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ABSTRACT
Behavioural, structural, and functional neuroimaging have implicated the hippocampus as 
a critical brain region in posttraumatic stress disorder (PTSD) pathogenesis. Recent work in 
a normative, primarily European, sample identified 15 unique genetic loci contributing to 
structural variability in six hippocampal subfield volumes. We explored the relevance of these 
loci in two samples (Mental Illness Research Education and Clinical Centre [MIRECC] and 
Grady; n = 290) of trauma-exposed individuals enriched for PTSD and of diverse ancestry. 
Four of the previous loci demonstrated nominal evidence of replication in the MIRECC dataset, 
primarily within non-Hispanic whites (NHW). One locus replicated in the Grady cohort, which 
was composed exclusively of non-Hispanic blacks (NHB). Our data supported genetic interac-
tions with diagnosis of lifetime PTSD and genetic interactions with childhood trauma in the 
MIRECC sample, but not the Grady sample. Given the racial, diagnostic, and trauma-exposure 
differences with the original genome-wide association study (GWAS) report, we conducted 
a full GWAS in the MIRECC and Grady datasets. Interactions between genetic variants and 
lifetime PTSD or childhood trauma were interrogated for single nucleotide polymorphisms 
(SNPs) with evidence of main effects. Genetic associations surpassed false discovery rate (FDR)- 
correction within hippocampal subfields in fimbria, subiculum, cornu ammonis-1 (CA1), and 
hippocampal amygdala transition area (HATA). One association was replicated in the Grady 
cohort (rs12880795 in TUNAR with left (L)-HATA volume). The most significant association in 
the MIRECC dataset was between rs6906714 in LINC02571 and right (R)-fimbria volume 
(p = 5.99×10−8, q = 0.0056). Interestingly, the effect of rs6906714 on R-fimbria volume 
increased with exposure to childhood trauma (gene*environment [G*E] interaction 
p = 0.022). These preliminary results argue for G*E interactions between genetic loci with 
PTSD and childhood trauma on hippocampal phenotypes. Our results underscore the need for 
larger neuroimaging-genetic studies in PTSD, trauma, and ancestrally diverse populations.

Predictores Geneticos del volumen de subcampos hipocampales en 
casos de TEPT y controles expuestos a trauma 
Las neuroimagenologia, conductual, estructural y funcional ha implicado que el hipocampo 
se constituye como una región cerebral critica en la patogénesis del trastorno de estrés 
postraumático (TEPT). Un trabajo reciente, realizado en una muestra normativa, principal-
mente europea, identifico 15 loci genéticos únicos que contribuyen a la variabilidad estruc-
tural de seis volúmenes de subcampos hipocampales. Exploramos la relevancia de estos loci 
en dos muestras enriquecidas para TEPT (del Centro de Educación y Clínica Investigación 
sobre Enfermedades Mentales, MIRECC por sus siglas en inglés y Grady; n=290) de indivi-
duos expuestos a trauma y de ascendencia diversa. Cuatro de los loci previos demostraron 
evidencia nominal de replicación en la base de datos MIRECC, principalmente en personas 
de raza blanca no hispánicos (NHW). Se replicó un locus en la cohorte Grady, que estaba 
compuesta exclusivamente por personas de raza negra no hispánicos (NHB). Nuestros datos 
respaldaron las interacciones genéticas con el diagnostico de TEPT a lo largo de la vida 
e interacciones genéticas con trauma infantil en la muestra MIRECC, pero no en la de Grady. 
Debido a las diferencias raciales, diagnósticas y de exposición a trauma con el reporte 
original del estudio de asociación del genoma completo (GWAS por sus siglas en ingles), 
realizamos un GWAS completo con la base de datos MIRECC y Grady. Se exploraron 
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polimorfismos de nucleótido único (SNPs por sus siglas en ingles) en las interacciones de 
variantes genéticas del TEPT a lo largo de la vida y del trauma infantil, con evidencia de un 
efecto genético principal. Las asociaciones genéticas sobrepasaron a la corrección de tasa de 
falso descubrimiento (FDR) dentro de los subcampos hipocampales de la fimbria, subículo, 
asta de Amon-1 (CA1), y el área de transición hipocampo-amigdaliana (HATA). Una 
asociación se replicó en la cohorte de Grady (rs 12880795 en TUNAR con volumen izquierdo 
del HATA). La asociación más significativa en la base de datos de MIRECC estuvo entre 
rs6906714 en LINC02571 y el volumen de la fimbria derecha (p=5.99×10-8, q=0.0056). 
Interesantemente, el efecto rs6906714 sobre el volumen de la fimbria derecha se incremen-
taba con la exposición al trauma infantil (interacción gen* ambiente [G*A] p=0.022). Estos 
resultados preliminares orientarían a la presencia de interacciones G*A de loci genéticos con 
el TEPT y trauma infantil en fenotipos del hipocampo. Nuestro resultados destacan la 
necesidad de estudios más grandes que vinculen neuroimagenes y genética en poblaciones 
con TEPT, trauma, y genealogía diversa.

PTSD病例和创伤暴露对照组海马亚区体积的遗传预测因子 
行为性, 结构性和功能性神经影像学已将海马体视为创伤后应激障碍 (PTSD) 发病机制中的 
一个关键脑区。最近在一个以欧洲人为主的规范样本中的研究确定了15个导致六个海马 
亚区体积结构性变异的独特基因位点。我们在由高比例PTSD和多种血统的创伤暴露个体 
组成的两个样本 (精神疾病研究教育和临床中心[MIRECC]与Grady;n = 290) 中, 探究了这些 
基因位点的相关性。上述位点中四个在MIRECC数据集中展现出名义上的可重复性, 主要为 
非西班牙裔白人 (NHW) 。一个位点在Grady队列中重复, 此样本仅由非西班牙裔黑人 (NHB) 
组成。我们的数据支持MIRECC样本 (而非Grady样本) 中诊断终身PTSD与遗传的交互作用 
以及童年期创伤与遗传的交互作用。考虑到与原始全基因组关联研究 (GWAS) 报告的种 
族, 诊断和创伤暴露差异, 我们在MIRECC和Grady数据集中进行了完整的GWAS。对于有主 
效应的单核苷酸多态性 (SNP) 位点, 对遗传变异与终身PTSD或童年期创伤间的交互作用进 
行审查。遗传关联在海马伞部, 下托, 海马角 (CA1) 亚区和海马杏仁核过渡区 (HATA) 中超 
过了校正错误发现率 (FDR) 。在Grady队列中重复了一种相关 (TUNAR中的rs12880795与左 
侧HATA体积) 。在MIRECC数据集中, 最显著的关联出现在LINC02571中的rs6906714与海马 
伞部右侧体积 (p = 5.99x10−8, q= 0.0056) 之间。有趣的是, rs6906714对海马伞部右侧体积 
的影响随童年期创伤的增加而增加 (基因*环境[G * E]交互作用 p= 0.022) 。这些初步结果 
证明了PTSD遗传基因位点与童年期创伤对海马表型的交互作用。我们的结果强调需要在 
PTSD, 创伤和多种血缘的人群中进行更大型的神经影像遗传学研究。

1. Introduction

A national survey of trauma exposure in the US 
indicates that nearly 90% meet criteria established 
in the Diagnostic and Statistical Manual (DSM)-5 
(Kilpatrick et al., 2013b). Posttraumatic stress dis-
order (PTSD), which affects about 8% of the United 
States (US) population (Kessler et al., 2005b), may 
develop following exposure to trauma and manifests 
with the hallmark symptoms of hyperarousal, re- 
experiencing, and avoidance. The effect of PTSD 
on society and individual functioning is severe 
with a 150% increase in the chance of unemploy-
ment, 60% increase in marital instability, and higher 
rates of suicide than any anxiety disorder (Kessler, 
2000b). Importantly, deficits in memory, including 
declarative memory, fragmented autobiographical, 
or trauma-related memories and amnesia about the 
details of trauma have been demonstrated in PTSD 
(Elzinga & Bremner, 2002b). The hippocampus has 
long been implicated in PTSD because of its role in 
memory formation and retrieval (Bremner et al., 
1997), as well as the observation of lower hippocam-
pal volume in individuals with PTSD (Logue et al., 
2017b; Morey et al., 2012). In monozygotic twins 
who are discordant for trauma exposure, smaller 
hippocampal volume represents an increased risk 
for developing stress-related psychopathology 

(Gilbertson et al., 2002b). It is unclear whether 
lower hippocampal volume is a consequence of 
developing PTSD or occurs as the result of here-
tofore unknown genetic or biological vulnerabilities 
to developing PTSD. Genetic modulators of hippo-
campal volume have been established in non-clinical 
populations with genome-wide association studies 
(GWAS)(Hibar et al., 2015b; Stein et al., 2012; van 
der Meer et al., 2018b). The SNP-based heritability 
of hippocampal subfields is modest in normative 
samples (h2 = 0.14 to 0.27). By contrast, the twin- 
based heritability of hippocampal subfields is high 
(h2 = 0.38 to 0.85) (Patel et al., 2017). However, the 
discrepancy between the two estimates is perhaps 
unsurprising since twin-based estimates of heritabil-
ity can be influenced by non-additive genetic factors 
(Yang, Zeng, Goddard, Wray, & Visscher, 2017). 
Overall, SNP-based heritability is lower than twin- 
based heritability because SNP-based heritability 
uses tag SNPs, which are a subset of all SNPs, and 
because GWAS confounds age-varying gene expres-
sion with non-genetic factors, which twin studies do 
not. Nonetheless, there is clearly a heritable compo-
nent to hippocampal subfield volume in normative 
samples but the specific genetic loci associated with 
hippocampal subfield volume in PTSD have not 
been investigated.
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Two GWAS from the Enhancing Neuroimaging- 
Genetics through Meta-Analysis (ENIGMA) 
Consortium has examined effects on overall hippocam-
pal volume with significant results at the genome-wide 
level. Stein et al. (Stein et al., 2012) identified and repli-
cated two quantitative trait loci (QTL) for hippocampal 
volumes in a large sample that included non-clinical and 
clinical samples with neuropsychiatric diagnoses. A large 
study by van der Meer and colleagues recently reported 
on 21,297 samples to identify 15 unique genome-wide 
significant loci across six hippocampal subfields, of which 
eight loci had not been previously linked to the hippo-
campus (van der Meer et al., 2018b). The SNPs mapped 
to genes associated with neuronal differentiation, loco-
motor behaviour, schizophrenia, and Alzheimer’s dis-
ease. These studies have demonstrated the ability to 
detect genetic associations with neuroimaging pheno-
types that may be relevant to PTSD. However, as yet, 
there have been no published studies that have examined 
genetic predictors of hippocampal subfields in relation to 
PTSD or exposure to childhood trauma, which is an 
important predictor of subsequent development of 
PTSD (Teicher & Samson, 2014).,

In the present context, SNPs are part of genes or 
regulatory elements that govern protein synthesis, 
which in turn plays an essential role in the differen-
tiation, metabolism, signalling, and myriad other 
neurobiological functions. On the other hand, beha-
viours secondarily emanate from carefully orche-
strated actions of these neurobiological phenomena. 
Therefore, possible advantages of identifying neuroi-
maging phenotypes over diagnostic phenotypes, 
which consist of a constellation of symptoms or 
behaviours are (1) the enhanced accuracy of imaging 
phenotypes over a subjectively assessed diagnostic 
phenotype, (2) an imaging phenotype may be closer 
to the action of genes than the diagnostic phenotype. 
Subfields of the hippocampus are involved in discrete 
aspects of memory encoding and consolidation. For 
example, the dentate gyrus (DG) is important in 
pattern separation, a process where salient features 
of memories are contrasted in order to distinguish 
similar but discrete events (Schmidt, Marrone, & 
Markus, 2012; Yassa & Stark, 2011). By contrast, the 
entorhinal cortex (EC) and cornu ammonis subfield- 
3 (CA3) are crucial to pattern completion, which 
involves recognizing overlapping features of past 
events. Pattern completion is a widely investigated 
model of PTSD given its important implication in 
contextual fear-conditioning (O’Reilly & Norman, 
2002; Parsons & Ressler, 2013). Preclinical animal 
models show that CA1 is involved in context-specific 
memory retrieval following extinction (Ji & Maren, 
2007b). As such, the CA1 hippocampal subfield has 
been implicated strongly in conditioned fear and its 
extinction (Furini, Myskiw, & Izquierdo, 2014b). The 
deficits in episodic memory, contextual memory, and 

extinction failure suggest that CA1, CA3, and dentate 
subfields may play a role in developing PTSD (Chen 
et al., 2018).

The present study examines two samples of highly 
traumatized individuals. The MIRECC sample is 
comprised of US military veterans with roughly 
equal number of European- and African-Americans 
who experienced high levels of trauma in the military 
and in some cases during childhood and adolescence 
(Brancu et al., 2017). The Grady sample of civilians 
consists of African-American women in Atlanta 
[Georgia US] who experienced high rates of sustained 
trauma and interpersonal violence and in some cases 
during childhood and adolescence (Gillespie et al., 
2009b). Based on the role of the dentate gyrus in 
pattern separation, CA3 in pattern completion, and 
CA1 in fear extinction, we hypothesized the presence 
of genetic variants that influence subfield volumes, 
which are obtained from segmentation of high-reso-
lution structural magnetic resonance imaging (MRI), 
in these enriched samples of trauma-exposed indivi-
duals with and without PTSD.

2. Methods

2.1. Participants and clinical measures

2.1.1. MIRECC cohort
The MIRECC cohort consisted of 157 participants from 
a repository [Mid-Atlantic MIRECC, Durham NC] of 
Iraq and Afghanistan era military service members who 
contributed blood for genotyping, clinical assessment 
data, and MRI scans. Participants, which included 132 
men and 25 women (see Table 1), were screened for 
inclusion/exclusion criteria based on information avail-
able in the repository. To reduce the effects of popula-
tion stratification in a multi-racial sample, analyses 
were limited to non-Hispanic black (NHB; n = 74) 
and non-Hispanic white (NHW; n = 83) participants 

Table 1. Demographic and clinical information.

Sample 
Characteristic

MIRECC 
(n = 157)

Grady Trauma 
Project 

(n = 133)
Group 

Comparison

Age, mean (SD) 39.62 (10.03) 38.71 (11.99) P = 0.4815
Gender, No. 

female (%)
25 (15.92) 133 (100) P < 0.0001

Race, No. 
Caucasian (%)

83 (52.87) 0 (0) P < 0.0001

Child Trauma 
Category 0, 1, 
≥ 2 (%)

72 (45.86), 48 
(30.57), 37 

(23.57)

61 (45.86), 40 
(30.08), 32 

(24.06)

P = 0.9934

Alcohol abuse/ 
dependency 
(%)

49 (31.61) 42 (44.68) P = 0.0379

SCID, CAPS or PSS 
lifetime PTSD 
Diagnosis (%)

66 (42.04) 79 (59.40) P = 0.0032

§ The Davidson Trauma Scale was used in lieu of the CAPS for 5 subjects 
for which CAPS was unavailable. 

Abbreviations: SD = standard deviation, No = number, AUDIT = Alcohol Use 
Disorders Identification Test, SCID-IV = Structured Clinical Interview for DSM- 
IV, CAPS-IV Clinician-Administered PTSD Scaler with DSM-IV criteria. 
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who underwent genetic and imaging components and 
had data available at the time of analysis. Important 
exclusion criteria included the presence of psychotic 
symptoms, high risk of suicide, contraindication to 
MRI, current substance abuse, neurological disorders, 
and age over 65 years. Participants were evaluated for 
PTSD, trauma exposure, and other psychiatric comor-
bidities (Traumatic Life Events Questionnaire, TLEQ 
(Kubany et al., 2000b)), combat exposure (Combat 
Exposure Scale, CES (Lund, Foy, Sipprelle, & 
Strachan, 1984b)), and depressive symptoms (Beck 
Depression Inventory-II, BDI-II (Beck, Steer, & 
Brown, 1996)). PTSD diagnosis was ascertained with 
the Structured Clinical Interview for DSM-IV (SCID) 
and confirmed with the Clinician-Administered PTSD 
Scale (CAPS)(Blake et al., 1995) in 152 (97%) partici-
pants and cut-off score over 36 with the Davidson 
Trauma Scale (DTS) (Davidson et al., 1997b) in 5 
(3%) participants. Alcohol abuse and dependence were 
determined by the SCID. All participants provided 
written informed consent to participate in procedures 
reviewed and approved by the Institutional Review 
Boards at Duke University and the Durham VA 
Medical Centre.

2.1.2. Grady cohort
The Grady sample consisted of 133 participants 
drawn from the Grady Trauma Project (GTP), study 
of PTSD risk factors in participants from a low-socio-
economic status urban cohort of outpatients in gen-
eral medical clinics at Grady Hospital [Atlanta, GA]. 
The sample was restricted to African-American 
women to minimize heterogeneity. Seventy-nine par-
ticipants met criteria for diagnosis of PTSD, and 54 
trauma-exposed controls (TC) did not. Exclusion cri-
teria included a history of bipolar disorder, schizo-
phrenia, current psychotic symptoms, current 
psychotropic medication use, contraindications to 
MRI scanning, neurological disorder, known struc-
tural brain abnormality, head injury with loss of 
consciousness, implanted metal objects, or positive 
urine tests for pregnancy and drug use (cocaine, 
marijuana, opiates, amphetamines, methampheta-
mines) assessed 24 to 48 hours before the MRI scan. 
Adult trauma history was assessed using the 
Traumatic Events Inventory (TEI) (Gillespie et al., 
2009b). Total adult trauma exposure was measured 
by counting the number of trauma types (e.g. car 
accident, natural disaster, assault) experienced after 
age 17. Childhood trauma history and trauma expo-
sure were assessed using the Childhood Trauma 
Questionnaire (CTQ) (Bernstein et al., 1994). Study 
procedures were approved by the Institutional Review 
Board of Emory University and the Research 
Oversight Committee of Grady Memorial Hospital, 

and all participants provided written informed con-
sent prior to participating.

2.2. MRI acquisition

2.2.1. MIRECC sample
Images were acquired on a General Electric 3-Tesla 
Signa EXCITE scanner equipped with an eight-channel 
head coil. High-resolution T1-weighted whole-brain 
images using 3D-FSPGR were acquired axially with 
repetition time (TR) = 7.848 ms, echo time 
(TE) = 2.984 ms, flip angle = 12°, Inversion Time 
(TI) = 400 ms, field of view (FOV) = 256×256 mm, 
1-mm axial slice thickness, 166 slices, 1-mm3 voxel size, 
1 excitation.

2.2.2. Grady sample
Scanning took place on a 3.0 T Siemens Trio with 
echo-planar imaging. High-resolution T1-weighted 
whole-brain anatomical scans were collected using 
a 3D MP-RAGE sequence, TR = 2000, TE = 3.02, 
flip angle = 8°, TI = 900 ms, FOV = 224×256 mm, 
1-mm sagittal slice thickness, 176 slices, 1-mm3 voxel 
size.

2.3. Hippocampal subfield volume analysis

Identical procedures were applied to the discovery 
and replication sample after acquisition to perform 
automated segmentation, labelling of subcortical 
volumes, and estimation of total intracranial volume 
(ICV) on the T1 images using the FreeSurfer image 
analysis suite (v. 5.3.0) and its library tool, recon-all 
(Fischl, 2012b). Subsequently, hippocampal subfield 
segmentation was performed using the FreeSurfer 
6.0.0 library function, hippocampal-subfields-T1. 
Hippocampal subfield volumes were generated in 
each subject for both the left and right hemispheres 
on CA1, CA3, CA4, DG, fimbria, fissure, hippocam-
pus-amygdala transition area (HATA), molecular 
layer, parasubiculum, presubiculum, subiculum, and 
tail (Figure 1). Standardized image analysis protocols 
for subcortical segmentation were drawn from the 
Consortium for Enhancing Imaging Genetics through 
Meta-Analysis (ENIGMA), which were previously 
reported in detail (Chen et al., 2018).

2.4. Quality control

Identical visual inspection procedures were applied to 
all T1 images from the MIRECC (RAM, CCH) and 
Grady cohorts (JSS, SVR) for quality assurance pur-
poses. We applied quality assurance for hippocampal 
subfield segmentations using ENIGMA-PTSD proto-
cols (Chen et al., 2018). All participants passed both 
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rounds of quality control. The recent emphasis on 
rigour and reproducibility prompted a review of the 
test–retest reliability hippocampal subfield segmenta-
tion. Automated segmentation for all the hippocampal 
subfields except the hippocampal fissure is reliable and 
robust quantitative phenotypes for genetic studies 
(Hibar et al., 2015b); therefore, we elected to remove 
hippocampal fissure volume from our analysis.

2.5. Genotyping

2.5.1. MIRECC sample
GWAS data were generated as part of a larger parent 
study of 2,312 PTSD cases and controls described pre-
viously (Ashley-Koch et al., 2015) and recapitulated here. 
Deoxyribonucleic acid (DNA) was extracted from whole 
blood using the Puregene system (Gentra Systems, 
Minneapolis, MN). Whole-genome genotyping data 
were generated in three different batches using three 
different platforms. A total of 2,312 samples were geno-
typed: 587 samples with the Illumina HumanHap650 
Beadchip, 545 samples with the Illumina Human 
1 M-Duo Beadchip, and 1180 samples with the 
Illumina Human Omni 2.5 Beadchip (Illumina, San 
Diego, CA). Sample classified as Centre d’Etude du 
Polymorphisme Humain (CEPH) and masked sample 
duplicates were included as controls. Each batch was 
analysed using the GenomeStudio software (Illumina, 
San Diego, CA) and subsequently passed through quality 
control (QC) pipelines separately. Samples were required 
to have a call rate >98% (n = 7 samples excluded) and no 
gender discrepancies (n = 7 samples excluded). Identity 
by state analysis was performed using the software tool 
PLINK (Purcell et al., 2007) to identify duplicate 

individuals (n = 6 samples excluded) and those related 
≥50% (n = 16 samples excluded). To reduce effects of 
population stratification, participants who did not self- 
report as either NHW or NHB were removed (n = 113). 
Additionally, principal component analysis (PCA) was 
run using the smartpca program from the software pack-
age EIGENSOFT (Patterson, Price, & Reich, 2006) in 
order to identify remaining outliers (n = 22 excluded). 
Probes were required to have a call rate >97% and 
Hardy–Weinberg Equilibrium (HWE) p-values >10−6 

in controls. Quality control was assessed separately in 
each batch and samples with low call rates were excluded 
from further analysis. A global reference panel from 1000 
Genomes was used to impute missing genotypes in each 
batch separately; imputed SNPs with certainty <0.90 
were excluded. Overlapping SNPs in the imputed NHB 
and NHW subsets were merged to create a final dataset 
comprising 2,711,511 SNPs.

2.5.2. Grady sample
Saliva collected in Oragene vials underwent DNA extrac-
tion followed by genotyping on Illumina platforms and 
QC measures with PLINK. Levels of heterozygosity, 
deviation from HWE, screening for relatedness, and 
low call rates were part of the QC process. DNA was 
extracted from saliva in Oragene collection vials (DNA 
Genotek, Ottawa, ON, Canada) using the DNAdvance 
kit (Beckman Coulter Genomics, Danvers, MA, USA), 
while DNA from blood was extracted using either the E. 
Z.N.A. Mag-Bind Blood DNA Kit (Omega Bio-Tek, 
Norcross, GA, USA) or ArchivePure DNA Blood Kit (5 
Prime, Gaithersburg, MD, USA). Genotyping was per-
formed using the Illumina Omni-Quad 1 M or the Omni 
Express BeadChip (Illumina, San Diego, CA, USA), and 

Figure 1. Automated Segmentation of the hippocampus into 12 subfields in each hemisphere of the brain performed with 
FreeSurfer v.6.0. Subfield images of CA1, CA2/3, CA4, dentate gyrus, hippocampal amygdala transition area (HATA), subiculum, 
tail, fissure, presubiculum, parasubiculum, molecular layer, fimbria are shown in (a) magnified sagittal plane, (b) coronal plane, 
and (c) sagittal plane.
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genotypes were called in Illumina’s GenomeStudio 
(Illumina). PLINK (Purcell et al., 2007) was used to per-
form quality control measures. Initial quality control 
involved removing samples with very low call rates 
(that is, poor quality samples with large amounts of 
missing data) and outside acceptable levels of heterozyg-
osity (−0.25< Fhet>0.25), and the remaining samples were 
recalled in GenomeStudio (Pluzhnikov et al., 2010). 
Further quality control involved excluding SNPs that 
had a call rate <98%, a MAF<0.01 or significant deviation 
from Hardy–Weinberg proportions (P < 1 × 10−6 in 
controls and P < 1 × 10−10 in PTSD cases), and removing 
individuals with greater than 5% missing data (2%). We 
further identified and removed related individuals by 
using PLINK to estimate the proportion of identity by 
descent (IBD) for each pair of individuals. Among pairs 
of individuals with an IBD proportion>0.12 (indicating 
cousins or a closer relation), we removed the individual 
in each pair with the higher rate of missing genotype. 
Three of these variants (rs6906714, rs2553974, and 
rs12880795) were present in the Illumina platforms, 
while the others were imputed applying the PGC pipeline 
(Duncan et al., 2018b), using the 1000 Genomes20 phase 
1 as reference, SHAPEIT for phasing and IMPUTE2 for 
imputation (Marchini, Howie, Myers, McVean, & 
Donnelly, 2007b).

2.6. Statistical analysis

Principal component analysis (PCA) was run using 
the smartpca program from the software package 
EIGENSOFT (Patterson et al., 2006) to obtain ances-
try-related principal components (PCs). One princi-
pal component was necessary to account for the 
population variability observed in the MIRECC sam-
ple, essentially distinguishing the NHB from the 
NHW subjects. Linear regression was conducted 
using PLINK (Purcell et al., 2007) to test for associa-
tion between subcortical volume and each SNP, 
assuming an additive genetic model. Left and right 
brain hemisphere volumes were analysed separately. 
All subcortical volumes were normally distributed 
except the left fimbria, which was log-transformed 
prior to analysis. Covariates included sex, age, one 
population stratification principal component, life-
time PTSD diagnosis, intracranial volume, and child-
hood trauma (0 = no childhood trauma; 1 = exposure 
to a single category of childhood trauma; 2 = exposure 
to two or more categories of childhood trauma, as 
reported from TLEQ items 12,13,15,16, and 17). In 
the Grady dataset, PLINK was used to prune the 
autosomal data in windows of 50 bp, removing 1 
SNP from each pair of SNPs with r2 > 0.05 to obtain 
a set of roughly independent markers (~50, 000 
SNPs) for use in PCA. Subjects who fell within 
three standard deviations of the medians of the first 
and second PCs were retained. Linear regression was 

performed in the Grady sample using the same soft-
ware and model described above for the MIRECC 
cohort (sex was not included because all individuals 
in the Grady sample were female).

We interrogated the 21 genomic regions reported 
in van der Meer et al. (Van der Meer et al., 2018a) as 
both main effects and interactions with PTSD and 
childhood trauma in the MIRECC and Grady 
cohorts. Because the Van der Meer sample (Van der 
Meer et al., 2018a) was exclusively Caucasian, the lead 
SNP from that study was often not present in our 
cohorts because the MIRECC sample included 
Caucasian and African-American subjects, and the 
Grady sample was exclusively African American. 
Thus, we identified proxy SNPs that could be evalu-
ated in our datasets, using the LDproxy tool from 
LDlink (Machiela & Chanock, 2015b). Proxy SNPs 
were chosen with the highest correlation (r2) to lead 
SNPs from van der Meer et al. in both the CEPH 
European (CEU) ancestry and Yoruba in Ibadan 
(YRI) parent populations. For the Caucasians, all 
proxy SNPs had r2 ≥ 0.83 with the reported SNP 
from Van der Meer (Van der Meer et al., 2018a). 
For African Americans, most proxy SNPs had 
r2 ≥ 0.63 with the reported SNP from the Norment 
study. Two exceptions were the SNPs rs1705614 with 
r2 = 0.54 and rs1337524 with r2 = 0.59. Using this 
approach, we were able to identify proxies for all of 
the van der Meer lead SNPs that were missing from 
the MIRECC and Grady cohorts except one SNP 
(rs17178006), corresponding to two significant asso-
ciations in the previous study. Linear regression was 
then performed using the same model specified 
above. Finally, a conservative Bonferroni correction 
was applied for each analysis (19 tests, p = 0.0026).

After performing GWAS for hippocampal sub-
fields, we used the linkage disequilibrium (LD) 
clumping method in PLINK (r2 threshold of 0.25 
and a 500 kb window, as reported previously (Ripke 
et al., 2013)) to reduce genetic redundancy in this 
imputed dataset and to mitigate the statistical burden 
of multiple-comparison correction in a small sample 
size. The proportion of variability in the hippocampal 
subfield explained by the SNP in each model was 
calculated as the sum of squares for the SNP divided 
by the total sum of squares for the model. False 
discovery rate (FDR) q-values were generated using 
PROC MULTTEST in SAS version 9.4. The FDR 
correction was applied to the SNPs within a specific 
analysis but not across the 12 hippocampal subfields 
and two hemispheres. This was in large part due to 
the high correlation between the two hemispheres 
and subfields. However, recognizing that this multi-
ple testing correction was somewhat permissive. We 
performed analyses in a second, independent dataset. 
Post-hoc interaction analyses were performed only 
for the SNPs with significant main effects. 
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SNP*childhood trauma and SNP*lifetime PTSD 
interactions were investigated for associations with 
subfield volumes. Manhattan plots and quantile- 
quantile (Q-Q) plots were produced using the 
R package qqman (Turner, 2014) and interaction 
plots were generated using the R package ggplot2 
(Wickham, 2016).

3. Results

Important clinical and sociodemographic informa-
tion by cohort is reported in Table 1. Compared to 
the MIRECC cohort, the Grady cohort comprises 
a higher percentage of females (p < 0.0001), 
African-Americans (p < 0.0001), subjects reporting 
alcohol misuse (p = 0.0379), and lifetime PTSD 
(p = 0.0032). Average age and distribution of child-
hood trauma did not significantly differ between the 
two cohorts.

Our initial goal of this analysis was to evaluate the 
previously reported genetic associations with hippo-
campal subfields by van der Meer et al. (Van der 
Meer et al., 2018a), which was identified in 
a primarily normative sample, in the context of 
PTSD and significant trauma exposure. We evaluated 
a total of 19 reported genetic associations in both the 
MIRECC and Grady datasets. As shown in Table 2, 
the same SNP was generally not available in the 
MIRECC and Grady data sets, thus we evaluated 
SNPs in high LD with the reported SNP (LD proxy 
SNPs; see Methods). In the MIRECC dataset, we 
replicated four main effects, while in the Grady data-
set, we replicated one of the main effects. 
Importantly, two of the associations in the MIRECC 
dataset were driven primarily by the non-Hispanic 
white (NHW) subset of the dataset, which ancestrally 
was most closely matched to the previously reported 
European dataset. We also explored potential inter-
actions between the SNPs and childhood trauma and 
between SNPs and a lifetime diagnosis of PTSD 
(Supplemental Tables S1 and S2). In the interaction 
analysis, we identified six interactions, four with 
childhood trauma and two with PTSD, in the 
MIRECC dataset. None of these interactions were 
present in the Grady dataset.

Given the diagnostic and racial differences com-
pared to the van der Meer data set, we performed 
a GWAS for hippocampal subfields in the MIRECC 
dataset and identified several SNPs associated with 
different hippocampal subfield volumes that survived 
correction for multiple testing (Table 3). The most 
significant associations (q < 0.01) involved R-fimbria 
volume that is visualized in Figure 1. The R-fimbria 
QQ plot is provided in Figure 2, which corresponds 
to a λGC (genomic control lambda) = 0.998. The SNP 
rs6906714, located in LINC02571 on chromosome 6 
(Figure 3), was associated with R-fimbria volume Ta
bl
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Table 3. FDR significant main effects of genetic variants on hippocampal subfield volume.

Gene Probe Chr bp
Tested 
allele

CEU 
MAF

ASW 
MAF Subfield

Beta 
discovery

Pval 
discovery

FDR qval 
discovery

PVE 
discovery

Beta 
replica-tion

Pval 
replica-tion

LINC02571 rs6906714 6 31270038 G 0.071 0.123 R-fimbria 15.73 5.99E-08 0.0056 0.1489 −0.517 0.8636
rs17012755 2 76709646 A 0.061 0.098 R-fimbria 22.01 6.05E-08 0.0056 0.1479 1.988 0.6019
rs76832471 2 211570988 G 0.096 0.09 log L-fimbria −16.4 6.51E-08 0.0121 0.1462 −2.384 0.5432
rs9499406 6 103816931 C 0.035 0.139 R-subiculum −46.38 8.19E-08 0.0151 0.1082 6.916 0.2368

RBBP6 rs7196581 16 24552179 G 0.086 0.049 L-CA1 53.62 1.51E-07 0.0280 0.0964 −13.85 0.7599
TUNAR rs12880795 14 96379833 T 0.525 0.27 L-HATA 4.743 3.43E-07 0.0372 0.1206 4.107 0.0004
LOC105376580 rs2553974 11 19238380 A† 0.318 0.582 L-HATA 4.88 4.02E-07 0.0372 0.1193 −0.4725 0.6168
ARMC6 rs73008928 19 19146729 T 0.061 0.016 R-HATA 9.609 2.33E-07 0.0424 0.1235 −1.5 0.6048
RBBP6 rs7196581 16 24552179 G 0.086 0.049 R-HATA 7.939 4.58E-07 0.0424 0.1165 1.307 0.5551
LINC01736 rs3811492 1 230142626 C 0.131 0.451 L-HATA 4.866 8.13E-07 0.0498 0.1136 1.212 0.2411

*Effect size for untransformed L-fimbria. 
†Tested allele in replication dataset is C. 
PVE = proportion of variance in imaging phenotype explained by the SNP. 

Figure 2. R-fimbria QQ plot, with a λGC (genomic control lambda) = 0.998.

Figure 3. B SNP rs6906714, located in LINC02571 on chromosome 6 was associated with R-fimbria volume (p = 5.99 x 10−8, 
q = 0.0056). An intergenic SNP, rs17012755 on chromosome 2, was also associated with R-fimbria volume (p = 6.05 x 10−8, 
q = 0.0056).
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(p = 5.99 × 10−8, q = 0.0056), such that for each 
additional G allele, R-fimbria volume increased by 
15.73 mm3. An intergenic SNP, rs17012755 on chro-
mosome 2, was also associated with R-fimbria volume 
(p = 6.05 × 10−8, q = 0.0056). Each additional copy of 
the A allele increased R-fimbria volume by 
22.01 mm3. In addition to the main effects, we also 
identified an interaction between rs6906714 and 
childhood trauma affecting R-fimbria volume 
(p = 0.022, Figure 4(a)). As exposure to childhood 
trauma increased, the effect of rs6906714 genotype on 
R-fimbria volume became stronger. Specifically, 
among individuals who did not experience any child-
hood trauma, the association between rs6909714 gen-
otype and R-fimbria was modest (p = 0.037; 
beta = 9.272 mm3). Among those who did experience 
childhood trauma (either 1 or 2+ categories), the 
association was more robust with p = 0.0002; 
beta = 20.19 mm3 for one category of childhood 
trauma and p = 0.0002; beta = 25.19 mm3 for 2 
+ categories. There was no appreciable difference in 
the effect of rs6906714 genotype on R-fimbria volume 
among those who experienced 2+ categories of child-
hood trauma compared to those who experienced 
a single category of childhood trauma.

Several additional significant main effects were 
observed (q < 0.05) in the MIRECC cohort with dif-
ferent hippocampal subfields, some intergenic and 
some residing in genes. The SNP rs7196581 in 
RBBP6 was associated with two different subfields: 
L-CA1 (p = 1.51 x 10−7, q = 0.0280) and R-HATA 
(p = 4.58 × 10−7, q = 0.0424), such that for each 
additional G allele, L-CA1 volume increased by 

53.62 mm3 and R-HATA volume increased by 
7.94 mm3. Also associated with increased R-HATA 
volume was the T allele of rs73008928 in ARMC6 
(p = 2.33 × 10−7, q = 0.0424). Three significant asso-
ciations were identified with L-HATA volume: 
rs12880795 in TUNAR (p = 3.43 × 10−7, q = 0.0372), 
rs2553974 in LOC105376580 (p = 4.02 × 10−7, 
q = 0.0372), and rs3811492 in LINC01736 (q = 8.13 
× 10−7, q = 0.0498). Finally, two intergenic SNPs were 
associated with L-fimbria and R-subiculum volumes: 
rs76832471 on chromosome 2 (p = 6.51 × 10−8, 
q = 0.0121) and rs9499406 on chromosome 6 
(p = 8.19 × 10−8, q = 0.0151), respectively.

Aside from the significant interactions described 
above between rs6906714 and childhood trauma on 
R-fimbria volume, no other SNP displaying 
a significant main effect demonstrated a significant 
interaction with either childhood trauma or lifetime 
PTSD diagnosis and hippocampal subfield volume in 
the MIRECC cohort.

The 10 significant main effects identified in the 
MIRECC cohort (q < 0.05) were tested for signifi-
cance in the Grady cohort. Despite significant differ-
ences in the composition of MIRECC and Grady 
cohorts (Table 1), we observed an association 
between rs12880795 genotype and L-HATA volume 
(p = 0.0004) in the Grady cohort. No other main 
effect of SNP on hippocampal subfield volume 
observed in the MIRECC cohort was replicated. 
However, we did detect a significant interaction 
between rs6906714 and lifetime PTSD on R-fimbria 
volume in the Grady cohort (p = 0.0421; Figure 4(b)). 
Similarly, while we found no main effect of 

Figure 4. (a) Interaction between rs6906714 and childhood trauma affecting R-fimbria volume (p = 0.022). As exposure to 
childhood trauma increased, the effect of rs6906714 genotype on R-fimbria volume became stronger. Individuals who did not 
experience any childhood trauma, the association between rs6909714 genotype and R-fimbria was modest (p = 0.037; 
beta = 9.272 mm3). Individuals who experienced childhood trauma, the association was more robust with p = 0.0002; 
beta = 20.19 mm3 for 1 category of childhood trauma and p = 0.0002; beta = 25.19 mm3 for 2+ categories. There was no 
appreciable difference in the effect of rs6906714 genotype on R-fimbria volume among those who experienced 2+ categories of 
childhood trauma compared to those who experienced a single category. (b) Interaction between rs6906714 and lifetime PTSD 
on R-fimbria volume in the Grady cohort (p = 0.0421).

EUROPEAN JOURNAL OF PSYCHOTRAUMATOLOGY 9



rs17012755 on R-fimbria volume in the MIRECC 
cohort, we observed a significant interaction between 
rs17012755 and lifetime PTSD on R-fimbria volume 
in the Grady cohort (p = 0.0219; Figure 5).

4. Discussion

We performed a GWAS of multiple hippocampal sub-
fields segmented by FreeSurfer 6.0 in trauma-exposed 
individuals with and without PTSD in diverse ancestry 
samples of US military veterans and a sample of highly 
traumatized civilians. We were largely unable to replicate 
a previously published study of hippocampal subfields in 
a normative sample of European ancestry individuals. 
This could be due to several differences between the 
cohorts including ancestry and exposure status. The 
MIRECC cohort is comprised of nearly 50% NHB indi-
viduals and the Grady cohort is 100% NHB; therefore, 
allele frequencies in these two cohorts are potentially 
quite different compared to subjects in van der Meer 
study et al. In addition to differences in genetic back-
ground, the subjects in MIRECC and Grady cohorts 
have all been exposed to trauma, and half of the indivi-
duals have been formally diagnosed with PTSD. Thus, 
these cohorts are more appropriate for the identification 
of genetic variants that are relevant to PTSD than 
a normative sample, despite the smaller sample size.

In our preliminary interrogation of the entire gen-
ome, several genetic markers reached genome-wide 
significance for specific hippocampal subfields. Two 
SNPs that were involved in three genome-wide signifi-
cant associations lie within genes (rs73008928 in 
ARMC6 and rs7196581 in RBBP6). The SNP 
rs73008928 is particularly interesting as it has been 
identified as a methylation QTL and an expression 

QTL, according to the ARIES (Gaunt et al., 2016b) 
and GTEx databases (www.gtexportal.org) (Carithers 
et al., 2015), respectively. Specifically, rs73008928 was 
found to be a trans-QTL for methylation probe 
cg08284873 in ADARB2 using a sample of middle- 
aged individuals (Table 4) (Relton et al., 2015). 
Ribonucleic acid (RNA)-editing deaminase-2 
(ADARB2) belongs to a family of genes whose other 
members edit RNAs encoding GluRs in the rat hippo-
campus (Melcher et al., 1996b). While not directly 
involved in RNA-editing activity, ADARB2 has been 
shown to inhibit the activity of the other members of 
this gene family, suggesting that it plays a regulatory 
role in RNA editing (CHEN et al., 2000). In addition to 
being a methylation QTL, rs73008928 is an expression 
QTL for SUGP2 in several tissues, as well as for 
TMEM161A and SLC25A42 in single tissues (Table 5). 
SUGP2 is a splicing factor involved in pre-mRNA pro-
cessing mechanisms (Sampson & Hewitt, 2003); 
TMEM161A, when overexpressed, plays a role in pro-
tection against oxidative stress (Gesualdi et al., 2007b); 
and SLC25A42 belongs to a large family of nuclear- 
encoded transporters that are involved in metabolic 
pathways and cell functions and is widely expressed in 
the central nervous system (Haitina, Lindblom, 

Figure 5. Interaction between rs17012755 and lifetime PTSD on R-fimbria volume in the Grady cohort (p = 0.0219).

Table 4. Methylation QTLs in human blood from the 
Accessible Resource for Integrated Epigenomic Studies 
(ARIES) data set.

SNP CpG Timepoint Trans-QTL p-value

rs2553974 cg14704941 Birth N 2.95E-09
rs73008928 cg08284873 Middle Age Y 4.84E-08
rs76832471 cg07781096 Adolescence N 2.21E-28
rs76832471 cg07781096 Birth N 3.87E-19
rs76832471 cg07781096 Childhood N 8.30E-33
rs76832471 cg07781096 Middle Age N 4.74E-19
rs76832471 cg07781096 Pregnancy N 2.92E-25
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Renström, & Fredriksson, 2006b; Palmieri, 2013). In 
summary, we have identified a SNP associated with 
R-HATA volume that may impact RNA editing of 
GluRs and regulate expression of a gene involved in 
oxidative stress; both are processes which have been 
previously implicated in the pathophysiology of PTSD 
(Holmes et al., 2017b; Miller, Lin, Wolf, & Miller, 
2018b; Popoli, Yan, McEwen, & Sanacora, 2012).

The other genome-wide significant SNP associated 
with hippocampal subfield volume is rs7196581 
located in the RBBP6 gene. This SNP was signifi-
cantly associated with both L-CA1 volume and 
R-HATA volume. It falls within the promoter region 
of RBBP6 and coincides with H3K27ac modification 
sites in several cell types, including neuronal progeni-
tors, suggesting that this SNP functions as an enhan-
cer (ENCODE-Project-Consortium, 2012b). RBBP6 is 
involved in apoptosis and typically considered an 
oncogene (Ntwasa, 2016). However, the murine 
ortholog is required for mouse embryogenesis and is 
involved in neurogenesis (Grunert, Clarke, Ahuja, 
Eswaran, & Nijhout, 2015b; Mukherjee et al., 2015) 
and thus, is a reasonable candidate gene. The CA1 
subfield is highly relevant to PTSD as the CA1 has 
direct reciprocal projections to the medial prefrontal 
cortex (mPFC) that allow these regions to form 
a functional loop. This circuit enables interactions 
between cortical and subcortical areas during mem-
ory encoding and retrieval of episodic-like memories 
(Preston & Eichenbaum, 2013). Neurons in hippo-
campal CA1 code for both space and time, allowing 
conjoint spatial and temporal representations of 
experiences (Eichenbaum, 2014b). The critical role 
of these subfields in episodic memories makes them 
of particular interest in PTSD. Despite substantial 
research on purported episodic memory deficits in 
PTSD, which would implicate the functional loop, the 
evidence has been inconclusive (Brewin, 2014). The 

severity of PTSD is negatively associated with mPFC 
activation elicited by material that participants have 
subsequently forgotten (Dickie, Brunet, Akerib, & 
Armony, 2008b). Veterans with PTSD have lower 
activation in the hippocampus and amygdala when 
successfully encoding trauma-related stimuli into 
memory (Hayes et al., 2011b). Therefore, the present 
results that show an association of genetic markers 
with CA1 volume, but no interaction with PTSD 
diagnosis, will help build the current body of neuro-
genetic knowledge relevant to PTSD.

All of the other SNPs associated with hippocampal 
subfields in this study were intergenic, indicating 
there may be some underlying regulatory genomic 
mechanism driving the statistical associations that 
we observed. Of interest, three significant SNPs reside 
in long intervening/intergenic noncoding RNAs 
(lincRNAs) (rs6906714 in LINC02571, rs12880795 in 
TUNAR, and rs3811492 in LINC01736), which com-
prise the largest proportion of long non-coding RNAs 
(lncRNAs) in the human genome (Cabili et al., 2011). 
While lncRNAs do not encode proteins, they and 
other non-coding RNAs, such as micro-RNAs 
(miRNAs), have been implicated in several neurop-
sychiatric disorders including PTSD (Daskalakis, 
Provost, Hunter, & Guffanti, 2018; O’Connor, 
Gururajan, Dinan, Kenny, & Cryan, 2016; Schmidt, 
Keck, & Buell, 2015; Schouten, Aschrafi, Bielefeld, 
Doxakis, & Fitzsimons, 2013). lncRNAs have also 
been associated with changes in gene expression in 
animal models of PTSD. For example, lncRNAs were 
differentially expressed in the hippocampus of rats 
exposed to stress-enhanced fear learning compared 
to control rats (Qingzhen et al., 2016). In addition, 
RNA sequencing of mPFC in adult mice revealed 
changes in lncRNA expression after fear conditioning 
(Spadaro et al., 2015). The association we observed 
between rs12880795 in TUNAR and L-HATA volume 
was significantly replicated in the Grady Trauma 
Project cohort, providing additional confidence in 
this finding. These data suggest that the role of 
lncRNAs in PTSD should be studied further and 
may be useful biomarkers or therapeutic targets.

The association between rs6906714 and R-fimbria 
volume was the most significant finding in this study. 
Notably, rs6906714 is also an expression QTL for 
several genes including PSORS1C1 and PSORS1C2, 
which are psoriasis susceptibility genes that are 
expressed in thyroid tissue (Table 5). Genes associated 
with autoimmune disorders have been previously asso-
ciated with PTSD (Stein et al., 2016); the overlap 
between stress disorders and immune/inflammatory 
disorders is an ongoing area of research (Song et al., 
2018). We also observed an interaction of rs6906714 
with childhood trauma in the MIRECC cohort, and of 
rs6906714 with lifetime PTSD in the Grady cohort, 
which is consistent with neuropsychiatric responses 

Table 5. Expression QTLs from the Genome-Tissue Expression 
(GTEx) project.

SNP Gene Symbol Tissue P-Value

rs6906714 PSORS1C1 Thyroid 0.0000028
rs6906714 PSORS1C2 Thyroid 0.000017
rs6906714 XXbac-BPG181B23.7 Artery – Tibial 0.000024
rs6906714 XXbac-BPG181B23.7 Skin – Sun Exposed 

(Lower leg)
0.000077

rs6906714 POU5F1 Heart – Atrial 
Appendage

0.000039

rs2553974 E2F8 Stomach 0.0000061
rs73008928 SUGP2 Adipose – 

Subcutaneous
1.70E-07

rs73008928 SUGP2 Nerve – Tibial 2.00E-07
rs73008928 SUGP2 Artery – Aorta 5.50E-07
rs73008928 SUGP2 Whole Blood 9.60E-07
rs73008928 SUGP2 Adipose – Visceral 

(Omentum)
0.0000028

rs73008928 SUGP2 Breast – Mammary 
Tissue

0.000025

rs73008928 TMEM161A Muscle – Skeletal 0.0000044
rs73008928 SLC25A42 Small Intestine – 

Terminal Ileum
0.000007
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to stress that show increased risk of subsequent auto-
immune disease (Figure 4) (Song et al., 2018). 
The second strongest signal was between rs17012755, 
an intergenic SNP on chromosome 2, and R-fimbria 
volume. We also observed a significant interaction 
between this SNP and lifetime PTSD on R-fimbria 
volume in the Grady (Figure 5). Interestingly, in our 
larger PTSD cohort of over 2000 subjects, we observed 
nominal evidence for the association between 
rs17012755 and PTSD (Ashley-Koch et al., 2015).

The fimbria is a primary source of input to the 
dorsal hippocampus, which is a critical element in 
contextual fear conditioning. Therefore, contextual 
fear conditioning has become a widely adopted experi-
mental paradigm for studying PTSD (Davidson et al., 
1997b; Maren, Phan, & Liberzon, 2013b). Processing 
of contextual memories is mediated by robust projec-
tions from hippocampal neurons to the mPFC (Jin & 
Maren, 2015b). Connectivity between the hippocam-
pus and the mPFC, which involves the fimbria, is 
associated with mnemonic and emotion regulation 
deficits, which are consistent with the clinical presen-
tation of PTSD (Maren et al., 2013b). Recent evidence 
suggests that the mPFC directs the retrieval of context- 
appropriate episodic memories in the hippocampus 
(Maren & Holt, 2000b; Navawongse & Eichenbaum, 
2013; Preston & Eichenbaum, 2013). Electrolytic 
lesions to the fimbria in rats produce deficits in fear 
conditioning to contextual stimuli. The deficit in freez-
ing, following dorsal hippocampus and fimbria lesions, 
is evident on both the conditioning day and the 
delayed extinction test (Maren & Fanselow, 1997b). 
Indeed, contextual fear deficits in rats with hippocam-
pal damage are equivalent following lesions to either 
fimbria, dorsal hippocampus, or entorhinal cortex 
(Maren & Fanselow, 1997b). In addition to contextual 
fear conditioning, the fimbria plays an important role 
in spatial memory, which enables rats to learn the 
location of both a visible and hidden/submerged plat-
form in the water maze task (Dunnett, Low, Iversen, 
Stenevi, & Björklund, 1982b). However, rats with 
lesions to the fimbria learned to swim to the visible 
platform but were unable to navigate to the submerged 
platform in the same location (McDonald & White, 
1994b; Sutherland & Rudy, 1988).

The most significant effects in both cohorts 
involved R-fimbria volume. Deficits in contextual 
processing are representative of PTSD because intru-
sive memories and perceptions are experienced out-
side of the trauma context. Our finding that exposure 
to child trauma is a potent environmental exposure 
that interacts with genetic markers to influence brain 
structure is consistent with our recently published 
multi-cohort study in 1,868 subjects, which demon-
strated childhood trauma exposure has a negative 
association with hippocampal volume but was not 
significant if PTSD was added as a covariate (Logue 

et al., 2017b). Our finding underscores the uniquely 
deleterious role of trauma during childhood, which is 
a critical neurodevelopmental time period (Morey, 
Haswell, Hooper, & De Bellis, 2015).

4.1. Strengths and limitations

The current work supports the value of imaging 
genetic studies in individuals with neuropsychiatric 
conditions. Our study was focused on hippocampal 
subfields, given their relevance to PTSD. We observed 
several strong associations, accounting for approxi-
mately 10–15% of the total variance for each outcome 
(Table 2). One of the associations was replicated in an 
independent dataset (Grady), yielding similar effect 
sizes and therefore increased confidence in this asso-
ciation. However, several limitations bear mention. 
Foremost, is the modest sample size of both the 
MIRECC and Grady cohorts utilized. We lacked sta-
tistical power to detect conclusive associations of main 
effects as well as SNP*PTSD and SNP*childhood 
trauma interactions given the small effect sizes typical 
of complex phenotypes (Button et al., 2013). As such, 
we restricted our investigation of interactions to only 
those SNPs which demonstrated a main effect with 
hippocampal subfield volume. The measurement 
invariance of PTSD is important to assess when study-
ing G x E. An asymmetric item response theory (IRT) 
curves can confound interaction results we have 
reported with childhood trauma and with PTSD diag-
nosis. Palm and colleagues show the 17 DSM-IV items 
provide the best information in the symptom severity 
range that is populated by patients who fall short of 
meeting DSM-IV criteria for diagnosis of PTSD. This 
effectively means that the criteria are most effective in 
providing information for the subthreshold range, but 
then provide decreasing information throughout the 
severity range required to meet full criteria for PTSD. 
The results provided by Palm, Strong, and 
MacPherson (2009) are based on the National 
Comorbidity Study (NCS) (Kessler et al., 2005b), 
which used the NCS-R interview. Betemps, Smith, 
Baker, and Rounds-Kugler (2003) reported a similar 
ceiling effect with the CAPS instrument. We used the 
DSM-IV SCID followed by CAPS for confirmation in 
most subjects. Similarly, the measurement invariance 
of the Childhood Trauma Questionnaire has also been 
investigated by MacDonald et al., 2016b who report 
the presence of a minimization bias in an international 
sample of over 19,000 subjects and the administration 
of the Minimization-Denial subscale is essential in 
addressing this bias. However, the present study used 
the number of trauma categories, which were coded as 
0, 1, 2+, rather than using the total CTQ score. Item 
response analysis of the childhood trauma categories is 
not available in the published literature to our knowl-
edge, although coding of categories from the CTQ is 
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used widely in the trauma literature (Dennis et al., 
2019b; Logue et al., 2018b; Morey et al., 2017b).

Given the exploratory nature of our investigation, 
we did not impose multiple-comparison correction 
for the number of subfields, the number of 
SNP*PTSD and SNP*childhood trauma tests. In the 
near future, we plan to interrogate dramatically larger 
datasets accessed through worldwide consortia to 
ascertain these important interactions on a genome- 
wide scale (Nievergelt et al., 2018). We note that the 
reduced-density exploration of the genome achieved 
by LD-clumping may incur a penalty of false-negative 
associations, which otherwise might be detected by 
high-density GWAS. However, it is more likely that 
the smaller sample size of both cohorts and the dif-
ferences in population structure impacted the analysis 
more substantially (Button et al., 2013).

One of the significant associations in the MIRECC 
cohort was confirmed in the Grady cohort. However, 
the other nine MIRECC associations were not signifi-
cant in the Grady cohort. The most likely of several 
reasons are the differences in population structure. 
The MIRECC cohort had nearly equal proportions of 
European Americans and African Americans, while 
the Grady cohort was entirely African American. As 
such, the allele frequencies of the significant SNPs 
differed between the two cohorts, and in one case 
(rs2553974), the minor allele was reversed entirely. 
Other reasons for lack of replication could be cohort 
differences in trauma type and male/female ratio. The 
MIRECC cohort was comprised of military veterans 
while the Grady cohort was entirely civilian, which 
could impact the ability to detect PTSD interactions. 
In addition, the MIRECC sample employed three SNP 
chip platforms, and the Grady sample employed two 
SNP chip platforms for genotyping, each with varying 
SNP coverage and tag SNPs that were likely to intro-
duce noise. Nonetheless, imputed data derived from 
tag SNPs were used for the analysis of all samples. We 
are encouraged that one association replicated despite 
differences between cohorts, which indicates this asso-
ciation is worthwhile examining in other trauma- 
exposed cohorts. Future neuroimaging genetic studies 
should include larger sample sizes of individuals with 
PTSD and other neuropsychiatric conditions, as well 
as evaluate the effect of childhood trauma exposure 
and population substructure in modulating genetic 
associations with neuroimaging phenotypes.

4.2. Conclusion

Variation in the volume of fimbria, CA1, hippocampal 
amygdala transition area, and subiculum subfields is at 
least partially controlled by genetic factors as well as by 
the interaction of genetics and environmental exposure 
to trauma. These findings provide new avenues for 
understanding neural circuits that are implicated in 

contextual fear conditioning and other established 
behavioural models of PTSD. Larger samples that 
include under-represented populations will be neces-
sary to understand the role of genetic variation with 
respect to brain structures, in the general population, as 
well as in disease-enriched subpopulations. Ultimately, 
the promise of finding genetic determinants of PTSD is 
that they signal the presence of etiologic pathways for 
targeted therapeutic intervention. Attempts to find the 
disease-associated genetic variation that points to mole-
cular mechanisms of pathogenesis has proven challen-
ging due to the relatively distant connection between 
the action of SNPs and highly polygenic diagnostic 
phenotypes as compared to relative proximal connec-
tion with neuroimaging phenotypes, which are also 
polygenic (Geschwind & Flint, 2015b; McCarroll, 
Feng, & Hyman, 2014b). Leveraging neuroimaging phe-
notypes may offer a shortcut over clinical phenotypes in 
identifying these elusive genetic markers and relevant 
neurobiological pathways (Logue et al., 2015b; 
Nievergelt et al., 2018).
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