1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Eur Neuropsychopharmacol. Author manuscript; available in PMC 2018 June 01.

-, HHS Public Access
«

Published in final edited form as:
Eur Neuropsychopharmacol. 2017 June ; 27(6): 543-553. doi:10.1016/j.euroneuro.2017.03.004.

Mechanisms Underlying the Early Risk to Develop Anxiety and
Depression: A Translational Approach

Ned H. Kalin, MD
Chairman of the Department of Psychiatry & Director of the HealthEmotions Research Institute,
University of Wisconsin — Madison

Abstract

Anxious temperament (AT) is an early life disposition that markedly increases the risk to develop
stress related psychopathology such as anxiety and depressive disorders. Since anxiety and
depression are common, and frequently have their onset early in life, a better understanding of the
factors related to their childhood onset will facilitate the development of new more effective
neurally informed interventions. A nonhuman primate (NHP) developmental model of childhood
AT has been established, which has provided an understanding of the neural systems and
molecular mechanisms mediating the development of AT. Multimodal neuroimaging studies reveal
altered brain metabolism across prefrontal, limbic (e.g. central nucleus of the amygdala (Ce) and
anterior hippocampus), and brainstem regions, as well as altered functional connectivity involving
the Ce. Heritability studies demonstrate that individual variation in AT is heritable, and genetic
correlational analyses demonstrate that metabolism in the posterior orbital frontal cortex, the bed
nucleus of the stria terminalis, and the periaqueductal gray share a genetic substrate with AT. On a
molecular level, the finding of reduced expression of Ce neuroplasticity genes provides the basis
for a neurodevelopmental hypothesis focused on the Ce. Viral vector methods for altering gene
expression in the Ce of young NHPs are currently being used as a prelude to conceptualizing novel
molecularly targeted early life interventions.

Understanding mechanisms underlying the development of anxiety
disorders: importance of nonhuman primate studies

Anxiety disorders (ADs) frequently begin during childhood (Copeland et al., 2014; Costello
et al., 2005; Merikangas et al., 2010; Pine, 2007), are in part heritable (Hettema et al., 2005;
Shimada-Sugimoto et al., 2015), and if not effectively treated can result in long-term
disability and suffering (Connolly and Bernstein, 2007; Ezpeleta et al., 2001; Flannery-
Schroeder, 2004; Hirshfeld-Becker et al., 2008; Kessler et al., 2008; Massion et al., 1993;
Pine et al., 1998; Roy-Byrne and Katon, 1997). ADs are among the most common
psychiatric illnesses, with lifetime prevalences in adults and adolescents of 29% and 25%,

1The nomenclature for corticotropin-releasing factor follows the official terminology of IUPHAR (Hauger et al., 2003). Note that
while the peptide and its receptors are referred to as CRF, CRF1 and CRF2, the HUGO Gene names are CRH, CRHRI and CRHRZ2.
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respectively (Kessler et al., 2005; Kessler et al., 2012; Merikangas et al., 2010). Existing
treatments are helpful for some patients with ADs but many patients fail to significantly
improve (Roy-Byrne, 2015; Walkup et al., 2008), highlighting the need for new treatment
approaches (Hyman, 2014). In addition, anxiety is highly comorbid with other disorders and
its presence is generally a negative predictor of treatment outcome for both psychiatric and
medical illnesses. To improve the care and treatment of patients with ADs, and other
disorders, psychiatry must pursue the understanding of the basic brain mechanisms that
underlie psychopathology. Focus should be on translating these basic research findings with
the goal of facilitating the development of improved early detection and treatment strategies
in children.

Research using animal models is a critical component of new treatment development efforts
and nonhuman primate (NHP) models provide an unparalleled opportunity to translate
findings from rodent mechanistic studies to humans suffering from ADs and other
psychiatric illnesses (Kalin and Shelton, 2003; Machado and Bachevalier, 2003). We have
developed an evolutionarily conserved model of ADs in young rhesus monkeys (Macaca
mulatta) that has proved highly valuable in elucidating the neural circuitry that underlies
ADs as well as its molecular underpinnings (Fox et al., 2015; Kalin and Shelton, 1989).
Rhesus monkeys are ideally suited for modeling human anxiety as they are very similar to
humans in the expression of their social and emotional behaviors, have rearing and early
cognitive developmental patterns similar to humans and are affected by the same types of
stressors as are humans (Fox and Kalin, 2014). These similarities are consistent with the
relatively recent evolutionary divergence of humans and rhesus monkeys, which also
accounts for their similarities in brain structure and function (i.e., prefrontal cortex and
amygdala) and in factors influencing brain development.

Behavioral Inhibition and Anxious Temperament as a risk phenotype

Because a risk phenotype for ADs can be identified early in life, ADs provide a unique
opportunity for establishing the feasibility of new neuroscientifically-informed early
intervention and prevention strategies. The now classic behavioral inhibition studies led by
Jerome Kagan provided the groundwork for establishing an AD risk phenotype, as he found
that approximately 15% of young children have an anxiety-prone trait. This trait, termed
behavioral inhibition, is characterized by an extreme inhibitory response that is evident when
children are confronted with novel situations and/or strangers (Kagan, 1997; Kagan et al.,
1987). Extreme behavioral inhibition is frequently accompanied by excessive physiological
arousal including increased pituitary-adrenal and sympathetic nervous system activity
(Kagan et al., 1988). Later studies clearly demonstrated the strong linkage between extreme
behavioral inhibition and the development of anxiety and depression. It is estimated that up
to 50% of children with extreme behavioral inhibition will later develop stress-related
psychopathology with the greatest risk for developing social anxiety disorder (Biederman et
al., 2001; Clauss and Blackford, 2012).

Our early work in young rhesus monkeys focused on characterizing adaptive and
maladaptive anxiety-related behavioral responses to threat. As part of this effort, we
developed the Human Intruder Paradigm (HIP, see Figure 1A), which reliably elicits specific
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threat-related responses that are associated with three different contexts: attachment
disruption or separation (Alone condition, A), the potential threat of a human being present
but avoiding eye contact with the subject (No Eye Contact condition, NEC), and the more
certain and immediate threat of a human directly staring at the test monkey (Stare condition,
ST) (Kalin, 1993; Kalin and Shelton, 1989). During the Alone condition, the monkey is
separated from its mother or partner and placed in a test cage by itself. Monkeys respond by
locomoting and emitting “coo” vocalizations. Together these behaviors function to elicit
conspecific support. During the No Eye Contact condition, a human intruder enters the
room, stands still, and presents her/his profile to the monkey. In the absence of eye contact,
the adaptive response is to remain inconspicuous, which is accomplished by reducing
locomotion and vocalizations such that monkeys stay very still or even freeze in one
position. The Stare condition is similar to NEC except that the intruder stares directly at the
monkey while maintaining a neutral face. In contrast to the behavioral inhibition induced by
NEC, direct eye contact elicits active fight and flight behaviors characterized by monkeys
engaging in a combination of threatening and submissive behaviors directed towards the
staring human intruder. Exposure to each of these conditions also results in activation of the
pituitary-adrenal axis as evidenced by increased plasma levels of ACTH and cortisol. It is
important to note that while the A, NEC, and ST conditions reliably elicit different adaptive
behavioral repertoires, monkeys demonstrate marked individual variation in their responses
to each of these stressful and potentially threatening conditions (Kalin and Shelton, 1998).

The striking similarities between children with extreme behavioral inhibition and young
monkeys that engage in prolonged NEC-induced freezing prompted us to further develop a
NHP developmental model of early anxiety relevant to the risk to develop stress-related
psychopathology (Kalin et al., 1998a; Kalin et al., 1998b; Kalin et al., 1991). Building on
the concept of behavioral inhibition, we used the term anxious temperament (AT) to denote
the early life behavioral and physiological traits that when extreme confer the risk to develop
anxiety and depressive disorders (Fox et al., 2008). In the monkeys, we defined AT (Figure
1B) as the combination of an individual's freezing duration, vocal reductions, and cortisol
responses that occur in response to NEC (Fox et al., 2008; Oler et al., 2010; Shackman et al.,
2013). As in children, our studies demonstrated a wide range of individual differences in AT
that were trait-like, as they were relatively stable over time (Fox et al., 2012)(see Figure 1C).
In field studies on the island of Cayo Santiago, we demonstrated that our laboratory measure
of AT was relevant to primate social behavior and dysfunction occurring in a naturalistic
setting (Fox and Kalin, 2014). As predicted from human anxiety, we found that young
monkeys with high levels of AT did not venture far from their mothers and interacted less
with their peers. In the laboratory, we also found that monkeys with extreme threat-induced
freezing behavior have a greater fear of snakes and unlike their low freezing peers continue
to display anxiety after threat cessation (Shackman et al., In Press). We also validated the AT
model pharmacologically by demonstrating that benzodiazepines decrease the behavioral
and physiological components of AT (Kalin, 2003; Kalin and Shelton, 1989) whereas
administration of the anxiogenic, inverse benzodiazepine agonist, beta-carboline, increases
the expression of these parameters (Kalin et al., 1992).

Eur Neuropsychopharmacol. Author manuscript; available in PMC 2018 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kalin

Page 4

Identifying the neural substrates underlying childhood anxiety and primate

AT

To understand the neural substrates underlying AT and to directly link the monkey studies to
childhood ADs, we engaged in a series of studies using similar imaging methods in young
monkeys and children. While many neuroimaging studies have been performed in adults
with ADs, few have been done in adolescents and even less have been performed in
preadolescent children. Understanding the brain alterations associated with the emergence
and initial presentations of ADs is critical to provide a neuroscientific basis for the
development of early intervention strategies. Therefore, our strategy has been to use
multimodal neuroimaging methods to explore the neural substrates underlying childhood
ADs and to use these findings to guide mechanistic studies that can be carried out in our
nonhuman primate model.

In an initial fMRI study, we demonstrated that AD children are particularly sensitive to
uncertainty in that they showed increased activation of the amygdala and anterior insula
when they viewed fear faces that were preceded by an uncertain cue (Figure 2A). In every
day life, children with ADs become symptomatic when confronted with uncertain
predicaments and these data provide an initial glimpse into understanding the
neurobiological basis underlying their sensitivity (Williams et al., 2015). To further explore
amygdala alterations in preadolescent AD children, we used resting state fMRI to examine
possible alterations in functional coupling between the amygdala and other brain regions.
Based on our NHP findings described below, we selected the, central nucleus of the
amygdala (Ce), the critical outflow region of the amygdala, as our focus and discovered that
AD children had decreased coupling between the Ce and the dorsolateral prefrontal cortex
(dIPFC). This relation between reduced Ce-dIPFC functional coupling and anxiety is
evolutionarily conserved as we also found a similar relation between increased anxiety and
decreased Ce-dIPFC coupling in our primate model (Birn et al., 2014).

These findings, along with those described in adolescents and adults (Etkin et al., 2010;
Etkin and Schatzberg, 2011; Prater et al., 2013; Roy et al., 2013; Shin et al., 2005), suggest
that anxiety disorder related alterations in amygdala function and its prefrontal regulation
likely have their origins early in life.

We used 18fluoro-deoxyglucose positron emission tomography (FDG-PET) in young
monkeys to examine the possibility that alterations in brain metabolism are associated with
early life anxiety. Regional brain metabolism studies provide important functional
information that differs from that gleaned from fMRI, but because of the need to administer
radioactive FDG, PET should only be performed in children for necessary diagnostic
purposes. Our strategy was to identify brain regions in which metabolism predicted
individual differences in AT (Fox et al., 2005; Kalin et al., 2005). In these studies, FDG was
administered; monkeys were exposed to NEC for 30min and then were anesthetized and
placed in the microPET scanner. Because of the kinetics and properties of FDG, these
studies allowed us to assess individual differences in AT at the same time brain metabolism
was assessed. The early findings from smaller samples of young monkeys revealed
associations between increased metabolism in the amygdala and bed nucleus of the stria
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terminalis (BST) with increased levels of NEC-induced freezing behavior (Fox et al., 2008;
Kalin et al., 2005). Interestingly, work performed primarily in rodents suggested that the
BST is involved in longer-term responses to threat (Gungor and Pare, 2016; Walker et al.,
2009). Later studies in very large sample sizes of periadolescent monkeys (n=238; n=592
that included the 238 in the first study) confirmed and extended these findings identifying a
network of regions including the orbitofrontal cortex (OFC), central nucleus of the amygdala
(Ce), BST, and the periaqueductal gray (PAG) that predicted individual differences in AT
(Fox et al., 2015; Oler et al., 2010)(see Figure 2B). The PAG is important because it is a
brain stem region that in rodent studies has been demonstrated to be involved with stress-
induced freezing behavior and pain processing (Bandler and Shipley, 1994).

Because AT has trait-like qualities, we also examined whether individual differences in AT's
underlying neural substrate exhibited trait-like features (Fox et al., 2012; Fox et al., 2008). In
a subset of monkeys, we assessed NEC-related metabolism 3 times over a 6-18 month period
and found that among other regions, individual differences in Ce metabolism were stable
over time (Fox et al., 2012). In another experiment, we assessed the extent to which the
relation between brain metabolism and AT was stable regardless of the context in which
brain metabolism was assessed (Fox et al., 2008). In this study, FDG was administered to the
same monkeys four times: 2 stressful contexts (NEC and Alone conditions of the Human
Intruder Paradigm) and 2 nonstressful contexts (in home cage with partner and in home cage
without partner). Results demonstrated that while brain metabolism changed between
stressful and nonstressful contexts, the relation between brain metabolism in the amygdala,
BST, anterior hippocampus, and PAG with individual differences in AT remained regardless
of the context in which brain metabolism was measured. Taken together, these findings
demonstrate that AT's underlying neural substrate is stable over time and across contexts
underscoring the ever-present nature of the brain alterations that underlie early life extreme
anxiety.

While very informative, the human and monkey imaging data is correlational in nature and
does not allow for interpretations of causality. It is critical to recognize that the value of
animal models lies in the ability to investigate underlying mechanisms. Therefore, in
addition to the FDG-PET studies, we performed lesioning experiments focused on
understanding the roles of the Ce and OFC in mediating AT. Using a neurotoxin to
selectively lesion Ce neurons, we found that bilateral Ce lesions had anxiolytic effects
resulting in a reduction in components of AT, including freezing behavior and pituitary-
adrenal activation (Kalin et al., 2004)(see Figure 2C). To lesion the OFC, we used an
aspiration technique targeted at the OFC regions that are most interconnected with the
amygdala. In addition to removing cortex from these regions, the aspiration lesions also
interrupt fibers that are passing through the OFC, to and from other prefrontal regions as
well as to and from limbic regions such as the amygdala. Similar to the Ce neurotoxic
lesions, the OFC aspiration lesions resulted in decreased threat-induced freezing behavior
(Kalin et al., 2007). Furthermore, by combining the lesioning strategy with FDG-PET
imaging, we found that the OFC lesions decreased NEC-induced metabolism in the BST
(Fox et al., 2010). Taken together these findings point to a mechanistic role for the Ce and its
extended amygdala partner, the BST, in mediating AT and also provide evidence for a
regulatory role of the OFC in modulating extended amygdala function.
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Establishing the heritability of AT and its underlying neural substrate

We have conceptualized AT as temperamental trait that is evident early in life and when
extreme is a prominent risk factor for the later development of stress-related
psychopathology. To understand the factors contributing to the early life expression of AT,
and to provide a basis for further genetic studies, we explored the extent to which AT is
influenced by heritable and non-heritable (e.g., environmental, rearing, attachment, stress,
etc.) factors. We were able to accomplish this because our fully phenotyped (i.e. behavior,
pituitary-adrenal activation, functional and structural imaging) periadolescent rhesus
monkey sample is large (n=592), constitutes a multigenerational pedigree, and has a
structure of familial relationships that increases confidence in estimates of heritability. An
important aspect of this study, was our ability to also estimate the heritability of AT's
intermediate phenotype, the regional brain metabolism that is associated with AT. Consistent
with human anxiety and depressive disorders, we found that monkey AT was estimated to be
29% heritable (Fox et al., 2015). Using the FDG-PET data and performing voxel-wise
analyses, we found that metabolism in many regions of the AT circuit, including OFC,
amygdala, hippocampus and brain stem regions, was also significantly heritable with
heritability estimates that varied depending on the region (Fox et al., 2015). However,
demonstrating heritability of brain function alone does not directly link the heritability of
that brain region to AT. To accomplish this it is necessary to perform genetic correlation
analyses, which provide heritability estimates of the extent to which 2 traits (i.e. regional
brain metabolism and AT) fall through the family tree in the same pattern. These analyses
revealed that metabolism in 3 of the AT-related regions was significantly coheritable with AT
(see Figure 3A); in the OFC, the critical region was the orbital proisocortex abutting on the
anterior insula (Opro/Al, Figure 3B), in the extended amygdala it was the BST (Figure 3C),
and in the brain stem it was the PAG (Figure 3D) (Fox et al., 2015). These findings suggest
that the intergenerational transfer of AT may in part be mediated by the underlying
heritability of brain metabolism in a circuit that comprises regulatory OFC regions, core
extended amygdala regions such as the BST, and effector brain stem regions, for example
the PAG.

We further examined structural alterations in candidate genes; the serotonin transporter gene
(SLC6A4), corticotropin releasing hormone receptor 1 (CRHRI), and corticotropin releasing
hormone receptor 2 (CRHR?2), each of which was potentially relevant to ATL, While the
short allele of the repeat polymorphism in the promoter region of SLC6A4 (known as 5-
HTTLPR) has been associated with neuroticism and is also suggested to interact with the
influences of early trauma (Caspi et al., 2003), we found no indication that the 5-HTTLPR
influenced nonhuman primate threat-induced freezing behavior or behavioral inhibition
(Oler et al., 2010), although detecting such effects may depend on the context within which
they are assessed (Kalin et al., 2008). The CRHRI receptor gene is of interest as structural
variation in CRHRI has been demonstrated to interact with early trauma (Bradley et al.,
2008), similar to the SHTTLPR findings (Caspi et al., 2003). Additionally, altered function
of the CRF system is associated with anxiety and depression, and activation of brain CRF1
receptors is frequently anxiogenic (Binder and Nemeroff, 2010; Nemeroff and Vale, 2005).
We found that SNPs in exon 6 of the rhesus CRHRI were not only significantly associated
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with AT, but also were associated with hippocampal and amygdala brain metabolism
(Rogers et al., 2013). This may be particularly important since exon 6 is specific to, and
conserved in, primate species (Rogers et al., 2013). Other research suggests that the
predominant isoform of the CRF1 receptor excludes exon 6, but when present exon 6
encodes an intracellular loop that reduces the efficacy of CRF4 signal transduction
(Markovic et al., 2006; Teli et al., 2008). Interestingly, one of the exon 6 SNPs that we
identified is in a splice site region while another is in an amino acid sequence-altering
region. The CRF2 receptor has also been implicated in modulating anxiety (Bakshi et al.,
2002; Bale et al., 2000) and in primates has a more diverse brain distribution than in rodent
species (Sanchez et al., 1999). While influences of genetic variation in the CRHRZ gene and
the function of its receptor have been relatively understudied in humans, we have been
interested in this receptor as a potential therapeutic target. Our study identified a series of
synonymous and non-synonymous SNPs in CRHRZ2that were significantly associated with
AT and brain metabolism in the hippocampus (unpublished data). Taken together, these
findings suggest that alterations in both CRHR1 and CRHRZ genes may affect the function
of AT's neural substrate with subsequent influences on the expression of the AT phenotype.

Identifying and testing molecular substrates underlying AT

To further characterize the molecular substrates mediating AT and its neural circuit, we
embarked on studies examining transcriptome-wide alterations in the expression of genes
within the Ce (Fox et al., 2012; Roseboom et al., 2013). In addition, we developed the ability
to directly, and site specifically, manipulate gene expression in nonhuman primates using
viral vector strategies, allowing us to test the causal role for leads identified in the RNA
studies (Kalin et al., 2016). In our initial gene expression study, we collected brains from 24
fully phenotyped and imaged young monkeys and assessed individual differences in Ce gene
expression. It is important to underscore that measuring RNA transcripts from a specific
tissue reflects the combined influences of genetics and epigenetic factors (e.g., environment)
on the expression of a specific gene within that particular tissue. While the expression of
numerous Ce genes predicted individual differences in AT, of particular interest was the
finding that the expression of a number of neuroplasticity and neurotrophic genes were
negatively associated with AT. For example, we found that N7RK?3 (also known as the TrkC
receptor) gene expression was negatively correlated with AT, such that individuals with
lower levels of Ce NTRK3 expression were more anxious (Fox et al., 2012)(Figure 4A).
Lower levels of NTRK3expression also predicted increased threat-induced Ce metabolism
(Fox et al., 2012)(Figure 4B). In addition to the NTRK3finding, other members of the
intracellular cascade downstream of A/7TRK3 activation negatively predicted AT and brain
metabolism (see Figure 4C). Based on these findings, we performed a “proof of concept”
study to test whether targeting the NTRK3 pathway would provide a mechanistic rationale
for new treatment development. Accordingly, we overexpressed the TrkC receptor's cognate
ligand, neurotrophin 3 (NT3), in the Ce to test whether increased signaling through this
pathway would result in a reduction in anxiety. While the data are not yet available, this
experiment demonstrates how site-specific molecular RNA expression data can be leveraged
to test mechanistic hypotheses and new treatment strategies in primates.
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Using the viral vector strategy we also tested the role of the CRF system in mediating AT
(see Figure 5A-E). As mentioned earlier, CRF is thought to be anxiogenic and involved in
mediating anxiety and depressive symptomatology. Additionally, polymorphisms in the
genes encoding the CRF receptors (i.e., CRHR1 and CRHR?2) are associated with increased
levels of anxiety and AT. As predicted, we found that Ce CRF overexpression resulted in
increased AT (Figure 5F) as well as increased metabolism in the amygdala and other
components of the AT neural circuit (Figure 5G). These findings are the first demonstration
in a primate of the potential pathophysiological role for Ce CRF in mediating maladaptive
anxiety and its neural substrates (Kalin et al., 2016).

Conclusions

This work demonstrates the important translational value of using nonhuman primates to
understand mechanisms underling human psychopathology. Our studies provide new
insights into AT, the early life risk phenotype for the development of anxiety and depressive
disorders. Using imaging methods routinely used in humans, we demonstrated that the AT
neural circuit is distributed and that the Ce is a core component of the circuit. We found that
AT is heritable and that the intergenerational transfer of AT may be via heritability of
metabolism in select prefrontal, extended amygdala, and brain stem regions. At a molecular
level, we identified alterations in the expression of neuroplasticity genes within the Ce that
may be responsible for the emergence and maintenance of AT and anxiety disorders. We also
developed new methods to alter the expression of specific genes in select brain regions so
that primate models of psychopathology can be used to test mechanistic molecular
hypotheses as well as the feasibility of new treatment targets. It is our hope that this work
will drive the development of new neuro-molecularly informed strategies aimed at early
intervention and perhaps prevention of the long-term suffering experienced by individuals
with anxiety and depressive disorders.
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Figure 1.

(A) The three experimental conditions of the human intruder paradigm elicit distinct fear
and anxiety-related behaviors in young rhesus monkeys. When alone and separated from
their cagemate (Alone condition, left), young monkeys actively explore the test cage and
emit “coo” calls, thought to reflect an attempt to attract help from their mothers or other
conspecifics. In the next condition, a human intruder presents his or her profile, while
avoiding direct eye contact with the monkey (No Eye Contact condition, center). In this
situation, the monkeys typically orient their focus to the intruder, trying to evade discovery
by remaining completely still (freezing) and reducing their coo volcalizations. In the third
condition, the human intruder enters the room and stares at the animal (Stare condition,
right). This direct threat condition elicits aggressive and submissive behaviors (e.g., barking,
threatening gestures, lip smacking, and cage rattling). From Kalin (1993). Copyright 2002
by Scientific American, Inc. Reprinted by permission. (B) Anxious Temperament (AT) is
calculated as the mean z-scores of NEC-induced freezing, coo vocalizations, and plasma
cortisol levels. (C) AT is a relatively stable trait. In this example, taken from Fox et al.
(2008), AT assessed at two time points with an approximate 4-month interval was
significantly correlated. Reprinted with permission.
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- Greater amygdala response to uncertainty In children with Anxiety Disorders C. Effects of Ce lesions
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Figure 2.
(A) During uncertain anticipation, relative to the certain anticipation of fear faces viewed

inside the MRI scanner, children with anxiety disorders exhibited greater activation in the
left amygdala (red cluster). The bar graph displays the percent signal change extracted from
the cluster, and shows that the group difference is driven by a higher amygdala response to
the uncertain cue in children with anxiety. Error bars represent SEM. Region of interest
(face-responsive voxels within the amygdala) outlined in green. Modified from Williams et
al. (2015), with permission. (B) Regions where brain metabolism was significantly
associated with individual differences in rhesus monkey AT (p<.05, Sidak corrected for
multiple comparisons across the whole-brain). Regions include ortibal proisocortex/anterior
insula (OPro/Al; shown in [&]), subgenual anterior cingulate, temporal cortex, bed nucleus
of the stria terminalis (BST; shown in [4]), central nucleus of the amygdala (Ce; shown in
[€]), anterior hippocampus (aHip; shown in [4]) and brainstem regions including the
periaqueductal gray (PAG; shown in [¢]). Reprinted with permission from Fox et al. (2015).
(C) The effects of central nucleus (Ce) lesions on components of AT. Monkeys with Ce
lesions displayed less freezing (top), emitted more coo calls (middle), and released less
adrenocorticotropic hormone (ACTH, bottom) during exposure to the human intruder
paradigm. Adapted by permission from Kalin, Shelton, and Davidson (2004).

Eur Neuropsychopharmacol. Author manuscript; available in PMC 2018 June 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Kalin

Page 15

A. AT-related regional brain metabolism B, anatomic iocakzation of 0Provat
sharing genetic substrate with AT .

e

C. Chemoarchitectonic Lacalization of BST

B etsonayg
R T ]

rwoe Y

D- Chamoarchitectonic Localization of PAG

B 5HTT tinang
Duorsad Fagte
v AT
JE- T DasE

Figure 3.
A tripartite prefrontal-limbic-midbrain circuit involved in the genetic transmission of AT.

(A) Regions where brain metabolism demonstrated a significant genetic correlation with AT,
thus sharing a genetic substrate, include: the ortibal proisocortex/anterior insula (OPro/Al,
red), bed nucleus of the stria terminalis (BST, orange), and the periaqueductal gray, (PAG,
peach). (B-D) Using high-resolution anatomical and chemoarchitectonic imaging in a
separate group of monkeys, regions were precisely localized as: agranular OPro/Al (B); the
BST region lying between the anterior commissure (ac) and the [18-F] fallypride identified
dopamine receptor-rich ventral striatum that includes the nucleus accumbens (green; NAcc)
(C); and the vIPAG-region in the gray matter surrounding the ventricle, superior to the [11-
C] DASB identified serotonin transporter-rich dorsal raphe nucleus, DRN (D). Modified
from Fox et al. (2015), and reproduced with permission.
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Figure 4.

Ce expression of mRNA for the neurotrophic receptor, NTRKS3, negatively predicts AT. (A)
Microarray data showed that individuals with higher levels of Ce NTRK3 mRNA expression
exhibited lower AT. Quantitative real-time reverse transcription polymerase chain reaction
(gRT-PCR) confirmed the negative relationship between Ce NTRK3 mRNA expression
levels and AT (r = - 0.49; P = 0.029). (B) Individuals showing higher levels of NTRK3
MRNA expression, indexed by qRT-PCR, show reduced amygdala metabolism in vivo
(green) [FDR-corrected within the stable AT-related region (outlined in red)]. (C) Schematic
of the neuroplasticity-associated NTRK3 (tropomyosin receptor kinase [Trk]) pathway. A
similar pattern in relation to AT was found for IRS2, an intracellular kinase signaling
molecule (orange) and RPS6KA3 (pink), two downstream mediators of NTRKS3 activation.
Other molecules in the NTRK3 pathway are also depicted in light gray. Adapted with
permission from Fox et al. (2012) and from Fox & Kalin (2014).
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Figure 5.
In vivo estimation and postmortem verification of dorsal amygdala corticotropin-releasing

factor (CRF) overexpression. (A) The gadolinium cloud in the dorsal amygdala, central
nucleus (Ce) region, during and immediately following adeno-associated virus type 2
(AAV2)-CRF delivery provided an estimate of the location and extent of the infusions. (B)
Camera lucida drawings of CRF expression from postmortem tissue reflected the extent of
viral infusion as estimated from the intraoperative gadolinium signal. Gray regions represent
neuropil staining and the black dots represent CRF overexpressing cells. (C)
Acetylcholinesterase staining defined the boundaries of the amygdalar nuclei. (D) Adjacent
sections were used for CRF immunohistochemistry demonstrating marked overexpression in
the dorsal amygdala, Ce region. (E) Based on the intraoperative gadolinium images, we
estimated the infusion extent in standard space to examine the overlap of the gadolinium
injection clouds across the five experimental animals. The colors represent the number of
animals with gadolinium signal at each voxel. Note the bilateral overlap across all
experimental animals within the Ce region (yellow). (F) Compared with their matched
control animals, the CRF overexpressing animals demonstrated increased postsurgical levels
of AT (mean +/- SEM). Significance was determined using a paired-samples t-test
comparing dorsal amygdala CRF animals and their cagemate control animals (CRF group
[post-pre] — control group [post-pre]) (p<, .05, one-tailed; see inset and Kalin et al., (2016)
for details). (G) Compared with their matched control animals, the CRF overexpressing
animals demonstrated increased [post-pre] change in metabolism within the dorsal
amygdala, OPro/Al, and hippocampus (yellow, p <, .01, two-tailed, uncorrected). ABmc,
accessory basal nucleus, magnocellular subdivision; Astr, amygdalostriatal transition zone;
Bmc, basal nucleus, magnocellular subdivision; CeLpc, central nucleus, lateral central
subdivision; CeM, central nucleus, medial subdivision; L, lateral nucleus; R, right.
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