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Abstract

Early life stress may precipitate psychopathology, at least in part, by influencing amygdala 

function. Converging evidence across species suggests that links between childhood stress and 

amygdala function may be dependent upon hypothalamic-pituitary-adrenal (HPA) axis function. 

Using data from college-attending non-Hispanic European-Americans (n=308) who completed the 

Duke Neurogenetics Study, we examined whether early life stress (ELS) and HPA axis genetic 

variation interact to predict threat-related amygdala function as well as psychopathology 

symptoms. A biologically-informed multilocus profile score (BIMPS) captured HPA axis genetic 

variation (FKBP5 rs1360780, CRHR1 rs110402; NR3C2 rs5522/rs4635799) previously associated 

with its function (higher BIMPS are reflective of higher HPA axis activity). BOLD fMRI data 

were acquired while participants completed an emotional face matching task. ELS and depression 

and anxiety symptoms were measured using the childhood trauma questionnaire and the mood and 

anxiety symptom questionnaire, respectively. The interaction between HPA axis BIMPS and ELS 

was associated with right amygdala reactivity to threat-related stimuli, after accounting for 

multiple testing (empirical-p=0.016). Among individuals with higher BIMPS (i.e., the upper 

21.4%), ELS was positively coupled with threat-related amygdala reactivity, which was absent 

among those with average or low BIMPS. Further, higher BIMPS were associated with greater 

self-reported anxious arousal, though there was no evidence that amygdala function mediated this 

relationship. Polygenic variation linked to HPA axis function may moderate the effects of early life 

stress on threat-related amygdala function and confer risk for anxiety symptomatology. However, 
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what, if any, neural mechanisms may mediate the relationship between HPA axis BIMPS and 

anxiety symptomatology remains unclear.
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1.0 Introduction

It is undeniable that exposure to early life stress (ELS) predicts various forms of 

psychopathology (Green et al., 2010). However, the biological correlates contributing to this 

association are unclear. Research across species shows that ELS may, in part, promote 

psychopathology by influencing amygdala function (Lupien et al., 2009). The amygdala is 

critical for establishing the emotional significance of stimuli and enacting changes in 

physiological arousal and behavioral vigilance in response to provocation (Davis and 

Whalen, 2001). Nearly every form of psychopathology has been linked to abnormal 

amygdala function; most consistently, increased amygdala reactivity to threat has been found 

in stress-related disorders (Hariri, 2015; Shackman et al., 2016). ELS also predicts increased 

threat-related amygdala reactivity and amygdala-dependent behaviors (e.g., startle response, 

emotional memory, attentional bias toward threat; (Lupien et al., 2009; Tottenham and 

Sheridan, 2009), suggesting that ELS-related differences in amygdala reactivity and related 

behavior are a promising mechanism through which ELS increases psychopathology risk.

Stress- and psychopathology-related differences in amygdala function may be partially 

driven by associated hypothalamic-pituitary-adrenal (HPA) axis dysfunction (de Kloet et al., 

2005). Indeed, amygdala reactivity is positively correlated with endogenous cortisol and 

pharmacologic agonism of the HPA axis potentiates amygdala reactivity in mouse and man 

(Bogdan et al., 2016). Collectively, these data suggest that variability in amygdala function 

may be related to ELS exposure, with independent converging lines of evidence suggesting 

that HPA axis function, which is highly heritable, (Federenko et al., 2004) temporally stable 

(Marquez et al., 2005), and disrupted by early life stress exposure (Essex et al., 2011) may 

be a key factor underlying this relationship. Lastly, multiple genetic association studies have 

identified polymorphisms coding for HPA axis-related proteins that are associated with 

functional consequences in the HPA axis (Table 1; Supplementary Material; (Derijk et al., 

2008)) and predict stress-related psychopathology (Heim and Binder, 2012), as well as 

differences in amygdala function (Bogdan et al., 2016). These findings suggest that 

vulnerability to the effects of ELS may depend on genetically-conferred differences in HPA 

axis function.

Using data from the Duke Neurogenetics Study (DNS), which assesses a wide range of 

behavioral, experiential, and biological phenotypes among young adult college students, the 

present study examined whether a biologically informed multilocus profile score (BIMPS) 

reflecting functionally-relevant genetic variation in the HPA axis (Table 1) predicts 

amygdala function as well as psychopathology symptoms in the context of ELS. Our BIMPS 

approach aggregates genetic influence within the HPA axis that has previously been 
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associated with HPA axis function, which may be more consistent with the resolution at 

which BOLD fMRI and behavioral genetics research is conducted than single SNP analyses. 

Such polygenic approaches are expected to provide more power by including 

polymorphisms of small effect that may only collectively significantly contribute to 

variance. Indeed, prior BIMPS approaches suggest that such profiles can significantly 

predict variability in neural and psychiatric phenotypes when individual polymorphisms do 

not (Nikolova et al., 2011; Pearson-Fuhrhop et al., 2014; Stice et al., 2012). Further, by 

using a biologically-informed approach with a priori rationale for including functional 

variants in the multilocus profile, as opposed to summary statistics reflecting relationships to 

a particular disorder, our results are more directly interpretable alongside other HPA axis-

related research (Bogdan et al., 2016; Nikolova et al., 2011). Consistent with prior work 

evaluating single polymorphisms (White et al., 2012), we predicted that genetic variation 

associated with increased HPA axis activity would predict elevated threat-related amygdala 

reactivity and anxiety and mood symptomatology among those exposed to relatively 

elevated ELS.

2.0 Methods and Materials

2.1 Participants

Non-Hispanic European/European-American participants (n=325) of the Duke 

Neurogenetics Study (DNS) with fMRI and genetic data that were processed by January 

2014 were available for analyses. Participants provided written informed consent to a study 

protocol approved by the Duke University institutional review board and were in general 

good health and free of DNS exclusions, including: 1) medical diagnosis of cancer, stroke, 

diabetes requiring insulin treatment, chronic kidney or liver disease, or lifetime psychotic 

symptoms; 2) use of psychotropic, glucocorticoid, or hypolipidemic medication; 3) 

conditions affecting cerebral blood flow and metabolism (e.g., hypertension); and 4) 

contraindications to MRI scanning. DSM-IV psychiatric disorders were assessed with the 

lifetime electronic Mini International Neuropsychiatric Interview (Sheehan et al., 1998) and 

Structured Clinical Interview for the DSM-IV Axis II (SCID-II (First et al., 1997). DSM-IV 

diagnosis was not exclusionary as the DNS seeks to establish broad variability in multiple 

psychiatrically-relevant behavioral phenotypes. Following quality control procedures 

(Supplementary Material), the final sample consisted of 308 non-Hispanic European/

European-American participants (mean ± SD; age=19.70±1.24; 148 males; 63 with DSM-IV 

Axis I disorder; Table 2). We restricted our sample to non-Hispanic European/European-

Americans because the variants included in our profile have been predominantly 

characterized among samples of European ancestry. European ancestry was determined via 

self-report and confirmed through ancestrally-informative principal components (see below).

2.2 Assessment of Early Life Stress and Psychological Symptoms

A battery of self-report questionnaires was used to assess past and current experiences and 

behavior as well as symptoms of psychopathology (e.g., depression, anxiety). The 

retrospective Childhood Trauma Questionnaire (CTQ; (Bernstein et al., 2003) was used to 

assess emotional, physical, and sexual abuse as well as emotional and physical neglect 

before the age of 17 to measure ELS (Bernstein et al., 2003; Scher et al., 2001). The 77-item 
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Mood and Anxiety Symptom Questionnaire (MASQ; (Watson et al., 1995) was used to 

measure symptoms common to depression and anxiety (general distress depression, general 

distress anxiety) as well as anxiety-specific and depression-specific symptoms (anxious 

arousal, anhedonic depression), providing additional symptom discrimination between 

depression and anxiety (Watson et al., 1995).

2.3 Genotyping and HPA Axis Biologically Informed Multilocus Profile Score (BIMPS)

DNA was isolated from saliva derived from Oragene DNA self-collection kits (DNA 

Genotek) customized for 23andMe (www.23andme.com). DNA extraction and genotyping 

were performed in collaboration with 23andMe by the National Genetics Institute (NGI), a 

CLIA-certified clinical laboratory and subsidiary of Laboratory Corporation of America. 

One of two different Illumina arrays, the HumanOmniExpress or HumanOmniExpress-24, 

which each also had custom content was used to provide genome-wide SNP data. All 

genotypes used in analyses were directly typed on each array: FKBP5 rs1360780, CRHR1 
rs110402, and NR3C2 rs5522 and rs4635799 (call rates >97%; HWE ps > 0.21 within the 

European American subsample). PHASE (Stephens et al., 2001) was used to generate MR 

haplotypes (van Leeuwen et al., 2011); in all cases posterior probability was >99%. 

Eigenstrat was used to generate ancestrally-informative principal components (PCs; (Price et 

al., 2006) across the entire DNS sample (all ethnicities). K-means cluster plotting and visual 

inspection of the top 10 components revealed that the top 5 principal components account 

for divergent ancestral groups within the sample and any outliers (6 SD divergence were 

excluded as well as those not reporting European ancestry). Subsequently, eigenstrat was 

again run among individuals reporting European/European-American ancestry to generate 

components for this specific sample.

An additive biologically-informed multilocus profile score (BIMPS (Nikolova et al., 2011) 

was constructed using 2 SNPS (FKBP5 rs1360780 and CRHR1 rs110402) and 1 haplotype 

(NR3C2 rs5522/NR3C2 rs4635799) within HPA axis-related genes that have been 

functionally associated with differential HPA axis response and recovery (Table 1; for more 

details, see Supplementary Material). Across all loci, genotypes associated with relatively 

“high,” “intermediate,” and “low” HPA axis response or feedback impairment, were 

assigned a score of 2, 1, or 0, respectively, due to evidence of additive associations with HPA 

axis function for each included polymorphism/haplotype (Table 1). Subsequently scores 

were summed across loci producing each individuals HPA axis BIMPS score. A higher 

BIMPS reflects an HPA axis that is overactive and/or has impaired negative feedback. 

BIMPS ranged from 0–6 and were normally distributed.

Our profile was developed by considering published research examining associations 

between genetic variation within the canonical HPA axis (i.e., CRHR1, CRHR2, CRHBP, 
FKBP5, NR3C1, NR3C2) and direct indices of HPA axis function (e.g., cortisol; Table 1). 

SNPs/haplotypes with at least 2 published studies linking them to measured HPA axis 

function (i.e., not a disorder associated with HPA axis dysregulation) and with minor allele 

frequencies greater than 5% were included in analyses. For each gene, we selected one SNP/

haplotype for inclusion in the BIMPS to allow for an equal weighting of gene influence and 

to minimize inflation caused by linkage disequilibrium. If more than one polymorphism 
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within a gene has been associated with HPA axis function, we selected the polymorphism 

that has been more extensively characterized (e.g., FKBP5 rs1360780) or studied (e.g., 

CRHR1 rs110402). If two polymorphisms were similarly well-defined, we used the 

polymorphism included in our microarray (e.g., CRHR1 rs242929 was not included in our 

microarray, though CRHR1 rs110402 also has one more publication regarding its function). 

Additionally, if neither the SNP nor a proxy for that SNP were available in our microarray, 

we were unable to include the SNP in our profile, even if it has been previously associated 

with indices of HPA axis function (e.g., NR3C1 rs6195 (Kumsta et al., 2007; Wust, 2004) 

and NR3C1 rs41423247 (Kumsta et al., 2007; van Rossum et al., 2003; Wust, 2004). For 

NR3C2 no other polymorphisms have been associated with HPA axis function to our 

knowledge. Further, though CRHBP, CRHR2 and NR3C1 are within the canonical HPA 

axis, polymorphisms from these genes were not included in the profile because there were; 

no genetic variants linked to HPA axis function in at least 2 studies (i.e., CRHR2), no 

association reported within a European/European American sample (i.e., CRHBP; (Binder et 

al., 2010), or no other genetic variant associated with HPA axis function with a minor allele 

frequency > 5% (e.g., NR3C1 rs56149945, rs6189) included on our array. By constraining 

the profile to genetic variation within the canonical HPA axis, rather than genetic variance 

that may indirectly affect the HPA axis and/or amygdala function (e.g., serotonin-related 

polymorphisms; (Gotlib et al., 2008), this profile provides an additive index of polygenic 

variation in the HPA axis associated with its function.

2.4 BOLD fMRI paradigm

Amygdala reactivity to threat-related stimuli was assessed with an emotion face-matching 

challenge paradigm that consistently elicits robust amygdala reactivity (Ahs et al., 2013). 

The fMRI paradigm consists of 4 perceptual face-matching blocks interleaved with 5 

sensorimotor control shape-matching blocks (i.e., circles, horizontal and vertical ellipses). 

Each emotion-specific block consists of 6 face-matching trials, in which participants view a 

trio of faces derived from a standard set (Ekman and Friesen, 1976) of facial affect pictures 

(expressing angry, fearful, surprised, or neutral emotions), and select which of 2 faces 

presented on the bottom row of the display matches the target stimulus presented on the top 

row. In the shape-matching blocks, participants view a trio of geometric shapes and select 

which of 2 shapes displayed on the bottom matches the target shape presented on top. Each 

of the 6 face trios is presented for 4 seconds with a variable inter-stimulus interval of 2–6 

seconds; total block length is 48 seconds. Each control block consists 6 shape trios are 

presented for 4 seconds with a fixed inter-stimulus interval of 2 seconds, comprising a total 

block length of 36 seconds.

BOLD MRI acquisition and preprocessing information may be found in the Supplementary 

Material. Following preprocessing, linear contrasts employing canonical hemodynamic 

response functions were used to estimate task-specific (i.e., Faces > Shapes) BOLD 

responses for each individual. The primary contrast of “Faces > Shapes” was used to assay 

bilateral amygdala reactivity to cues that are conditioned social signals to threat in the 

environment. Individual contrast images (i.e., weighted sum of the beta images) were used in 

second-level random effects models accounting for scan-to-scan and participant-to-

participant variability to determine mean contrast-specific responses using one-sample t-
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tests. A voxel-level statistical threshold of P < 0.05, family wise error (FWE) corrected for 

multiple comparisons across the bilateral amygdala regions of interest (ROIs), and a cluster-

level extent threshold of 10 contiguous voxels was applied to these analyses. The bilateral 

amygdala ROIs were defined using the AAL template from WFU pickatlas (Whitfield-

Gabrieli, 2009).

BOLD parameter estimates from clusters within bilateral amygdala ROIs exhibiting a main 

effect for the “Faces > Shapes” contrast were extracted using the VOI tool in SPM8 (http://

www.fil.ion.ucl.ac.uk/spm) and exported for regression analyses in SPSS (v.18). Extracting 

parameter estimates from clusters activated by our fMRI paradigm, rather than those 

specifically correlated with our independent variables of interest, precludes the possibility of 

any correlation coefficient inflation that may result when an explanatory covariate is used to 

select a ROI. A recent comparison of various analytic approaches commonly used in the 

imaging genetics literature recommends this approach (Tong et al., 2016).

2.5 Statistical analysis

To maintain post-quality controlled data variability while limiting the influence of extreme 

outliers, data points ±3 SDs were winsorized (to 3SDs from the mean; right Faces>Shapes 

n=1, left Faces>Shapes n=2, and the CTQ (n=2). All data were mean-centered prior to 

analyses. Further to reduce skew, CTQ scores were log transformed. Prior to the 

computation of any interaction terms, all continuous values were mean centered. However, 

raw data values are used for display purposes to aid interpretability. Linear regressions tested 

whether the BIMPS x ELS interaction predicts amygdala reactivity after accounting for main 

effects and covariates (i.e., sex and the presence of a DSM-IV disorder, ancestrally 

informative principal component 1 and 2). Further, consistent with recommendations 

(Baranger et al., 2016; Keller, 2014), we also included interactions between covariates and 

variables-of-interest (i.e., ELS x sex; ELS x disorder; ELS x PC1; ELS x PC2; HPA axis 

BIMPS x sex; HPA axis BIMPS x disorder; HPA axis BIMPS x PC1; HPA axis BIMPS x 

PC2;) as covariates in our model in an attempt to better account for potential confounds. 

Analyses of depression and anxiety symptoms were conducted in the same manner with the 

exception that disorder status and its interactions were removed as a covariate due to 

concerns of collinearity with the outcome measure (i.e., anxiety and depression symptoms). 

Post-hoc Johnson-Neyman tests from the PROCESS macro (Hayes, 2013) were used to 

determine the significant transition points along the moderator of any significant 

interactions. Holm-Bonferroni sequential FWE correction (Gaetano, 2013) was used to 

correct for multiple tests of hypothesized neuroimaging phenotypes (2 tests total: i.e., HPA 

BIMPS x CTQ predicting left and right amygdala reactivity) and FWE-corrected p values 

are reported. Any findings of potential interest that were not hypothesized (e.g., main effect 

of HPA axis BIMPS) were corrected for multiple testing correction using false discovery 

rate (FDR) correction, as we considered such analyses exploratory (Benjamini and 

Hochberg, 1995; Goeman and Solari, 2014).

2.5.1 Competitive BIMPS Significance Testing—Lastly, to test the specificity of any 

observed associations, competitive significance testing was performed for any results 

reaching significance levels following multiple test correction in null hypothesis testing. 
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Three sets of autosomal SNPs were extracted that were matched to the original SNPs on risk 

allele frequency and independence (MR haplotype was treated as a SNP for convenience; 

risk allele frequency (RAF) = original SNP RAF ± 0.05; between-SNP r2<0.003). 10,000 

random “BIMPS” were then generated by summing the “risk” alleles (based on frequency) 

for one SNP from each of the three matched sets. Each of these presumably non-associated 

BIMPS were then tested for interactions with ELS to predict any associations surviving 

multiple testing correction in null hypothesis testing. Empirical p-values were determined by 

taking the sum of the number of times a random BIMPS x ELS interaction produced a p-

value less than the one obtained in the original analyses, divided by the number of random 

BIMPS tested (10,000).

3.0 Results

3.1 Demographic Associations

Males met criteria for alcohol abuse more than women, but gender was not associated with 

any other variables including HPA axis BIMPS and CTQ (Table S1). In the entire sample, 

CTQ was correlated with the presence of bipolar disorder NOS but not other diagnoses 

(Table 2).

3.2 Amygdala Function

As in prior studies (Ahs et al., 2013), the face matching task reliably elicited bilateral 

amygdala reactivity (Figure 1). The HPA axis BIMPS x ELS interaction significantly 

predicted right, but not left, amygdala reactivity (Figure 2; Right: β=0.145, 

ΔF(1,292)=5.814, ΔR2=0.019, p=0.017, p- FWE=0.034, Table S2; Left: β=0.093, ΔF 

(1,292)=2.415, ΔR2=0.008, p=0.121, p-FWE=0.121, Table S3).1 Post-hoc Johnson-Neyman 

tests revealed ELS was only positively coupled with amygdala reactivity among those with 

relatively high BIMPS (i.e., BIMPS≥4, the upper 21.4% of BIMPS values, all ps < 0.05; 

Figure 2; alternative plotting is displayed in Figure S1). In addition to surviving multiple 

testing correction, results also survived competitive BIMPS testing (emp-p=0.016), 

indicating that the HPA axis BIMPS x ELS interaction predicting right amygdala reactivity 

to threat is not simply an artifact of summing any 3 random variants of similar frequency. 

Further, post-hoc tests revealed that both the right basolateral and centromedial amygdala 

were similarly associated with the HPA axis BIMPS x ELS interaction (Figure S2).

Follow-up tests evaluated whether each individual polymorphism or haplotype interacted 

with ELS to predict amygdala function (Table 3). In contrast to results from our profile, 

which survived multiple testing correction, we observed nominally significant or trending 

interactions between ELS and both FKBP5 rs1360780 and NR3C2 haplotype, but these tests 

did not survive multiple testing correction for the 6 single SNP/haplotype tests (Table 3). 

The nominally significant and trending FKBP5 and NR3C2 interactions with ELS were 

driven by positive correlations between amygdala reactivity and childhood adversity among 

1Notably, if outliers (n=4; i.e., data points ±3 SDs on CTQ, right, or left amygdala reactivity) are excluded instead of winsorized, 
results do not differ substantively: Right β=0.142, ΔF(1,288)=2.363, ΔR2=0.041, p=0.019; p-FWE=0.038 Left: β=0.088, ΔF 
(1,288)=2.178, ΔR2=0.007, p=0.141, p-FWE=0.141. Further, results remain stable to the inclusion of alcohol use scores (AUDIT) and 
their interactions with predictor variables (β=0.130, ΔF(1,289)=4.482, ΔR2=0.015, p=0.035).
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individuals homozygous for FKBP5 T alleles (p=0.10) or NR3C2 haplotypes (p=0.04) 

associated with elevated cortisol, that was absent in other groups (all other ps > 0.23)

3.3 Psychological Symptoms

In contrast to our hypotheses, HPA axis BIMPS did not interact with ELS to predict any 

MASQ subscale (all β<0.041, all ps>0.34). However, in addition to unsurprising positive 

associations between ELS and all anxiety and depressive subscales of the MASQ (all β > 

0.145, all p<0.01), we observed a significant main effect of HPA axis BIMPS on MASQ 

anxious arousal (β=0.168, ΔF=8.95, ΔR2=0.028, p=0.003, Figure 3; Table S4), but no other 

MASQ subscale (all β < 0.113, all p>0.054; Tables S5–S8). FDR-correction accounting or 8 

tests (i.e., 4 main effects of HPA axis BIMPS and 4 tests of HPA axis BIMPS x ELS 

interactions for all MASQ scales), showed that this effect survived multiple testing 

correction (p-FDR=0.02). Further, follow-up competitive BIMPS testing revealed a 

significant association (emp-p=0.0035). Notably, however, the main effect on anxious 

arousal was not robust to the inclusion of the HPA axis BIMPS x ELS interaction term 

(Table S4). No significant associations were observed between psychological symptom 

scores and amygdala function (R: all rs< 0.044, all ps>0.10; L: all rs<0.068, all ps>0.23).

4.0 Discussion

This study adopted a biologically-informed multilocus profile (Nikolova et al., 2011) 

approach to examine whether functionally-relevant genetic variation within the HPA axis 

interacts with ELS to predict amygdala function as well as symptoms of anxiety and 

depression. ELS was positively coupled with amygdala function only among those with 

relatively high BIMPS (Figure 2). BIMPS were further predictive of anxious arousal, though 

there was no evidence that this was mediated by amygdala function. These data are 

consistent with research across species suggesting that heightened HPA axis function and 

stress exposure may influence neural circuitry critical for behavioral vigilance and promote 

stress-related psychopathology (Kolber and Muglia, 2009). More broadly, these data suggest 

that carefully curated genetic sets within defined systems based upon a priori functional 

associations in a BIMPS framework may usefully contribute to our knowledge of individual 

differences in brain function and behavior (Nikolova et al., 2011); but see also limitations in 

4.3).

4.1 Amygdala Function

Independent lines of research suggest that HPA axis function may moderate ELS-related 

potentiation of threat-related amygdala reactivity. Elevated levels of endogenous cortisol 

predict increased amygdala reactivity and behavioral responses to threatening stimuli 

(Tottenham and Sheridan, 2009) and direct pharmacologic stimulation of the HPA axis 

heightens threat-specific amygdala reactivity (Henckens et al., 2010). Emerging research is 

also suggestive of a putative pathway through which ELS predicts individual differences in 

HPA axis-related methylation as well as its function in childhood, which in turn is associated 

with indices in HPA function and functional connectivity in adulthood (Bogdan et al., 2016). 

The present results build upon this literature by showing that ELS-related differences in 

amygdala function may be dependent on functionally-relevant genetic variation within the 
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HPA axis. While our results were statistically significantly only in the right hemisphere, they 

approached trend levels of significance in the left with similar directional effects. As such, 

while effects may potentially be stronger in the right hemisphere, which some evidence 

suggests is more involved in unconscious emotion processing (Gainotti, 2012), our data do 

not strongly suggest lateralized effects.

Notably, our HPA axis BIMPS interaction with ELS was associated with right amygdala 

reactivity following multiple testing correction. While 2 components of our profile (FKBP5 
rs1360780 and NR3C2 haplotype) showed nominally significant and trend level interactions 

in directions consistent with prior research (Bogdan et al., 2016; Holz et al., 2014; White et 

al., 2012), these associations did not survive correction for multiple testing (Table 3). As 

such, these results provide initial evidence that BIMPS based on a prioi functional 

associations may capture system-level polygenic architecture and provide greater predictive 

utility than single SNP analyses (but see also limitations below). Further, employing a 

BIMPS approach that is constrained to a single system (e.g., the canonical HPA axis) 

enables us to understand how variation within this system is associated with differential 

neural functioning alongside other methods (e.g., pharmacologic manipulation) and provides 

a resolution more consistent with assays of higher order brain function (e.g., system level 

variation as opposed to single receptor level variation; (Nikolova et al., 2011). Whether 

amygdala function related to HPA axis genetic variation and ELS go on to predict later 

psychopathology and related behaviors (e.g., startle) or are mediated by diurnal cortisol 

levels or challenge-elicited HPA axis reactivity (Binder et al., 2010; Binder et al., 2004; 

Klok et al., 2011a), (Pagliaccio et al., 2014), requires future research among longitudinal 

samples at risk for psychopathology that integrate biomarker assessments.

4.2 Psychological Symptoms

Consistent with a wealth of research (Green et al., 2010), ELS predicted symptoms of 

depression, anhedonic depression, anxiety, and anxious arousal. Anxious arousal was further 

predicted by HPA axis BIMPS, with increased anxious arousal symptoms endorsed by 

individuals with higher BIMPS; however, this association did not remain following the 

introduction of the HPA axis BIMPS x ELS interaction term. Unlike prior research (Bogdan 

et al., 2016), amygdala function was not associated with anxiety or depressive 

symptomatology. One possibility for this discrepancy is that our sample is composed of 

relatively high functioning young adults, with limited clinically significant anxiety (6.8% 

met DSM-IV criteria for any anxiety-related disorder). Such high functioning may represent 

a potential resilience to some of the deleterious effects of stress, thereby uncoupling the link 

between threat-related amygdala reactivity and anxiety typically observed in clinical 

populations.

4.3 Limitations

It is important to consider the present results in the context of study limitations including 

cross-sectional study design, lack of endocrine measures, and the limited generalizability of 

the sample as well as its size. The cross-sectional design prohibits the implementation of 

longitudinal data analyses within a developmental framework that would allow the 

concurrent assessment of changes in brain function as well as environmental stress over 
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time. Such research will be particularly important given nonlinear amygdala development 

(Goddings et al., 2014), differential neural and endocrine associations within children and 

adults (Hanson et al., 2014), and evidence that the duration of ELS may play important roles 

in amygdala phenotypes (Mccrory et al., 2011). The lack of endocrine measures prevents the 

testing of hypothesized models in which genetically-related differences in HPA axis function 

(e.g., cortisol, stimulated gene expression patterns) mediate the relationship between 

functional HPA axis variation and amygdala function (Bogdan et al., 2016). The 

generalizability of our sample is limited because our sample is comprised of relatively high 

functioning college students. In the context of the present study, it is important to consider 

this limitation with regard to our assessment of ELS. CTQ total scores in this sample (i.e., 

M=33.46) are comparable to other community (Scher et al., 2001) and college samples (e.g., 

UCSD; n=949, M = 35.2 (Wright et al., 2001), but are considerably lower than those 

typically observed in clinical samples (Schäfer et al., 2007; Watson et al., 2007). However, 

despite the relatively comparable scores with general population samples, it may be that 

those who were exposed to elevated ELS in our sample are particularly resilient to its 

effects. Lastly, our sample is small for a genetic association study, even when considering 

neural phenotypes. While it has been argued that neural intermediate phenotypes may be 

associated with larger effects than more distal and heterogeneous collections of behaviors 

such as psychopathology, emerging research suggests that effect sizes associations between 

common genetic variation and neural phenotypes are comparable to that of traditional 

psychiatric diagnoses (Bogdan et al., 2016; Franke et al., 2016).

More broadly, it is important to also consider the benefits and limitations of the large scale 

study design of the DNS. A clear benefit of this approach is that, unlike smaller single 

studies designed to explicitly address a single research question, such broad spectrum 

studies allow for the accumulation of a large well-powered dataset that can be used to 

address multiple different research questions, including expected small effects of common 

genetic variation. Further, because many other studies use similar methodology (e.g., HCP; 

(Barch et al., 2013); Brain Genomics Superstruct Project; (Holmes et al., In press); 

IMAGEN; (French et al., 2015), results can be readily integrated into prior literature with an 

increased likelihood that additional data may become available for replication attempts. 

However, alongside these clear benefits, there are also limitations that must be considered. 

For instance, such large studies often do not have data that may be useful for a particular 

research question (e.g., indices of HPA axis function), and, with few exceptions (e.g., Grady 

Trauma Project; (Binder et al., 2004), often rely on samples of convenience (e.g., university 

students, volunteers) that limit generalizability. Further, such studies often rely on easily and 

quickly administered assessments; for example, even though the CTQ is a well-used 

measure that converges nicely with other assessments of ELS, including interviews, it is 

relatively limited in its scope of ELS assessment in specific ways (e.g., lacking refined 

estimates of frequency, severity, and the child’s relationship to the perpetrator). 

Collaboration with psychiatric epidemiology (e.g., (Carey et al., 2015; Nelson et al., 2016), 

non-human animal models (e.g., (Dincheva et al., 2015; Wellman et al., 2013), and 

molecular genetics (e.g., (Arloth et al., 2015)) may prove particularly useful in addressing 

these limitations in stress-related research going forward (Hariri and Holmes, 2015). Finally, 

due to multiple research questions being probed by multiple investigators, such large 
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datasets may be subject to a higher risk of false positive and negative associations. 

Transparency with regard to prior publications, formal procedures for submitting and vetting 

proposed analyses, and ultimately, replication in independent or federated samples when 

possible, will help alleviate this concern.

While the BIMPS approach has multiple strengths including a polygenic approach and 

reliance on prior literature, it is also faced with challenges (Bogdan et al., in press). This 

approach is reliant upon prior functional associations with particular polymorphisms, which 

could reasonably only be employed in a handful of systems. Further, BIMPS approaches 

assume additivity within a given system that neglects probable epistatic interactions and 

probable downstream regulatory processes (e.g., receptor downregulation). Lastly, there are 

a plethora of options to construct different profiles which may heighten false positive 

concerns (e.g., we opted to constrain our profile to the HPA axis, but one could reasonable 

extend this profile to any variant associated with HPA axis function). Notably, we used 

criteria to define our profile and previously proposed the profile used in these analyses in a 

prior publication (Bogdan et al., 2013) (we removed polymorphism rs10482605 because 

there were not 2 positive studies associating it with cortisol) and did not test other profiles 

not reported here. As BIMPS research moves forward it will be important to be mindful of 

the plethora of options it provides to researchers and to attempt replication and extension in 

the context of the same genetic profile.

4.4 Conclusions

Limitations notwithstanding, the present findings provide novel insight into the relationship 

between ELS and amygdala function that contributes to a growing literature emphasizing the 

importance of this pathway in understanding stress-related psychopathology. These results 

suggest that genetically-conferred differences in HPA axis function may leave individuals 

vulnerable to ELS-related potentiation of threat-related amygdala reactivity, which may in 

turn promote future psychopathology in the context of additional stress exposure (Swartz et 

al., 2015). Future large longitudinal studies collecting a variety of data including brain 

function and structure as well as psychopathology symptoms and endocrine function across 

time are needed.
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Highlights

• HPA axis genetic profile and early life stress interact to predict amygdala 

function

• HPA axis genetic profile is associated with anxiety symptoms

• Within system genetic profiles may inform our understanding of 

psychopathology
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Figure 1. 
HPA axis BIMPS x ELS associated threat-related right amygdala reactivity across all 

participants (Y=−4; Right amygdala: max voxel: x= 28, y= −4, z= −20, t = 2.90, PFWE-corr 

=0.002, 204 voxels; Left amygdala: max voxel: x= −22, y= −6, z= −18, t= 2.85, PFWE-corr = 

0.002, 179 voxels).
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Figure 2. 
An interaction between the hypothalamic-pituitary-adrenal (HPA) axis biologically-

informed multilocus profile scores (BIMPS) and early life stress (ELS) predicted right 

amygdala reactivity. ELS was significantly positively associated with right amygdala 

reactivity in individuals with high (t(308)=−2.04, p=0.04), but not low (t(308)=−1.53, 

p=0.13) or average (t(308)=0.55, p=0.58) BIMPS. Regions of significance from the Johnson 

Neyman tests are denoted in yellow (p<.05). BIMPS and ELS were analyzed as a continuous 

variable; or ease of visualization, we collapsed the ELS into three groupings: low (25–30), 

medium (31–37), and high (38–60). For alternative plotting and discussion see Supplemental 

Figure 1.
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Figure 3. 
HPA Axis BIMPS predicted elevated anxious arousal (β=0.168, p=0.003). BIMPS were 

analyzed as a continuous measure but are collapsed into low, average and high groupings for 

visualization.
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Table 2

Sample demographics and associations with HPA Axis BIMPS and CTQ

Variable N or Mean ± Std Dev Correlation with BIMPS Correlation with CTQ

Age 19.70 ± 1.24 r= 0.10, p= 0.08 r=−0.10, p=0.08

Sex (N male) 148 r= 0.06, p= 0.29 r=−0.03, p=0.58

CTQ 31.18 ± 6.69 r= −0.04, p= 0.50 -

Any Disorder (covariate used in primary analyses) 63* r=0.03, p=0.558 r=0.018, p=0.752

Agoraphobia without history of Panic Disorder 6 r= 0.063, p= 0.27 r= 0.014, p= 0.81

Alcohol Abuse 24 r= 0.000, p= 1.00 r= −0.036, p= 0.53

Alcohol Dependence 20 r= 0.031, p 0.58 r= 0.025, p=0.66

Anorexia Nervosa 0 - -

Bipolar I or II 3 r= 0.000, p= 1.00 r= −0.032, p=0.58

Bipolar NOS (hypomania but no depression) 3 r= 0.059, p= 0.30 r= 0.190, p= 0.001*

Bulimia Nervosa 2 r= 0.096, p=0.09 r= −0.056, 0.33

Dysthymia 0 - -

Generalized Anxiety Disorder 8 r= 0.048, p= 0.40 r= −0.037, p= 0.51

Major Depressive Disorder 11 r= −0.005, p= 0.93 r= 0.102, p= 0.07#

OCD 5 r= 0.038, p= 0.51 r= 0.047, p= 0.42

Panic Disorder (with Agoraphobia) or without 3 r= 0.059, p= 0.30 r= −0.062, p= 0.28

PTSD 0 - -

Social Anxiety Disorder 3 r= 0.000, p= 1.00 r= −0.037, p= 0.52

Substance Abuse (cannabis) 7 r= −0.013, p=0.82 r= 0.051, p= 0.37

Substance Dependence (cannabis) 5 r= −0.030, p=0.60 r= 0.073, p= 0.20

The Ns of disorders include comorbid presentations, hence the summation of these does not match the total number of individuals with at least one 
psychiatric disorder.

*
It is important to note that the significant association observed with bipolar disorder should be interpreted with caution due to the small number of 

individuals (n=3) with the diagnosis in our sample.

#
While the association between CTQ and depression was trending in a direction consistent with the literature, it was non-significant. This may be 

due to the limited number of individuals meeting criteria for MDD in our sample (n=11). Continuous indices of depression and anxiety (e.g., 
MASQ General Distress Depression and Anhedonic Depression), were consistently and significantly correlated with CTQ (GDD: r=0.243, 
p=<0.001; AD r=0.334 p = <0.001; GDA: r=0.148, p=0.009; AA: r=0.171, p=0.003).
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