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A B S T R A C T   

Studies evaluating neuroimaging, genetically predicted gene expression, and pre-clinical genetic models of PTSD, 
have identified PTSD-related abnormalities in the prefrontal cortex (PFC) of the brain, particularly in dorsolateral 
and ventromedial PFC (dlPFC and vmPFC). In this study, RNA sequencing was used to examine gene expression in the 
dlPFC and vmPFC using tissue from the VA National PTSD Brain Bank in donors with histories of PTSD with or 
without depression (dlPFC n = 38, vmPFC n = 35), depression cases without PTSD (n = 32), and psychopathology- 
free controls (dlPFC n = 24, vmPFC n = 20). Analyses compared PTSD cases to controls. Follow-up analyses con
trasted depression cases to controls. Twenty-one genes were differentially expressed in PTSD after strict multiple 
testing correction. PTSD-associated genes with roles in learning and memory (FOS, NR4A1), immune regulation 
(CFH, KPNA1) and myelination (MBP, MOBP, ERMN) were identified. PTSD-associated genes partially overlapped 
depression-associated genes. Co-expression network analyses identified PTSD-associated networks enriched for 
immune-related genes across the two brain regions. However, the immune-related genes and association patterns 
were distinct. The immune gene IL1B was significantly associated with PTSD in candidate-gene analysis and was an 
upstream regulator of PTSD-associated genes in both regions. There was evidence of replication of dlPFC associa
tions in an independent cohort from a recent study, and a strong correlation between the dlPFC PTSD effect sizes for 
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significant genes in the two studies (r = 0.66, p < 2.2 × 10− 16). In conclusion, this study identified several novel 
PTSD-associated genes and brain region specific PTSD-associated immune-related networks.   

1. Introduction 

Genetic studies of posttraumatic stress disorder (PTSD) and related 
conditions have historically focused primarily on DNA variation, DNA 
methylation, and gene expression in peripheral cells. While these have 
yielded important insights into biological correlates of PTSD, most 
notably implicating alterations in inflammatory (Michopoulos et al., 
2017; Miller et al., 2018), immunological (Bhatt et al., 2020; Micho
poulos et al., 2020), and glucocorticoid-related processes (Dunlop and 
Wong, 2019), it remains unclear to what extent peripheral samples can 
inform understanding of mechanisms of PTSD in the brain. Recently, the 
first large-scale transcriptome-wide study of PTSD in human 
post-mortem brain tissue was published (Girgenti et al., 2021) using 
samples from the VA National PTSD Brain Bank (Friedman et al., 2017). 
Girgenti et al. measured gene expression through RNA sequencing of 
tissue from patients with histories of PTSD (n = 52) and depression (n =
45) versus controls (n = 46) in four regions of interest from the pre
frontal cortex (PFC): dorsolateral PFC (dlPFC; Brodmann area 9/46), 
medial orbitofrontal cortex (Brodmann area 11), dorsal anterior cingu
late (Brodmann area 24), and subgenual PFC (Brodmann area 25). An
alyses revealed significant alterations in gene networks related to GABA 
interneurons and inflammatory processes that distinguished PTSD cases 
from depressed cases and controls, particularly in the dlPFC. Sex-specific 
analyses also showed marked sexual dimorphism in several of the 
PTSD-associated networks, and region-based analyses showed distinct 
patterns of association across several regions of the frontal cortex. 

At the same time, we undertook an independent RNA sequencing 
study of cortical tissue from a group of donors that partially overlapped 
with those of Girgenti et al. (approximately 50%, details below). We 

examined a portion of vmPFC (BA 12/32) that was not examined by 
Girgenti et al., and a distinct but adjacent section of dlPFC (BA 9/46). 
We focused on dlPFC and vmPFC for several reasons (Selemon et al., 
2019). The prefrontal cortex has well-established roles in emotion 
regulation and executive-functioning. Functional magnetic resonance 
imaging (fMRI) studies have found reduced connectivity in dlPFC and 
medial PFC of PTSD cases (Reuveni et al., 2016; Holmes et al., 2018). 
Structural neuroimaging studies of patients with PTSD have found 
reduced cortical thickness in these areas (Sadeh et al., 2016; Miller et al., 
2015). Pre-clinical and clinical studies of various types have shown the 
vmPFC to be involved in fear extinction (Milad et al., 2007), and there 
are reciprocal connections between dlPFC and subcortical regions 
implicated in fear and PTSD such as the hippocampus and amygdala 
(Hartley and Phelps, 2010). Importantly, functional analyses of PTSD 
genome wide association studies using partitioning heritability and 
transcriptomic imputation revealed that PFC gene expression is involved 
in genetic risk of PTSD (Gelernter et al., 2019; Huckins et al., 2020; Stein 
et al., 2021). Together with the transcriptomic differences noted in 
Girgenti et al. (2021), these findings point towards the PFC as an 
important locus of PTSD pathogenesis and/or disease maintenance. 

2. Materials and methods 

RNA sequencing was used to measure gene expression in dlPFC and 
vmPFC using tissue from donors assessed for PTSD, depression, and 
other conditions. This included PTSD cases with and without depression 
(dlPFC n = 38, vmPFC n = 35), PTSD-free depressed cases (n = 32 for 
both regions), and controls without PTSD or depression (dlPFC n = 24, 
vmPFC n = 20). The sex-stratified totals and demographic information 
for the cohort are presented in Tables 1 and 2, and sex-stratified de
mographic tables are presented in Supplementary Table 1. The tissue 
quality scores are summarized in Supplementary Table 2, and the 
number of mapped reads is summarized in Supplementary Table 3. 

We performed transcriptome-wide association analyses comparing 
PTSD cases to the controls both overall and in men and women sepa
rately. Analyses included covariates for age, sex, post-mortem interval 
(PMI), estimates of cell proportion (Hagenauer et al., 2018), indicators 
of tissue quality (Jaffe et al., 2017), and sequencing-run ID (see 

Table 1 
Sample size for PTSD, depression, and control comparison groups.  

Region Sample Size 

PTSD (M/F) Depression (M/F) Control (M/F) Total (M/F) 

dlPFC 38 (18/20) 32 (21/11) 24 (16/8) 94 (55/39) 
vmPFC 35 (16/19) 32 (21/11) 20 (13/7) 87 (50/37)  

Table 2 
Descriptive Statistics for the analyzed PTSD cases, depression cases, and controls.  

Region  Control PTSD p (PTSD vs Control) MDD p (MDD vs Control) 

dlPFC 

N 24 38  32  
Sex = M (%) 16 (66.67) 18 (47.37) 0.22 21 (65.63) 1.00 

AgeDeath mean (SD) 46.53 (9.97) 40.98 (11.64) 0.059 41.24 (10.90) 0.068 
PMI mean (SD) 29.56 (7.02) 28.37 (8.24) 0.56 27.31 (7.50) 0.26 

White non-Hispanic ancestrya n, (%) 15 (62.50) 31 (81.60) 0.17 27 (84.40) 0.12 
Smoking (%) 7 (29.17) 28 (73.68) 0.0015 22 (68.75) 0.0077 

Military Service (%) 1 (4.17) 15 (39.47) 0.0052 4 (12.50) 0.54 
Suicide Death (%) 0 (0.00) 8 (21.05) 0.043 5 (15.63) 0.12 

Alcohol or drug death (%) 0 (0.00) 25 (65.79) 1.072 × 10− 6 19 (59.36) 1.31 × 10− 5 

vmPFC 

N 20 35  32  
Sex = M (%) 13 (65.00) 16 (45.70) 0.27 21 (65.60) >0.99 

AgeDeath mean (SD) 47.25 (10.38) 41.11 (11.88) 0.059 41.24 (10.90) 0.054 
PMI mean (SD) 30.10 (7.22) 28.10 (8.50) 0.38 27.31 (7.50) 0.19 

White non-Hispanic ancestrya n (%) 14 (70.00) 28 (80.00) 0.61 27 (84.40) 0.38 
Smoking (%) 5 (25.00) 26 (74.30) 0.0011 22 (68.80) 0.0053 

Military service (%) 1 (5.00) 13 (37.10) 0.021 4 (12.50) 0.68 
Suicide death (%) 0 (0.00) 7 (20.00) 0.085 5 (15.60) 0.17 

Alcohol or drug death (%) 0 (0.00) 24 (68.60) 3.32E-06 19 (59.40) 0.000056  

a This cohort subjects had primarily white non-Hispanic or African American ancestry. The exception was one control with mixed ancestry. P value for the proportion 
of ancestry tests the proportion of WNH vs non-WNH ancestry per group. 
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Supplementary Methods for details). A false discovery rate (FDR) cor
rected p-value is reported (pcor), correcting over the analyses of the two 
different regions and analyses of the full cohort and stratified analyses (6 
transcriptome-wide analyses). Follow-up analysis in PTSD-associated 
genes compared the depressed cases to controls, and overlap was 
examined between depression-associated and PTSD-associated genes. 
We performed cell-type enrichment analyses, gene-network analyses, 
confirmatory analyses of previously-implicated candidate genes, and 
upstream-regulator analysis. Finally, we compared our dlPFC results to 
those presented in Girgenti et al. Of the donors included in our dlPFC 
and vmPFC analyses, 50/94 (53.19%) and 46/87 (52.87%) respectively, 
were also included in the Girgenti cohort. We additionally compared 
results to the University of Pittsburgh Medical Center (UPMC) cohort, a 
subset of the Girgenti cohort which is independent of the cohort 
examined here. See the Supplementary Materials for a detailed 
description of the methods. 

3. Results 

3.1. Cell type proportions 

We obtained cell type proportion estimates obtained using two 
different methods: BrainInABlender and CIBERSORTx. For cell types 
estimated using both methods, the correlation varied (Supplementary 
Table 4) and was very high for oligodendrocytes (r = 0.95) and astro
cytes (r = 0.93), but lower for microglia (r = 0.45) where CIBERSORTx 
estimated the cell proportion for almost all samples to be 0. We observed 
two significant associations between cell-type proportion scores and 
PTSD using BrainInABlender (Supplementary Table 5): (a) lower 
microglia scores in the dlPFC of female PTSD cases (p = 0.0014), with a 
trend decrease for males (p = 0.052), and (b) lower endothelial cell 
scores in the vmPFC (p = 0.039), although we note that these associa
tions would not survive a correction for multiple testing. A similar ex
amination of cell type proportions estimated using CIBERSORTx did not 
reveal any PTSD-associated cell types (Supplementary Table 6). We used 
the cell type scores from BrainInABlender as covariates in subsequent 
analyses to control for cell population differences. 

3.2. Transcriptome-wide differential expression 

A total of 190,346 single-gene analyses were performed, including 

PTSD analyses in the dlPFC, vmPFC, and sex-stratified analyses within 
both regions. QQ-plots did not show evidence of inflation (Supplemen
tary Fig. 1). We identified 21 genes associated with PTSD at the multiple- 
testing corrected significance level (FDR correction across all 190,346 
analyses). The most significant associations were observed in female 
vmPFC (Table 3, Fig. 1, Supplementary Fig. 2). Boxplots for the top 
associated genes are presented in Fig. 2. The top result was an upregu
lation of glucose-related gene GLP2R in the vmPFC of female PTSD cases 
(logfc = 3.90, p = 5.10 × 10− 10, pcor = 9.80 × 10− 5). This association 
was nominally-significant in the full cohort, both in the dlPFC (logfc =
0.50, p = 0.042) and vmPFC (logfc = 0.67, p = 0.033), but not in the 
dlPFC in the women (p = 0.65; Fig. 3A; see Supplementary Tables 7 and 
8 for subgroup analyses). We observed downregulation of several genes 
specifically in the vmPFC in female PTSD cases, for example (MBP, p =
1.7 × 10− 9; MOBP, 4.80 × 10− 8). There were several experiment-wide 
significant PTSD associations in men, including downregulation of 
OTOGL in the dlPFC (logfc = − 0.55, p = 6.70 × 10− 9, pcor = 0.00043) 
and downregulation of the immune gene CFH in the vmPFC (logfc =
− 1.1, p = 8.90 × 10− 7, pcor = 0.017). The gene EDN1 was significantly 
upregulated in the dlPFC of PTSD cases (logfc = 1.3, p = 4.40 × 10− 6, 
pcor = 0.046). Nominally significant upregulation of EDN1 was observed 
in both sexes, and in both the dlPFC and vmPFC. Follow-up analyses 
examined the effects of PTSD after controlling for potential confounders: 
suicide, opiates, SRI use, probable concussion/TBI, and smoking. These 
are summarized in Supplementary Table 9. All Table 3 associations 
remained significant (p < 0.05) after the inclusion of the potential 
confounder as a covariate, with one exception. The association between 
NR4A1 in the vmPFC of women PTSD cases was not significant in a 
model which included the effect of smoking (p = 0.077). In addition, we 
examined the potential confounding effect of ancestry. As PTSD status is 
confounded with ancestry in the female PTSD cases (see Supplementary 
Table 2), we could not include it as a covariate in the analyses. However, 
we examined the role of non-European ancestry in the Top genes 
(Table 3) for both the dlPFC and vmPFC by analyzing ancestry within 
each of the case groups (PTSD, depression, and controls) and then meta- 
analyzing the estimates across the three groups (see Supplementary 
Methods for details and Supplementary Table 10 for results). We found 
that two of the genes had corrected-significant associations with 
ancestry in the dlPFC (LPAR1 and BCAS1), and two had nominally sig
nificant associations with ancestry in the dlPFC (PAIP2B and ERMN). 
However, these four genes were associated with PTSD in the vmPFC, and 
these genes were not significantly associated with ancestry in the 
vmPFC, so it is unlikely the PTSD associations for these four genes could 
be ascribed to confounding by ancestry. 

Fig. 4A depicts the overlap in PTSD-associated genes for the PFC 
regions and for men versus women. Of the genes that were nominally 
significant in the dlPFC, 10.45% were significant in the vmPFC. While 
this indicates that many associations are regionally distinct, simulations 
indicated that there was a greater overlap than would be expected by 
chance (p < 0.001). 

Next, we examined specificity of the PTSD-associated genes through 
a case-control analysis of depressed cases (n = 32 in both regions) vs 
controls (in dlPFC n = 24, in vmPFC n = 20). Several of the top PTSD- 
associated genes were nominally associated with depression (see Sup
plementary Tables 10 and 11 for dlPFC and vmPFC results, Fig. 3A, and 
Supplementary Fig. 2). For example, the upregulation of GLP2R in the 
vmPFC of women with PTSD was mirrored in the vmPFC of women with 
depression (logfc = 1.90, p = 0.0022). Upregulation of EDN1 observed 
in the dlPFC and vmPFC of PTSD cases was evident in the dlPFC of 
depression cases (logfc = 0.98, p = 0.0024), in both men and women (p 
= 0.03 and p = 0.01 respectively), and in the vmPFC of women with 
depression (logfc = 2.1, p = 0.01). Overlap between PTSD- and 
depression-associated genes is shown in Fig. 4B. In the dlPFC, 25.56% of 
the nominally significant PTSD associated genes were also associated 
with depression (p < 0.01). In the vmPFC, 31.78% of the nominally 
significant PTSD associated genes were also associated with depression 

Table 3 
Significant gene expression difference in the analysis of PTSD cases and controls.  

Gene Region Sample logfc pvalue pcor 

GLP2R vmPFC Female 3.92 5.12E-10 9.80E-05 
MBP vmPFC Female − 1.46 1.72E-09 0.00016 
OTOGLa dlPFC Male − 0.55 6.72E-09 0.00043 
MOBPa vmPFC Female − 1.49 4.80E-08 0.0021 
MAFF vmPFC Male 1.89 5.58E-08 0.0021 
PAIP2B vmPFC Female − 1.55 1.56E-07 0.005 
PIRT vmPFC Complete 2.11 4.87E-07 0.013 
LPAR1 vmPFC Female − 1.48 5.75E-07 0.013 
KPNA1 dlPFC Complete 0.17 5.95E-07 0.013 
CFHa vmPFC Male − 1.11 8.93E-07 0.017 
SLC2A14 dlPFC Male − 2.88 9.71E-07 0.017 
PCDH8 vmPFC Female 2.08 1.07E-06 0.017 
FOSa vmPFC Female 2.14 1.76E-06 0.026 
BCAS1 vmPFC Female − 1.42 2.11E-06 0.028 
ZDHHC11B vmPFC Female − 1.81 2.20E-06 0.028 
ERMN vmPFC Female − 1.21 2.75E-06 0.033 
NR4A1 vmPFC Female 2.64 4.31E-06 0.046 
EDN1a dlPFC Complete 1.3 4.40E-06 0.046 
KIF5A vmPFC Female − 1.13 4.58E-06 0.046 
RBM3 dlPFC Female 1.88 4.98E-06 0.046 
EMP1 vmPFC Male 1.56 5.03E-06 0.046  

a Indicates that the association was supported in the data from the dlPFC in 
Girgenti et al. See Results: Comparison to Prior Results section for details. 
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(p < 0.001). 

3.3. Overrepresentation analysis 

Overrepresentation analysis of top PTSD-associated genes yielded 
enriched GO terms in the vmPFC in the overall and sex-stratified ana
lyses and in the dlPFC of women (Supplementary Table 15). Several 
pathways were noteworthy, including GO:0006950 response to stress 
(pcor = 0.0043) and GO:0080,134 regulation of response to stress (pcor =

0.0026), which were significantly overrepresented in the vmPFC PTSD- 
associated genes. The most significantly enriched pathway in the female 
vmPFC results was the immune-related GO:0042,611 MHC protein 
complex (pcor = 4.90 × 10− 8). 

We next performed overrepresentation analysis of PTSD associated 
genes in cell type markers. A GSEA-based analysis yielded multiple en
richments (pcor<0.05) including enrichment for excitatory neuron, 
endothelial cell, oligodendrocyte, oligodendrocyte precursor cell, and 
pericyte markers (Supplementary Table 16). A GOseq-based analysis 
(Supplementary Table 17) identified nominally significant enrichment 
of endothelial cell markers and oligodendrocyte markers and corrected- 
significant associations for excitatory neuron and pericyte markers. 

3.4. PTSD candidate genes 

Candidate-gene analysis of previously implicated genes (a literature- 
review based list of 143 PTSD genes presented in the Supplement of 

Fig. 1. Volcano plot of PTSD-associated gene expression. Nominally significant (p < 0.05) genes are in green, and corrected significant genes are in red. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 2. Boxplots of the rlog normalized expression for PTSD cases and controls for the five most significant PTSD-associated genes.  
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(Huckins et al., 2020)) yielded four associations that exceeded a 
candidate gene significance threshold (pcor-candidate, corrected for 143 
genes; see Fig. 3B, Supplementary Tables 13 and 14): FOS (also a top 
gene) was upregulated in the vmPFC of women with PTSD (logfc = 2.14, 
p = 1.76 × 10− 6, pcor-candidate = 0.0011), GJA1 which was down
regulated in the vmPFC (logfc = − 0.31, p = 1.66 × 10− 5, pcor-candidate =

0.0053), IL1B was upregulated in the dlPFC (logfc = 1.40, p = 0.00028, 
pcor-candidate = 0.031), and NPY1R was downregulated in the vmPFC of 
women with PTSD (logfc = − 1.20, p = 0.00032, pcor-candidate = 0.017). 

3.5. Gene networks 

Weighted gene co-expression network analysis (WGCNA) was per
formed in the full cohort to generate dlPFC and vmPFC co-expression 
networks. In the sex-stratified cohorts, WGCNA generated dlPFC-Male, 
dlPFC-Female, vmPFC-Male, and vmPFC-Female networks. Identified 
networks are labeled with an arbitrary color name. No networks were 

associated with PTSD at a multiple testing-corrected significance level. 
Two dlPFC and two vmPFC networks were nominally significantly 
associated with PTSD (Supplementary Table 18). Analysis of the sex- 
stratified networks yielded one dlPFC-Female and one vmPFC-Male 
PTSD-associated network. Fig. 3C summarizes the associations of these 
networks with PTSD and depression. The GO terms and cell-type 
markers associated with each network are presented in Supplementary 
Tables 19 and 20 respectively. The dlPFC-orange network and vmPFC- 
sienna3 networks are discussed below, as they were the dlPFC and 
vmPFC networks which displayed overlapping GO terms, indicating an 
overlap in function. The remainder of the PTSD-associated networks are 
described in the Supplementary Results. 

The dlPFC-orange network contains 122 genes associated (p < 0.05) 
with PTSD in the dlPFC—the most in any of the PTSD associated net
works. Of these, 120 were upregulated in PTSD cases, including the 
experiment-wide significant gene EDN1. This network contains 8 genes 
from our PTSD candidate gene list including FKBP5, FOS, IL1B, OXTR, 

Fig. 3. Effect sizes for PTSD and Depression for A) the five most significant PTSD-associated genes; B) candidate genes significant at the candidate-gene adjusted level 
(pcor-candidate<0.05); and C). Gene networks significantly associated with PTSD. 
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EPHB4, S100A10, SERPINA1, and VCL. Among these, two were associ
ated with PTSD in the dlPFC: 1L1B (logfc = 1.41, p = 2.80 × 10− 4) and 
VCL (logfc = 0.20, p = 0.0017). The dlPFC-orange network is enriched 
for several immune related GO terms (Supplementary Table 18), 
including GO:0006954 inflammatory response (pcor = 6.38 × 10− 18), 
GO:0006955 immune response (pcor = 6.39 × 10− 10), and GO:0045087 
innate immune response (pcor = 5.86 × 10− 07). Enrichment analysis 
(Supplementary Table 17) indicated that dlPFC-orange is enriched for 
endothelial (pcor = 1.60 × 10− 12) and pericyte markers (pcor = 0.023). 
Follow-up analyses indicated that the dlPFC-orange network is also 
upregulated in depression cases (Fig. 3C). 

The vmPFC-sienna3 network contains 6 genes that were nominally 
significant in the vmPFC analysis, all but one of which were down
regulated in the PTSD cases. The most significant was the HLA-DOA gene 
(logfc = − 0.61, p = 0.0094). In follow-up analyses, the vmPFC-sienna3 
network was not significant in either of the sex-stratified analyses nor 
was it significantly associated with depression (Fig. 3C). Cell-marker 
enrichment analysis (Supplementary Table 20) indicated that vmPFC- 
sienna3 is strongly enriched for microglial markers (pcor = 7.13 ×
10− 29). Although they only have 5 genes in common, vmPFC-sienna3 is 
enriched for the same immune-related GO terms as dlPFC-orange: in
flammatory response (pcor = 1.64 × 10− 12), immune response (pcor =

9.89 × 10− 10), and innate immune response (pcor = 2.74 × 10− 13). 
Comparing the immune related genes in both networks (Supplementary 
Table 19), there are proportionally more interleukin and tumor necrosis 
factor genes in dlPFC-orange, and there are more compliment factor and 
human leukocyte antigen genes in vmPFC-sienna3. Hence the dlPFC- 

orange and vmPFC-sienna3 networks appear to characterize different 
aspects of the immune response. 

3.6. Upstream regulator analysis 

Upstream regulator analyses were performed on the set of dlPFC and 
vmPFC results to identify genes potentially underlying the observed 
associations (Supplementary Table 21). See Supplementary Methods for 
analysis details. In the dlPFC, 18 upstream regulators were identified. 
Interestingly, the immune-related PTSD candidate gene IL1B is pre
dicted to be an upstream regulator in the dlPFC, where it is predicted to 
regulate the top gene EDN1. An examination of the targets of the 
remaining predicted upstream regulators indicates that IL1B may be 
central to the regulatory network, as it is a target of 11 of the remaining 
17 upstream regulators. In the vmPFC, 35 upstream regulators were 
identified. The top upstream regulators are TNF, IL1B, and NR3C1. The 
majority of the upstream regulators in the vmPFC (25 of the 35 regu
lators) target FOS. EDN1 is also well represented in the target lists of the 
dlPFC and vmPFC upstream regulators, being the target of 7 dlPFC 
regulators and vmPFC 11 regulators. There was a greater overlap in the 
upstream regulators in the two regions than the individual gene 
expression results. Of the 18 dlPFC regulators, half are vmPFC regula
tors, compared to only 10% of nominally significant genes in the dlPFC 
being observed in the vmPFC. Finally, we also examined upstream 
regulators of the significant PTSD-associated networks in the dlPFC and 
vmPFC. There were four predicted upstream regulators of dlPFC-orange, 
including IL1B (Supplementary Table 21), which was embedded in a 

Fig. 4. Venn diagrams of the overlap of nominally significant (p < 0.05) PTSD-associated genes A) across brain regions and sex and B) Across PTSD and depression. 
Note: p-values are based on permutation test with 1000 replicates. 

M.W. Logue et al.                                                                                                                                                                                                                               



Neurobiology of Stress 15 (2021) 100398

7

master of a regulatory network (Supplementary Fig. 3) including other 
immune (e.g., TNF and NFKB) and stress (e.g., NR3C1) regulators. 

3.7. Comparison to Prior Results 

We compared our dlPFC findings to (a) results from the whole Gir
genti et al. cohort, which partially overlaps the cohort studied here, and 
(b) the UPMC cohort, a subset of the Girgenti cohort which is entirely 
independent of the cohort examined here. We note that many of the 
dlPFC PTSD associations highlighted in Girgenti et al. were also 
observed in our dlPFC results including GADD45b (logfc = 0.36, p =
0.017), UBA7 (logfc = 0.15,p = 0.0076), and ELFN1 in women (logfc =
− 0.91, p = 0.030). Of genes that were nominally significant in our dlPFC 
analyses, 17% were nominally significant in the Girgenti et al. cohort 
and 17% were significant in the UPMC cohort—significantly greater 
than would be expected by chance (p < 0.001). However, this may 
underestimate the degree of correspondence between the cohorts. When 
we examined the logfc values in our analysis and the Girgenti cohort 
(Fig. 5), there was significant overall correlation (r = 0.40, p < 2.2 ×
10− 16) which was higher in the genes which were nominally signifi
cantly associated in both groups (r = 0.75, p < 2.2 × 10− 16). When we 
compared our dlPFC logfc values to the UPMC cohort there was a sig
nificant correlation overall (r = 0.39, p < 2.2 × 10− 16), and higher 
correlation in the genes that were significant in both cohorts (r = 0.66, p 
< 2.2 × 10− 16). When we compared the direction of effects in our results 
with the UPMC cohort, we found that for the 272 genes that were 
nominally significant in both analyses, the direction of effect was the 
same in 257 of them (94.5%), much more than expected by chance (p <
2.2 × 10− 16). We also examined our top associations (Table 3) in the 
Girgenti and UPMC cohort. The most significant dlPFC association that 
we found, with the gene OTOGL, was similarly downregulated in the 
dlPFC in the Girgenti (logfc = − 0.20, p = 0.0059) and UPMC cohorts 
(logfc = − 0.32, p = 0.00036). The observed female-specific increase in 
GLP2R in dlPFC was similarly up-regulated only in females in Girgenti 
et al. (logfc = 0.46, p = 0.036). The observed association with EDN1 was 
also significant in the Girgenti (logfc = 0.90, p = 8.79 × 10− 7) and 
UPMC cohort (logfc = 0.83, p = 0.0037) with a consistent direction of 
effect. Similarly, IL1B was corrected significant in Girgenti et al. with the 
same direction of effect (logfc = 1.23, p = 0.0037), but was not reported 
in the UPMC cohort. While Girgenti et al. did not have data on gene 
expression in the vmPFC, several of the genes that were associated with 
PTSD in the our vmPFC analyses were nominally significant in the UPMC 

dlPFC analysis including FOS (p = 0.0036), MAFF (p = 0.0046), and CFH 
(p = 0.018). Finally, we examined the data from a qPCR candidate-gene 
study of immune genes performed in a subset (n = 50) of the dlPFC tissue 
examined in this study. These analyses indicate a consistent estimate of 
the effect of IL1B effect size and a correlation between IL1B expression 
measured by RNAseq and qPCR (see Supplementary Materials for 
details). 

4. Discussion 

In this study, we performed a transcriptome-wide and candidate- 
gene RNA seq analysis in PTSD versus control cases in the dlPFC and 
vmPFC. We also examined gene co-expression networks and neural cell 
types proportions for association with PTSD. Glucagon Like Peptide 2 
Receptor (GLP2R) was the most robustly affected gene transcript in 
PTSD, selectively up-regulated in the vmPFC of women. GLP2R is highly 
expressed in the cerebral cortex where it is involved in the regulation of 
appetite and glucose homeostasis (https://www.proteinatlas.org/ 
ENSG00000065325-GLP2R/tissue). (Guan, 2014). Recently, GLP2R 
expression was observed to be higher in the dlPFC and directly associ
ated with body mass index in mood disorder and psychiatric cases 
(Mansur et al., 2019). 

Several differentially expressed genes are activated in cortical re
gions in fear conditioning paradigms. FOS (also known as c-Fos), which 
was selectively elevated in the vmPFC of female PTSD cases vs controls, 
is often used as an indirect measure of neuronal activity (Bullitt, 1990). 
Zhang et al. (2002) showed that c-Fos regulates BDNF (Zhang et al., 
2002). It is upregulated in regions of the hippocampus, amygdala, and 
cortex of mice exposed to a fear conditioning paradigm (Milanovic et al., 
1998). We also observed upregulation of the gene NR4A1 (which en
codes Nerve growth factor IB) in the vmPFC of female PTSD cases. 
NR4A1 is elevated in the hippocampus (von Hertzen and Giese, 2005), 
cortex and amygdala (Malkani and Rosen, 2000) during shock memory 
consolidation. Although it should be noted that the NR4A1 association 
was not significant after controlling for smoking status. Considering the 
suspected connections between failed fear extinction and the mainte
nance of PTSD symptoms, additional study of these genes is warranted. 

Several oligodendrocyte-related genes were downregulated in the 
vmPFC of women with PTSD, including myelin basic protein (MBP), 
myelin associated oligodendrocyte basic protein (MOBP), and ermin 
(ERMN). Deficits in myelin structure and function have been previously 
implicated in PTSD (Chao et al., 2015). Restraint stress in mice has been 

Fig. 5. Comparing logfc from our dlPFC analyses to A) those presented in Girgenti et al. (2021). and B) the UPMC subset of that study which is independent of our 
cohort. Genes that are nominally significant (p < 0.05) in both studies are in red. (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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associated with downregulation of oligodendrocyte genes, including 
MBP and ERMN (Chu et al., 2016). The downregulation of these genes is 
consistent with alterations in myelination and oligodendrocyte function 
in the mPFC observed in social-defeat stress models in mice (Bonnefil 
et al., 2019). However, our analyses did not indicate reduced ratios of 
oligodendrocyte cells in female vmPFC cases (p = 0.55), and the PTSD 
association is observed in models controlling for the estimated oligo
dendrocyte proportions, which suggests that oligodendrocytes are pro
ducing lower amounts of these proteins in PTSD cases. We also found 
evidence of downregulation of endothelial cells in the vmPFC and 
microglia in the dlPFC, which indicates that these cell types may be 
disrupted in PTSD cases, although it should be noted that these associ
ations would not survive a multiple testing correction and further 
corroboration is necessary. Enrichment analysis of cell markers impli
cated excitatory neurons, pericytes, and endothelial cells. We note that 
our justifications for selecting these areas for study were prior associa
tions between PTSD, cortical thickness, and connectivity in these 
cortical areas (Reuveni et al., 2016; Sadeh et al., 2016; Miller et al., 
2015; Holmes et al., 2018). It is possible that these gene expression 
differences are related to or contribute to these structural associations, 
as myelination has been linked to connectivity (Hunt et al., 2016), and 
cortical thinning has been linked to reduced proportions of several cell 
types including microglial cells (Vidal-Pineiro et al., 2020). However, 
more work is needed to directly link the observed associations to specific 
neuropathological and imaging findings. Nevertheless, these findings 
provide strong evidence of oligodendrocyte and myelination gene 
involvement in PTSD, especially in the female vmPFC. They also provide 
evidence for the involvement of excitatory neurons and cell types 
involved in regulation of the blood-brain barrier and neuroprotection in 
PTSD. 

Our study indicates a role for the immune system and cytokines 
based on RNA measured in brain tissue, produced by brain cells. Indeed, 
microglia, neurons, and astrocytes can express cytokine genes and pro
duce cytokines proteins which can impact neurotransmitter expression 
and functioning (Miller et al., 2013). Neuroinflammation is a process 
that can be either adaptive, as when responding to injury and promoting 
recovery, or maladaptive, e.g. as neuroinflammation is also associated 
with processes such as Alzheimer’s disease (DiSabato et al., 2016). It has 
been known that psychological stress can activate the immune system, 
and numerous studies have found evidence of peripheral inflammation 
in subjects with PTSD and anxiety (Michopoulos et al., 2017; Tursich 
et al., 2014). Peripheral immune system activation can cause a corre
sponding inflammatory response in microglia (the primary immune cell 
in the brain) which can have behavioral effects and impact neuronal 
function (Marin and Kipnis, 2017). Cytokine signaling in the brain and 
microglia also play a role in absence of a pathogen, and impact tissue 
health and maintenance (Marin and Kipnis, 2017) Microglia have also 
been implicated in brain development and learning, for example 
through synaptic pruning, which continues into adulthood (Marin and 
Kipnis, 2017). The relationship between PTSD and inflammation may be 
complex, and multiple lines of inquiry have pointed to ways that anxiety 
and stress may influence inflammation, both in the periphery and the 
brain (e.g through the NFKB pathway (Koo et al., 2010)), and also ways 
in which the immune system could itself play a role in behavior and 
mood leading to psychiatric disorder susceptibility (e.g. through 
IL6-mediated susceptibility to stress-induced depression (Hodes et al., 
2014) or inherited major histocompatibility complex variation and its 
role in susceptibility to schizophrenia (Ripke et al., 2013)). 

The present study also yielded important new information about the 
relationship between PTSD and immune system genes. While a vmPFC 
immune-related network enriched for microglia markers was down
regulated in PTSD cases, we additionally identified a dlPFC immune- 
related WGCNA network that was largely up-regulated in PTSD cases. 
Other immune-related transcripts from the top 20 PTSD-associated 
genes included KPNA1 (upregulated in the dlPFC) and Complement 
Factor H (CFH; downregulated in the vmPFC). CFH is particularly 

intriguing in light of the recent awareness of roles for complement 
pathways and microglia in synaptic remodeling (Stephan et al., 2012). 
Altered complement expression and cortical dendritic retraction is 
observed in preclinical models of trauma-associated (shock) exposure 
with lasting contextual fear and exaggerated acoustic startle responses 
(Smith et al., 2019). CFH is selectively expressed in human endothelial 
cells, which further evidence of endothelial cell involvement in PTSD 
(Zhang et al., 2014). The NR4A1 gene, involved in memory formation 
and a top 20 up-regulated gene, is also induced during immune re
sponses to lipopolysaccharide (Pei et al., 2005). The immune response to 
lipopolysaccharide pathway has recently been implicated in an 
epigenome-wide association study of PTSD (Logue et al., 2020) and is a 
popular animal model for stress. Overrepresentation analysis of PTSD 
associated genes in the female vmPFC implicated the MHC protein 
complex. We observed nominally significant evidence for reductions in 
microglial-specific transcripts in both male and female PTSD cases, with 
females being more robustly affected. Additionally, two of the 
PTSD-associated gene networks generated by WGCNA were enriched for 
several immune-related GO terms. Interestingly, although the same GO 
terms were implicated by these two networks, different genes were 
associated with PTSD in each of these networks. Moreover, the associ
ation went in opposite directions, with PTSD-associated genes in the 
dlPFC-orange network upregulated in the dlPFC of PTSD cases, while 
PTSD-associated genes in the vmPFC-sienna3 network were down
regulated in the vmPFC of PTSD cases. The immune related genes in 
each network were distinct, with more TNF and IL genes in 
dlPFC-orange (including IL1B), and more complement factor and human 
leukocyte antigen genes in vmPFC-sienna3. This suggests important 
differences in immune system functioning in these regions and differ
ences in the role immune genes play in PTSD across different regions of 
the brain. The involvement of immune system genes in both regions is 
reinforced by the upstream regulator analysis. IL1B is noted as an up
stream regulator of PTSD-associated expression differences in the dlPFC, 
mirroring a prior finding of IL1B as an upstream regulator of PTSD in 
subjects with high BMI in the dlPFC (Stone et al., 2021). IL1B and TNF 
were the top upstream regulators of PTSD associated genes in the 
vmPFC. These data add to a robust line of evidence associating IL1B and 
TNF to PTSD in human patients and preclinical rodent studies of stress- 
and fear-related behaviors (Jones et al., 2015; Hovhannisyan et al., 
2017; Hussein et al., 2017; Bruenig et al., 2017). Hence, while the 
associated genes in the dlPFC and vmPFC are distinct, they are both 
regulated by and include immune-related genes. The bidirectionality 
(both up and down regulation) of these responses in different regions 
suggest a complex, rather than a simple dysregulation of immune 
pathways in PTSD. As our investigation is cross sectional, we cannot 
infer whether the inflammatory marker associations with PTSD are a 
risk factor for PTSD, a consequence of PTSD, or both. 

Finally, our results showed strong correspondence between the 
present dlPFC results and those of Girgenti et al. suggesting correspon
dence between the two studies, which used different labs, different 
sequencing depth, independent analysis pipelines, different covariates 
while using adjacent tissue sections from the same hemisphere. Results 
from the UPMC subset of the Girgenti et al. cohort provides independent 
replication for OTOGL and EDN1, two of the top associated dlPFC genes 
in our sample. Finally, the high correlation between effect size estimates 
(r = 0.66) and the same direction of effect observed in 95% of nominally 
significant genes across the two independent cohorts support the exis
tence of a consistent and replicable PTSD gene association signature in 
the dlPFC that extends beyond the genes exceeding the multiple testing 
correction thresholds for both studies. Additionally, our examination of 
overlap of PTSD associated genes mirror findings of Girgenti et al. 
(2021), which indicate heterogeneity of associations by sex and tissue, 
and indicates that some PTSD and depression associated genes are 
distinct. 
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4.1. Limitations 

Our study had several limitations. Several of the subjects that were 
sequenced had relatively lower RIN scores (as low as 3.3 for vmPFC). 
Although these numbers were less than ideal, these samples were only 
used when they passed the QC filtering procedure of the sequencing 
center. Additionally, all of our analysis models included quality SVAs as 
covariates to control for tissue degeneration. As is common in human 
postmortem studies, there was a high level of potentially significant 
comorbidity in the psychiatric groups. Common co-morbidity between 
PTSD and depression could account for overlapping findings. This study 
is cross sectional in nature, and therefore we cannot infer whether the 
observed associations are causes of PTSD, consequences of PTSD, or 
both. However, as we examined brain tissue, the associated genes may 
be more centrally linked to PTSD pathogenesis than those implicated in 
studies of peripheral tissue. It is likely that other regions such as the 
hippocampus and the amygdala also play critical roles in the develop
ment and maintenance of PTSD, and that different genes will be impli
cated in these regions. Additionally, we note that while the novelty of 
our results is enhanced by examining gene expression in the vmPFC, 
which wasn’t examined in the Girgenti et al. study, this novelty implies 
that we do not have replication data for that region. Therefore, our 
vmPFC results must be considered provisional until additional corrob
orating vmPFC data is obtained. This is especially true for subgroup 
analyses (e.g. men/women) due to the smaller sample sizes for those 
analyses. In addition, while our cohort is primarily white non-Hispanic, 
there is a large proportion of non-European ancestry within the female 
controls. This complicated our efforts to test whether associations in the 
stratified analyses were due to ancestry. However, follow-up analyses 
indicated that only four of our top (Table 3) genes had evidence that 
gene expression was associated with ancestry (PAIP2B, LPAR1, BCAS1, 
and ERMN; see Supplementary Table 10), and these ancestry associa
tions were observed in the dlPFC, whereas female-specific PTSD asso
ciations were observed primarily in the vmPFC (Table 3). Nevertheless, 
we think that this is another reason that female-specific results should 
currently be considered provisional. 

5. Conclusion 

The present data support association between immune system/ 
inflammation in PTSD repeatedly seen in peripheral tissues (Bellavance 
and Rivest, 2014), but with a complex pattern of association with evi
dence for regional and gender interactions indicating complex immu
ne/inflammatory dysregulation in PTSD, with IL1B emerging as a key 
modulator. The genes identified in this study have the potential to serve 
as biomarkers of PTSD, targets of treatment, and may be useful in 
guiding other gene expression and DNAm studies of PTSD. Additionally, 
they offer important new clues about immune system action in PTSD and 
heterogeneity of association across the different regions of the brain. 
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