39). All 581 animals were from a large multi-
generational pedigree of 1928 animals (805 male, 1123 female)
across 9 generations (0th–8th). The relations of the animals for
which diffusion imaging datawas collected can be traced back 1
to 8 generations, with most animals being in the 4th to 6th
generations (seeSupplemental Figure S2). For additional details,
see our previous publications (16,17,40). Procedures were per-
formed using protocols approved by the University ofWisconsin
Institutional Animal Care and Use Committee.

Behavioral Assessment

Rhesus monkeys were exposed to a human intruder paradigm
to assess behavioral and endocrine responses to a mild threat.

Blood samples were collected to measure plasma cortisol
levels post exposure. To create the composite measure of AT,
an average of the z scores of freezing, inverse cooing, and
cortisol was computed for each subject. For additional details
see the Supplement.

Endocrine Assessment

Details of the endocrine assessment are reported in the
Supplement.

Neuroimaging Assessment

Magnetic Resonance Imaging Acquisition. To investi-
gate white matter microstructure, magnetic resonance imaging
scans were collected within 4 months of the No-Eye-Contact
exposure. Data were collected at 2 imaging locations using
GE SIGNA 750 3.0T scanners (General Electric, Waukesha, WI)
and a transmit-receive quadrature extremity coil (Invivo Corp,
Gainesville, FL). Details of the scan sequence are reported in
the Supplement. Briefly, the animals were anesthetized and
placed in a stereotactic frame inside the magnetic resonance
imaging coil. T1-weighted anatomical images were collected in
addition to diffusion-weighted images and their corresponding
field map. A change in the scan sequence was implemented
midway through the study, and this was accounted for by
covarying for this variable in the analyses.

Diffusion Tensor Imaging Analyses. Details of the
diffusion tensor imaging (DTI) analyses are reported in the
Supplement, and processing steps as well as code can be
found online (http://www.diffusion-imaging.com). Briefly, white
matter microstructure was characterized by using the diffusion-
weighted imaging volumes to calculate the local diffusion
tensor in each voxel (Figure 1A). Diffusion-weighted imaging
volumeswere distortion corrected, tensors were estimated, and
images were normalized to a population template and warped
to our previously published 592–rhesus monkey T1-template
(http://www.pnas.org/content/112/29/9118; Supplementary
Dataset S01) with a 0.625-mm isotropic resolution. The mean
population template, created from all subjects, was used for
deterministic fiber tractography to delineate tracts of interest
(Figure 1B, C). Whole-brain fiber tractography was performed,
and white matter pathways were iteratively delineated using
anatomically defined waypoints (41,42) (see Figure 1C for the
waypoints used in UF extraction). Tracts extracted included
corpus callosum, cingulum bundle, internal capsule, inferior
fronto-occipital fasciculus, stria terminalis and fornix, and UF.
Owing to limited DTI resolution and close proximity of the stria
terminalis and fornix, the two pathways were combined.
Because we had no a priori hypothesis about left- versus right-
tract differences, the bilateral components of each tract were
combined into one average. Multiple diffusion measures
beyond FA were estimated to characterize and quantify the
microstructural tissue properties of each tract, including mean
diffusivity, axial diffusivity, and radial diffusivity.

Heritability Analyses

Heritability was estimated based on pedigree information us-
ing SOLAR Eclipse software package (43) (http://www.nitrc.
org/projects/se_linux). Quantitative genetic analysis partitions
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the observed covariance among related individuals into ge-
netic versus environmental components. The additive genetic
variance, heritability (h2), was estimated by employing a
maximum likelihood variance decomposition-based method.
For a pedigree of animals, the covariance matrix U is given by

U ¼ 2,F,s2g 1 I,s2e

where U is the covariance matrix of the phenotype, F is the
kinship matrix for the pedigree, s2g is the variance in the trait
due to additive genetic effects, I is the identity matrix, and s2e is
the variance due to unmeasured random environmental ef-
fects. Variance parameters are estimated by comparing the
covariance due to phenotype matrix with the covariance due to
kinship matrix (43). Significance is tested by comparing the
model where s2g is constrained to 0, to a model where s2g is
estimated. The log likelihood ratio was calculated as twice the
difference between these models. Under the null hypothesis,
the test statistic is distributed as a 50:50 mixture of a c2 variate
with 1 degree of freedom and a point mass at 0. Heritability
was estimated for each behavior and white matter tract for the
full group and within male and female monkeys separately. To
ensure that these traits conform to the assumptions of
normality, an inverse normal transformation was applied.

We also tested the difference in heritability between UF and
the other extracted pathways. This was accomplished by

comparing a model where the 2 heritability estimates of these
pairwise tracts were allowed to vary independently with a
model that constrained the heritability estimates to be equal.
Furthermore, we estimated the shared heritability between
mean tract FA and AT by running a bivariate heritability anal-
ysis, where r = 0. For more details on the heritability estimation
methods see previous publications (17,43).

Statistical Analyses

All statistical analyses were run with robust linear regression
models to mitigate the effect of outliers on the results. Sex
differences in age, weight, behavior, and cortisol were calcu-
lated. The significance of the interaction between AT and sex
on tract microstructure was calculated. All analyses were
controlled for age, sex, site, scanner properties, number of No-
Eye-Contact exposures, and test order. Next, within-sex ana-
lyses were run to determine the relation between AT and
tract microstructure within the male and female monkeys
separately. Owing to our a priori hypothesis on the direction
of these effects, a negative relation between UF FA and AT in
male but not female monkeys, the AT by sex interaction on
UF FA, and the within-sex regression between AT and
UF FA in male monkeys were tested 1-tailed. All other statis-
tical tests were 2-tailed. For the tracts with no a priori
predictions, we applied a !Sidák familywise error correction
(aSID = 1 – [12 a]1/m), wherem is the number of tracts, which in

Figure 1. Diffusion tensor imaging methods.
Overview of methods used for diffusion tensor im-
aging processing and analysis. (A) The scanner
collects a scalar image of water diffusion throughout
the brain at multiple noncollinear directions.
Combining the amount of water diffusion with the
applied matrix of diffusion directions provides a
diffusion tensor for each voxel in the brain. (B) Local
brain microstructure is quantified by using diffusion
measures such as fractional anisotropy, where bright
regions represent highly anisotropic tensors and
dark regions indicate more isotropic tensors, indi-
cating an underlying microstructure with high and
low levels of white matter fibers, respectively. Next,
fiber tractography can be applied to follow the
direction of each tensor to get an estimate of the
underlying white matter anatomy. (C) After running
fiber tractography throughout the whole brain, way-
point selection can be used to delineate fiber tracts
of interest using anatomically defined waypoints.
Iterative delineation must be used to minimize the
inclusion of spurious tracts.
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this case is 5. Models were run using the statsmodels package
in Python (44).

Heritability analyses were run in SOLAR and controlled for
age, age-squared, sex, and the age by sex interaction. When
the analyses were run within sex, the covariates included age
and age-squared. SOLAR output included the heritability value
(h2), significance (p), and the standard error.

RESULTS

AT in Female and Male Monkeys

Male and female monkeys did not differ in their expression of
AT (p = .195) (Table 1); however, freezing levels tended to be
higher in male compared with female monkeys (z579 = 1.726,
p = .084) (Table 1). Other AT constituents such as coo vocal-
izations and cortisol levels, as well as weight, did not signifi-
cantly differ between male and female monkeys (p ..28)
(Table 1). On average, male monkeys were slightly younger
than the female monkeys (z579 = 22.197, p = .028) (Table 1).

Assessment of UF FA in Relation to AT

Using the methods described, we characterized the UF in our
population of rhesus monkeys. As can be seen in Figure 2, this
tract is highly similar to that we previously characterized in
preadolescent children (35). Based on our previous work, we
predicted that UF FA would be negatively related to AT in male
but not in female monkeys (35). Results demonstrated this
predicted effect. Specifically, we found an interaction between
AT and sex on UF FA that was averaged across right and left
tracts (z570 = 21.861, p = .032, 1-tailed) (Figure 3,
Supplemental Table S2). We also analyzed UF FA from each
hemisphere individually, which resulted in similar findings
(Supplemental Table S3). Similar to our findings in humans,
analyses in the male monkeys revealed a significant negative
relation between UF FA and AT (z317 = 21.794, p = .037, 1-
tailed) (Figure 3, Supplemental Table S2). Consistent with the
interaction being driven by the male monkeys, no significant
relation between UF FA and AT was observed in female
monkeys (z246 = 1.288, p = .198; 2-tailed) (Figure 3,
Supplemental Table S2). Additionally, there was not a signifi-
cant main effect for the relation between UF FA and AT across

male and female monkeys (p = .326, 2-tailed) (Supplemental
Table S2).

Follow-up analyses examined whether the individual com-
ponents of AT (freezing, cooing, cortisol) were also related to
UF FA. Similar to the UF-AT relation, we found a significant sex
by freezing interaction (z570 = 22.465, p = .007, 1-tailed)
(Supplemental Table S4) and a significant sex by coo vocali-
zations interaction (z570 = 1.826, p = .034, 1-tailed)
(Supplemental Table S4) on UF FA. However, we did not
observe a sex by cortisol interaction on UF FA (z570 = 0.599,
p = .275, 1-tailed) (Supplemental Table S4). The anxiety-related
effects were specific to UF FA, as none of the other tracts or
other diffusion measures (mean diffusivity, axial diffusivity, or
radial diffusivity) demonstrated main effects or sex interactions
(see Supplemental Tables S2 and S5). As was observed in the
UF, the other tracts are largely homologous to equivalent hu-
man tracts (Supplemental Figure S3).

We tested main effects and interactions for age, sex, and AT
on UF FA. While UF FA was significantly negatively affected by
age (z567 = 22.103, p = .035) (Supplemental Table S4), the rate
of UF FA change did not significantly differ between sexes

Table 1. Demographic Information

Female Male p Value

Sample Size 255 326 n.a.

Age, Years 1.95 (0.82) 1.80 (0.70) .028a

Weight, kg 3.20 (1.19) 3.18 (1.08) .528

AT 20.05 (0.66) 0.02 (0.66) .195

Cortisol, mg/dL 0.26 (17.61) 1.80 (16.24) .286

Coo Vocalizations 2.25 (2.91) 2.23 (2.70) .883

Freezing 1.41 (1.43) 1.57 (1.42) .084

Demographic, behavioral, and cortisol data and significance of sex
differences are displayed for female and male rhesus monkeys.
Values are presented as n or mean (SD). Statistics for AT and its
components used transformed and residualized data.

AT, anxious temperament; n.a., not applicable.
ap , .05.

Figure 2. Comparison of uncinate fasciculus across species. Depicted is a
comparison of the uncinate fasciculus in humans and monkeys. This quali-
tative comparison indicates largely evolutionarily conserved white matter
architecture. The human image ismodified from a previously published image
in our study of preadolescent children with anxiety disorders (35).
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(p = .618) (Supplemental Table S4). Additionally, there were no
significant AT by sex by age interactions (p = 0.413)
(Supplemental Table S4).

Heritability

Because of interest in the genetic and environmental factors
that mediate anxiety, we used our large multigenerational
pedigree to perform analyses estimating the heritability of AT,
its components, and tract microstructure. Our previous work
demonstrated AT to be significantly heritable in a larger sample
that included the animals in this study (17). We first verified that
these findings held across male and female monkeys for whom
we had DTI data (h2 = 0.292, p , .001) (Table 2). Because we
identified sex differences in the UF-AT relation, we separately
examined the heritability of AT in the male and female mon-
keys. We found higher heritability estimates in the female
compared with the male monkeys’ however, the 95% confi-
dence intervals (CIs) for these heritability estimates were
overlapping (female: h2 95% CI = 20.02 to 0.89; male: h2 95%
CI = 20.00 to 0.58) (Supplemental Table S6). We also found
that the AT’s components (coo vocalizations, cortisol, and
freezing) were significantly heritable (p , .025) (Supplemental
Table S6).

Because of the relation between AT and UF FA, we per-
formed an analysis examining the heritability of UF FA. Across
male and female monkeys the results indicated low heritability
for UF FA (h2 = 0.185, p = .077) (Table 2), as well as low her-
itability when analyzing the male and female monkeys sepa-
rately (female: h2 = 0, p = .5; male: h2 = 0.236, p = .12) (Table 2).
These results indicate that the majority of the variance in UF FA

can be explained by nonheritable factors. To determine
whether this was specific to the UF or whether this was more
general of white matter during this developmental period, we
examined the heritability of FA within 5 additional tracts
(corpus callosum, cingulum bundle, internal capsule, inferior
fronto-occipital fasciculus, and stria terminalis/fornix). Inter-
estingly, in contrast to the UF, FA in all of the other extracted
tracts demonstrated significant heritability (p , .005) (Table 2).
Tests comparing the heritability of UF FA with the other tracts
confirmed that UF FA heritability was significantly less than
that in the corpus callosum (c2 = 5.66, p = .017) (Supplemental
Table S7) and the inferior fronto-occipital fasciculus (c2 = 6.41,
p = .011) (Supplemental Table S7). Even though UF FA was not
significantly heritable, we explored the possibility that UF FA
would demonstrate coheritability with AT. Not surprisingly, we
found that UF FA was not significantly coheritable with AT; FA
in the other white matter tracts examined was also not
coheritable with AT (see Supplemental Table S8 for an over-
view in the full sample). Consistent with largely nonheritable
variation in UF, heritability analyses of other UF diffusivity
measures (mean diffusivity, axial diffusivity, and radial diffu-
sivity) were not significant (see Supplemental Table S9 for
details, as well as data across all the other tracts).

DISCUSSION

Early-life anxious temperament is a risk factor for the later
development of anxiety and depressive disorders. Our previ-
ous work in young children with anxiety disorders demon-
strated a sex-specific decrease in UF FA in young boys with
anxiety disorders, which was not seen in young girls (35). Here,
using our well-validated rhesus monkey model of AT, we
focused on the relation between AT and white matter micro-
structure in the UF. The UF is important because it is the major
white matter pathway connecting prefrontal with limbic regions
and likely plays a role in mediating the transfer of information
relevant to adaptive and maladaptive emotion regulation
(26,27). The current results demonstrate a sexually dimorphic
relation between UF FA and AT, such that in young male
monkeys higher levels of AT are associated with lower UF FA
values. These findings extend our work in anxious young
children and suggest an evolutionarily conserved relationship
between UF microstructure and early-life anxiety in boys but
not girls (35).

We emphasize that prefrontal-limbic dysregulation is
thought to contribute to pathological anxiety in both male and
female individuals. The current data point to a potential
mechanism in male monkeys that does not appear to be pre-
sent in female monkeys. It is conceivable that there are mul-
tiple pathways that can result in prefrontal-limbic
dysregulation. For example, dysregulation could result from
overactivity of the amygdala, decreased input to the amygdala
from orbital frontal cortex, or altered function of other pre-
frontal regions involved in cognition and emotion regulation,
such as the dorsolateral prefrontal cortex. While a few studies
in the literature have adequate sample sizes to confidently
examine sex differences, most studies addressing these issues
are underpowered. More clearly understanding mechanisms in
male and female individuals that underlie prefrontal-amygdala
regulation is an important question for future research.

Figure 3. Uncinate fasciculus (UF) fractional anisotropy (FA) and anxious
temperament (AT). When testing the interaction between AT and sex on UF
FA, results indicate a 1-tailed significant interaction (p = .032, 1-tailed), such
that male monkeys (right; dark green) display a negative relation between AT
and UF FA (p = .037, 1-tailed), but female monkeys (left; light green) do not
(p = .198, 2-tailed). The scatterplots display linear regression lines with
confidence intervals, density estimation contours, and rug plots of the
marginal distributions for AT and UF FA values. Plotted values for UF FA are
residualized for the covariates.
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The observed relation between AT and white matter
microstructure is specific to UF FA, as no other white matter
tracts or other measures of white matter integrity were related
to AT. Variation in FA can be attributed to genetic and/or
environmental factors. Importantly, in the current study, we
found that in the preadolescent to early adult age range
studied, individual differences in UF FA appear to be largely
determined by nonheritable factors. These results point to the
importance of early-life environmental influences in deter-
mining white matter microstructure that is relevant to
prefrontal-limbic function as it relates to the expression of AT.
While we did not find heritability to be a significant determinant
of UF FA at this age, it is possible that heritability could play a
greater role as individuals mature. This is supported by ob-
servations in human twin studies suggesting low levels of UF
FA heritability at 9 years of age that increase into adulthood
(45–47).

Regardless of the factors that determine individual differ-
ences in UF FA, the FA measurement can reflect variation in
fiber organization, axonal density, and/or myelination. All of
these features of white matter microstructure can be important
in determining the speed, timing, and accuracy of neural

signals. In relation to our findings, which point to the impor-
tance of environment in determining variation in UF FA, evi-
dence from animal and human studies suggests that white
matter pathways can be dynamically altered in response to
learning and other experiences (48–50). Imaging studies in
animals and humans demonstrate increased FA associated
with learning and skill acquisition (49). At a histological level,
animal studies demonstrate activity-dependent increases in
myelin basic protein (51,52). It is thought that a fundamental
component of activity-dependent changes in white matter
occurs via signaling at the “axo-myelinic” synapse, which is
the interface between immature and mature oligodendrocytes
with the axonal membrane (53).

Our finding of the relation between UF FA and AT in male
monkeys leads to the question of what mechanisms might play
a role in this sexually dimorphic effect. Because heritability can
be affected by sex, we examined this possibility. However, we
did not find substantial sex differences in the estimated heri-
tability of UF FA. It is also unlikely that adolescent-related in-
fluences of sex hormones on brain maturation (54) are relevant
to this finding, as our monkeys were primarily prepubertal. In
this regard, we note that there were no main effects of sex on

Table 2. Heritability Analyses of FA

Heritability

All Monkeys (N = 581) Female (n = 255) Male (n = 326)

h2 (SE) p Value h2 (SE) p Value h2 (SE) p Value

Tract FA

CC 0.57 (0.121) ,.001a 0.504 (0.207) .004a 0.735 (0.179) ,.001a

CING 0.346 (0.112) ,.001a 0.345 (0.183) .017b 0.325 (0.142) .002a

IC 0.227 (0.082) ,.001a 0.364 (0.179) .007a 0.284 (0.133) .004a

IFO 0.496 (0.116) ,.001a 0.443 (0.198) .007a 0.554 (0.178) ,.001a

STRIA/FX 0.322 (0.129) .001a 0.418 (0.234) .021b 0.187 (0.151) .073

UF 0.185 (0.142) .077 0 .500 0.236 (0.22) .120

Heritability (mean h2, SE, and p values) are presented here for FA in each white matter tract, for all monkeys, and for female and male monkeys
separately.

CC, corpus callosum; CING, cingulum bundle; FA, fractional anisotropy; IC, internal capsule; IFO, inferior fronto-occipital fasciculus; STRIA/FX,
stria terminalis and fornix; UF, uncinate fasciculus.

a!Sidák-corrected significance at p , .0085.
bUncorrected significance at p , .05.
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UF FA, and no sex by age interactions. The lack of heritable
effects points to the importance of environmental influences on
establishing the male-specific relation between UF FA and AT.
Because this finding is consistent across humans and
nonhuman primates, it is possible that sex-related differences
in rearing and/or socialization that are conserved across spe-
cies could be important. Rhesus monkey mothers have been
observed to treat their infant male and female offspring
differently. For example, mothers display more embrace and
approach behaviors toward their female infants (55, 56) and
exhibit more mutual gazing with their male infants (57).
Furthermore, studies across human and nonhuman species
consistently demonstrate sex-related behavioral differences
that are manifested early in life, and it is possible that these
differences in behavior affect white matter development. For
example, studies in rhesus monkeys have demonstrated sex-
related differences in social play in which male infants initiate
play more frequently and exhibit more rough-and-tumble play
(58), while female infants engage in more approach-avoidance
play (59). It is possible that the sex-related differences that we
observed between anxiety and white matter microstructure
could in part be due to sex-related behavioral differences
occurring during periods of heightened white matter neuro-
plasticity. It is also important to recognize that rodent studies
reveal male-female differences in the regulation of oligoden-
drocytes (60). Female rodents have a higher turnover rate of
oligodendrocytes, as characterized by increased proliferation
and increased apoptosis (61,62). Other data implicate testos-
terone in facilitating white matter repair in experimentally
lesioned animals (63).

While the findings of this study are consistent with findings
in children with anxiety disorders, we note the current study’s
limitations. Although we studied a large sample of rhesus
monkeys, the age distribution was predominantly limited to
preadolescent animals. Thus, it is possible that the observed
effect could be age related. Additionally, we did not collect
data relevant to the early rearing environment, which precludes
our ability to specifically examine the role of environmental
events. Finally, we note that the scanning resolution used in
this study may have obscured other effects on white matter
microstructure.

Our results in young nonhuman primates provide a cross-
species confirmation for a male-specific role of the UF in
anxiety-related prefrontal-limbic dysregulation. The findings
further support the translational relevance of the nonhuman
primate AT model. Because we observed that the majority of
UF FA variance is due to nonheritable factors, and research is
indicating that myelination is dynamic and activity dependent
throughout life, this opens the door for studying myelin
changes in relation to current effective interventions as well as
thinking about the development of new treatments. The hy-
pothesis would be that enhanced UF FA would facilitate more
efficient communication between the PFC and critical limbic
structures, resulting in adaptive anxiety regulation. Based on
the activity-dependent nature of myelin plasticity and the role
of the UF FA in prefrontal-limbic regulation, it will be important
to assess the extent to which changes in UF FA are associated
with individual differences in treatment outcomes. We expect
that current interventions thought to work by modifying
prefrontal-limbic interactions, such as exposure therapy,

cognitive behavioral therapy, and transcranial magnetic stim-
ulation, would increase UF FA. By using UF FA as a dependent
measure, these therapies could be optimized in relation to their
intensity, frequency of administration, and length of time over
which the intervention is used.

The value of the nonhuman primate model is to explore the
molecular mechanisms that mediate these effects on pro-
moting myelin plasticity. Clues could be provided by assessing
differences in UF oligodendrocyte gene regulation between
monkeys with high- and low-anxiety levels as they relate to
microstructural integrity. Identifying the genes that are the
most predictive of UF FA will provide insights into molecular
targets that could be leveraged to promote UF FA plasticity.
Once identified, nonhuman primate models can be used to
examine the extent to which the identified genes are causally
related to UF FA and AT, as well as to effective treatment
strategies.

It is likely that strategies that selectively activate anxiety-
regulating neural circuitry between PFC and limbic regions
could be of benefit. Additionally, efforts to optimize our treat-
ments such that they promote increases in UF FA will be of
value. For example, this could be achieved by intensive training
over time in relation to the mastery of anxiety-related amygdala
responses. While current treatments such as exposure therapy
involve the acquisition of mastery techniques, the exact pa-
rameters necessary to optimally influence white matter are yet
unclear. However, evidence suggests that healthful and stress-
reducing activities such as aerobic exercise, sleep, and envi-
ronmental enrichment positively impact white matter (49,64).
New treatments could be conceptualized that combine stra-
tegies that enhance myelination in tracts, such as the UF, with
interventions aimed at activating and “training” key brain re-
gions involved in anxiety regulation that are connected by the
UF. For example, we predict that increased UF FA could be
achieved by repetitive and consistent exposure to anxiety-
provoking, limbic-activating stimuli, in conjunction with
mastery training of induced anxiety. Future studies will be
important to establish how these early-life male-specific re-
lations between UF FA and AT can inform the development of
new sex-specific treatment strategies for anxiety disorders.
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Figure S1. Age of subjects. Histogram of age distribution for male (blue) and female 
(green) rhesus monkeys included in the study. 



Tromp et al.  Supplement 

2 

 

Figure S2. Distribution of phenotyped subjects across generations. Histogram 
depicting the distribution of male (blue) and female (green) rhesus monkeys by 
generation. 
 
 
 
Table S1. Behavioral coding details. Description of behavioral coding for coo 
vocalizations and freezing. 

Behavior Description 

Coo 

Vocalizations 

Vocalization made by rounding and pursing the lips with an increase then decrease in 

frequency and intensity. Frequency of behavior is coded. 

Freezing A period of at least three seconds characterized by tense body posture, no 

vocalizations and no movement other than slow movements of the head. If animal 

vocalizes freezing is not rated at the same time. Duration of behavior is coded. 
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Supplemental Methods 

Behavioral Assessment Continued 

Rhesus monkeys were exposed to a human intruder paradigm to assess 

behavioral and endocrine responses to a mild threat. In this human intruder paradigm the 

animals were exposed to the No-Eye-Contact (NEC) condition for 30 minutes (1). During 

this exposure the animals are placed in a test-cage, after which a human “intruder” enters 

the room and displays the profile of their face to the animal for 30 minutes at 2.5 meters 

distance, while making no eye contact. Blood samples were collected to measure plasma 

cortisol levels post exposure. 

During the NEC condition behaviors were observed and assessed by trained raters 

using a closed circuit television system (1). Behaviors were assessed according to the 

definitions found in supplementary Table S1. All behaviors were log-transformed when 

the duration of the behavior was quantified, and root transformed when the frequency 

was quantified (as previously described (2, 3)). To create the composite measure of AT, 

an average of the z-scores of freezing, inverse cooing and cortisol was computed for each 

subject. 

 

Endocrine Assessment Continued 

Cortisol levels were assessed from blood (plasma; 7 ml EDTA tube) after exposure 

to a mild stressor (NEC). Bloods were drawn between 8am-1pm for 82% of the sample. 

Collection occurred while the animal was under sedation with ketamine (15 mg/kg, IM). 

Plasma was immediately separated from whole blood by centrifugation at 4°C and frozen 
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at −70°C until assayed. Cortisol was measured by radioimmunoassay using the DPC 

Coat-a-count assay following the manufacturer’s instructions (Siemens, Los Angeles, 

CA). Samples were diluted 8-fold prior to being measured in duplicate, and samples that 

had a CV% > 20 were repeated. Linear effects for time of day were removed from the 

cortisol values. This was performed by using the beta-weights for each time point that 

were derived from the linear regression between time of day and cortisol across subjects. 

 

Neuroimaging Assessment 

MRI acquisitions continued 

The animals received ketamine (15 mg/kg, IM) prior to the scan. The animal was then 

placed in the sphinx position using a custom stereotactic frame that fit inside the MRI coil, 

while heart rate and oxygen saturation were monitored. Administration of ketamine (up to 

5 mg/kg, IM) was repeated as needed to maintain anesthesia, approximately every 20-

40 minutes throughout the scan. At the end of the scan the animals were removed from 

the scanner and monitored until they fully recovered from anesthesia.  

Anatomical images were acquired to help mask brain from skull. Axial T1-weighted 

3D inversion recovery prepared fast spoiled gradient recalled scan (IR-fSPGR) were 

collected with these parameters; repetition time (TR) = 8.64 ms, echo time (TE) = 1.89 

ms, inversion time (TI) = 600 ms, flip angle a = 10°, number of excitations (NEX) = 2, field 

of view (FOV) = 140 mm, matrix = 256x224, scanner interpolated spatial sampling = 

0.27x0.27x0.5 mm.  

Diffusion-weighted imaging (DWI) scans were collected with a corresponding field 

map to correct for field inhomogeneities, which are stronger in monkeys compared to 
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humans when scanned on conventional MRI scanners. A change in scan sequence was 

implemented during the course of the study. All DWIs were collected using a two-

dimensional, echo-planar, spin-echo sequence. For the first 313 individuals, DWI scans 

were collected with the following parameters: TR = 10 s; TE= 77.2 ms; FOV = 140 mm; 

matrix = 128×128 (interpolated to 256×256 on the scanner); 2.5mm thick contiguous 

slices; echo-planar echo spacing = 800 μs. Diffusion-weighted imaging (b = 1000 s/mm2) 

was performed in 12 non-collinear directions with one non-diffusion weighted image, the 

acquisition was repeated six times and averaged on the scanner. For the next 268 

subjects DWI scans were collected with the following parameters: TR = 6.1 s; TE = 90.1 

ms; FOV = 140 mm; matrix = 128×128 (interpolated to 256×256 on the scanner); 2.5 mm 

thick contiguous slices; echo-planar echo spacing = 932 μs. Diffusion-weighted imaging 

(b = 1000 s/mm2) was performed in 72 non-collinear directions with 6 non-diffusion 

weighted images. For both sequences a co-planar field map was also obtained using a 

gradient echo with images at two echo times: TE1 = 7 ms, TE2 = 10 ms. 

 

DTI analyses continued 

White matter microstructure was characterized by using the DWI volumes to calculate 

the local diffusion tensor in each voxel (Figure 1A). First, DWI volumes were corrected 

for movement and eddy current distortions using FMRIB Software Library (FSL) tools for 

affine registration. To correct the gradient directions after volume registration, the b-matrix 

was adjusted for the applied registrations parameters (4). Field inhomogeneities were 

corrected by applying the skull stripped co-planar field map using in-house code. T1-

scans were registered to the field maps so that the manually skull-stripped T1-masks 
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could be warped and applied to the field map for optimal field correction results and which 

produced a corrected DWI image without skull. 

Next, tensors were estimated. The influence of local artifacts on the tensor calculation 

was reduced by using a method for robust estimation of tensors by outlier rejection 

(RESTORE, as implemented in Camino software (5)). To allow for cross subject 

comparisons all subjects were normalized to template space. Tensor images were 

transformed to an population template space using the diffusion tensor imaging toolkit’s 

(DTI-TK) nonlinear normalization tools (6), which iteratively construct a template from the 

tensor files using a tensor based registration. The final population template was then 

aligned to our previously published 592 rhesus monkey T1-template 

(http://www.pnas.org/content/112/29/9118; Supplementary Dataset S01) with a 0.625 

mm isotropic resolution. This warp was then applied to all normalized images, so that the 

final tensor file for each subject was registered to 592-space.  

The mean population template in 592-space, created from all subjects, was used for 

deterministic fiber tractography to delineate tracts of interest (Figure 1B/C). In the rhesus 

monkeys, similar to our previous human work (7), whole-brain fiber tractography was 

performed using Camino software (5), that implemented a tensor deflection (TEND) 

algorithm for optimal estimation of the fiber tracking directions (8, 9) (Figure 1B). Fiber 

tracking was terminated in voxels where FA was below 0.1 or where the angle between 

consecutive streamline steps was more than 90 degrees. Visualization software TrackVis 

(10) was used to iteratively delineate white matter pathways using anatomically defined 

waypoints (11, 12) (See Figure 1C for the waypoints used in UF extraction). Tracts 

extracted included: corpus callosum (CC), cingulum bundle (CING), internal capsule (IC), 
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inferior fronto-occipital fasciculus (IFO), stria terminalis/fornix (STRIA/FX) and UF. Due to 

limited DTI resolution and close proximity of the STRIA and FX, the two pathways were 

combined. Since we had no a priori hypothesis about left versus right tract differences, 

the bilateral components of each tract were combined into one average. 

Multiple diffusion measures beyond FA were estimated to characterize and quantify 

the microstructural tissue properties of each tract. FA is a normalized variance measure 

of directional diffusivities and is highest in regions with highly organized, dense white 

matter fiber pathways. Mean diffusivity (MD) is a directionally-averaged measure of water 

diffusion and is sensitive to the density of tissue membranes and microstructure. Axial 

diffusivity (AD) and radial diffusivity (RD) reflect diffusion properties in the parallel and 

perpendicular directions, respectively, relative to the white matter tracts (for an overview 

(13)). A weighted-mean for each diffusion measure (FA, MD, AD, RD) was calculated for 

each tract. This approach assigns relatively more weight to values in voxels that have a 

higher fiber count (14), which is most frequently observed in areas more central to the 

white matter tract of interest. In theory this method should reduce the influence of voxels 

that are on tissue boundaries and often suffer from partial volume effects (15).  
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Figure S3. Comparison of tracts across species. Depicted is a comparison of white matter tracts in 
humans and monkeys. This qualitative comparison indicates largely evolutionarily conserved white matter 
architecture. The human images are modified from a previously published image in our study of 
preadolescent children with anxiety disorders (7). 
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