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Understanding the heritability of neural systems linked to psychopathology is not sufficient to implicate them as intergenerational neural mediators. By closely examining how individual
differences in neural phenotypes and psychopathology cosegregate as they fall through the family tree, we can identify the brain
systems that underlie the parent-to-child transmission of psychopathology. Although research has identified genes and neural circuits
that contribute to the risk of developing anxiety and depression, the
specific neural systems that mediate the inborn risk for these
debilitating disorders remain unknown. In a sample of 592 young
rhesus monkeys that are part of an extended multigenerational
pedigree, we demonstrate that metabolism within a tripartite
prefrontal-limbic-midbrain circuit mediates some of the inborn risk
for developing anxiety and depression. Importantly, although brain
volume is highly heritable early in life, it is brain metabolism—not
brain structure—that is the critical intermediary between genetics
and the childhood risk to develop stress-related psychopathology.
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arents with anxiety and depressive disorders are considerably more likely to have children with an extremely anxious
temperament (AT) (1–3). Extreme-AT children have heightened
behavioral and physiological reactivity to potential threat and
have a markedly increased risk to develop anxiety and depressive
disorders (4, 5). These disorders emerge as inborn tendencies
and environmental factors converge to disrupt the neural systems
that mediate adaptive anxiety; as many as 50% of children with
extreme-AT develop a psychiatric disorder (6). In addition to
environmental influences that facilitate the cross-generational
transfer of psychopathology (e.g., parent–child interactions),
genetic variance accounts for ∼35% of the likelihood that a child
will develop an anxiety disorder (7, 8) The neural substrates of
AT are distributed throughout the brain and range from primitive brainstem structures to primate-specific cortical subfields.
Multiple brain regions causally contribute to AT, and damage to
any one of these regions is sufficient to decrease, although not
abolish, anxiety (9–14). Thus, the inherited risk to develop stressrelated psychopathology likely manifests via its effects on multiple components of the neural circuit underlying AT. Here we
use a genetic correlation approach to identify brain regions where
function and structure contribute to the intergenerational transmission of AT. Genetic correlation analyses are crucial for identifying regions that are likely to mediate the genetic contributions
to AT, and to distinguish them from regions that, although heritable, rely on an independent set of genetic variations.
The recent evolutionary divergence of humans and rhesus
monkeys is reflected in their shared capacity for higher-order
cognition, complex social behavior, and homologous neural circuits, which make the young rhesus monkey an ideal model for

9118–9122 | PNAS | July 21, 2015 | vol. 112 | no. 29

understanding the neural substrates of childhood AT. Our group
developed and validated a paradigm for studying the neural
bases of primate AT that combines [18-F] deoxyglucose positron
emission tomography (FDG-PET) imaging with behavioral and
neuroendocrine responses to a potentially threatening human
intruder making no eye contact (NEC) with the monkey. The
NEC context is designed to elicit naturalistic adaptive defensive
behaviors and captures the evolutionarily conserved tendency of
high-AT individuals to inhibit behaviors that otherwise could
attract the attention of potential predators. Because it measures
brain metabolism over ∼30 min, FDG-PET imaging is ideally
suited to examine the sustained neural responses that underlie
trait-like measures, such as AT. Following FDG injection, the
monkey is placed in the NEC context. As FDG is taken-up into
metabolically active cells, the monkey behaves freely in the NEC
context, revealing its anxious disposition. The post-NEC PET
scan measures the integrated brain metabolism that occurred
during exposure to the ethologically relevant NEC context.
To identify the brain regions that underlie the parent-to-child
transmission of psychopathology, it is critical to understand the
pattern of cosegregation between the AT phenotype and its neural
circuit alterations within the family tree. This approach first requires demonstrating that the phenotype is heritable, identifying
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To identify brain regions where metabolism contributes to the
cross-generational transmission of AT, it is first necessary to
identify the regions where these measures predict variation in
the anxious phenotype. Voxelwise robust regressions were performed between AT and FDG-PET. Results revealed significant

relations between metabolism and AT (P < 0.05 Sidák-corrected;
also see SI Appendix, Results and Discussion) in regions of the
orbital frontal (OFC) and anterior insular (AI) cortices [including orbital proisocortex (OPro)/AI, as well as cytoarchitectonic areas 11/13/47], amygdala [including the central nucleus of
the amygdala (Ce)], anterior hippocampus (aHip), bed nucleus
of stria terminalis (BST), as well as midbrain regions that encompass the periaqueductal gray (PAG) (Fig. 1 and SI Appendix,
Table S1; full voxelwise maps are available in Dataset S1). Importantly, these AT-related regions include areas that causally
contribute to AT in mechanistic studies, including: orbital-prefrontal cortical areas involved in emotional valuation (25); the
extended amygdala, an interface between emotions and their
behavioral and physiological expression (26); and brainstem regions, including PAG, which are the downstream effectors
required for the expression of defensive responses (27).
In parallel, to identify regions where brain volume was associated with AT, voxelwise analyses were performed to identify
regions where brain volume predicted AT. Regional brain volume was measured using the log-Jacobian determinant of the
nonlinear transformations to template space. Remarkably, there
were no voxels in which brain volume significantly predicted AT

[Sidák
correction, P > 0.05, or false-discovery rate (FDR) q >
0.05 corrected] (Fig. 2A; full voxelwise maps are available in
Dataset S1). Cross-validation analyses examining the predictive
utility of brain volume to predict AT or its components using
elastic-net regression and supervised learning yielded the same
conclusion (see SI Appendix, Results and Discussion and Figs. S2
and S3 for details). Thus, at least early in life, variation in the
expression of AT does not involve altered regional brain volume.
The heritability of brain metabolism was identified using
voxelwise heritability analyses of FDG-PET that were performed
by harnessing the computational resources of the Open Science
Grid’s distributed high-throughput computing system (Methods).
Results demonstrated significant heritability of glucose metabolism across the brain (Fig. 2B). We observed significantly
heritable metabolic activity in nearly every AT-related region
(FDR q < 0.05, corrected within regions where metabolism
significantly predicted AT) (Fig. 3 and SI Appendix, SI Results
and Discussion and Table S1). Within these AT-related heritable regions there was substantial variability in the magnitude
of heritability estimates, with peak heritability estimates of 26%
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brain regions associated with the phenotype, and determining
which of these brain regions are heritable. Once this is accomplished, a genetic correlation analysis between brain function/
structure and the phenotype is critical to identify the neural mediators of the heritable parent-to-child transfer of risk.
Following this strategy in a large familial sample of young
rhesus monkeys, we (i) demonstrate the heritability of AT,
(ii) identify neuroimaging measures that predict AT, (iii) assess
the heritability of the relevant brain structural and functional
measures, and finally, (iv) perform the relevant genetic correlation
analyses between the neuroimaging measures and AT. To this
end, NEC FDG-PET and structural brain imaging were performed in our large sample of 592 young rhesus monkeys from a
large multigenerational pedigree (age: mean = 1.88 y; 327 males/
265 females). Paralleling work in children, the monkey AT
phenotype encompasses behavioral (freezing), communicative
(decreased cooing), and physiological (increased cortisol) responses to potential threat. Specifically, our composite measure
of AT was operationalized as the mean of the monkey’s relative
freezing levels, inhibition of coo vocalizations, and plasma cortisol concentration (15–18). In humans, the features of AT, extreme behavioral inhibition, and heightened cortisol levels are
early risk factors for the later development of anxiety and depressive disorders (6, 19–21). Children who respond to strangers
and novel situations with excessive apprehension or physiological
arousal are likely to modify their behavior in ways that are maladaptive and over time are indicative of stress-related psychopathology. Similar to humans, monkeys with extreme AT appear to
be functionally impaired across laboratory and naturalistic social
settings, making the rhesus monkey model of AT ideal for understanding the pathophysiology that underlies the risk to develop
anxiety and depression (21).
Heritability of AT was estimated as the proportion of variation
in the phenotype explained by the coefficient of relatedness in
the extended multigenerational pedigree (see ref. 22 and Methods for details). This extended pedigree approach is powerful
because it accounts for the phenotypic similarity of both close
and distant relationships (see SI Appendix, SI Methods for details).
In this preadolescent sample, there was no significant effect of sex
on AT (t = 0.830, P = 0.407), but there was a significant decrease
in AT with age (t = −10.013, P < 0.001). Accordingly, all analyses
controlled for nuisance variance in age, age2, sex, and the age ×
sex interaction. Results demonstrated that the AT phenotype is
heritable (AT: h2 = 0.29, P < 0.0001), consistent with prior findings in young monkeys as well as the heritability estimates for
human anxiety and anxiety disorders (7, 23, 24).
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Fig. 1. Regions where brain metabolism was significantly associated with individual differences in AT (P < 0.05, Sidák-corrected for multiple comparisons
across the whole-brain). Regions include the OPro/AI (A), subgenual anterior cingulate, temporal cortex, BST (B), Ce (C), aHip (D), and brainstem regions
including the PAG (E).

Fig. 2. Histograms of voxelwise AT-related brain metabolism (red) and brain volume (blue) demonstrate significant relationships for brain metabolism but not
brain volume (A). Gray arrows represent the threshold for reaching significance at a Sidák-corrected P < 0.05. Histograms of heritability estimates for brain
metabolism (red) and brain volume (blue) demonstrated significant heritability for many voxels of both measures, and on average greater heritability of brain
volume (see main text for details) (B). Red and blue arrows indicate the mean heritability estimates for FDG-PET and the log-Jacobian determinant, respectively.

in the amygdala, 53% in the hippocampus, and 57% in the BST
region. Estimates were as low as 9% in the superior temporal
sulcus (full voxelwise maps are available in Dataset S1).
We assessed the heritability of regional brain volume using the
same approach. Interestingly, brain volume was generally more
heritable than brain metabolism (χ2 > 1,000, P < 0.001), with the
average h2 for brain volume ∼0.5, whereas the average h2 for
regional brain metabolism was ∼0.2. Within the specific subset of
brain regions where metabolism predicted AT, variation in volume was significantly heritable (full voxelwise maps are available
in Dataset S1). For example, volume in the AT-related amygdala
and OFC regions was more than 60% heritable. Nevertheless,
the surprising result that brain volume did not predict that AT
provides compelling evidence that these highly heritable earlylife structural differences do not mediate the intergenerational
transmission of the risk for anxiety and depressive disorders.
Demonstrating significant heritability of AT-related brain regions does not implicate these regions in the intergenerational
transfer of AT. Because of the importance of identifying regions
where brain metabolism and AT similarly fell through the
family tree, we performed voxelwise genetic correlation analyses.
Genetic correlation analyses are crucial for dissociating brain
regions that share an overlapping genetic basis with AT from
heritable regions where metabolism is driven by genes that are
unrelated to the AT-phenotype. We computed bivariate genetic
correlations (ρg) between AT and heritable AT-related brain
metabolism. Results demonstrate significant genetic correlations
with AT in regions that encompass portions of the OFC/AI,
extended amygdala, and brainstem (Fig. 4 and SI Appendix, Fig.
S4 and Table S2). To our knowledge, these data provide the first
evidence for a coheritable substrate for AT and AT-related brain
metabolism in a circuit, wherein the extended amygdala links
prefrontal regulatory mechanisms to brainstem effector sites
that initiate anxiety-related responses. Metabolism within this
tripartite neural circuit is likely to share a genetic substrate with
AT through which it mediates the inherited risk to develop
stress-related psychopathology.
To precisely identify the locations of peak activations within
the identified tripartite prefrontal-limbic-midbrain circuit, we used
9120 | www.pnas.org/cgi/doi/10.1073/pnas.1508593112

high-precision diffeomorphic registration and chemoarchitectonic
imaging (Methods). High-precision diffeomorphic registration
allowed us to localize significant regions on a superresolution
template brain, which reflects the mean rhesus monkey brain
anatomy with submillimeter precision in well-aligned areas. This
integrative approach revealed that the OFC/AI cluster included
regions of agranular orbital and insular cortices, with the peak ρg
located in OPro/AI (Fig. 4A). To refine the localization of subcortical clusters, we leveraged in vivo chemoarchitectonic imaging of dopamine D2/D3 receptor binding ([F-18]fallypride; n =
33) and serotonin transporter binding ([C-11]DASB; n = 34)
derived from an independent sample of young rhesus monkeys
(28, 29). Using D2/D3 receptor binding to demarcate the ventral
striatum, we localized the peak ρg within the extended amygdala
to be specifically located in the BST region between the anterior
commissure and the ventral striatum (Fig. 4B). In addition to the
peak-region in the BST, the extended amygdala cluster encompassed portions of the sublenticular extended amygdala immediately

Fig. 3. Voxelwise heritability of brain metabolism demonstrated that nearly
every region that significantly predicted AT was also significantly heritable
(q < 0.05, FDR-corrected within AT-related regions). Regions include the
OPro/AI (A), subgenual anterior cingulate, temporal cortex, BST) (B), Ce (C),
aHip (D), and brainstem regions including the PAG (E).
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posterior to the shell of the nucleus accumbens. Using serotonin
transporter binding to pinpoint the dorsal raphé nucleus (DRN), we
localized the peak ρg within the brainstem cluster to the ventrolateral PAG (vlPAG), slightly superior and lateral to the DRN in the
gray matter that encircles the ventricle (Fig. 4C).
To understand whether metabolism in the brain regions that
are genetically correlated with AT are themselves genetically
correlated, we performed interregion bivariate genetic correlations. We observed significant genetic correlations in metabolism
between the BST and both the PAG (ρg = 0.56, P = 0.01) and
OPro/AI (ρg = 0.63 P = 0.006), but failed to find a significant
correlation between the PAG and OPro/AI (ρg = 0.40, P = 0.12).
These data, demonstrating significant genetic correlations in
metabolism across the identified tripartite circuit, suggest that
the molecular mechanisms that jointly influence the function of
these regions may, in part, mediate the heritable components of
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Fig. 4. Regions where brain metabolism demonstrated significant genetic
correlation with AT, thus sharing a genetic substrate, include: the OPro/AI
(Top), BST (Middle), and the PAG (Bottom). Using high-resolution anatomical
and chemoarchitectonic imaging in a separate group of monkeys, regions
were precisely localized as: agranular OPro/AI (Top); the BST region lying
between the anterior commissure (ac) and the [18-F] fallypride identified D2/
D3-rich ventral striatum that includes the nucleus accumbens (green; NAcc)
(Middle); and the vlPAG-region in the gray matter surrounding the ventricle,
superior to the [11-C] DASB identified serotonin transporter-rich DRN (Bottom).

AT. These results pave the path for future molecular investigations of AT. For example, publically available datasets can be
leveraged to suggest potential molecular mediators of metabolism in these regions by identifying genes that are overexpressed
in the BST-PAG or BST-OPro/AI compared with the rest of the
brain (SI Appendix, SI Methods). These exploratory analyses
can reveal candidate genes and molecular mechanisms that may
partially mediate the cross-generational transfer AT by altering
brain function within the tripartite prefrontal-limbic-midbrain
circuit [e.g., somatostatin, neuropeptide Y, or the “neuropeptide
hormone activity” (GO:0005184)] (Datasets S2 and S3). By
identifying those brain regions that are genetically correlated
with AT, informatics and molecular investigations can serve to
help to prioritize future mechanistic studies aimed at altering the
pathophysiology of anxiety.
Through a tripartite prefrontal-limbic-midbrain circuit, the
OPro/AI, BST, and PAG regions work in concert to integrate
and evaluate potentially threatening information to initiate and
enact anxiety-related responses. Interestingly, this circuit, genetically correlated with individual differences in early-life anxiety,
incorporates survival-related regions that span evolutionary history, where selective pressures shaped each stage of central nervous system development. The OPro/AI, BST, and PAG working
together may also underlie the pathophysiology of anxiety and
affective disorders (21, 30, 31). The primate OPro and AI are
thought to be involved in predicting and maintaining affective
representations of current and future events, which can be communicated to other AT-related brain regions to guide emotional
responding (25, 32, 33). Increased OPro/AI activity may give rise
to the excessive anticipatory anxiety associated with anxiety disorders (30, 34, 35). Furthermore, lesions to the monkey OFC that
include the OPro/AI are sufficient to decrease anxiety-related
behavior, as well as metabolism within the BST region (9, 10). The
BST is required for the prolonged threat preparedness (16, 36–40)
and is well-suited to integrate cortical affective inputs to coordinate emotional responses, via direct projections to the brain-stem
regions required to mount defensive behaviors (31, 41). Although
understudied in relation to human psychopathology, dysregulation
of the BST likely underlies the hypervigilance characteristic of
patients with extreme anxiety and anxiety disorders (31, 42). The
evolutionarily old PAG is organized into functionally distinct
columns that initiate specific behavioral and physiological responses, including those characteristic of anxiety, such as fleeing,
inhibition of motoric activity, and increased passive coping (27,
43–45). It is likely that dysregulated PAG activity, in part, underlies the extreme behavioral inhibition, freezing behavior, and
increased autonomic reactivity that is associated with panic
symptoms that are common to anxiety disorders. Although
temperamental anxiety is instantiated in distributed circuits
throughout the brain, these new data specifically implicate the
OPro/AI, BST, and PAG as key components that likely work
together to mediate some of the inherited predisposition for extreme early-life temperamental anxiety.
Here, we identified previously unknown relationships between
AT and metabolism in brain systems that regulate, initiate, and
enact anxiety-related behavior that, when passed down from
parent to child, likely result in early-life anxiety. We found that
the genetic alterations underlying the inborn risk for anxiety and
depressive disorders, which are only beginning to be identified,
are likely instantiated within the molecular systems that alter
metabolism within the OPro/AI, BST, and PAG. Furthermore,
we demonstrated the utility of combining empirical data from
this study with large-scale publicly available gene-expression
databases to gain insight into the molecular systems underlying
the heritable components of AT. Regions that do not share a
genetic substrate with AT, including the amygdala and aHip, likely
play a role in mediating environmental influences, such as caregiverstyle, trauma, and other critical socio-emotional environmental

factors on AT. Surprisingly, although early-life regional brain
volume was highly heritable, we did not find any evidence linking it
to early life anxiety. By identifying the neural systems that share a
genetic substrate with AT and likely mediate a part of the genetic
risk to develop stress-related psychopathology, these data provide a
novel framework for understanding the relationship between genetic variation and early-life anxiety. Elucidating how inherited
molecular alterations affect brain function in this tripartite anxiety
circuit will help guide the development of novel interventions aimed
at helping families with debilitating anxiety enhance the mental
health of their at-risk children.

degree to which AT and regional brain metabolism share a genetic substrate. All experiments were performed according to the federal guidelines
of animal use and care and with the approval of the University of Wisconsin–
Madison Institutional Animal Care and Use Committee. More information
can be found in SI Appendix, SI Methods.

For this study, 592 young rhesus monkeys that were part of a large multigenerational pedigree were phenotyped with well-established behavioral,
physiological, and brain-imaging methods. Each animal was injected with
FDG and exposed to the potentially threatening NEC context in which a
human intruder presents their profile to the monkey for 30 min before receiving a PET scan. This paradigm allows us to obtain simultaneous measurements of our composite AT measure and integrated regional brain
metabolism during exposure to the NEC context. On a separate day, a
structural T1-weighted MRI scan was acquired on each animal. Based on the
T1-weighted MRI, the log-Jacobian determinant of the transformation to
standard space was computed as to measure relative brain volume. Brain
imaging measures were regressed against AT to identify AT-related brain
regions. Heritability of local brain volume and brain metabolism was estimated at each voxel based on each pair of animals’ degree of relatedness.
Bivariate heritability estimates were similarly computed to examine the
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