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ABSTRACT
BACKGROUND: An early-life anxious temperament (AT) is a risk factor for the development of anxiety, depression,
and comorbid substance abuse. We validated a nonhuman primate model of early-life AT and identified the dorsal
amygdala as a core component of AT’s neural circuit. Here, we combine RNA sequencing, viral-vector gene
manipulation, functional brain imaging, and behavioral phenotyping to uncover AT’s molecular substrates.
METHODS: In response to potential threat, AT and brain metabolism were assessed in 46 young rhesus monkeys. We
identified AT-related transcripts using RNA-sequencing data from dorsal amygdala tissue (including central nucleus
of the amygdala [Ce] and dorsal regions of the basal nucleus). Based on the results, we overexpressed the
neurotrophin-3 gene, NTF3, in the dorsal amygdala using intraoperative magnetic resonance imaging–guided
surgery (n = 5 per group).
RESULTS: This discovery-based approach identified AT-related alterations in the expression of well-established and
novel genes, including an inverse association between NTRK3 expression and AT. NTRK3 is an interesting target
because it is a relatively unexplored neurotrophic factor that modulates intracellular neuroplasticity pathways.
Overexpression of the transcript for NTRK3’s endogenous ligand, NTF3, in the dorsal amygdala resulted in
reduced AT and altered function in AT’s neural circuit.
CONCLUSIONS: Together, these data implicate neurotrophin-3/NTRK3 signaling in the dorsal amygdala in mediating
primate anxiety. More generally, this approach provides an important step toward understanding the molecular un-
derpinnings of early-life AT and will be useful in guiding the development of treatments to prevent the development of
stress-related psychopathology.
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Anxious temperament (AT) early in life is a major risk factor for
the later development of anxiety and depressive disorders
along with comorbid substance abuse (1–3). Understanding
the molecular alterations that give rise to extreme AT is an
important step toward developing targeted behavioral and
pharmacological treatments for early-life anxiety. Given our
current understanding of these processes, it is critical to
combine discovery-based approaches with interventions tar-
geted to test novel molecular substrates to understand the
relevance of the many molecular pathways associated with
increased childhood anxiety (4). The rhesus monkey is an ideal
species for translational research focused on the molecular un-
derpinnings of AT. In addition to the remarkable similarities be-
tween young monkeys and children in the expression of AT,
studies in rhesus monkeys allow for the combination of targeted
mechanistic techniques with neuroimaging techniques commonly
used in humans. Here, we take advantage of the recent

evolutionary divergence between humans and rhesus monkeys
to identify putative molecular underpinnings of AT in the central
nucleus (Ce)-containing dorsal amygdala region. These efforts
combine in-depth phenotyping, including brain imaging and
behavioral assessments, with postmortem RNA sequencing
(RNA-seq) along with targeted viral-vector–mediated gene
expression to test causality.

Neuroimaging studies of anxiety disorders and anxious
dispositions performed in children (5), adults (6), and rhesus
monkeys (7,8) reveal a brain-wide network of AT-related re-
gions that encompasses portions of the extended amygdala,
including the bed nucleus of the stria terminalis (BST) and the
Ce (9). In primates, the Ce-containing dorsal amygdala strongly
projects to the BST (10,11), is functionally connected with the
rest of the extended amygdala (12,13), and is hypothesized to
play a critical role in threat learning and processing (14,15). The
dorsal amygdala receives direct and indirect projections from
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regulatory and evaluative cortical regions, and within the dorsal
amygdala, the Ce can initiate defensive behavioral and phys-
iological responses via projections to downstream targets
(14,15). The primate Ce has been causally implicated in AT
(16,17) and dorsal amygdala metabolism is largely non-
heritable, suggesting that the environmental factors affecting
AT may be mediated by the dorsal amygdala (7,18). Here, we
focused our efforts on understanding molecular alterations in
the environmentally sensitive dorsal amygdala region that
mediates AT.

Forty-six nonhuman primates were longitudinally assessed
for behavioral inhibition, cortisol, and brain metabolism during a
30-minute exposure to a potentially threatening human intruder
who made no eye contact (NEC) with the monkey. The NEC
context elicits behavioral inhibition, which in children is a
prominent risk factor for developing stress-related psychopa-
thology. During NEC, we measured behavioral inhibition
(freezing and vocal reductions) as well as plasma cortisol levels
and combined them to create a composite measure of AT
(7,8,18). To assess regional brain metabolism during NEC, ani-
mals were injected with 18-fluorodeoxyglucose (18FDG) imme-
diately prior to the exposure to the NEC context, and integrated
brain metabolism occurring during NEC was assessed using
positron emission tomography (PET). The phenotyping and
imaging data from 22 of the animals were previously presented
and included initial gene expression studies using microarray
techniques. Consistent with our previous work (19), AT was
stable across repeated assessments (Figure 1A), and meta-
bolism in the AT network, including the dorsal amygdala, was
associated with increased AT (Figure 1B, Table S1 in
Supplement 2, and Figure S1 in Supplement 1).

Tissue for RNA-seq was harvested from the dorsal amyg-
dala region from the 46 animals that completed behavioral,
endocrine, and brain metabolism assessments (Figure 1A–C).
RNA-seq was performed using NuGEN Ovation RNA-seq v2
(Tecan Genomics, Redwood City, CA) libraries on Illumina DNA
sequencers (San Diego, CA) with w30 million 100–base pair
reads per animal. Reads were mapped and quantified using an
updated version of the RseqFlow pipeline (20) designed spe-
cifically for the rhesus monkey genome and transcriptome
(UNMC Rhesus v7.6.8; University of Nebraska Medical Center,
Omaha, NE) (21) and resulted in estimates of expression levels
for each annotated exon, intron, and junction of each gene.
Performing RNA-seq in these 46 animals allowed for the op-
portunity to replicate and extend earlier microarray-based
findings generated from one half of these animals using a
more in-depth approach (see Supplement 1; findings will be
discussed separately when relevant).

METHODS AND MATERIALS

A summary of the methods and procedures most relevant to
understanding the RNA-seq and adeno-associated virus
(AAV)-NTF3 overexpression studies are provided below.
Complete detailed methods can be found in Supplement 1,
including FDG-PET and surgical details.

RNA-seq: Animals

In 46 young male periadolescent rhesus monkeys (mean age =
3.3 years), we examined Ce gene expression using RNA-seq in

combination with assessments of behavior, physiology, and
functional brain imaging. AT was assessed in response to the
potentially threatening NEC condition of the human intruder
paradigm, using a composite of increased freezing, decreased
vocalizations, and increased cortisol. Brain function was
assessed using NEC-related 18FDG-PET. RNA-seq was per-
formed using NuGEN Ovation RNA-seq v2 libraries on Illumina
DNA sequencers with w30 million 100–base pair reads per
animal. Using regression techniques, we examined variation in
Ce messenger RNA expression in relation to individual differ-
ences in AT, as well as structural and functional imaging
measures. Because of the unique nature and difficulty of this
approach, we sequenced RNA from a number of rhesus
monkeys that had previously been examined using a micro-
array approach (n = 22, RNA-seq cohort 1) (19). The 22 ani-
mals that were a part of RNA-seq cohort 1 represent all
animals discussed in Fox et al. (7) with sufficient RNA
remaining to be sequenced. When relevant, we discuss these
data separately from the 24 additional animals. The second
cohort of 24 animals were completely new to this study (RNA-
seq cohort 2); when relevant we discuss these animals
separately. All procedures were approved by and in
accordance with the guidelines established by the Institutional
Animal Care and Use Committee at the University of
Wisconsin—Madison.

RNA-seq: RNA Purification and Quantification

RNA-seq was performed using a modification of the SPIA
reaction of the NuGEN Ovation RNA-seq v2 kit for cDNA
Synthesis, followed by library construction using the NuGEN
Rapid no-PCR protocol in a NuGEN Mondrian microfluidics
instrument. RNA-seq libraries were then sequenced to a
minimum depth of w30 million single-end 101–base pair
reads. RNA-seq reads were aligned to the Rhesus genome
(MaSuRCA v7) using PerM as described in RseqFlow (20),
and annotated using the rhesus transcriptome (UNMC
v7.6.8). Reads that aligned to coding exons and known
junctions in each gene model were summed and normalized
(quantile and reads per kilobase million) to provide a raw
proxy for gene expression.

RNA-seq: Statistical Analyses

Building on our previous work, we examined transcript fea-
tures of each gene model, such as exons, introns, and splice
junctions, in relation to AT in python using statsmodels (https://
github.com/statsmodels/statsmodels/). Because annotation of
the rhesus genome is ongoing, and our understanding of splice
variation still developing, we performed gene-level multiple
regression analyses to predict AT. Each multiple regression
analysis was performed in 2 steps: 1) nuisance variable age
was entered into the model to predict AT, and 2) estimated
expression levels for each exon were simultaneously entered.
The test of interest was the significance of the change in F
between step 1 and step 2, which accounts for the variance
explained by the exonic expression levels. The degrees of
freedom for this model vary depending on the number of exons
expressed for each gene. Analyses were restricted to genes
where we mapped an average of at least 10 reads across
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rhesus monkeys, and at least 1 read in each animal. Additional
follow-up analyses can be found in Supplement 1.

AAV5-NTF3: Animals

Thirty-five potential animals were behaviorally screened for
participation in the NT3 viral-vector study with 10 minutes of
the NEC condition, and 10 periadolescent male animals were
selected (mean age at surgery = 2.43 6 0.19 years). Selected
animals displayed freezing in response to the NEC that ranged
from 133.4 seconds to 377.5 seconds (of 600 seconds total).
These animals were selected because they were in the mid-
high range of freezing to maximize the likelihood of
observing the hypothesized NT3-induced changes in AT.

All 10 animals were scanned with magnetic resonance im-
aging (MRI) and FDG-PET both before and after surgery
(AAV5-NTF3 group) or rest (unoperated cage-mate control
animals). Animals were first assessed using FDG-PET imaging
an average of 48.9 6 4.1 days prior to surgery. MRI data were
collected roughly 2 weeks after the PET scan, averaging

33.6 6 1.4 days prior to surgery. As in the RNA-seq animals,
AT was assessed in response to the potentially threatening
NEC condition of the human intruder paradigm, using a com-
posite of increased freezing, decreased vocalizations, and
increased cortisol, and brain function was assessed using
NEC-related 18FDG-PET. An AAV5 viral vector designed to
overexpress NTF3, the primary ligand for NTRK3, was injected
into the dorsal amygdala region of 5 animals using real-time
intraoperative surgeries. Animals were pair-housed, and 1
animal from each pair was randomly assigned to receive dorsal
amygdala AAV5-NTF3 injections. Postsurgical FDG-PET scans
were collected an average of 65.1 6 6.4 days after surgery,
allowing sufficient time for recovery. Postsurgical MRI scans
were collected an average of 75.8 6 5.1 days after the surgery.
All statistical tests compared post- and prechange between
dorsal amygdala AAV5-NTF3 animals and their cage-mate
control animals. All procedures were approved by and in
accordance with the guidelines established by the Institutional
Animal Care and Use Committee.

Figure 1. Anxious temperament (AT) is associated with a brain-wide AT network and altered gene expression in the dorsal amygdala. (A) Assessment of AT
in 46 young male rhesus monkeys revealed AT to be stable over time (r = .63, p , .001). (B) Average AT across assessments was associated with metabolic
changes in an AT-related brain network (p , .005, 2-tailed uncorrected), including the dorsal amygdala region (yellow arrow, also see Figure S1 in
Supplement 1). (C) Dorsal amygdala tissue was harvested from these same animals (yellow arrow), RNA was extracted and mapped to the rhesus genome
(MaSuRCA v7; UNMC v7.6.8), and a multiple regression was run for each gene with AT as the dependent variable and each exon’s expression levels as the
independent measure (see Methods and Materials for details). (D) Results demonstrated distributed associations between dorsal amygdala gene expression
and AT across chromosomes, as can be seen in this Manhattan plot depicting the log-p value for the F test of all exons regressed against AT. Genes reaching p
, .05 significance were annotated if they were a part of the Human Genome Organization gene families that included any of the following in its title: “G protein,”
“endogenous ligands,” “kinases,” “aminobutyric,” “glutamate,” “mitogen-activated,” “channels,” “SNAREs,” “solute carrier.”
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AAV-NTF3: Viral Vector

The DNA sequence corresponding to the entire open reading
frame of the rhesus NTF3 (GenBank accession
#XM_001118191, bases 8 to 1033; National Center for
Biotechnology Information, Bethesda, MD) was inserted into
the viral vector pAAV-MCS (Vector Biolabs, Malvern, PA).
Neurotrophin-3 (NT-3) protein expression was confirmed (see
the Supplemental Methods in Supplement 1 for details) and the
plasmid was then packaged into rAAV5 (Vector Biolabs) with a
titer of 1.2 3 1013 genome copies/mL.

AAV-NTF3: Statistical Analyses

Changes between pre- and postsurgical measures of AT were
computed for the dorsal amygdala AAV5-NTF3 animals and
compared with similarly spaced assessments of the control
animals. Corresponding comparisons were also performed to
assess the effects of dorsal amygdala AAV5-NTF3 on the
components of AT, that is, freezing, cooing, and cortisol
levels. The effects of NTF3 overexpression were assessed
using the statsmodels package in python. We also
performed targeted and voxelwise analyses to examine the
effects of NTF3 overexpression on brain metabolism (see the
Supplemental Methods in Supplement 1 for details). Briefly,
we first computed the changes in metabolism pre- and
postsurgery and for similarly timed assessments in control
animals. We then performed group Student’s t tests to
compare changes in metabolism between groups.
Exploratory voxelwise neuroimaging analysis results were
thresholded at a liberal p , .05 2-tailed, uncorrected.

Additional detailed methods can be found in Supplement 1.

RESULTS

RNA-seq of Dorsal Amygdala Tissue Reveals Many
Genes With AT-Related Expression Levels

We first identified AT-related transcripts based on exon
expression levels. Because annotation of the rhesus genome is
ongoing, and our understanding of splice variation is still devel-
oping, we performed gene-level multiple regression analyses to
predict AT, where expression levels for each exon within a gene
were simultaneously entered into a regression model to predict
AT, while controlling for age and sex. This approach is well suited
for analysis of genomes with incomplete annotations that pre-
clude a full splice-variant quantification. Additionally, this
approach is not biased toward identifying well-annotated genes
or genes with many exons (though it is limited by degrees of
freedom in genes with .40 exons). Results demonstrated 67
genes to have AT-related exonic expression at p , .005 (2-tailed
uncorrected) (Table S2 in Supplement 2), and 618 genes at a
threshold p , .05 (2-tailed uncorrected) (Figure 1D; Table S2 in
Supplement 2).

In addition to our primary analyses, we performed comple-
mentary analyses to identify AT-related dorsal amygdala
transcripts, including examining various aspects of each
gene’s expression profile (e.g., quantifying each intron, exon,
and junction independently, averaging expression across the
whole gene, and mapping each gene to the human genome),
performing gene enrichment analyses, and independently
examining each component of AT at each assessment (i.e.,

freezing, cooing, cortisol, at first and last assessment) in
relation to gene expression (see Methods and Materials sec-
tion). To provide discovery opportunities to interested readers,
all AT-related analyses, including post hoc complementary
analyses, can be accessed via our web resource (http://at.
psychiatry.wisc.edu; https://github.com/asfox/AT_
DorsalAmygdala_RNAseq_FoxEtAl).

Results of our gene-level multiple regression approach
demonstrated that a number of neuroplasticity-related mole-
cules were inversely associated with AT, including the neuro-
trophic receptor, NTRK3 (Figure 2A–B), and its downstream
modulator RPS6KA3 (Figure S2 in Supplement 1) (19). Other
AT-related transcripts included the inhibitory neurotransmitter
receptor subunit GABRA5 (see Supplement 1 and Figure S3
in Supplement 1), GABBR1, and APP (Figure S4 in
Supplement 1).

Pathway and Ontology Analyses Underscore the
Importance of Neuroplasticity-related Processes in
the Dorsal Amygdala Region as Important for AT

Consistent with our neurodevelopmental hypothesis (4), gene
ontology and the Kyoto Encyclopedia of Genes and Genomics’
KEGG PATHWAY (https://www.genome.jp/kegg/pathway.
html) enrichment analyses of the 618 nominally significant
AT-related genes revealed significant overrepresentation of
genes in the neurotrophin signaling pathway (KEGG:
hsa04722; z = 21.73, p = .01884) (additional significant path-
ways can be seen in Table S5 in Supplement 2), which includes
one of the stronger hits in our dataset, the ribosomal protein
RPS6KA3, a downstream kinase that can be modulated by
tyrosine kinase (Trk)-receptor activation, which was associated
with AT and each of its components (Figure S3 in Supplement
1). Moreover, we found overexpression in numerous plasticity-
related categories, mammalian target of rapamycin signaling
pathway (KEGG: hsa04150), negative regulation of apoptotic
process (Gene Ontology identifier: GO:0043066), regulation of
apoptotic process (GO:0042981), regulation of target of rapa-
mycin signaling (GO:0032006), positive regulation of long-term
synaptic potentiation (GO:1900273), and protein serine/threo-
nine kinase activator activity (GO:0043539). Full tables of
overexpression analyses can be seen in Tables S5 and S6 in
Supplement 2. Additionally, we also found significant over-
representation within other potentially AT-related ontology
categories, including behavioral fear response (GO:0001662),
regulation of translation in response to stress (GO:0043555),
and Wnt signaling pathway (GO:0016055). Although the infor-
matics tools for making these comparisons are still developing
alongside our actual knowledge about these pathways, these
results continue to support the relevance of multiple molecular
contributors to AT and suggest that neuroplasticity-related
factors may play an important role.

Post Hoc Analyses of RNA-seq of Dorsal Amygdala
Tissue Support NTRK3 as a Reliable Target for
AT-Related Alterations

Because of our interest in neuroplasticity as a protective factor
for the development of anxiety disorders (4), and in the NTRK3
pathway specifically, we present complementary post hoc
analyses related to NTRK3. Importantly, the negative relation
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between NTRK3 and AT was significant (n = 24, t = 22.08, p =
.0494, r = 2.41, 95% confidence interval [CI] = 20.58, 20.22)
when excluding the initial cohort, in which, using microarray
technology, we previously identified a relationship between AT
and NTRK3. This demonstrates independent replication of the
inverse AT-NTRK3 relationship (19). Next, we performed
nonparametric analyses in the entire sample, encompassing
both cohorts (n = 46), which revealed that AT was associated
with whole-gene NTRK3 expression levels (n = 46, r = 2.35,
p = .019, 95% CI = 20.47, 20.22). Post hoc examination of
individual NTRK3 exon expression levels in relation to AT
revealed only one exon to be significantly associated with AT
on its own (exon coordinates: 65913706–65913894; n = 46,
t = 22.76, p = .009, r = 2.38, 95% CI = 20.5, 20.25), sug-
gesting that specific NTRK3 isoforms may be uniquely asso-
ciated with AT. Nonparametric Spearman’s correlations across
the entire sample revealed expression levels of additional
NTRK3 gene features along the full length of the gene to be
significantly correlated with AT (3 of 7 exons, 0 of 8 introns, and
4 of 9 splice junctions; p’s , .05).

We then correlated expression levels at the most significant
NTRK3 exon with brain metabolism to determine whether
NTRK3 expression was associated with dorsal amygdala
metabolism. More specifically, we performed a voxelwise
search for regions where expression levels of this AT-related
NTRK3 exon was associated with FDG uptake during the
NEC context. Results demonstrated dorsal amygdala expres-
sion of the most AT-related NTRK3 exon to be inversely
associated with metabolism in the dorsal amygdala region
during NEC (n = 46, p’s , .05, uncorrected) (Figure 2C).

NT-3 Overexpression in Dorsal Amygdala
Decreased AT and Altered Extended Amygdala
Metabolism

Based on these data, we hypothesized that increased NTRK3
signaling in dorsal amygdala would decrease AT. To test this

hypothesis, we used viral-vector techniques to increase acti-
vation of the NTRK3 pathway via overexpression of its
endogenous ligand NT-3. Using real-time intraoperative MRI,
we infused an AAV5-Cmv-NTF3 viral vector into the dorsal
amygdala of 5 young rhesus monkeys and compared them
with 5 unoperated control animals (Figure 3A–D; see Methods
and Materials). Overexpression of NTF3 in dorsal amygdala
neurons resulted in a significant decrease in AT in rhesus
monkeys compared with control animals (n = 5/group;
nonparametric Mann-Whitney U = 4.0, p = .047; parametric
test was 2-tailed trend-level significant in the predicted direc-
tion both with unpaired, t = 22.176, p = .061, Cohen’s d = 1.54
with 95% CI =21.1, 0.66, and with paired groups, as the study
was designed, t = 22.515, p = .066, Cohen’s d = 21.03 with
95% CI = 22.16, 0.11) (Figure 3F). Further inspection of the
components of AT revealed a significant effect of dorsal
amygdala NTF3 overexpression in the predicted direction
reducing threat-related freezing (t = 23.013, p = .039, Cohen’s
d = 21.23 with 95% CI = 22.36, 20.1) (Figure 3F, right top).
Though in the predicted direction, the post- and prechanges
were not significant for cooing (though only 1 animal emitted a
coo call during this experiment, t = 1.000, p = .374, Cohen’s
d = 0.41 with 95% CI = 20.72, 1.54) (Figure 3F, right middle) or
cortisol (t = 20.693, p = .527, Cohen’s d = 20.28 with 95%
CI = 21.42, 0.85) (Figure 3F, right bottom). Because of the
relatively large CI for point estimates and the relationships
between NTRK3 expression and the components of AT in the
RNA-seq study, we choose not to interpret these differences in
the overexpression study. Nevertheless, the results suggest
that in order to produce maximal alterations of AT that affect all
of AT’s components, effective treatments may require multiple
genetic targets. Although we do not interpret these null effects,
follow-up analyses focused on freezing.

We predicted that dorsal amygdala NTF3 overexpression
would alter brain metabolism. We found a postsurgical in-
crease in metabolism compared with control animals within the
dorsal amygdala intraoperative MRI-defined infusion region

Figure 2. NTRK3 expression is associated with
anxious temperament (AT). NTRK3 gene model with
each exon colored by the t value of the association
between that exon and AT in 46 young rhesus
monkeys (A) shows exons between 65913706 and
65913894 to be inversely associated with AT (B). (C)
NTRK3 gene expression is associated with a
distributed brain metabolic network (p , .05, 2-tailed
uncorrected) including an inverse association with
the dorsal amygdala region (yellow arrow). a.u.,
arbitrary unit; FDG-PET, fluorodeoxyglucose–
positron emission tomography.
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(Figure 3E). Voxelwise analyses identified NTF3-induced
freezing-related metabolic changes within the AT network
(Figure 3G and Tables S3 and S4 in Supplement 2). These
regions, which are likely to mediate the effects of NTF3 on AT,
included the Ce region and BST region, as well as regions of
the medial thalamus and hippocampus. Interestingly, we found
that the metabolic alterations in these regions, which are
normally positively associated with AT and freezing behavior,
were inversely associated with the NTF3-related change in
freezing. This unexpected finding highlights the important and
interesting disconnect between unitary measures of brain ac-
tivity and the complex molecular systems that give rise to

variation in brain function. Taken together, these findings
suggest that neuroplasticity in the dorsal amygdala modulates
the function of the distributed neural circuit underlying anxiety.

DISCUSSION

Here, in a highly relevant AT–nonhuman primate model, we
found variation in dorsal amygdala NTRK3 expression levels to
be inversely associated with AT. Importantly, overexpression
of NT-3, the major NTKR3-activating ligand, was sufficient to
decrease AT. NTRK3, also known as TrkC, is a growth factor
receptor located on the surface of the cell, having the potential

Figure 3. Adeno-associated virus (AAV)5-NTF3 overexpression in the dorsal amygdala alters regional metabolism and decreases anxious temperament
(AT). (A) Because neurotrophin-3 (NT-3) is the primary ligand for NTRK3 (left), we infused AAV5 containing the NTF3 construct (right) to overexpress NT-3
in the dorsal amygdala of 5 young rhesus monkeys, using convection-enhanced delivery and intraoperative magnetic resonance imaging–guided surgical
techniques (30,32). Expression of NT-3 was verified using precise postmortem dorsal amygdala localization using corresponding acetylcholinesterase staining
(B, top) with an NT-3 antibody for visualization of overexpression (B, bottom), and high-magnification co-staining demonstrating selective neuronal expression:
NT-3 (green), NeuN (red; neurons), and 40,6-diamidino-2-phenylindole (DAPI) (blue; cell nuclei) (C). We demonstrated accurate targeting of the infusate into
bilateral dorsal amygdala region in all 5 animals after transformation to standard space (D), using premortem real-time T1-weighted magnetic resonance
imaging of the viral-vector mixed with radiopaque Gd infusate. (E) Results demonstrated infusion-overlap–related group differences in no eye contact–context
metabolism, such that the infusion-induced metabolic changes were larger in those voxels in which more monkeys received infusate (n = 5) compared with
uninfused control (Ctrl) animals (n = 5). (F) AAV-NTF3 infusion was associated with decreases in AT (n = 5/group) (left). Dorsal amygdala AAV-NTF3 over-
expression was significantly associated with decreased freezing but did not reach significance with cooing and cortisol (though in the predicted direction),
suggesting that these changes could be specifically associated with freezing (right inset). Each central nucleus (Ce)-AAV-NTF3 animal has its own marker,
which is shared by its matched control animal. (G) Finally, we identified brain-wide metabolic changes that demonstrated a main effect of AAV-NTF3 over-
expression (p , .05, 2-tailed, uncorrected; n = 5/group), where changes in metabolism were correlated with changes in freezing across groups (red; n = 10) in
regions that included the bed nucleus of the stria terminalis (BST), dorsal amygdala, medial thalamus, and hippocampus (yellow arrows). These data suggest
that the behavioral alterations resulting from dorsal amygdala NTF3 overexpression may be mediated by a distributed network of metabolic changes. cDNA,
complementary DNA; FDG-PET, fluorodeoxyglucose–positron emission tomography; PVN, paraventricular nucleus.
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to alter neuron growth and synaptic plasticity via the intracel-
lular signaling pathways it shares with other Trk receptors
(22,23). The current results implicate a novel translationally
relevant neurotrophic pathway within the primate dorsal
amygdala, which complements studies implicating other neu-
rotrophic factors such as BDNF (brain-derived neurotrophic
factor) and FGF2 (basic fibroblast growth factor) in rodent
models of anxiety (24–26). The data presented here support
our hypothesis implicating altered dorsal amygdala neuro-
plasticity as a molecular substrate for the early-life risk to
develop anxiety and depressive disorders.

Additional in-depth in vitro and in vivo studies will be
important to elucidate the effects of NTRK3 pathway acti-
vation at microcircuit and molecular levels. For example, we
found that NTF3 overexpression resulted in both a decrease
in AT and an increase in metabolism throughout AT-related
regions, which included the Ce-containing dorsal amygdala
region and the Ce-projecting BST region. This finding con-
trasts with our previous work in a large sample of 592 rhe-
sus monkeys that identified AT-related metabolism in these
same regions to be positively correlated with AT. It is
interesting that we did not observe a positive correlation
between AT and aggregate Ce metabolism after NTF3
overexpression. Perhaps this is not surprising, as these data
lend important insight into our previous observation that
only a small amount of the variability in AT could be
accounted for by regional metabolism during NEC (7).
Studies in rodents suggest that within regions as small as a
typical neuroimaging voxel there often are neurons that
produce opposing effects, as is the case with regard to
mutually inhibitory populations within intra-Ce circuits (27).
This emphasizes the importance of using preclinical models
in conjunction with in vivo neuroimaging to understand the
relationship between function at a microcircuit level with
that represented in a single imaging voxel (14,27,28). The
disparity in the direction of the effect provides potential
insights into why many neuroimaging-phenotype associa-
tions typically explain relatively small amounts of variation.
We believe, however, that these relatively weak associa-
tions do not detract from the importance of identifying re-
gions using neuroimaging. In fact, it is likely that systems-
and molecular-level studies can complement clinical neu-
roimaging and explain the variance that is unaccounted for
by the aggregate signal in voxelwise neuroimaging mea-
sures (29). Here, at the molecular level, the precise mech-
anisms by which NT-3 or NTRK3 variation leads to
alterations in metabolism and AT remain to be explored. For
example, NT-3, like brain-derived neurotrophic factor, can
also bind to NTRK2 (also known as tropomyosin receptor
kinase B [TrkB]). Although not observed in the RNA-seq
analyses, this raises the possibility that the NTKR2
pathway may also modulate AT in primates (23). We also
emphasize that further studies focused on NTRK3
isoforms are warranted, because in vitro studies demon-
strate that NT-3 differentially interacts with NTRK3 receptor
variants (23).

While we causally implicate the NT-3/NTRK3 system in
AT, we emphasize that this target was but one of the many
discovery-based associations. We have focused on

neuroplasticity-related signaling and the NT-3 system, but
this is only one of many potential hypotheses that can be
derived from the discovery-based RNA-seq data. Our RNA-
seq analyses did not reveal results that survive strict
multiple comparison correction and accordingly should be
interpreted as moderate evidence in support of a particular
molecule’s involvement in anxiety. Nevertheless, there is
much to be gleaned from further examination of AT-related
transcripts on our online resource (http://at.psychiatry.wisc.
edu, or https://github.com/asfox/AT_DorsalAmygdala_
RNAseq_FoxEtAl), as there are many other dorsal amyg-
dala transcripts that are associated with AT and/or
distributed brain metabolism (e.g., Figures S2–S4 in
Supplement 1). In addition to the findings presented here, it
is likely that other anxiety-related gene expression relation-
ships are being masked by incomplete and ongoing anno-
tation of the rhesus genome. In addition to implicating the
NT-3/NTRK3 system in the risk to develop anxiety and
depressive disorders, these data underscore the importance
of understanding the interactions among multiple molecular
mechanisms that likely converge to influence the distributed
neural network that underlies anxiety.

The demonstration that AT is decreased by dorsal
amygdala NTF3 overexpression complements our previous
report of increased AT after overexpression of the CRH gene,
which is associated with anxiety, in the dorsal amygdala (30).
The NTF3 and CRH overexpression studies were performed
in independent samples, confirming that alterations in dorsal
amygdala gene expression can bidirectionally change AT.
From a methodological perspective, concerns regarding
possible nonspecific effects of the surgery or infusions are
mitigated by the demonstration that nearly identical methods
were used in these two experiments that produced opposite
but predicted behavioral effects. The mechanisms by which
NT-3 and CRH overexpression result in opposing effects
remains unknown. Rodent studies using Ce-CRH knockouts
and optogenetic manipulation of Ce–CRH-expressing cells
suggest that CRH may provide “gain control” on potentially
threatening inputs (14,27,31). Previous research on growth
factors suggests that the influence of NT-3 is unlikely to be
that specific. Instead, it is more likely that NT-3 is exerting its
influence on Ce function by altering the structural properties
of Ce cells and altering synapses, including those to and
from Ce-inhibitory interneurons, some of which are CRH
positive. Additional research will be required to understand
the overlap between CRH- and NTRK3-expressing cells, but
it would be reasonable to hypothesize that effects of NT-3
increase local inhibition of CRH and other sets of peptide-
expressing cells.

We identified potential molecular targets for the treatment
and prevention of anxiety and depressive disorder and
demonstrated causal manipulation of the NT-3/NTRK3 sys-
tem in early-life AT. Identifying AT-related molecular alter-
ations will provide new insights into the cell states and
physiological features of the dorsal amygdala that are altered
in highly anxious individuals. Such work promises to guide
the development of new treatments for preventing and alle-
viating the lifelong suffering associated with stress-related
psychopathology.
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Supplementary Discussion 

 

RNA-seq analyses to discovery other AT-related transcripts 

Although our focus was on NTRK3, this approach also served to implicate molecules that have 

long been hypothesized to underlie anxiety in the risk to develop anxiety and depressive 

disorders, and discover new potentially AT-related molecules that currently have no known role 

in anxiety. For example, significant AT-related transcripts included the inhibitory 

neurotransmitter receptor subunit, gamma-aminobutyric acid (GABA) A receptor, alpha 5 

(GABRA5, Figure S3), and the Alzheimer's associated amyloid precursor protein (APP; Figure S4). 

For example, post-hoc investigation of APP revealed that 8 different features were significant at 

p<.005 uncorrected, most of which were clustered at the A-Beta coding end of the transcript (1) 

(Figure S4). 

 

In support of its hypothesized role in anxiety and anxiety-like behavior, we found an inverse 

relationship between AT and expression levels of GABAR5, which encodes the alpha-5 subunit of 

the GABA-A receptor. Ce GABAR5 expression levels are known to be increased in highly anxious 

mice (2) and decrease after fear conditioning (3), a finding that is accompanied by decreased 

binding of benzodiazepines, a class of drugs often used to treat anxiety. It has previously been 

shown that genetic variation influencing expression of this gene has been associated with the 

anxiolytic response to benzodiazepines (4). And, recent work has demonstrated that, in specific 

populations of Ce neurons, alpha-5 containing GABA-A receptor complexes mediate the 

extrasynaptic tonic inhibition that underlies fear generalization (5). These findings are consistent 
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with the hypothesis put forth by Botta et al. (2015) (5) that experience-dependent changes in the 

expression of GABAR5 contribute to anxiety by altering the signal-to-noise ratio of phasic fear-

relevant inputs to Ce. The data presented here suggest that these specific aspects of GABAR5 

may be conserved in primate species, and related to the early-life risk factors for the 

development of anxiety and depressive disorders.  

 

This discovery-based approach can also be used to identify AT-related expression levels of 

transcripts that have not previously been demonstrated to be anxiety-related. For example, we 

identified amyloid precursor protein (APP) as inversely associated with AT.  APP is most 

frequently associated with Alzheimer's disease and the accumulation of amyloid deposits that 

result from cleaving the Aβ portion of the APP gene (6). Examination of the portions of the gene 

that were predictive of AT revealed that it was specifically the Aβ coding portion of the gene that 

was associated with AT (1). Cleavage products of the Aβ protein can regulate neuronal function 

and synaptic plasticity (7). Recent evidence suggests that portions of the APP protein bind to a 

specific sub-component of the metabotropic GABA type B receptor (GABBR1), which was also 

found to significantly predict AT in our dataset (p=.037; see Table S2). Our APP-GABABR1a data 

suggest the normative function of APP within the Ce may play a role in the neural instantiation 

of dispositional anxiety. These examples highlight the utility of this discovery-based approach, 

but ultimately mechanistic studies that demonstrate causality will determine their success. 

 

In addition to these transcripts, many others could be of potential interest. To further explore 

the relationship between relevant AT-related transcripts and AT-related metabolism, we 
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correlated AT-related exon expression in genes of interest with metabolism throughout the AT 

circuit. These exploratory analyses revealed brain metabolism distributed throughout the AT-

network to be associated with expression of various AT-related genes (see 

http:/ /at.psychiatry.wisc.edu, or 

https:/ /github.com/asfox/AT_DorsalAmygdala_RNAseq_FoxEtAl, along with some additional 

analyses of potential interest and https:/ /www.neurovault.org/collections/AYJGSCJH/). 

 

Supplementary Methods 

Method details are broken down by technique as applied in the manuscript. 

 

NEC-FDG: Assessing brain metabolism and AT (and its components) in the NEC context  

Individual differences in the anxious temperament (AT) phenotype were quantified using the 30-minute 

No-Eye-Contact (NEC) condition of the human intruder paradigm (8-10). Subjects were placed in a testing 

cage, and an experimenter entered the room and stood motionless ~2.5 meters from the subject while 

presenting his profile and avoiding direct eye contact. Subjects were allowed to freely respond to this 

ethologically-relevant potential threat, similar to procedures used to assess children’s dispositional 

anxiety and behavioral inhibition in response to a stranger. Anxiety-related behaviors elicited by the NEC 

challenge were scored by a trained rater, who was blind to monkey group assignment. Freezing was 

defined as a lack of movement for greater than 3-seconds, and was recorded in seconds /  5-minute epoch 

of NEC exposure. Mean freezing scores were log-transformed and converted to z-scores. Cooing was 

measured as the number of coo-vocalizations during each 5-minute epoch of NEC-exposure. Mean cooing 

frequencies were square-root transformed and converted to z-scores. For the RNA-seq study, but not the 

NT3-AAV study, freezing and cooing were standardized after covarying for age. This residualization was 
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not performed for the NT3-AAV study, because we were concerned it would induce more noise as a result 

of parameter instability, instead we selected animals that were the same age. Plasma cortisol (µg/dL) was 

quantified based on samples taken immediately after NEC-exposure. Plasma samples collected from 

animals used in the RNA-seq analysis were assayed for cortisol in duplicate using the DPC Coat-a-count 

radioimmunoassay (Siemens, Los Angeles, CA).  The intra-assay CV% was 4.0 and the inter-assay CV% was 

7.0. The limit of detection defined by the lowest standard was 1 µg/dL. The Siemens kit was subsequently 

discontinued; therefore, plasma samples collected from animals used in the NTF3 viral vector studies were 

assayed for cortisol in duplicate using the MP Biomedicals (Solon, OH) Immuchem coated tube 

radioimmunoassay. The intra-assay CV% was 4.9 and the inter-assay CV% was 10.3. The detection limit 

defined by the lowest standard was 1 µg/dL. In the RNA-seq data, cortisol values were standardized after 

removing any effects of age, and the time-of-day in which samples were taken. Similar to the behaviors 

described above, in the NT3-AAV study, cortisol values were not residualized. A composite measure of AT 

was computed as the average of standardized freezing, cooing and cortisol measures ((Zfreezing - Zcooing + 

Zcortisol) /  3). This was done across assessments for measures with multiple time-points. Further details on 

the validation and methods used to assess AT has been previously described (8, 11-13). 

 

In order to measure threat-related metabolic activity animals were restrained in a squeeze cage, 

intravenously injected with FDG (~7.0 mCi), and then placed in a test cage for 30 minutes, during 

which time the animals were exposed to NEC. After the 30-minute FDG uptake period, animals 

were anesthetized with 15 mg/kg of ketamine and 0.04 mg/kg atropine and fitted with an 

endotracheal tube to maintain isofluorane (1-2%) anesthesia throughout the scanning 

procedure.  Vital signs, including heart rate, oxygen saturation, end tidal CO2, respiration rate and 

body temperature, were monitored throughout the scan. RNA sequencing cohorts 1 and 2 were 
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scanned on a Concorde Microsystems P4 small animal microPET scanner (Siemens, Knoxville, 

TN) and the NT3 Viral Vector sample was scanned on the Siemens Focus220 microPET scanner. 

Sixty-minute emission PET scans were reconstructed using standard filtered back projection 

methods with attenuation- and scatter-correction, and reflect the integrated brain metabolism 

that occurred during the 30 minutes of FDG uptake. Each native-space FDG-PET image was 

linearly aligned to its corresponding T1 using a rigid-body transformation in ANTS (14, 15) and 

then aligned to the 592-monkey template using the T1 fi  template transformation. The 

normalized FDG-PET images were scaled to the whole-brain signal using FSL. The grand-mean 

scaled post-surgical PET images were subtracted from pre-surgical scaled PET images and then 

all scaled pre, post, post-pre PET images were spatially smoothed with a 4-mm FWHM Gaussian 

kernel.   

 

MRI acquisition  

Prior to MRI acquisition, the monkeys were anesthetized with ketamine (15 mg/kg, IM). The 

animals were placed in a MRI-compatible stereotaxic frame, administered dexmedetomidine 

(0.015 mg/kg, IM), and scanned for approximately one hour. Heart rate and oxygen saturation 

were monitored throughout the scan. Additional doses of ketamine were given as needed 

throughout the scan to maintain anesthesia.  At the end of the scan the dexmedetomidine was 

reversed with atipamezole (0.15 mg/kg, IM) and animals were removed from the scanner and 

monitored until they fully recovered from anesthesia. 
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T1-weighted MRI scans, which were used for across subject registration, were adjusted for the 

three different cohorts, as seen below.  

 

RNA sequencing cohort 1: Magnetic resonance imaging (MRI) was performed in a 3-Tesla GE Signa 

EXCITE (GE Healthcare; Waukesha, WI) scanner with a 16-cm quadrature extremity surface coil 

at the Waisman Laboratory for Brain Imaging and Behavior, in Madison, WI. The head was fixed 

in the sphinx position using a custom stereotaxic frame. Whole-brain anatomical images were 

acquired using a T1-weighted Enhanced Fast Gradient Echo 3-Dimensional (efgre3D, with 

inversion time [TI] = 600 ms, repetition time [TR]  = 8.65 ms, echo time [TE] = 1.89 ms, flip angle 

= 10°, number of excitations [NEX] = 2, field of view [FOV] = 140 mm, matrix = 256 × 224, in-plane 

resolution = 0.27 mm, slice thickness = 1.0 mm, Spacing Between Slices = 0.5 mm, 248 slices). 

 

RNA sequencing cohort 2: MRI was performed in a 3-Tesla GE DISCOVERY MR750 (GE Healthcare; 

Waukesha, WI) scanner with a 16-cm quadrature extremity surface coil at the Lane Imaging 

Laboratory at the HealthEmotions Research Institute (HERI), in Madison, WI. The head was fixed 

in the sphinx position using a custom stereotaxic frame. Whole-brain anatomical images were 

acquired using a coronal T1-weighted 3D Fast Spoiled Grass Sequence with IR Preparation (IR-

FSPGR, with inversion time [TI] = 600 ms, repetition time [TR]  = 11.45 ms, echo time [TE] = 5.4 

ms, flip angle = 10°, number of excitations [NEX] = 2, field of view [FOV] = 140 mm, matrix = 256 

× 224, in-plane resolution = 0.27 mm, slice thickness = 1.0 mm, Spacing Between Slices = 0.5 mm, 

248 slices). 
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NT3 viral vector sample: MRI was performed in a 3-Tesla GE DISCOVERY MR750 (GE Healthcare; 

Waukesha, WI) scanner with a custom 8-channel array coil (Clinical MR Solutions; Brookfield, WI, 

USA) at the Lane Imaging Laboratory at the HERI, in Madison, WI. The head was fixed in the sphinx 

position using a custom stereotaxic frame that fit inside the coil. Whole-brain anatomical images 

were acquired using a coronal T1-weighted 3D Fast Spoiled Grass Sequence with IR Preparation 

(IR-FSPGR, with inversion time [TI] = 600 ms, repetition time [TR]  = 11.92 ms, echo time [TE] = 

5.4 ms, flip angle = 10°, number of excitations [NEX] = 2, field of view [FOV] = 140 mm, matrix = 

256 × 224, in-plane resolution = 0.27 mm, slice thickness/gap = 0.5 mm, 248 slices).   

 

Image co-registration  

In each study, structural MRI scans were used to ensure accurate co-registration of the FDG-PET 

images. Structural MRI images were aligned to a rhesus monkey MRI template based on 592 

young animals described in Fox et al. (2015) (16) using ANTS (pure cross correlation with a 

window radius of 2 and a weight of 1, with a Gaussian kernel with sigma 2 applied to the similarity 

gradient, with a SyN transformation model, and 30x20x20x5 iterations). Rigid body registration 

was used to align the FDG-PET from each animal to the corresponding structural MRI image with 

a mutual information algorithm using ANTS. Once the FDG-PET and T1-MRI were in the same 

space, the nonlinear transformation based on the T1-MRI was applied to produce FDG-PET 

images in standard space.  
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Tissue processing and RNA extraction 

After the animal was euthanized, the brain was removed and placed in a brain block.  Tissue was 

cut into slabs as previously described (17) and frozen by immediate submersion in dry ice-chilled 

isopentane.  Tissue slabs were stored at -80˚C until use. On the day of dissection, the appropriate 

slab was slightly thawed on wet ice and then the dorsal amygdala was collected using a circular 

3 mm punch tool as previously described (17). RNA was extracted from the tissue punches using 

RNeasy plus mini kits (Qiagen, Germantown, MD) and processed for RNA-seq library 

construction. 

 

RNA-seq library construction 

RNA-Seq was performed using a modification of the SPIA reaction of the NuGEN Ovation RNAseq 

V2 kit for cDNA Synthesis, followed by library construction using the NuGEN Rapid no-PCR 

protocol in a NuGEN Mondrian microfluidics instrument. This method uses linear amplification 

and amplifies the nucleic acid ~1,000X by the end of library construction. Additionally, the 

method uses random primers for cDNA synthesis and hence assays non-polyA non-coding RNAs, 

and can provide near perfect 5’→3’ read distribution (18). RNA-Seq libraries were then 

sequenced to a minimum depth of ~30 million single-end 101 base-pair reads.  Replicates of 1ng 

(~100 cell equivalents) of Universal Human Reference (UHR) RNA (Agilent Technologies Inc., 

740000) sequenced using this method had an average pairwise r2 of 0.92 (18). 
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Trajectory guide base placement and intraoperative MRI (IMRI) 

Placement of the MRI-compatible trajectory guide bases followed previously reported methods 

(19, 20) modified for targeting dorsal amygdala, and are described in detail in the Supplemental 

Information accompanying Kalin et al. (2016) (21). The intraoperative targeting was performed 

using a platform for real-time MR-guided prospective stereotaxy (22) that was initially developed 

by the University of Wisconsin (23-26). To cover as much of the dorsal amygdala as possible while 

minimizing treatment to surrounding regions, two 6µl infusions were performed per hemisphere 

(one anterior target, one posterior target), for a total of 12µl per hemisphere. After each infusion 

the catheter was removed, and after all infusions were complete the animal was transported 

back to the surgical suite and the craniotomies were closed. 

 

Before the procedure, the animals were anesthetized with ketamine (up to 20 mg/kg, 

intramuscular (IM)), prepared for surgery, and then placed in a MRI compatible-stereotaxic 

frame. The animals were intubated and received isoflurane anesthesia (1–3%, intratracheal (IT)). 

Atropine sulfate (0.01-0.3 mg/kg, IM) was administered to depress salivary secretion, and 

buprenorphine (0.01-0.03 mg/kg, IM, repeated every 6-12 hours) was given for analgesia. To 

maintain fluids and electrolytes, Plasmalyte (up to 10 mg/kg/hr, intravenous (IV)) was 

administered. Cefazolin (20-25 mg/kg, IM or IV) was administered as a prophylactic antibiotic one 

day prior to the surgery. Cefazolin was also administered immediately prior to surgery, and then 

every 6 hours while under anesthesia. All drugs and treatments were given in consultation with 

veterinary staff. Vital signs (heart rate, respiration, oxygen saturation, and end tidal CO2) were 
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continuously monitored. Body temperature was monitored during the surgical procedure and 

maintained by wrapping the animals for warmth.  

 

Prior to surgery the 3D T1W MRIs were used to visualize target in three planes (sagittal, axial, and 

coronal) and identify the entry point for the catheter. Intraoperative MRI guidance of the 

catheter was performed using a pivot point-based MRI compatible external trajectory guide 

(NavigusTM brain port, Medtronic Inc., Minneapolis, MN). Modifications were made to this system 

to adapt it for the placement of catheters by the addition of a guiding insert, a customized base 

to fit the nonhuman primate skull and the addition of a laser alignment pointer that fastens to a 

micromanipulator. Placement of the MRI-compatible trajectory guide bases was performed in a 

surgical suite under sterile conditions. Using stereotactic guidance, 11-12 mm in diameter 

craniotomies were made bilaterally at the planned entry points. Each trajectory guide base was 

mounted on the skull over the craniotomy with three titanium AutoDrive self-tapping screws 

(OsteoMed, Addison, TX) and dental acrylic. Surgical gelfoam that was moistened with sterile 

saline was placed over the craniotomies and the bases were capped with sterile plastic base plugs 

(Navigus).  

 

Catheter trajectory planning and insertion 

The animals were transported from the surgical suite to the MRI suite under anesthesia. Sterile 

conditions were maintained in the MRI suite during viral vector delivery. A 3-inch circular surface 

coil (MR Instruments, Minneapolis, MN) was positioned above the animal’s head, transverse to 

the main magnetic field, with the Navigus brain port located near the center of the coil. A sterile 
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MR-visible alignment guide was inserted into the trajectory guide base. The base constrains the 

guide such that its proximal tip passes the center of the pivot joint, and the distal end up the 

guide extends away from the skull. A high-resolution, volumetric roadmap scan was acquired for 

target identification using a 3D IR GRE MRI scan. After identifying the desired target point in the 

brain and the location of the pivot point in the high-resolution 3D T1-weighted “roadmap” 

volume, the prospective stereotaxy tool calculates an “aiming point” outside the skull that is co-

linear with the target and alignment guide pivot points and then performs real-time imaging of a 

plane perpendicular to and centered on the aiming point, allowing the operator to reach into the 

bore of the magnet and move the alignment guide until its image overlaps with the software-

displayed aiming point. This system is built on top of the RTHawk scanner interface (HeartVista, 

Palo Alto, CA), which permits the implementation of image-guided interventional procedures 

(27), and the VURTIGO toolkit (Visual Understanding of Real-Time Image Guided Operations, 

Sunnybrook Health Sciences Centre; Toronto, Canada), an open-source visualization platform 

that allows simultaneous display and interaction with multiple 3D and 2D datasets (28).  

 

Once the alignment guide was determined to be in position, the base was locked into place, the 

fluid-filled alignment guide was removed, the remote introducer (Navigus) was fastened to the 

stem, and a catheter guiding insert was placed in the alignment stem. The catheter for the 

infusion was threaded through the remote introducer and the guiding insert, and was fastened 

to the remote introducer by a plastic locking mechanism. FEP Teflon infusion lines (IDEX Health 

& Science, Oak Harbor, WA) were used to connect the catheter via a pressure sensor transducer 

to a 100 microliter (µl) Hamilton syringe (Hamilton Company USA, Reno, NV) that was placed in 
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a MRI-compatible syringe pump attached to the control mechanism of a standard Harvard 

apparatus PHD 2000 (Holliston, MA). Monitoring of the pressure in the infusion line was 

performed using the infusion pump controller system (Engineering Resources Group, Inc., 

Pembroke Pines, FL). A computer was connected to the pump controller for infusion protocol 

programming, which was connected to a pressure sensor transducer to monitor infusion line 

pressure at the pump output port. The infusion line was primed with a loading line solution 

(Dulbecco's phosphate-buffered saline (D-PBS) without Ca2+ and Mg2+ with 5% glycerol) and the 

catheter was loaded with the viral vector containing the NT3 construct and the MR visible marker 

Gadobenate dimeglumine (Gd, MultiHance, Bracco Diagnostics).  

 

The catheter (100mm Valve Tip Catheter, Engineering Resources Group, Inc., Pembroke Pines, 

FL) was a fused silica cannula with a polyimide tubing tip and was sealed with a retractable glass 

fiber stylet. Its dimensions were: tip—outer diameter (OD) = 0.40 mm, inner diameter (ID) = 0.345 

mm, length = 3.0 mm; shaft—OD = 0.67 mm, ID = 0.45 mm, length = 97.0 mm from ferrule, stylet 

OD = 0.275 mm.  

 

After pressure in the line was stabilized, the catheter was introduced into the brain, advancing 

the remote introducer at approximately 10-15 mm/minute. The catheter was advanced two-

thirds of the measured depth towards the target for partial insertion, and another targeting 3D 

T1W MRI was performed to confirm the correct trajectory, and calculate the remaining distance 

from catheter tip to target. Once confirmed, the catheter was advanced to its final position and 
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the stylet was retracted. When the pressure reading on the infusion pump controller system 

stabilized, the infusion began.  

 

The infusate consisted of AAV5-NT3 vector in a solution of D-PBS without Ca2+ and Mg2+ with 5 % 

glycerol. To facilitate in vivo MRI visualization of the infusion, Gd was mixed with the viral vector 

to reach final concentration 0.66 mM. A total volume of 6 µl was infused at a steady rate of 1 

µl/min per infusion site, for a total of 12 µl per hemisphere. After each infusion the previously 

described 3D roadmap scan was reacquired for a qualitative visualization of the volumetric 

infusate delivery region. This sequence provides sensitivity to the contrast-enhanced infusate 

and sufficient gray/white contrast for easy identification of the infusion’s anatomical location. 

These post infusion scans were used to create the infusion overlap image in Figure 3e in the main 

manuscript. After all infusions were complete the animal was transported back to the surgical 

suite. To reduce intracranial pressure and prevent brain swelling, Mannitol (up to 2.0 g/kg, IV) 

was given as needed. The brain ports were removed and the incision was closed in layers before 

the animal was allowed to recover from anesthesia. Animals were given buprenorphine twice on 

the day following the surgery (0.01-0.03 mg/kg, IM). Cefazolin (20-25 mg/kg, IM or IV) or 

Cephalexin (20-25 mg/kg, oral (PO)) was given twice daily for five days after surgery to prevent 

infection. The animals were allowed to recover and testing did not commence before 2 months 

after surgery. 
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AAV construction 

The DNA sequence corresponding to the entire open reading frame of the rhesus NTF3 (GenBank 

accession #XM_001118191, bases 8 to 1033) was inserted into the viral vector pAAV-MCS (Vector 

Biolabs, Malvern, PA).  Expression of the NTF3 was under control of the CMV promoter, and 

successful plasmid-driven expression of NTF3 was first confirmed in vitro by transfecting HEK293 

cells grown on glass coverslips.  Forty-eight hours after transfection, the cells were fixed at 4˚C 

with 4% paraformaldehyde for four days, followed by two 2 min washes with phosphate-buffered 

saline (PBS). The expression of NTF3 in the HEK293 cells was shown by fluorescent 

immunocytochemistry. First, cells were permeabilized with a 5 min incubation with 0.25% Triton 

X-100 (Sigma-Aldrich, St Louis, MO) in PBS followed by two 2 min washes with PBS and then non-

specific binding was blocked for one hour with 5% normal donkey serum (Jackson 

ImmunoResearch, West Grove, PA) in PBS. All subsequent incubation steps were performed in 

PBS containing 5% normal donkey serum.  NTF3 expression was detected using an overnight 

incubation at 4˚C with a 1:80 dilution of an antigen affinity-purified anti-human NTF3 polyclonal 

antibody raised in goat (R&D Systems, Minneapolis, MN). Following four 10 min washes with PBS 

containing 5% normal donkey serum, the cells were incubated at room temperature for two 

hours with a 1:200 dilution of Alexa Fluor 488 conjugated donkey anti-goat secondary antibody 

(ThermoFisher Scientific, Waltham, MA). After four 10 min washes with PBS, coverslips were 

mounted on Superfrost Plus slides with ProLong Gold (ThermoFisher Scientific). Fluorescence was 

visualized using a DMI6000B microscope (Leica Microsystems, Buffalo Grove, IL).  Following 

confirmation of NTF3 protein expression, the plasmid was then packaged into rAAV5 (Vector 

Biolabs) with a titer of 1.2 x 1013 genome copies/ml.  
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NTF3 immunohistochemistry 

Animals were euthanized by transcardial perfusion with heparinized PBS at room temperature 

followed by fixation with 4% paraformaldehyde (PFA) at 4˚C.  Brains were removed and PFA 

fixation was continued overnight at 4˚C. The brains were placed in a brain block and cut into slabs 

that were subsequently processed through increasing concentrations of sucrose – 10%, 20% and 

30%.  The approximately 14 mm thick tissue slab containing the amygdala was frozen and cut at 

40 microns on a cryostat (CryoStar NX50, ThermoFisher Scientific).  Tissue sections were stored 

in cryoprotectant (40 mM potassium phosphate/11mM sodium phosphate buffer, pH 7.2, 

containing 30% ethylene glycol and 30% sucrose) at -20˚C until use. To identify neurons that 

expressed NTF3, immunofluorescence was performed.  Cryoprotectant was removed by washing 

sections for 5 hours with PBS; then non-specific binding was blocked for one hour with 5% normal 

donkey serum (Jackson ImmunoResearch).  This, and all subsequent incubation steps were 

carried out at room temperature in PBS containing 0.3% Triton X-100 (Sigma-Aldrich, St Louis, 

MO).  After each incubation step, sections received three 10 min washes with PBS.  Neurons were 

identified using an overnight incubation with a 1:2000 dilution of a mouse monoclonal neuronal 

nuclei (NeuN) antibody (clone A60; MilliporeSigma, Burlington, MA) followed by a one-hour 

incubation with a 1:250 dilution of Alexa Fluor 647 conjugated donkey anti-mouse secondary 

antibody (ThermoFisher Scientific). NTF3 expressing cells were then identified using an overnight 

incubation with a 1:200 dilution of the same R&D systems NTF3 antibody used for the in vitro 

studies described in the preceding paragraph followed by a one-hour incubation with a 1:250 

dilution of Alexa Fluor 488 conjugated donkey anti-goat secondary antibody (ThermoFisher 

Scientific).  Finally, cellular nuclei were identified using a 5 min incubation with a 1:5000 dilution 
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of 4',6-diamidino-2-phenylindole (DAPI). Sections were mounted on Superfrost Plus microscope 

slides using ProLong Gold.  Fluorescence was visualized using an oil emersion 40x object with 1.3 

na on an A1R-SI+ confocal microscope (Nikon Instruments, Melville, NY).     

 

RNA-seq alignment and quantification 

RNA-seq reads were aligned to the Rhesus genome (MaSuRCA v7) using PerM as described in 

RseqFlow (29).  In short, Reads were iteratively aligned with full sensitivity to eight mismatches 

to coding exons, coding junctions, introns and intergenic regions according to the Rhesus 

transcriptome (UNMC v7.6.8). Reads which aligned to coding exons and known junctions in each 

gene model were summed to provide a raw proxy for gene expression. The number of reads per 

gene in each animal was normalized both by the rank distribution (quantile) as well as by total 

number of gene-aligned reads (rpkm).  

  

To provide a more in-depth exploration of isoform expression we described the expression per 

“feature” where features refer to each unique exon or exon-exon junction in a gene model.   

While specific isoform level expression requires complete knowledge of the set of exons specific 

to each isoform in a gene model, analysis of features allows each feature to be independently 

investigated for its association with anxious temperament.  

 

RNA-seq across subject analyses 

Analyses were performed to assess the relationship between gene expression and AT in python 

using statsmodels (https:/ /github.com/statsmodels/statsmodels/ ). Because annotation of the 
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rhesus genome is ongoing, and our understanding of splice variation still developing, we 

performed gene-level multiple regression analyses to predict AT. Each multiple regression 

analysis was performed in two steps, 1) nuisance variable age was entered into the model to 

predict AT, 2) estimated expression levels for each exon were simultaneously entered. The test 

of interest was the significance of the F-change between step 1 and step 2, which accounts for 

the variance explained by the exonic expression levels. The degrees of freedom for this model 

vary depending on the number of exons expressed for each gene. Analyses were restricted to 

genes where we mapped an average of at least 10 reads across subjects, and at least one read in 

each animal. 

 

In addition to this primary analysis, we performed a series of non-independent follow-up 

analyses. These analyses included performing independent regressions to predict AT for each 

gene, and each annotated feature of the rhesus genome, while controlling for age. These 

analyses are for exploratory purposes only, as we did not correct for multiple comparisons or 

account for non-independence. All analyses performed can be examined via our web-resource. 

Follow-up analyses were performed in relation to NTRK3 expression levels, specifically, using 

non-parametric spearman’s correlations between each gene feature and AT. Ontology analyses 

were performed in reference to the human genome using the Enrichr tool (30, 31). 

 

Voxelwise FDG-PET across subject analyses 

Across subject FDG-PET analyses were performed using fmristat in MATLAB, similar to published 

reports (see: (8, 11, 16)). Voxelwise regressions were performed to examine the relationship 
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between FDG-PET metabolism in the NEC context and AT, while controlling for age. Results were 

thresholded at p<.005, two-tailed uncorrected. To examine the extent to which FDG-AT 

relationships were representative of our previously published large-scale analysis of the neural 

correlates of AT, we examined the spatial correlation between the FDG-AT voxelwise map in 

these animals and the previously reported FDG-AT voxelwise map in a sample of 592 young 

rhesus monkeys (16). 

 

To identify regions where FDG-PET was associated with dorsal amygdala gene expression, we 

performed voxelwise correlations between FDG and dorsal amygdala gene expression levels in 

46 animals. Because this analysis can provide an unreasonable set of data, we restricted our 

analysis to a few features of interest (RPS6KA4, NTRK3, GABAR5, PENK, APP, ADRA2C, and HRH1). 

To get a less computationally intensive overview of the relationship between AT-related 

metabolism and dorsal amygdala gene expression in other transcripts, we used a region of 

interest approach. More specifically, we extracted mean metabolism within the AT-related 

cluster (Table S1), and used the feature-based multiple regression approach described above to 

predict mean metabolism in each significant region. Results are available on our web-resource 

(http:/ /at.psychiatry.wisc.edu; 

https:/ /github.com/asfox/AT_DorsalAmygdala_RNAseq_FoxEtAl).  

 

AAV-NT3 statistical analyses 

Changes between pre- and post-surgical measures of AT were computed for the dorsal amygdala 

AAV5-NTF3 animals and compared to similarly-spaced assessments of the control animals. 

http://at.psychiatry.wisc.edu/
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Corresponding comparisons were also performed to assess the effects of dorsal amygdala AAV5-

NTF3 on the components of AT, i.e. freezing, cooing, and cortisol levels. The effects of NTF3 

overexpression were assessed using the statsmodels package in python 

(https:/ /github.com/statsmodels/statsmodels/ ).  

 

To assess the effects of dorsal amygdala AAV5-NTF3 on brain metabolism in the infused region, 

we identified voxels that received infusate (as measured by intra-operative Gd), and examined 

the relationship between the number of subjects that received infusate in that voxel and the 

group-difference in metabolic change compared to controls. This analysis identified regions 

infusion-overlap related group-differences in NEC-context metabolism, such that the infusion-

induced metabolic changes were larger in those voxels in which more subjects received infusate 

(Figure 3e). The effects of NTF3 overexpression on metabolism in the infused region were 

assessed using the statsmodels package in python 

(https:/ /github.com/statsmodels/statsmodels/ ). 

 

Voxelwise analyses to examine the broader effects of NTF3 overexpression on brain metabolism 

were performed using the fmristat packages in MATLAB, as above (also see: (21)). We first 

computed the changes in metabolism pre- and post-surgery, and similarly timed assessments in 

control animals. We then performed group t-tests to compare changes in metabolism between 

groups. Because these analyses were exploratory, results were thresholded at a liberal p<.05 two 

tailed, uncorrected.  

 

https://github.com/statsmodels/statsmodels/
https://github.com/statsmodels/statsmodels/
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Code availability 

All code used for RNA-seq alignment is available by contacting T Souaiaia 

(tade.souaiaia@gmail.com). All code used for neuroimaging and across subject statistics is 

available by contacting AS Fox (dfox@ucdavis.edu).  

 

Data availability 

All data is publicly available. Raw RNA-seq reads from the dorsal amygdala region of nonhuman 

primates can be found on NCBI (uploaded upon acceptance). All RNA-seq analyses are available 

online via our web-resource (http:/ /at.psychiatry.wisc.edu; or from github:  

https:/ /github.com/asfox/AT_DorsalAmygdala_RNAseq_FoxEtAl). Voxelwise PET analyses can be 

found on Neurovault (https:/ /www.neurovault.org/collections/AYJGSCJH/). Raw data available 

upon request from NH Kalin (nkalin@wisc.edu).  

 

 

  

http://at.psychiatry.wisc.edu/
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Supplementary Figures 
 
 
 

 
 
Figure S1: The spatial distribution of the AT-FDG relationship in these 46 animals was spatially 
correlated with the distribution of AT-FDG in our previously published large sample of 592 rhesus 
monkeys. To identify the regions of the brain where metabolism was associated with AT we 
performed voxelwise correlations between AT and FDG-PET measures of metabolism during NEC. 
The histograms and scatter plot for the spatial correlation between these two AT-FDG is seen 
above.  
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Figure S2: Expression of RPS6KA3, a downstream effector of growth factor receptors, was 
associated with AT, and its components (n=46). The working gene model for RPS6KA3 (a) with 
significant regions colored by the t-value of their relationship with AT (a, color-bar). The scatter 
plots between the most significant exon and anxious temperament (b, left, red scatterplot) as 
well as for the components of AT (right scatterplots), freezing (top), cooing (middle) and cortisol 
(bottom) for both time 1 (blue) and time 2 (green).  RPS6KA3 is proposed to play a role in tyrosine 
receptor kinase growth signaling via the MEK-ERK pathway (c). Expression of the most significant 
RPS6KA3 exon is associated with FDG-PET metabolism (d) throughout the AT-network, as defined 
by AT-related metabolism from Figure 1 (d; yellow outline), including the dorsal amygdala and 
bed nucleus of the stria terminalis (yellow arrows). A full un-thresholded voxelwise map can be 
found on Neurovault.org at: https:/ /www.neurovault.org/collections/AYJGSCJH.  
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Figure S3: Expression of GABRA5, a GABA-receptor component, was inversely associated with AT, 
and its components (n=46). The working gene model for GABRA5 (a) with significant regions 
colored by the t-value of their relationship with AT (a, color-bar). The GABAR5 subunit is primarily 
expressed on extrasynaptic GABA-receptors in the dorsal amygdala (b, schematic). The scatter 
plots between the most significant exon and anxious temperament (c, left, red scatterplot) as 
well as for the components of AT (right scatterplots), freezing (top), cooing (middle) and cortisol 
(bottom) for both time 1 (blue) and time 2 (green).  
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Figure S4: Expression of APP, a gene typically associated with Alzheimer’s, was inversely 
associated with AT, and its components (n=46). The working gene model for APP (a) with 
significant regions colored by the t-value of their relationship with AT (a, color-bar). The AT-
related APP gene features were primarily located near the a/b-secretase cleavage sites (b, 
schematic). The scatter plots between the most significant exon and anxious temperament (c, 
left, red scatterplot), as well as for the components of AT (right scatterplots), freezing (top), 
cooing (middle) and cortisol (bottom) for both time 1 (blue) and time 2 (green).  
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