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 41 

ABSTRACT 42 

Children with an extremely inhibited, anxious temperament (AT) are at increased risk for anxiety 43 

disorders and depression. Using a rhesus monkey model of early-life AT, we previously demonstrated 44 

that metabolism in the central extended amygdala (EAc)—including the central nucleus of the amygdala 45 

(Ce) and bed nucleus of the stria terminalis (BST)—is associated with trait-like variation in AT. Here, we 46 

use fMRI to examine relations between Ce-BST functional connectivity and AT in a large multi-47 

generational family pedigree of rhesus monkeys (n = 170 females and 208 males). Results demonstrate 48 

that Ce-BST functional connectivity is heritable, accounts for a significant but modest portion of the 49 

variance in AT and is co-heritable with AT. Interestingly, Ce-BST functional connectivity and AT-related 50 

BST metabolism were not correlated and accounted for non-overlapping variance in AT. Exploratory 51 

analyses suggest that Ce-BST functional connectivity is associated with metabolism in the hypothalamus 52 

and periaqueductal gray. Together these results suggest the importance of coordinated function within 53 

the EAc for determining individual differences in AT and metabolism in brain regions associated with its 54 

behavioral and neuroendocrine components.  55 

 56 
 57 
SIGNIFICANCE STATEMENT  58 
 59 
Anxiety disorders directly impact the lives of nearly 1 in 5 people, accounting for substantial worldwide 60 

suffering and disability. Here, we use a nonhuman primate model of anxious temperament (AT) to 61 

understand the neurobiology underlying the early-life risk to develop anxiety disorders. Leveraging the 62 

same kinds of neuroimaging measures routinely used in human studies, we demonstrate that 63 

coordinated activation between the central nucleus of the amygdala and the bed nucleus of the stria 64 

terminalis is correlated with, and co-inherited with, early-life AT. Understanding how these central 65 

extended amygdala regions work together to produce extreme anxiety provides a neural target for early-66 

life interventions with the promise of preventing life-long disability in at-risk children. 67 
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INTRODUCTION 69 

Behavioral inhibition and anxious temperament (AT) are related temperamental dimensions that 70 

are apparent early in life and when extreme, confer increased risk for the development of anxiety 71 

disorders and other stress-related psychopathology (Fox et al., 2005b; Clauss and Blackford, 2012; Fox 72 

and Kalin, 2014). To investigate the neurogenetic mechanisms underlying early-life risk, we developed 73 

and characterized a nonhuman primate (NHP) model of AT (Fox and Kalin, 2014; Kalin, 2017). 74 

Mechanistic and imaging work by our group highlights the importance of the central extended amygdala 75 

(EAc)—including the central nucleus of the amygdala (Ce) and the bed nucleus of the stria terminalis 76 

(BST)—for trait-like variation in the AT (Fox et al., 2005a; Kalin et al., 2005; Fox et al., 2008; Oler et al., 77 

2010; Fox et al., 2015b). These EAc regions are considered to be a macrostructural anatomical unit based 78 

on similarities in cell types, robust structural and functional connectivity, and similar projections to 79 

downstream effector regions (Heimer and Van Hoesen, 2006; Oler et al., 2012; Birn et al., 2014; Fox et al., 80 

2015a; Oler et al., 2017; Tillman et al., 2018). Preclinical and clinical studies have implicated the EAc in 81 

adaptive and maladaptive fear and anxiety behavior (Avery et al., 2016; Gungor and Pare, 2016; 82 

Shackman and Fox, 2016), and the EAc is well positioned to orchestrate the extreme threat responses 83 

that are characteristic of anxiety and depressive disorders (Shackman et al., 2016b; Fox and Shackman, In 84 

Press). Here, we examine the intrinsic functional connectivity of the Ce and the BST and assess whether 85 

EAc interconnectivity is heritable and genetically correlated with AT.  86 

NHP AT is based on assessing individual differences in behavioral inhibition and accompanying 87 

pituitary-adrenal activation when young monkeys are confronted with a potential threat in the no-eye-88 

contact condition (NEC) of the human intruder paradigm (Kalin and Shelton, 1989; Fox et al., 2008). 89 

During NEC, the monkey is exposed to the profile of a human intruder ensuring that there is not eye 90 

contact between the intruder and the monkey. The uncertain threat associated with the lack of eye-91 

contact typically results in increased freezing, decreased vocalizations, and increased cortisol (Kalin et al., 92 

1998; Fox et al., 2005a; Fox et al., 2008; Jahn et al., 2010; Oler et al., 2010; Shackman et al., 2013; Fox et 93 
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al., 2015b). These responses parallel those of behaviorally inhibited children exposed to unfamiliar adults 94 

(Kagan et al., 1987, 1988; Oler et al., 2016). Based on this, we defined AT as a composite measure of 95 

monkeys’ NEC-induced behavioral and cortisol responses, and extensive studies have demonstrated the 96 

reliability and validity of this measure (Kalin and Shelton, 2003; Fox et al., 2008; Fox and Kalin, 2014; Fox 97 

et al., 2015b; Kalin, 2017). Similar to heritability estimates for early-life anxiety and behavioral inhibition 98 

(Emde et al., 1992; Eley et al., 2003), our measure of early-life AT is approximately 30% heritable.  99 

In a series of 18F-fluorodeoxyglucose positron emission tomography (FDG-PET) imaging studies, 100 

we demonstrated that Ce and BST metabolism both predict individual differences in AT (Kalin et al., 101 

2005; Fox et al., 2008; Oler et al., 2010; Fox et al., 2015b). We also mechanistically linked the Ce to AT, as 102 

we found that Ce lesions decrease threat-related freezing behavior and pituitary-adrenal activation 103 

(Kalin et al., 2004). Interestingly, we observed individual differences in BST metabolism, but not Ce 104 

metabolism, to be genetically correlated with AT, suggesting that structural genetic alterations influence 105 

AT by exerting their effects on BST metabolism (Fox et al., 2015b). Because of the causal role of Ce in 106 

giving rise to the expression of AT (Kalin et al., 2004; Kalin et al., 2016), along with the previously 107 

observed strong functional and structural connectivity between Ce and BST (Oler et al., 2012; Oler et al., 108 

2017), the AT-predictive nature of heritable glucose metabolism (FDG-PET) in the BST (Fox et al., 2015b), 109 

and the theorized role for EAc in anxiety (Fox et al., 2015a), we hypothesized that individual differences 110 

in Ce-BST connectivity would be heritable, and would correlate with individual differences in BST 111 

metabolism and the expression of AT. 112 

Here we examined the coordinated function between the Ce and BST in relation to AT using 113 

intrinsic functional connectivity in a large sample of young rhesus monkeys (n=378) belonging to a well-114 

characterized, large multigenerational pedigree. We also performed analyses to understand the extent to 115 

which individual differences in Ce-BST functional connectivity are heritable and how this heritability 116 

relates to the heritability of AT.  117 

 118 
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MATERIALS AND METHODS 119 
 120 
Except where noted otherwise, behavioral and brain imaging methods have been described in detail in 121 

prior publications (Oler et al., 2012; Birn et al., 2014; Fox et al., 2015b) and are only briefly summarized 122 

here. 123 

Subjects 124 

As part of a larger program of research focused on the mechanisms underlying extreme early-life anxiety, 125 

we attempted to test every young rhesus monkey (M. mulatta) that was available for study at the Harlow 126 

Center for Biological Psychology or Wisconsin National Primate Research Center over a multi-year period 127 

(2007–2011). Animal availability determined the final sample size. Individuals that underwent prior 128 

studies involving drug administration, surgery, or intensive behavioral testing were excluded. As detailed 129 

by Fox and colleagues (2015), imaging (FDG-PET, fMRI), phenotypic (AT), and demographic data were 130 

acquired from 594 young rhesus monkeys. Subjects were members of an extended, multi-generational 131 

pedigree (1,928 individuals; 8 generations; 2 parent-offspring pairs; 28 full-sibling pairs; 44 other 1st–132 

degree pairs; 11 avuncular pairs; 1,340 half-sibling pairs; 1,388 other 2nd–degree pairs; 3,293 3rd–degree 133 

pairs; 6,991 4th–degree pairs; 73,138 >4th–degree pairs; and 83,419 unrelated pairs). Two animals with 134 

questionable paternity were excluded from all analyses (M=1.88 years, SD=0.78, 327M/265F). As 135 

detailed below, high-quality fMRI (fMRI) data were available for a subset of 378 individuals (M=1.84 136 

years, SD=0.76, 208 males and 170 females). Of the 378 animals with data included in this analysis, 288 137 

were scanned at the HealthEmotions Research Institute in the Department of Psychiatry whereas 90 138 

animals were scanned at the Waisman Laboratory for Brain Imaging and Behavior. These individuals 139 

represent a superset of the sample previously described by Birn et al (2014) and Oler et al. (2012, 2017). 140 

Both samples can be considered pre-adolescent, as rhesus macaques are typically weaned between 6 and 141 

12 months and become sexually mature between 3 and 4 years of age (Rawlins and Kessler, 1986). 142 

Monkeys were mother-reared, pair-housed, and maintained on a 12-hour light/dark cycle. All data were 143 
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acquired during the light cycle. All procedures were approved by and in accordance with the guidelines 144 

established by the Institutional Animal Care and Use Committee. 145 

 146 

Quantifying Individual Differences in the AT Phenotype 147 

Individual differences in the AT composite phenotype were quantified using the 30-min No-Eye Contact 148 

(NEC) condition of the Human Intruder Paradigm (Kalin and Shelton, 1989; Kalin, 1993; Fox et al., 2008). 149 

Subjects were placed in a standard testing cage. An experimenter entered the room and stood motionless 150 

~2.5 meters from the subject while presenting his profile and avoiding direct eye contact. Subjects were 151 

allowed to freely respond to this ethologically-relevant potential threat, similar to procedures used to 152 

assess dispositional anxiety and behavioral inhibition in children (Kagan et al., 1988; Kagan, 1997; Fox et 153 

al., 2005b). Anxiety-related behaviors elicited by the NEC challenge were unobtrusively quantified by an 154 

experienced observer blind to pedigree status using a closed-circuit audio-visual system. Freezing was 155 

defined as a period of >3-seconds characterized by a tense body posture and the absence of vocalizations 156 

or movements other than slow head movements or eye-blinks. ‘Coo’ vocalizations were defined as 157 

audible calls characterized by an increase then decrease in frequency and intensity made by rounding 158 

and pursing the lips. ‘Coo’ calls are contact or separation vocalizations that are elicited by exposure to the 159 

test cage (i.e., the ‘alone’ condition of the HIP) and suppressed by exposure to the NEC challenge (i.e., 160 

human intruder’s profile) (Kalin and Shelton, 1989; Bauers and de Waal, 1991; Kalin and Shelton, 1998; 161 

Fox et al., 2005a). Following behavioral testing, blood was collected for quantifying cortisol. Plasma 162 

cortisol (μg/dL) was quantified in duplicate using the DPC Coat-a-count radioimmunoassay (Siemens, Los 163 

Angeles, CA). The assay had an inter-assay CV% of 7.0 and an intra-assay CV% of 4.0 and a lower limit of 164 

detection, defined as the lowest standard included in the assay, of 1 μg/dL. Mean freezing duration and 165 

cooing frequency were loge and square-root transformed, respectively. Standardized cortisol, freezing, 166 



 

 8 

and vocalization measures were created by linearly removing nuisance variance in age, and in the case of 167 

cortisol, time-of-day. The composite AT phenotype was computed as the arithmetic mean of standardized 168 

cortisol, freezing, and vocalization; vocalizations were first inverted (-1 × standardized coo frequency) to 169 

ensure that larger values indicated increased reactivity to the NEC challenge.  170 

 171 

MRI Acquisition 172 

Structural and functional MRI data were collected under anesthesia using a General Electric (GE) Signa 173 

3T scanner (GE Medical Systems, Waukesha, WI) equipped with a standard 16-cm quadrature extremity 174 

coil. Subjects were anesthetized with ketamine (15 mg/kg i.m.), placed in a stereotactic head-frame and 175 

positioned in the scanner. Immediately prior to the start of the first scan subjects received medetomidine 176 

(30 μg/kg i.m.) or dexmedetomidine (15 μg/kg i.m.). Small booster doses of ketamine were administered 177 

as needed to maintain anesthesia (<15 mg/kg i.m.). Heart rate and oxygen saturation were monitored 178 

using a pulse oximeter. Anatomical scans were obtained with a 3D T1-weighted, inversion-recovery, fast 179 

gradient echo prescription (TI/TR/TE/Flip/NEX/FOV/Matrix/Bandwidth: 180 

600ms/8.65ms/1.89ms/10°/2/140mm/256×224/61.1 kHz) with whole brain coverage (128 slice 181 

encodes over 128 mm) reconstructed with zero-filled interpolation to 0.27×0.27×0.5 mm on the 182 

scanner).  Functional scans were obtained using a 2D T2*-weighted echo-planar image (EPI) prescription 183 

(TR/TE/Flip/FOV/Matrix: 2,500ms/25ms/90°/140mm/64×64; 26×3.1-mm axial slices; gap: 0.5-mm; 184 

360 volumes). At the conclusion of the scan the medetomidine or dexmedetomidine was reversed with 185 

atipamezole (150 μg/kg, i.m.). 186 

 187 

PET Acquisition 188 
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Subjects received an i.v. injection of 1 8 FDG immediately prior to the 30-minute NEC challenge. 189 

Immediately following the NEC challenge,  subjects were deeply anesthetized (15mg/kg ketamine 190 

i.m.), intubated, and positioned in a stereotactic device within the Siemens/Concorde microPET P4 191 

scanner (Tai et al., 2001). Both FDG and attenuation scans were acquired. FDG-PET, which provides a 192 

measure of regional brain metabolism integrated over the entire 30-minute behavioral challenge, is 193 

ideally suited for assessing trait-like individual differences in neural activity. During the PET scan 194 

anesthesia was maintained using 1-2% isoflurane gas. Images were reconstructed using standard 195 

filtered-backprojection techniques with attenuation- and scatter-correction. 196 

 197 

MRI/PET Data Processing Pipeline 198 

EPI data were processed using standard techniques in AFNI (http://afni.nimh.nih.gov) (Cox, 1996) 199 

except where noted otherwise. The initial three time points were removed and data were processed to 200 

attenuate motion artifact (6-df), B0-field distortions, physiological noise (Glover et al., 2000), and slice-201 

timing differences.  202 

To minimize normalization error (Fein et al., 2006; Acosta-Cabronero et al., 2008; Fischmeister et 203 

al., 2013), brains were manually extracted from T1 images using SPAMALIZE 204 

(https://idoimaging.com/programs/275). Native-space, brain-extracted T1 images were normalized to 205 

the study-specific template described by Fox and colleagues (Fox et al., 2015b) using Advanced 206 

Normalization Tools (Avants et al., 2010; Avants et al., 2011). Each native-space FDG-PET image was 207 

aligned to its corresponding T1 image using a rigid body mutual information warp. The resulting 208 

transformation matrix was concatenated with that defining the diffeomorphic transformation to the 209 

template and used to spatially normalize the PET images. Normalized PET images were global-mean 210 

scaled within the brain using SPAMALIZE. Scaled PET maps were spatially smoothed (2-mm FWHM 211 



 

 10 

Gaussian). Single-subject, native-space, brain-extracted T1 images were linearly registered to the 212 

corresponding EPI images, allowing only for shifts within the coronal plane (Saad et al., 2009). The 213 

resulting transformation matrix was reversed, concatenated with the diffeomorphic transformation 214 

matrix, and used to normalize the EPI data to the study-specific template (interpolated to 0.625 mm3). All 215 

images were carefully inspected for quality assurance purposes. 216 

To further attenuate physiological noise, average white matter (WM) and ventricular (CSF) time-217 

series and their temporal derivatives were residualized from the EPI time series (Jo et al., 2010). WM and 218 

CSF regions were identified by thresholding segmented T1 images. To minimize contributions from 219 

adjacent gray matter regions, WM was eroded by 2 voxels and CSF was limited to the lateral ventricles by 220 

multiplying single-subject CSF regions by a template-defined mask. Artifact-attenuated EPI data were 221 

spatially (4mm FWHM Gaussian) and temporally (0.008Hz–0.08Hz) filtered. We visually verified that all 222 

datasets showed adequate EPI coverage without excess susceptibility or distortion artifacts (e.g., signal 223 

shearing or compression). Quantitatively, we verified that all datasets showed adequate temporal signal-224 

to-noise ratio (>100) in regions vulnerable to susceptibility artifacts (e.g., orbitofrontal and medial 225 

temporal cortices) (e.g., (Parrish et al., 2000; LaBar et al., 2001). Individual EPI volumes with >1mm of 226 

volume-to-volume motion were censored.  227 

 228 

Ce Seed 229 

The amygdala is a complex structure, comprised of numerous anatomically and physiologically distinct 230 

nuclei (Amaral et al., 1992; Freese and Amaral, 2009). Here we used previously published in vivo 231 

serotonin transporter (5-HTT) binding data (Christian et al., 2009) to objectively define the Ce nucleus. 232 

Ex vivo research demonstrates that the lateral division of the primate Ce (CeL) expresses substantially 233 

higher 5-HTT levels compared to neighboring regions of the medial temporal lobe (O'Rourke and Fudge, 234 

2006). Capitalizing on this chemoarchitectonic signature, we used the distribution of 11C-DASB (a high-235 
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affinity radiolabeled 5-HTT ligand) in an independent sample of 34 young monkeys to probabilistically 236 

define the Ce seed (for similar mapping applications and detailed methods, see (Oler et al., 2012; Fox et 237 

al., 2015b; Oler et al., 2017). Briefly, dynamic PET time series were transformed into voxelwise maps of 238 

distribution volume ratio (DVR; an index of receptor availability) normalized to activity in a cerebellar 239 

reference region. Single-subject DVR maps were normalized to the study-specific template using ANTS 240 

and averaged. The resulting probabilistic (i.e., mean) 5-HTT binding map was thresholded (250× 241 

cerebellum) to define the Ce seed used for fMRI analyses. 242 

 243 

Quantifying Heritability and Co-Heritability 244 

Voxelwise heritability analyses were performed using SOLAR (http://solar-eclipse-genetics.org) (Almasy 245 

and Blangero, 1998) using pedigree information curated by Dr. Jeff Rogers (Baylor College of Medicine 246 

and Wisconsin National Primate Research Center, Madison, WI). Heritability was computed as described 247 

in (Fox et al., 2015b) and is only summarized here. Because the initial step in the heritability analysis 248 

uses the inverse normal distribution of the trait being examined, the heritability of Ce functional 249 

connectivity was estimated using voxelwise fMRI  weights rather than the normalized Fisher’s z 250 

coefficients. We first computed the trait’s covariance matrix as well as a relatedness matrix, which can be 251 

computed based on each pair of animals’ relationship to each other in the pedigree (e.g., monozygotic 252 

twin pairs=1.0, parent-offspring pairs=0.50, half-sibling pairs=0.25). Using the covariance and 253 

relatedness matrices, we estimated the genetic and environmental variance of a quantitative phenotypic 254 

trait (e.g., voxelwise functional connectivity). The variance attributed to the environment is considered to 255 

be random for each subject, and not shared between subjects. Heritability (h2) can be estimated based on 256 

the variance in genetic and environmental effects, and the probability of h2 is computed by comparing the 257 

log likelihood of the model and the difference between this model and another where the variance 258 

estimate associated with the trait of interest (i.e., Ce connectivity) is constrained to equal zero. To assess 259 

the genetic correlation (ρG) between functional connectivity and AT, bivariate heritability (i.e., co-260 
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heritability) analyses were performed using a similar approach with a covariance matrix representing 261 

both quantitative traits (functional connectivity and AT) and their interaction. This analysis examines the 262 

extent to which estimated genetic covariation is associated with covariation among phenotypes and 263 

estimates the proportion of variance two traits share is due to genetic causes. For a detailed description 264 

see: (Almasy et al., 1997; Almasy and Blangero, 1998; Williams et al., 1999; Fox et al., 2015b).   265 

 266 

Experimental Design and Statistical Analysis 267 

As detailed above, FDG-PET, phenotypic (AT), demographic, and pedigree data were available for 592 268 

individuals and fMRI data were available for a subset of 378 individuals, enabling us to compute 269 

sufficiently stable effect-size estimates (Schönbrodt and Perugini, 2013). Given our aims, we adopted a 270 

standard a priori seed-based approach to quantifying intrinsic functional connectivity. For each subject, 271 

we used AFNI to perform a voxelwise correlation between the artifact-attenuated EPI time-series, 272 

averaged across the voxels defining the Ce seed, and voxel time-series throughout the brain. Correlation 273 

maps were normalized (Fisher’s R-to-Z transformation) and used to identify regions with consistent 274 

functional connectivity across subjects. This was done by testing the intercept in a regression model 275 

controlling for mean-centered age and sex, equivalent to a single-sample t test. As in prior work by our 276 

group, the resulting map of Ce functional connectivity was conservatively thresholded (p<.05, whole-277 

brain Šidák corrected). Next, we used a regression analysis to examine relations between Ce functional 278 

connectivity and individual differences in AT in regions where Ce connectivity was statistically 279 

significant. The resulting map was thresholded at p=0.005 (uncorrected). 280 

Voxelwise heritability and co-heritability were calculated using SOLAR (using resources provided 281 

by the UW—Madison Center for High-Throughput Computing) and controlling for the influence of age, 282 

age2, sex, and the age × sex interaction. Voxelwise heritability analyses were restricted to regions 283 

demonstrating significant functional connectivity with the Ce seed and a significant correlation with AT 284 

(orange outline in Figure 2). Heritability values at each voxel were extracted and a series of two-sample 285 
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Kolmogorov–Smirnov tests were used to rigorously test whether the distribution of heritability estimates 286 

for Ce-BST functional connectivity differed from: 1) the set of voxels where Ce functional connectivity 287 

was significant and significantly associated with individual differences in AT, 2) the larger set of voxels 288 

where Ce functional connectivity was significant, and 3) all voxels in the brain. 289 

On an exploratory basis, we also examined voxelwise relations between AT-related Ce-BST 290 

functional connectivity and individual differences in AT-related metabolic activity. To this end, each 291 

subject’s normalized functional connectivity coefficients were extracted from the BST region 292 

demonstrating significant AT-related functional connectivity with the Ce (BST cluster in Figure 1). The 293 

mean connectivity coefficient for each subject was then used to predict voxelwise FDG metabolism. This 294 

exploratory analysis was restricted to regions demonstrating significant AT-related glucose metabolism 295 

((Fox et al., 2015b); pink outline in Figure 4) and thresholded at p < 0.01 (uncorrected). Lastly, mediation 296 

analyses were performed using the statsmodels mediation analysis tool (statsmodels.stats.mediation, 297 

v0.8.0) to test the extent to which FDG-PET significantly accounted for the relations between Ce 298 

functional connectivity and AT (Imai et al., 2010; Tingley et al., 2014). 299 

 300 

RESULTS 301 
 302 

In 378 anesthetized monkeys, spontaneous fluctuations in the Ce BOLD signal were highly 303 

significantly correlated with BOLD signal fluctuations within 3 clusters identified using a stringent Šidák-304 

level statistical threshold (t > 5.4131, Šidák p < 0.05, equivalent to a p = 0.00000005522, uncorrected; 305 

minimum cluster size ≥ 250 voxels). The 3 clusters included a large cluster (>26,264 mm3) that was 306 

positively connected with Ce and encompassed numerous brain regions, and two smaller bilateral 307 

clusters in the posterior dorsal thalamus (Left: 264 mm3; Right: 254 mm3), which were negatively 308 

coupled to the Ce. Consistent with prior work in monkeys (Oler et al., 2012; Birn et al., 2014; Oler et al., 309 

2017) and humans (Oler et al., 2012; Gorka et al., 2017; Tillman et al., 2018; Torrisi et al., 2018), one of 310 

the highest extra-amygdala peaks was observed in the BST region. The large positively connected cluster 311 
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of the Šidák-corrected connectivity map, also included dorsolateral and ventromedial portions of the 312 

prefrontal cortex (PFC), orbital proisocortex/anterior insula (OPro/AI), temporal pole, ventral striatum, 313 

portions of the superior temporal sulcus, premotor cortex, anterior cingulate cortex, dorsal midcingulate 314 

cortex, posterior cingulate cortex and various regions of the visual cortex including V1 (Figure 1A).  315 

We next examined the correlation between Ce connectivity and AT by running a voxelwise regression 316 

while controlling for several nuisance variables (including age, sex, housing location, MRI scanner 317 

location, and the number of prior exposures to NEC). Voxelwsise analyses were restricted to regions 318 

within the Šidák-corrected Ce connectivity mask (green outline in Figure 1C), reducing the number of 319 

comparisons and circumventing the need to interpret associations in regions that do not show evidence 320 

of significant Ce connectivity (for a similar approach, see Tillman et al., 2018). Although no regions 321 

survived FDR correction, when a more lenient threshold was applied (p < .005, uncorrected), stronger Ce 322 

connectivity was associated with higher levels of AT in several regions, including the BST (Figures 1B and 323 

Table 1). Control analyses indicated that neither the ‘main effect’ of Ce-BST connectivity nor the 324 

association between Ce-BST connectivity and AT was influenced by sex (t’s < 1.14, p’s > .25).  325 

  326 

 327 
Table 1.  Descriptive statistics for clusters showing significant Ce functional connectivity and significant associations with AT. 328 
       Location (mm from AC) 
Sign Hemisphere Cluster Volume (mm3) Local Maxima tMaxa p x y z 
Positive Right Premotor cortex 63.72 Area 6 4.27 <0.0001 21.875 -0.625 -11.250 

 Left Basal forebrain 34.67 BST 4.17 <0.0001 -1.875 -0.625 -3.125 
 Left Superior temporal sulcus 10.74 Ventral bank (TEa, Ipa) 3.60 0.0002 -18.750 -1.250 18.750 
 Left Premotor cortex 12.70 Area 6 3.56 0.0002 -18.750 0.000 13.125 

Negative Right Superior temporal sulcus 28.56 Fundus -3.65 0.0002 15.625 0.000 -7.500 
a Voxelwise regression controlling for nuisance variation in age, sex, housing location, MRI scanner location, and the number of prior exposures to NEC (p < 329 
.005, uncorrected, two-tailed, minimum cluster size of 7 mm3). The regression was restricted to voxels showing significant intrinsic functional connectivity 330 
with the Ce (p < .05, whole-brain Šidák corrected).  331 
 332 

 333 
 334 

 335 
We previously demonstrated that individual differences in AT are 29% heritable (Fox et al., 2015), 336 

consistent with work focused on BI, trait anxiety, and anxiety disorders (DiLalla et al., 1994; Hettema et 337 

al., 2005; Hirshfeld-Becker et al., 2008; Geschwind and Flint, 2015). Fox and colleagues (2015) 338 
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subsequently showed that BST metabolism is both heritable and genetically correlated with AT; that is, 339 

they show similar patterns of intergenerational transmission. Here, we used the available pedigree 340 

information to estimate the voxelwise heritability of Ce functional connectivity for the first time. Across 341 

the entire brain, AT-related Ce functional connectivity was modestly heritable (Figure 2A, pink bars), with 342 

the peak heritability estimate (h2 = 0.45) in the same region of BST where Ce-BST connectivity was both 343 

significant and significantly associated with individual differences in AT (Figure 2A, orange bars). 344 

Voxelwise heritability estimates in regions where Ce connectivity was significant and significantly 345 

associated with AT are presented in Figure 2B and Table 2. 346 

 347 

 348 

Table 2.  Descriptive statistics for clusters showing significant Ce functional connectivity, significant associations with AT, and significant heritability. 349 
      Location (mm from AC) 
Hemisphere Cluster Volume (mm3) Local Maxima h2 p x y z 
Right Superior temporal sulcus 9.52 Fundus .35 .0005 15.000   3.125 -6.250 
Left Basal forebrain 7.32 BST .45 .0076 -0.625 -1.875 -1.875 
Right Premotor cortex 7.08 Area 6 .20 .0307 23.125 0.000 11.250 
Voxelwise heritability analysis controlling for nuisance variation in age, age2, sex, and the age × sex interaction (p < 0.05, uncorrected, minimum cluster size of 350 
7 mm3). The regression was restricted to voxels demonstrating significant functional connectivity with the Ce (p < .05, whole-brain Šidák corrected) and 351 
significant relations within individual differences in AT (p < .005, uncorrected).  352 
 353 

 354 

To determine whether the heritability of Ce-BST connectivity was significantly different from the 355 

heritability of overall AT-related Ce connectivity, we ran a two-sample Kolmogorov–Smirnov test to 356 

examine whether the distribution of heritability estimates for the Ce connectivity values from all AT-357 

related voxels in the brain (Figure 2A, pink bars) differed from the distribution of heritability estimates 358 

for the AT-related Ce connectivity values in voxels within BST (Figure 2A, orange bars). The results 359 

demonstrated that the distribution of heritability estimates in the BST significantly differed from the 360 

distribution of heritability estimates for all other AT-related Ce-connected voxels in the brain (KS-361 

test=.43, p<.001). This was also true when testing whether the heritability estimates of AT-related Ce 362 

connectivity values in BST voxels differed from those in all voxels showing significant Ce connectivity 363 
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(KS-test=.43, p<.001), as well as when testing the BST voxels versus all voxels in the brain (KS-test=.43, 364 

p<.001).  365 

Taken together, this pattern of results raises the possibility that Ce-BST connectivity is associated 366 

with the inter-generational transmission of AT from parents to their offspring. To formally test the 367 

hypothesis that AT shares a genetic substrate with Ce-BST connectivity, as it does with BST metabolism, 368 

we estimated the genetic correlation between individual differences in AT and functional connectivity in 369 

the region of BST identified by the heritability analyses (green voxels in the center of Figure 2B). Results 370 

revealed that Ce-BST connectivity and AT are significantly genetically correlated (ρg = 0.874, p < 0.05), 371 

suggesting that the genes underlying variation in Ce-BST connectivity likely play a role in AT. 372 

When considered with our previous demonstration that AT is genetically correlated with BST 373 

metabolism (Fox et al., 2015b), these data raise the possibility that there is a common pathway through 374 

which AT is influenced by genes that alter Ce-BST connectivity, leading to altered BST metabolism, and 375 

ultimately change AT.  To directly test this hypothesis, we extracted Ce-BST functional connectivity from 376 

each of the 378 animals (Figure 3, left). Next, we extracted AT-related metabolic activity (FDG-PET 377 

signal) from the same individuals using the BST cluster previously identified by Fox and colleagues 378 

(Figure 3, right) (Fox et al., 2015b). Because both Ce-BST functional connectivity and BST metabolism 379 

were genetically correlated with AT, and because we believe that Ce-BST functional connectivity is 380 

primarily driven by the dense anatomical projections from Ce->BST, we hypothesized that functional 381 

connectivity between the Ce and BST would be associated with metabolism in the BST. Surprisingly, a 382 

regression analysis revealed that AT-related Ce connectivity and AT-related metabolism in the BST were 383 

essentially uncorrelated in this relatively large sample (r = -.038, p = .46, 95% CI [-0.138, 0.063]; n = 378).     384 

Although we do not know their underlying spatial confidence intervals (Ma et al., 1999), visual 385 

inspection of the data raises the possibility that the Ce-BST connectivity and BST metabolism clusters 386 

were anatomically non-overlapping. Considering that the BST is a functionally heterogeneous and 387 

anatomically complex region (Kim et al., 2013; Fox et al., 2015a; Gungor and Pare, 2016), an alternative 388 
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explanation for the lack of correlation is that the two neuroimaging markers involve differing 389 

subdivisions of the BST. However, a cross-modality analysis yielded the same results when the Ce 390 

connectivity values were extracted from the BST cluster derived from the AT-related metabolism (r = -391 

.036, p = .48, 95% CI [-.136, .065]), as well as when the metabolism data were extracted from the BST 392 

cluster defined by AT-related Ce connectivity (r = .047, p = .36, 95% CI [-.054, .147).  393 

Considering our sample size (n = 378), we have ~80% power to detect an association where Ce-394 

BST functional connectivity predicted 2% of the variance in BST metabolism, ~97% power to detect 4% 395 

variance explained, and >99% power to detect 6% explained. Thus, rather than insufficient power to 396 

detect a relationship, it is likely that the observed lack of correlation between functional connectivity and 397 

FDG-PET reflects the fact that the two functional imaging modalities reflect disparate biological 398 

mechanisms.  Although Ce-BST connectivity and BST metabolism are both genetically correlated with AT, 399 

the present results suggest that these markers are governed by distinct/dissociable genetic mechanisms. 400 

To clarify whether these markers are indeed additive and non-overlapping, we computed a hierarchical 401 

regression examining the extent to which Ce-BST connectivity and BST metabolism accounted for similar 402 

or non-overlapping variance in AT (Table 3). Results demonstrated that Ce-BST connectivity and BST 403 

metabolism account for mostly non-overlapping variance in AT (see Table 3; note: nuisance covariates 404 

were non-significant, R2 = 0.016, p = 0.293).   405 

 406 

Table 3 407 

Hierarchical regression examining the variance in AT that is 
accounted for by Ce-BST connectivity, BST metabolism and 
nuisance covariates including age, sex, housing location, MRI 
scanner location, and the number of prior exposures to NEC. 
To compute unique and shared variance, we used a series of 
hierarchical regressions. In the first model, we computed the 
variance uniquely explained by BST metabolism by modeling 
the R2 change after accounting for AT-related Ce-BST 
functional connectivity. In the second model, we computed the 
variance uniquely explained by Ce-BST functional 
connectivity using the same approach. To compute shared 
variance, we subtracted the unique variance attributable to AT-
related Ce-BST functional connectivity from the first step of the 
second model, which reflects the total variance (unique and 
shared) explained by Ce-BST functional connectivity. 

Total variance in AT accounted for by
BST metabolism and Ce-BST connectivity

R2 F p
0.087 5.038 0.000018

ΔR2 ΔF p
0.0302 12.219 0.000531

ΔR2 ΔF p
0.0383 15.536 0.000097

0.0023

Ce-BST connectivity unique variance

BST metabolism unique variance

Shared variance
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 408 

Finally, in order to discover other brain regions where metabolism mediates the influence of Ce-409 

BST functional connectivity on AT, we conducted an exploratory cross-modality analysis focused on 410 

relations between variation in Ce-BST connectivity and voxelwise FDG metabolism. This was restricted to 411 

regions where FDG was correlated with AT (Fox et al., 2015b). Intriguingly, this approach uncovered 412 

potential downstream targets of the EAc that may mediate the effects of coordinated Ce-BST fluctuations 413 

on AT. Results demonstrated that metabolism in several AT-related regions was significantly correlated 414 

with Ce-BST functional connectivity, including the hypothalamus and periaqueductal gray (PAG) (Figure 415 

4 and Table 4). To understand how functional connectivity between the Ce and these regions relates to 416 

AT, we examined Ce-connectivity with the PAG and hypothalamic regions.  Ce-connectivity with the PAG 417 

region defined in this analysis (Figure 4), was not significantly different from zero (t = -1.455, p = .147). 418 

Ce-connectivity with the hypothalamic region identified in the analysis (Figure 4) was significantly 419 

different from zero (t = 3.411, p = .001), and Ce-hypothalamic connectivity was correlated with Ce-BST 420 

connectivity (t = 4.203, p < 0.001). However, neither Ce-PAG connectivity nor Ce-hypothalamic 421 

connectivity was significantly correlated with AT, or any of its components (p's > 0.05). 422 

We performed a series of mediation analyses to examine the extent to which metabolism in the 423 

PAG and hypothalamic regions statistically explains the relationship between Ce-BST connectivity and 424 

AT.  Results demonstrated that metabolic activity in the PAG (proportion mediated=0.19, 95% CI: 0.06-425 

0.42; p=0.0024) and in the hypothalamus (proportion mediated=0.11, 95% CI: 0.02-0.29; p=0.0112) 426 

significantly mediated relations between Ce-BST connectivity and AT.  427 

Lastly, to explore whether these neural circuit elements reflect distinct aspects of the composite 428 

AT phenotype, we assessed relations between regional FDG metabolism and Ce-connectivity separately 429 

for measures of freezing, vocalizations, and cortisol. PAG metabolism was associated with AT, freezing, 430 

cooing and cortisol (p's < .05), and hypothalamic metabolism was associated with AT, freezing, and 431 
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cooing (p's < 0.05), but not cortisol (p = .12). Functional connectivity with the Ce was not associated with 432 

AT or any of its components in either the PAG or hypothalamus (p's > .05). 433 

 434 

 435 

 436 
 437 
 438 
 439 
 440 
 441 
Table 4.  Descriptive statistics for clusters showing significant relations between Ce functional connectivity and AT-related brain metabolism. 442 
      Location (mm from AC) 
Hemisphere Cluster Volume (mm3) Local Maxima tMaxa P x y z 
Right Anterior cingulate 5.86 Area 24a, genu of the corpus callosum 3.07 0.0011 1.875 -10.625 5.625 
Left Brain stem 31.49 Periaqueductal gray 3.06 0.0012 -2.500 14.375 -0.625 
Right Thalamus 3.17 Ventral anterior nucleus 2.88 0.0021 2.500 3.125 -1.875 
Right Brain stem 16.85 Reticular formation, precuneiform 2.83 0.0025 3.750 15.625 -5.000 
Left Cerebellum 1.95 Deep cerebellar nuclei 2.82 0.0025 -5.625 24.375 -11.250 
Left Hippocampus 1.95 Cornus ammonis 2.82 0.0025 -16.250 8.125 -8.750 
Right Basal forebrain 1.46 Paraventricular nucleus, posterior medial BST 2.64 0.0043 0.625 2.5 -3.750 
a Voxelwise regression controlling for nuisance variation in mean-centered age, sex, and scanner site (p < 0.01, uncorrected, two-tailed, with no minimum 443 
cluster size). The regression was restricted to voxels where FDG metabolism was associated with higher levels of AT in our prior work (p < .05, whole-brain 444 
Šidák corrected, n = 592; Fox et al., 2015b).  445 
 446 
 447 

  448 
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DISCUSSION 449 
  450 

The present study leverages a unique combination of phenotypic and multimodal brain imaging 451 

data acquired from 378 members of an 8-generation pedigree of nearly 2,000 rhesus monkeys to provide 452 

new insights into the neural and genetic bases of extreme dispositional anxiety, a prominent risk factor 453 

for the development of stress-related psychopathology (Clauss and Blackford, 2012; Fox and Kalin, 2014; 454 

Shackman et al., 2016a). Mechanistic and imaging work indicates that the Ce plays a critical role in early-455 

life AT (Kalin et al., 2004; Oler et al., 2010; Oler et al., 2016), but the larger functional network in which 456 

the Ce is embedded, and the sub-systems most relevant to early-life AT remain unclear. The present 457 

results provide evidence of robust functional connectivity between the Ce and the BST—the two major 458 

divisions of the EAc—reinforcing the hypothesis that they form a coherent functional unit (Alheid and 459 

Heimer, 1988; Oler et al., 2012; Fox et al., 2015a; Shackman and Fox, 2016; Fox and Shackman, In Press). 460 

This observation is consistent with prior fMRI studies in sedated monkeys (Oler et al., 2012; Birn et al., 461 

2014; Oler et al., 2017) and quietly resting humans (Torrisi et al., 2015; Avery et al., 2016; Gorka et al., 462 

2017; Tillman et al., 2018). Functional connectivity can reflect direct and/or multi-synaptic structural 463 

connectivity (Honey et al., 2009; Adachi et al., 2012; Buckner et al., 2013; Birn et al., 2014).  In this regard, 464 

the Ce-BST connectivity may reflect direct projections from the Ce to the BST (Ce → BST) and/or bi-465 

directional projections passing through the sublenticular extended amygdala (SLEA; Ce ↔ SLEA ↔ BST) 466 

(Heimer et al., 1999; Oler et al., 2017). It is also possible that the connectivity observed between Ce and 467 

BST stems from shared inputs to these structures, such as those ascending from the reciprocally 468 

connected PAG or from the basolateral amygdala. The present results extend our understanding of how 469 

interactions between the Ce and BST are related to anxiety and the high-risk AT phenotype (Figure 1).  470 

 471 

EAc and heritability of the AT phenotype 472 

The EAc is a continuum of neurons from the Ce to the BST, which has been hypothesized to be 473 

critical for mediating threat responses and we previously demonstrated that metabolism in these 474 



 

 21 

structures is predictive of AT (Kalin et al., 2005; Oler et al., 2009; Oler et al., 2010; Fox et al., 2015b; Fox et 475 

al., 2015a; Shackman and Fox, 2016). The present results extend work from our lab and others, and 476 

further implicate the EAc in the early-life risk to develop anxiety and depressive disorders (e.g. (Kalin et 477 

al., 2005; Oler et al., 2010; Fox and Kalin, 2014; Fox et al., 2015a; Avery et al., 2016; Shackman and Fox, 478 

2016). While prior research has demonstrated dissociable roles for the Ce and BST in fear and anxiety 479 

(Walker and Davis, 1997; Walker et al., 2009; Herrmann et al., 2016), the present data provides evidence 480 

that the interaction between these regions may be critical in understanding the neural activity that 481 

underlies dispositional anxiety. 482 

Like anxiety disorders, AT and related constructs (e.g., childhood behavioral inhibition, 483 

neuroticism) reflect a combination of heritable and environmental factors (Fox and Kalin, 2014; Fox et al., 484 

2015b; Shackman et al., 2016a). We previously determined that AT in young monkeys is 29% heritable, 485 

similar to heritability estimates for human anxiety and mood disorders (Hettema et al., 2005; Oler et al., 486 

2010; Fox et al., 2015b), and heritability estimates for the presentation of early-life anxiety and 487 

behavioral inhibition (Emde et al., 1992; Eley et al., 2003). Here we demonstrate for the first time that 488 

individual differences in the strength of functional connectivity between the Ce and BST are significantly 489 

heritable. Importantly, functional connectivity between the Ce and this same region of BST was also 490 

associated with higher levels of AT (Figure 2). These results add to an emerging literature on the 491 

heritability of resting-state functional networks (Glahn et al., 2010; Colclough et al., 2017; Ge et al., 2017). 492 

In the current study, co-heritability analyses demonstrated that Ce-BST functional connectivity and AT 493 

are passed down the family tree together (ρg=0.87), supporting the hypothesis that Ce-BST functional 494 

connectivity and AT share molecular underpinnings. Other work indicates that BST metabolism is also 495 

genetically correlated with AT (Fox et al., 2015b). Here, however, we show that BST metabolism and Ce-496 

BST connectivity are unrelated, as each measure explains unique variance in AT, suggesting that the two 497 

imaging markers reflect dissociable mechanisms (Figure 3 and Table 3). This observation suggests that 498 

identifying the genetic basis of a singular, narrowly focused neural biomarker (e.g., BST metabolism) is 499 
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likely to belie the functional and molecular heterogeneity within a region and be unlikely to fully explain 500 

the heritability of risk phenotypes or psychiatric diagnoses (Holmes and Patrick, 2018; Shackman and 501 

Fox, 2018). 502 

 503 

Potential mediators of EAc connectivity’s effects on the AT phenotype 504 

Exploratory analyses revealed several regions of the brain where Ce-BST connectivity and 505 

metabolism were positively associated, including the PAG (Figure 4). This finding is intriguing because 506 

the PAG is the recipient of parallel anatomical projections from the Ce and the BST (Nagy and Pare, 2008). 507 

Although we did not observe AT-related intrinsic functional connectivity between the Ce and either PAG 508 

or hypothalamus, metabolism in these regions partially mediated relations between Ce-BST functional 509 

connectivity and AT. Thus, it is plausible that the coordination of activity between the Ce and BST affects 510 

AT by changing the metabolism of shared downstream targets, such as the PAG.  511 

The PAG is of particular interest because it is a component of the AT network in nonhuman 512 

primates (Fox et al., 2015b) and mechanistic work in rodent models indicates that it plays a critical role 513 

in organizing threat-related freezing (Tovote et al., 2016; Kim et al., 2017), a core component of the AT 514 

phenotype (Fox et al., 2008; Shackman et al., 2013). While this observation is broadly consistent with 515 

prior work implicating the PAG in the control of fear and anxiety (Carrive and Morgan, 2012; Assareh et 516 

al., 2016; Motta et al., 2017), it will be important to replicate this preliminary discovery and assess it 517 

using mechanistic interventions in nonhuman primates. More generally, these data raise the possibility 518 

that functional coordination between regions is associated with metabolic differences in their shared 519 

downstream projections, perhaps due to an increased likelihood of signals from the two regions 520 

simultaneously depolarizing neurons in their shared effector site. 521 

 522 

  523 
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Future Challenges  524 

A number of important challenges remain. As with most brain imaging studies, our analyses do 525 

not permit mechanistic inferences. Like other studies focused on functional connectivity, our conclusions 526 

are tempered by questions about the origins and significance of correlated fluctuations in the BOLD fMRI 527 

(Logothetis, 2008). A key challenge for future research will be to use a combination of mechanistic (e.g., 528 

chemogenetic) and whole-brain imaging techniques to clarify the causal contributions of the regions 529 

highlighted here to more precisely delineate the nature of their functional interactions (Shackman and 530 

Fox, 2016; Wiegert et al., 2017; Fox and Shackman, In Press). It will also be useful to test whether existing 531 

anxiolytic compounds normalize Ce-BST functional connectivity. If so, then this biomarker could 532 

potentially be used to evaluate novel therapeutics (Borsook et al., 2006; Bullmore, 2012; Woo et al., 533 

2017). Also, and for further study, it would be useful to examine relations between task-related 534 

assessments of Ce-BST connectivity and AT. Assessment of connectivity under conditions of potential 535 

threat could be more predictive of AT (Brinkmann et al., 2017; Buff et al., 2017; Lange et al., 2017; Torrisi 536 

et al., 2018). Future work examining model-based effective connectivity during periods of threat-537 

processing is likely to implicate specific patterns of neural information processing throughout the brain 538 

systems that underlie AT, and further elucidate the role of the EAc in AT. Finally, it will be important to 539 

evaluate whether these discoveries in the rhesus monkey translate to children with extreme anxiety. 540 

Although the use of a relatively large sample enhances confidence in the robustness of these 541 

results and the precision of the accompanying effect-size estimates (Schönbrodt and Perugini, 2013; 542 

Poldrack et al., 2017; Fox et al., 2018), the statistically significant behavioral effects are modest in size, 543 

consistent with other recent large-scale studies of temperament-outcome (Moffitt et al., 2011; Jeronimus 544 

et al., 2016) and brain-behavior relations (Whelan et al., 2014; Fox et al., 2015b; Swartz et al., 2015; 545 

Kaczkurkin et al., 2016)–a point emphasized by other recent commentators (Holmes and Patrick, 2018; 546 

Shackman and Fox, 2018). In particular, Ce-BST functional connectivity statistically explains a relatively 547 

small amount of variation in the AT phenotype. This is not altogether surprising given the known 548 
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complexity of the neural circuitry underlying individual differences in AT, which encompasses 549 

microcircuits within the EAc and macrocircuits extending well beyond the EAc to include interactions 550 

with the dorsolateral prefrontal cortex, orbitofrontal cortex/anterior insula, anterior hippocampus, 551 

thalamus, PAG and other regions (Shackman et al., 2016a; Fox and Shackman, In Press). The data 552 

described here highlight the utility of multi-modal brain imaging for identifying potentially different 553 

mechanisms within the same region that mediate the relationship between genes and behavior. That 554 

FDG-PET measured BST metabolism and fMRI-measured Ce-BST connectivity are independently 555 

associated with a heritable component of AT suggests the need to consider independent genetic 556 

contributions to metabolism and connectivity within the EAc, and presumably elsewhere in the brain. 557 

Understanding the genetic basis of one disorder-related intermediate phenotype is likely to be 558 

insufficient to fully explain the heritability of the high-risk AT phenotype or anxiety disorders. 559 

 560 

Conclusions  561 

Understanding the early-life alterations in the neural circuitry that underlies the childhood risk to 562 

develop anxiety disorders provides an opportunity to conceptualize novel interventions aimed at 563 

prevention. Furthermore, existing treatments for anxiety disorders need to be improved as they are often 564 

ineffective, focused on symptoms rather than pathophysiology, and can be associated with adverse side 565 

effects (Bystritsky, 2006; Cloos and Ferreira, 2009; James et al., 2015; Cuijpers et al., 2016; Craske et al., 566 

2017). These data provide insights into the complexities involving the targeting of specific brain regions 567 

as therapeutic strategies. Within the EAc this work demonstrates distinct AT-related mechanisms that 568 

are indexed by functional connectivity and metabolism and likely reflect different pathophysiological 569 

processes. These data suggest that treatments targeting a change within a single modality are likely to be 570 

sub-optimal and that different treatments are likely be required to effect change in different 571 

pathophysiologies, even those identified within the same brain region.  Additionally, these data support 572 

the potential use of measures assessing EAc function in the characterization of novel pharmacological, 573 
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psychological and behavioral approaches for the treatment of anxiety and stress-related 574 

psychopathology. 575 

576 



 

 26 

FIGURE LEGENDS  577 

Figure 1. AT-related Ce functional connectivity. A) Regions showing significant intrinsic functional 578 

connectivity with the bilateral Ce seed are depicted in green (Šidák corrected, n = 378). Note the robust 579 

correlations in the vicinity of the bilateral Ce seeds.  B) Stronger functional connectivity between the Ce 580 

and the BST (orange arrow) is associated with higher levels of AT (p < .005, uncorrected). Voxelwise 581 

analyses were restricted to regions showing significant functional connectivity with the Ce, as indicated 582 

by the green outline.  C) BST in the rhesus atlas (Paxinos et al., 2009).  D) Relations between Ce-BST 583 

connectivity and AT. Scatterplot is shown for illustrative purposes only. 584 

 585 

Figure 2. Individual differences in Ce-BST functional connectivity are heritable. A) Voxelwise heritability 586 

of Ce functional connectivity. Pink bars (left axis) indicate the distribution of heritability estimates across 587 

all voxels demonstrating both significant functional connectivity with the Ce (p < .05, Šidák corrected) 588 

and a significant relation with individual differences in AT (p < .005, uncorrected). Orange bars (right 589 

axis) indicate the distribution of heritability estimates across the voxels located within the BST cluster 590 

that satisfied these two criteria. Heritability of Ce connectivity is significantly greater in the BST when 591 

compared to the Ce connectivity values from all AT-related voxels in the brain (two-sample Kolmogorov–592 

Smirnov test = .43, p < .001). B) For illustrative purposes, voxels showing significant heritability (p < .05, 593 

uncorrected) are depicted (green). Regions demonstrating both significant functional connectivity with 594 

the Ce and a significant relation with individual differences in AT are outlined in orange.  595 

 596 

Figure 3. Within the same sample of animals, AT-related Ce connectivity in the BST (left) is essentially 597 

uncorrelated with AT-related metabolism in the BST (right), suggesting that these two neuroimaging 598 

signatures are mediated by different mechanisms. 599 

 600 

 601 
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Figure 4. Stronger Ce-BST functional connectivity is associated with elevated FDG metabolism in the 602 

hypothalamus (left) and PAG (right). These regions are targets of both the Ce and the BST and are effector 603 

sites that mediate behavioral and neuroendocrine responses to threat. Pink outline indicates regions 604 

where variation in FDG metabolism is associated with elevated levels of AT (p < .05, whole-brain Šidák -605 

corrected, n = 592; Fox et al., 2015b).  606 

 607 

 608 

  609 
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