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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 pre-adolescent
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 test whether this sexually dimorphic finding is evolutionarily conserved, and
examine the extent to which heritable and environmental influences contribute to UF
microstructure.

Methods—Diffusion tensor images were collected in 581 young (43.9% female; 1.89+/-0.77
years) rhesus monkeys. Using tract-based analyses, the relationship between AT, UF
microstructure as measured with fractional anisotropy (FA) and sex was assessed. Heritability of
tract microstructure was determined using oligogenic linkage analysis of this large multi-
generational pedigree.

Corresponding author: Ned Kalin, 6001 Research Park Blvd, Madison W1 53719. 6082636079 nkalin@wisc.edu.

Disclosures

Dr. Alexander is part owner of Thervoyant. At the time of writing, Dr. Kalin had received honoraria from CME Outfitters, Elsevier,
and the Pritzker Consortium; served on scientific advisory boards for Actify Neurotherapies, Neuronetics, and currently serves as an
advisor to the Pritzker Neuroscience Consortium and consults to Corcept Therapeutics; served as co-editor of
Psychoneuroendocrinology; and currently serves as Editor-in-Chief of 7he American Journal of Psychiatry, and has patents on
promoter sequences for corticotropin-releasing factor CRF2alpha and a method of identifying agents that alter the activity of the
promoter sequences (7,071,323; 7,531,356), promoter sequences for urocortin 11 and the use thereof (7,087,385), and promoter
sequences for corticotropin-releasing factor binding protein and the use thereof (7,122,650). The other authors report no biomedical
financial interests or potential conflicts of interest.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered
which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tromp et al.

Page 2

Results—We predicted and found, a negative relation between AT and UF FA in male but not
female monkeys (ATxSex; p=0.032, one-tailed). Additionally, heritability analyses revealed that
variation in UF FA was largely due to non-heritable factors (h?=0.185, p=0.077).

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 non-heritable 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.

Keywords

Anxiety; Anxious Temperament; White matter; DTI; Sex Differences; Nonhuman primates

Introduction

Anxiety disorders are among the most prevalent psychiatric disorders, and worldwide it is
estimated that ~25% of individuals will experience one or more anxiety disorder 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 disorders vary between 20-40% (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 temperament (AT), is evolutionarily
conserved across nonhuman primates and humans (10). Understanding the environmental
and genetic factors that influence the neural mechanisms underlying 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), responses
that are thought to be mediated by the amygdala via projections to its downstream targets
(14, 15). Nonhuman primate studies demonstrate that increased amygdala metabolism is
associated with AT (16-18), a finding that is consistent with studies of individuals with a
history of behavioral inhibition as well as individuals suffering from anxiety disorders (19—
21). Additionally, in both nonhuman primates and humans, reduced functional coupling
between the amygdala and regulatory regions like the prefrontal cortex (PFC) is associated
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 fronto-limbic connectivity (26-28). Research in both adults and children has
implicated 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

Biol Psychiatry. Author manuscript; available in PMC 2020 December 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tromp et al.

Page 3

children with anxiety disorders more directly link these findings to pathophysiological
mechanisms, because the reduced UF FA cannot be attributed to illness 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 males 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 prefrontal cortex, with similar connectivity between the amygdala and
the PFC conveyed by the UF (13). Therefore, we developed and validated 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), similar to the heritability
observed in human anxiety and anxiety disorders (2-6), and that metabolism in components
of the AT circuit 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 non-heritable factors. More specifically, 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 males. In addition to the UF, we explore the
heritability of microstructure in other prominent white matter tracts. These data set the stage
for mechanistic 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 subjects 581 (326 males, 255 females) animals had
usable diffusion imaging data, and were included in this study. The average age was 1.89
years (0.77 standard deviation), with a range between 0.84 and 4.42 years (Supplementary
Figure S1). This age in monkeys is roughly equivalent to pre-pubescent children between 3—
12 years old. Imaging data from some of these subjects was previously published (16, 17,
24, 39, 40). All 581 animals were from a large multi-generational pedigree of 1928 (805
males, 1123 females) animals across 9 generations (0!-8™). The relations of the animals for
which diffusion imaging data was collected can be traced back 1-8 generations, with most
animals being 4t-6t generation (see Supplementary Figure S2). For additional details see
our previous publications (16, 17, 41). Procedures were performed using protocols approved
by the University of Wisconsin Institutional Animal Care and Use Committee (IACUC).
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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

MRI acquisitions—In order to investigate white matter microstructure, magnetic
resonance imaging (MRI) scans were collected within 4 months of the NEC-exposure. Data
were collected at two imaging locations using GE SIGNA 750 3.0T scanners (General
Electrics, Waukesha, WI, USA) and a T/R quadrature extremity coil (Invivo Corp,
Gainsville, FL). Details of the scan sequence are reported in the supplement. Briefly, the
animals were anesthetized and placed in a stereotactic frame inside the MRI 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.

DTI analyses—Details of the 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 DWI volumes to calculate the
local diffusion tensor in each voxel (Figure 1A). DWI volumes were 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 SO1) with a 0.625 mm isotropic resolution. 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). Whole-brain fiber tractography
was performed, and white matter pathways were iteratively delineate using anatomically
defined waypoints (42, 43) (See Figure 1C for the waypoints used in UF extraction). Tracts
extracted included: corpus callosum (CC), cingulum bundle (CING), internal capsule (IC),
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, including mean diffusivity (MD), axial diffusivity (AD) and radial
diffusivity (RD).

Heritability Analyses

Heritability was estimated based on pedigree information using Sequential Oligogenic
Linkage Analysis Routines (SOLAR)-Eclipse software package (44) (http://www.nitrc.org/
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projects/se_linux). Quantitative genetic analysis partitions the observed covariance among
related individuals into genetic vs. environmental components. The additive genetic
variance, i.e. heritability (h?) was estimated by employing a maximum likelihood variance
decomposition based method. For a pedigree of animals the covariance matrix Q is given by:

Q=2-<D~(72+I~02
g e

Where Q is the covariance matrix of the phenotype, @ is the kinship matrix for the pedigree,
02g is the variance in the trait due to additive genetic effects, /is the identity matrix, and 0%
is the variance due to unmeasured random effects, i.e. environmental. Variance parameters
are estimated by comparing the covariance due to phenotype matrix with the covariance due
to kinship matrix (44). Significance is tested by comparing the model where 02g is
constrained to 0, to a model where 029 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 chi-square variate with one degree of freedom and a point
mass at zero. Heritability was estimated for each behavior and white matter tract for the full
group and within males and females separately. To ensure 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 two 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 analysis, where o = 0. For more
details on the heritability estimation methods see previous publications (17, 44).

Statistical Analyses

All statistical analyses were run with robust linear regression models in order to mitigate the
effect of outliers on the results. Sex differences in age, weight, behavior and cortisol were
calculated. The significance of the interaction between AT and Sex on tract microstructure
was calculated. All analyses controlled for age, sex, site, scanner properties, number of NEC
exposures and test order. Next, within-sex analyses were run to determine the relation
between AT and tract microstructure within the male and female animals separately. Due to
our a priori hypothesis on the direction of these effects; a negative relation between UF FA
and AT in males but not females, the AT by Sex interaction on UF FA and the within-sex
regression between AT and UF FA in males were tested one-tailed. All other statistical tests
were two-tailed. For the tracts with no a priori predictions we applied a Sidak familywise
error correction (agp = 1 - (1 — a)™). Where m is the number of tracts, in this case 5.
Models were run using the statsmodels package in Python (45).

Heritability analyses were run in SOLAR and controlled for age, age?, sex, and the age by
sex interaction. When the analyses were run within sex, the covariates included age and
age2. SOLAR output included the heritability value (h2), significance (), and the standard
error.
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AT in Female and Male Monkeys

Males and females did not differ in their expression of AT (p = 0.195; Table 1), however,
freezing levels tended to be higher in males compared to females ((579) = 1.726, p= 0.084;
Table 1). Other AT constituents such as coo vocalizations and cortisol levels, as well as
weight, did not significantly differ between males and females (p > 0.28; Table 1). On
average males were slightly younger than the females ((579) = —2.197, p= 0.024; 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 males, but not in females (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 (Z(570) = —1.861, p= 0.032, one-tailed:;
Supplementary Table S2; Figure 3). We also analyzed UF FA from each hemisphere
individually, which resulted in similar findings (Supplementary Table S3). Similar to our
findings in humans, analyses in the male monkeys revealed a significant negative relation
between UF FA and AT (#317) = -1.794, p=0.037, one-tailed; Supplementary Table S2,
Figure 3). Consistent with the interaction being driven by the males, no significant relation
between UF FA and AT was observed in females (2(246) = 1.288, p = 0.198; two-tailed:;
Supplementary Table S2, Figure 3). Additionally, there was not a significant main effect for
the relation between UF FA and AT across males and females (p = 0.326, two-tailed;
Supplementary Table S2).

Follow-up analyses examined whether the individual components 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 (z(570) = —2.465, p = 0.007, one-tailed; Supplementary Table
S4), and a significant Sex by Coo vocalizations interaction (z(570) = 1.826, p = 0.034, one-
tailed; Supplementary Table S4) on UF FA. However, we did not observe a Sex by Cortisol
interaction on UF FA (z(570) = 0.599, p = 0.275, one-tailed, Supplementary Table S4). The
anxiety related effects were specific to UF FA, as none of the other tracts or other diffusion
measures (MD, AD or RD) demonstrated main effects, or sex interactions (See
supplementary Table S2 and Table S5). As was observed in the UF, the other tracts are
largely homologous to equivalent human tracts (Supplementary 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 (A(567) = —2.103, p = 0.035; Supplementary Table
S4), the rate of UF FA change did not significantly differ between sexes (p=0.618;
Supplementary Table S4). Additionally, there were no significant AT by Sex by Age
interactions (p = 0.413; Supplementary Table S4).
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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 males and females for whom we had DTI data (h? =
0.292, p< 0.001; Table 2). Because we identified sex differences in the UF-AT relation, we
separately examined the heritability of AT in the males and females. We found higher
heritability estimates in the females compared to the males, however, the 95% confidence
intervals (Cl) for these heritability estimates were overlapping (Females: h? = -0.02 — 0.89
95% CI; Males: h? = -0.00 — 0.58 95% CI; Supplementary Table S6). We also found that
AT’s components (coo vocalizations, cortisol and freezing) were significantly heritable (o’s
< 0.025; Supplementary Table S6).

Because of the relation between AT and UF FA, we performed an analysis examining the
heritability of UF FA. Across males and females the results indicated low heritability for UF
FA (h%2=0.185, p= 0.077; Table 2), as well as low heritability when analyzing the males and
females separately (Females: h? = 0, p = 0.5; Males: h? = 0.236, p = 0.12; Table 2). These
results indicate that the majority of the variance in UF FA can be explained by non-heritable
factors. To determine if this was specific to the UF, or if this was more general of white-
matter during this developmental period, we examined the heritability of FA within five
additional tracts (CC, CING, IC, IFO, STRIA/FX). Interestingly, in contrast to the UF, FA in
all of the other extracted tracts demonstrated significant heritability (0’s < 0.005; 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 CC (Chi? = 5.66, p= 0.017; Supplementary
Table S7) and the IFO (Chi2 = 6.41, p= 0.011; Supplementary Table S7). Even though UF
FA was not significantly heritable, we explored the possibility that UF FA would
demonstrate co-heritability with AT. Not surprisingly, we found that UF FA was not
significantly co-heritable with AT; FA in the other white matter tracts examined was also not
co-heritable with AT (Supplementary Table S8 for an overview in the full sample).
Consistent with largely non-heritable variation in UF, heritability analyses of other UF
diffusivity measures (MD, AD and RD) were not significant (see Supplementary 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 previous work in young children with anxiety disorders,
demonstrated 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 microstructure 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
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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 males and females. The current data point to a potential mechanism in males
that does not appear to be present in females. It is conceivable that there are multiple
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 prefrontal 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 under powered. More clearly understanding mechanisms in
males and females that underlie prefrontal-amygdala regulation is an important question for
future research.

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 pre-adolescent 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 determining 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 observations in human twin studies suggesting low levels of UF FA heritability at 9 year
of age that increase into adulthood (46—48).

Regardless of the factors that determine individual differences 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
importance of environment in determining variation in UF FA, evidence from animal and
human studies suggest that white matter pathways can be dynamically altered in response to
learning and other experiences (49-51). Imaging studies in animals and humans demonstrate
increased FA associated with learning and skill acquisition (50). At a histological level,
animal studies demonstrate activity dependent increases in myelin basic protein (52, 53). 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 (54).

Our finding of the relation between UF FA and AT in males 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 heritability of UF FA. It is also unlikely that adolescent-related
influences of sex hormones on brain maturation (55) are relevant to this finding, as our
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animals were primarily pre-pubertal. In this regard we note that there were no main effects
of sex on UF FA, and no Sex by Age interactions. The lack of heritable effects point 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 species 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 towards their female infants(56, 57), and exhibit more mutual
gazing with their male infants(58). 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 infant males initiate play more frequently and exhibit more rough- and-tumble
play(59), while females engage in more approach-avoidance play (60). 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 neuroplasticity. It is also important to recognize that rodent studies
reveal male-female differences in the regulation of oligodendrocytes(61). Females have a
higher turnover rate of oligodendrocytes, as characterized by increased proliferation and
increased apoptosis (62, 63). Other data implicates testosterone in facilitating white matter
repair in experimentally lesioned animals (64).

While the findings of this study are consistent with findings in children with anxiety
disorders, we note the current studies 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. Since we
observed that the majority of UF FA variance is due to non-heritable 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 hypothesis 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 (CBT), and transcranial magnetic stimulation (TMS), would increase UF FA. By
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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 non-human primate model is to explore the molecular mechanisms that
mediate these effects on promoting myelin plasticity. Clues could be provided by assessing
differences in UF oligodendrocyte gene regulation between high and low anxious monkeys
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 treatments
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 parameters necessary to optimally influence
white matter are yet unclear. However, evidence suggests that healthful and stress reducing
activities such as aerobic exercise, sleep and environmental enrichment positively impact
white matter (50, 65). New treatments could be conceptualized that combine strategies that
enhance myelination in tracts, such as the UF, with interventions aimed at activating and
“training” key brain regions 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 relations between UF FA and AT can inform the development of new sex-
specific treatment strategies for anxiety disorders.
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Figure 1. DTI methods.
Overview of methods used for diffusion tensor imaging (DTI) processing and analysis. A)

The scanner collects a scalar image of water diffusion throughout the brain at multiple non-
collinear 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 (FA),
where bright regions represent highly anisotropic tensors and dark regions indicate more
isotropic tensors, indicating an underlying microstructure with high and low levels of white
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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, waypoint 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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Uncinate Fasciculus

Human

Figure 2. Comparison of UF across species.
Depicted is a comparison of the Uncinate Fasciculus (UF) in humans and monkeys. This

qualitative comparison indicates largely evolutionarily conserved white matter architecture.
The human image is modified from a previously published image in our study of
preadolescent children with anxiety disorders(35).
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Figure 3. UF FA and AT.
When testing the interaction between anxious temperament (AT) and Sex on uncinate

fasciculus (UF) fractional anisotropy (FA), results indicate a one-tailed significant
interaction (p = 0.032, one-tailed), such that males (right; dark green) display a negative
relation between AT and UF FA (p = 0.037, one-tailed), but females (left; light green) do not
(p = 0.198, two-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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