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Abstract

Introduction
Cushing’s disease (CD) is a rare and severe endocrine disease characterized by 
hypercortisolemia. Previous studies have found structural brain alterations in 
remitted CD patients compared to healthy controls, specifically in the anterior 
cingulate cortex (ACC). However, potential mechanisms through which these 
persistent alterations may have occurred are currently unknown.

Methods
Structural 3T MRI’s from 25 remitted CD patients were linked with gene expression 
data from neurotypical donors, derived from the Allen Human Brain Atlas. 
Differences in gene expression between the ACC and an unaffected control cortical 
region were examined, followed by a Gene Ontology (GO) enrichment analysis. 
A cell type enrichment analysis was conducted on the differentially expressed 
genes, and a disease association enrichment analysis was conducted to determine 
possible associations between differentially expressed genes and specific diseases. 
Subsequently, cortisol sensitivity of these genes in existing datasets was examined.

Results
The gene expression analysis identified 300 differentially expressed genes in the 
ACC compared to the cortical control region. GO analyses found underexpressed 
genes to represent immune function. The cell type specificity analysis indicated 
that underexpressed genes were enriched for deactivated microglia and 
oligodendrocytes. Neither significant associations with diseases, nor evidence of 
cortisol sensitivity with the differentially expressed genes were found.

Discussion
Underexpressed genes in the ACC, the area vulnerable to permanent changes in 
remitted CD patients, were often associated with immune functioning. The specific 
lack of deactivated microglia and oligodendrocytes implicates protective effects of 
these cell types against the long-term effects of cortisol overexposure.
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1. Introduction

Cushing’s disease (CD) is a rare and severe endocrine disease caused by a 
pituitary adrenocorticotropic hormone (ACTH) producing adenoma. The excessive 
ACTH secretion stimulates the adrenal glands to produce excessive amounts 
of glucocorticoids (Newell-Price et al., 2006). In healthy individuals, increases in 
free circulating cortisol levels inhibit ACTH secretion (i.e. the negative feedback 
loop). In CD patients this feedback loop is impaired, resulting in increased levels of 
glucocorticoids or hypercortisolism, affecting numerous organs, including the brain.

Cortisol is a pivotal mediator of the stress response (De Kloet et al., 2005). 
Hypercortisolism has been associated with severe physical, psychological, and 
cognitive impairments, resulting in a substantial deterioration in quality of life 
(Forget et al., 2000; Leon-Carrion et al., 2009; Michaud et al., 2009; Newell-Price et 
al., 2006; Nieman and Ilias, 2005; Starkman et al., 1986). Regarding the psychological 
and cognitive impairments, stress-related symptoms such as anxiety, depression, 
and mania commonly present alongside CD, as do cognitive deficits within the 
domains of reasoning, verbal learning, language performance, visual and spatial 
information processing, and memory impairments (Newell-Price et al., 2006). 
These symptoms all support the notion that acute as well as prolonged exposure to 
excessive cortisol adversely affect the central nervous system (CNS).

Current treatment strategies abrogate excessive cortisol signaling and offer 
substantial alleviation of several associated symptoms, but certain debilitating 
psychological symptoms often persist, even after long-term remission. These 
persistent impairments are predominantwithin the domains of cognitive function 
and psychopathology (Andela et al., 2013; Bas-Hoogendam et al., 2015; Dorn et al., 
1995; Pereira et al., 2010; Pivonello et al., 2015; Ragnarsson et al., 2012; Sonino 
and Fava, 2001; Tiemensma et al., 2010). Alongside these persevering symptoms, 
structural changes in the brain have been found in long-term remitted CD patients 
in comparison to healthy controls. Specifically, magnetic resonance imaging (MRI) 
studies have reported widespread reductions of white matter integrity, as well 
as smaller anterior cingulate cortex (ACC) volumes (Andela et al., 2013; van der 
Werff et al., 2014). However, MRI studies alone cannot offer sufficient insight into 
the underlying biological processes that lead to the observed reductions in white 
matter integrity and atrophy in the ACC in remitted CD patients.
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The ACC, as part of the limbic system, is a relevant brain area to explore further as 
it is involved in various cognitive and emotional functions, many of which can be 
persistently impaired after cure of CD. Andela et al. (2013) offered the hypothesis 
that intrinsic impairments and alterations in connectivity and/or biochemistry 
of these brain regions may have caused the structural differences observed in 
remitted CD patients. Such underlying biological processes could be further 
explored by combining information obtained from high resolution MRI scans with 
whole genome mRNA expression data derived from the Allen Human Brain Atlas 
(AHBA), a multi-modal atlas mapping gene expression across the healthy human 
brain (Hawrylycz et al., 2012). The comparison of regional correlations between 
gene expression and the MRI data may provide a better insight into which genes are 
likely to interact with hypercorticolism resulting in structural brain changes. 

In the present study, we explore potential mechanisms through which the structure 
of the ACC changes when exposed to prolonged endogenous cortisol excess, by 
linking information derived from high resolution MRI scans with gene expression 
data derived from the AHBA. We examined the differential gene expression in 
the ACC in comparison to a control region. Subsequently, the functionality of the 
differentially expressed genes was characterized by means of a Gene Ontology 
(GO) enrichment analysis. A cell type enrichment analysis investigated whether the 
differentially expressed genes were enriched for certain cell type markers, followed 
by a disease enrichment association analysis to assess whether the differentially 
expressed genes were associated with any specific group of diseases. Finally, we 
explored the cortisol sensitivity of the differentially expressed genes.

2. Methods

2.1. Subjects and data acquisition
Data were derived from a study conducted with long-term remitted CD patients 
and healthy controls, aged between 18 and 60 years old. A detailed explanation of 
this study protocol has previously been published elsewhere (Andela et al., 2013). 
In brief, a total of 25 long-term remitted CD patients and 25 age-, gender-, and 
education matched healthy controls were included in this sample. The diagnosis 
of CD had been confirmed in accordance with previously described international 
guidelines (Tiemensma et al., 2010). All CD patients underwent transsphenoidal 
surgery (n = 25). Six patients received additional post-operative radiotherapy and 
two other patients underwent bilateral adrenalectomy. All participants were right-
handed, had no contraindications for the MRI scanner, and were psychopathology-, 
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drug-, and alcohol abuse-free with the exception of one patient who used 
antidepressants. Patients who remained glucocorticoid dependent after surgery 
(in addition to the two patients that received postoperative radiotherapy) received 
hydrocortisone replacement (on average 20 mg/daily in two to three dosages), and 
were evaluated twice per year. The estimated disease duration was determined 
retrospectively using patient recall of earliest physical and/or psychological symptoms 
of CD. Remission duration was calculated from the date of transsphenoidal surgery, 
whereby remission was confirmed by multiple biochemical test outcomes (e.g. 
normal midnight salivary cortisol (below 5.7 nmol/L, normal overnight suppression 
of serum cortisol levels (<50 nmol/L) by dexamethasone (1 mg), and normal 24-h 
urinary free cortisol excretion rates (<220 nmol/24 h), and by means of clinical 
evaluation. Prior to being included is the study, persistent biochemical remission of 
hypercortisolism was confirmed by means of the abovementioned diagnostic tests. 
Informed consent was obtained from all participants and the study protocol was 
approved by the Leiden University Medical Center ethics review board.

Images were acquired by a Philips 3.0T Achieva MRI scanner (Philips Medical 
Systems, Best, The Netherlands; software version 3.2.1) using a 32-channel SENSE 
(sensitivity encoding) head coil. Anatomical images were obtained by means of a 
sagittal three-dimensional gradient-echo T1-weighted sequence (repetition time 
9.8 ms, echo time 4.6 ms, matrix size 256 × 256, voxel size 1.17 × 1.17 × 1.2 mm3, 
140 slices, scan duration 4:56 min), as a part of a larger scan protocol. All anatomical 
images were examined by a neuroradiologist blinded for participants clinical details. 
No further macroscopic abnormalities were found in either patients or controls, 
with the exception of the effects of post-transsphenoidal surgery and incidental 
age-related white matter hyperintensities.

2.2. Behavioral and clinical severity assessments
The Montgomery-Åsberg Depression Rating Scale (MADRS; Montgomery and 
Åsberg, 1979), and the Inventory of Depression Symptomatology (IDS; Rush et al., 
1986) were used to assess the severity of depressive symptoms. The MADRS was 
assessed by an interviewer, all other scales were self-reported. Anxiety was evaluated 
using the Beck Anxiety Inventory (BAI; Beck et al., 1988), the social phobia, blood 
injury phobia, and agoraphobia subscales, the total score of the Fear Questionnaire 
(FQ; Marks and Mathews, 1979), and the Beck Anxiety Inventory (BAI; Beck et al., 
1988). The Apathy Scale (AS) and the Irritability Scale (IS) were used to assess the 
severity of apathy and irritability, respectively (Starkstein et al., 2001; Chatterjee et 
al., 2005). Participants with total scores of more than 14 points were considered to 
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be apathetic or irritable. Failures in memory, perception, and motor function were 
assessed using the Cognitive Failure Questionnaire (CFQ; Broadbent et al., 1982), 
higher sum scores indicating greater symptom severity.

CD symptom severity (active and the remitted disease state) were established 
using the Cushing’s Syndrome Severity Index (CSI; Sonino et al., 2000). The CSI 
score during active disease was assessed retrospectively. The remission score was 
based on the last annual evaluation. Total CSI scores were used for both active and 
remitted disease states. Scores on this index can range between 0 and 16, with 
higher total scores indicating greater symptom severity. The information necessary 
to score the CSI was obtained from the patient’s medical records and clinical history. 
The index was scored by two independent raters who reached consensus in the 
case of discrepancy.

2.3. Allen Human Brain Atlas (AHBA)
The Allen Human Brain Atlas (AHBA) is a genome-wide transcriptional atlas of 
the pathology-free human brain, providing gene expression data derived from six 
healthy human brains between the ages of 24–57 (Hawrylycz et al., 2012, 2015). 
More than 500 regions were sampled from each hemisphere, and 19,992 genes 
were extracted using multiple probes. Microarray data were downloaded from the 
AHBA database and probes were mapped to genes as previously described (Keo 
et al., 2017). Z-scores for normalized gene expression levels from the AHBA were 
calculated separately for each of the six individual brains. A major strength of the 
AHBA is that the gene expression data is mapped to the Montreal Neurological 
Institute (MNI) space (Collins et al., 1998), a standardized phantom brain that can 
be used to compare neuroimaging data across different brains.

2.4. Mapping AHBA to MRI data
As described in more detail by Andela et al. (2013), structural data were analyzed 
using FSL-VBM (a voxel-based morphometry style analysis; FMRIB’s software 
library; Smith et al., 2004). In this study, smaller gray matter volumes were found in 
a large part of the bilateral ACC in remitted CD patients in comparison with controls 
(617 voxels; p < 0.05, 2 mm isotropic). We selected this region as our region of 
interest (ROI). Throughout the manuscript the ROI will be referred to as the ACC. A 
control region was selected by identifying the cortical area that showed the least 
differences between healthy controls (HCs) and patients with remitted CD (Andela 
et al., 2013). This region was identified using t-statistic thresholds of 0.7 to 0.0001 
and 0.0001 to 0.7 respectively, leading to a control region consisting of segments 
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of the dorsolateral prefrontal cortex (see Fig. 1). As these regions are anatomically 
disti nct, there are likely to be functi onal diff erences between these regions. 
However, as this control region is anatomically adjacent to the ACC, anatomically 
driven transcripti onal diff erences are consequently minimized (e.g. Huntenburg et 
al., 2018). The ABHA samples were then mapped to the ACC and control region 
based on their associated MNI coordinates.

2.5. Diff erenti al gene expression in the ACC
Diff erences in gene expression between regions were examined by comparing 
expression level of genes between the ACC to the control region by means of two-
tailed independent t-tests. Genes were considered to be diff erenti ally expressed 
at a Benjamini-Hochberg (HB; Benjamini and Hochberg, 1995)-adjusted p-value of 
<0.05 and eff ect size of log2(fold-change) >1.

Figure 1. Study overview. (A) The Anterior Cingulate Cortex (ACC; region of interest) from our 
earlier study on grey matter volumes in patients with remitted Cushing’s Disease (Andela et al., 
2013) and the gene expression data derived from the AHBA (B) The identifi cation of a control regi-
on (close in proximity to the ACC with a similar neuronal characteristic and showing the least diffe-
rences to the ACC using a stringent threshold and the ROI mapped onto the AHBA gene expression 
data (C) Differential gene expression analysis (D) Enrichment or depletion for Gene ontology, cell 
type markers, disease associations, and cortisol sensitivity of differentially expressed genes.
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2.6. Gene ontology (GO) enrichment analysis
To characterize the functionality of the differentially expressed genes, a Gene 
Ontology (GO) enrichment analysis was performed using GOrilla (Gene Ontology 
Enrichment Analysis and Visualization Tool), an online tool for identifying and 
visualizing enriched GO terms (Eden et al., 2009). Enrichment analysis was carried 
out for differentially over- and underexpressed genes. Gene symbols were used as 
identifiers, and a background list of the top 20% of genes with the highest expression 
level in the cortex was used to correct for non-selective ontology terms. GO 
terms with BH-corrected p-value <0.05 were considered significant. The following 
ontologies were used: ‘GO: Biological Process’ and ‘GO: Molecular Function’.

2.7. Cell type enrichment analysis
In order to determine whether the differentially expressed genes were enriched for 
certain cell type markers, we conducted a cell type enrichment analysis. As our AHBA 
samples were located in the cortex region, a set of brain-region specific markers was 
used, focusing on 28 cell types (Mancarci et al., 2017). Markers were downloaded 
from the NeuroExpresso database (http://neuroexpresso.org) using markers from 
all brain regions. Entrez IDs of the mouse cell-type specific markers were converted 
to human homologs (homologene R-package version 1.4) and filtered for genes 
present in the AHBA dataset. Two markers with different mouse gene IDs (14972, 
H2-K1, microglial, and 15006, H2-Q1 serotonergic), were converted to the same 
human gene ID (3105, HLA-A), and therefore removed before analysis.

2.8. Enrichment analysis of disease-associated genes
A disease association enrichment analysis was conducted using disease gene sets 
from DisGeNET (http://www.disgenet.org/; Pi ̃nero et al., 2016), in order to assess 
whether the differentially expressed genes are associated with any specific group 
of diseases. A table of 628,685 gene-disease associations covered 24,166 diseases 
that were tested for. Genes that were associated to waste-hip ratio and height were 
used in the analysis as control (i.e. non-disease) conditions (Lin et al., 2017; Heid et 
al., 2010).

2.9. Assessment of cortisol sensitivity of the ACC
We assessed whether the differentially expressed genes in our dataset were known 
to be regulated by glucocorticoids (GCs) in the brain, or in cell cultures derived 
from the central nervous system. We compared our list of differentially expressed 
genes with a list of genes that have been published by Juszczak and Stankiewicz 
(2018), who identified 113 genes that were consistently regulated by GCs across 
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studies. We also investigated GR and MR binding loci in the rat hippocampus under 
increased levels of corticosterone, the predominant glucocorticoid in this species 
(van Weert et al., 2017). Using these gene sets we identified GR-specific, MR-
specific, as well as GR-MR overlapping DNA binding loci, which we used as potential 
target genes. Genes were converted from rat to human orthologues by use of the 
Toppfun Suite (Chen et al., 2009). In order to predict glucocorticoid sensitivity of 
the current differentially expressed genes, we assessed whether these target genes 
were enriched in the differentially expressed genes.

2.10. Enrichment statistics for GO, cell type, disease-associated genes and 
receptor binding
Enrichment statistics were determined based on Fisher’s Exact Tests. Odds 
ratios (ORs) were calculated as a measurement of effect size with regard to the 
enrichments, with an OR > 1 and 0 < OR < 1 indicating enrichment and depletion, 
respectively. The BH method was used for all p-values to correct for multiple testing. 
A BH corrected p-value of <0.05 was considered to be significant.

2.11. Literature search on the differentially expressed genes
For all differentially expressed genes, a literature search was subsequently 
performed to determine previously found associations with normal and pathological 
processes or states. Furthermore, with regard to Cushing’s Disease, specific 
known associations with the HPA-axis and/ or glucocorticoid responsiveness were 
investigated. This was done by means of a PubMed search using the following 
search term strategy: (“gene” [all fields]) AND (“HPA-axis” [all fields] OR “cortisol” 
[all fields] OR “glucocorticoid” [all fields] OR “GR” [all fields]). Interactions between 
genes were determined by means of searching gene pairs in Google Scholar.

3. Results

3.1. Patient characteristics
As previously published in Andela et al. (2013), mean disease duration was 7.9 
years (ranging from 0.8 to 29.3 years), and mean duration of remission was 11.2 
years (ranging from 0.8 to 37.0 years). The mean Cushing’s Syndrome Severity Index 
score was 8.1 during the active period of CD, and 2.5 in the remitted CD-patients at 
the time of assessment (see Table 1 for further details).
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Table 1. Demographics and psychometric data of remitted CD patients. Data are presented as 
mean ± standard deviation or number (%).

3.2. Diff erenti ally expressed genes in the ACC in comparison to the control region
Given the small size of the regions analyzed, we aggregated all samples from the six 
donors in the AHBA. This led to a total of 31 samples in the ACC and 29 samples in 
the control region (see Table 2 for further details). Using a diff erenti al expression 
analysis, we identi fi ed 300 diff erenti ally expressed genes (BH-adjusted p < 0.05 
and log2(fold- diff erence) >1 (see Fig. 1). Of these 300 diff erenti ally expressed 
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genes, 58 genes were overexpressed and 242 were underexpressed in the ACC in 
comparison to the control region (see Supplementary Tables S1 and S2) (Fig. 2). 
The top three most signifi cantly overexpressed genes in the ACC in comparison to 
the control region were KIAA0748, also known as Thymocyte-expressed, positi ve 
selecti on-associated 1 (TESPA1; FDR = 4.80·10-5, log2(FC) = 2.76), ONECUT2, One Cut 
Homeobox 2, (FDR = 1.94·10-6, log2(FC) = 2.45), and CALML3, Calmodulin 3, (FDR = 
3.44·10-7, og2(FC) = 2.13).

Endothelial cell-specifi c molecule 1 (ESM1), Ubiquiti n Specifi c Pepti dase 54 (USP54), 
and Putati ve translati onally-controlled tumor protein-like protein TPT1P8 (TPT1P8), 
also known as FKSG2, were the most underexpressed genes in the ACC in comparison 
to the control region (FDR = 6.43·10-4, log2(FC) = 3.13; FDR = 5.28·10-4, log2(FC) = 
-2.14; and FDR = 5.16·10-3, log2(FC) = -2.13, respecti vely).

Table 2. Overview of samples from the six AHBA donors in the AAC and the 
control region.

3.3. Functi onality and cell type specifi city of diff erenti ally expressed genes in the ACC
The GO term enrichment analysis found none of the enriched GO terms from the 
list of overexpressed genes to remain stati sti cally signifi cant aft er BH-adjustment for 
multi ple testi ng. Genes with lower expression in the ACC compared to the control 
region were enriched for GO terms that were, amongst others, involved in synapse 
pruning, immune system processes, anti gen processing, leukocyte-, macrophage- 
and (micro)glial acti vati on. 34 GO-terms remained signifi cant aft er correcti on for 
multi ple testi ng at a BH adjusted p-value of < 0.05, although several of these terms 
were parti ally overlapping (see Supplementary Table S3 for further details). Based 
on the GO terms, the most frequently occurring genes involved in the processes 
(assigned to between 9 and 22 of the 34 signifi cant GO-terms), were Triggering 
Receptor Expressed on Myeloid Cells 2 (TREM2), Integrin Subunit Alpha M (ITGAM), 
CD36, Interleukin 33 (IL33), Complement Component 3 (C3), human leukocyte 
anti gen (HLA)-DRB1/-DQB1/-DMB/-DRB3/-DRB4 (all belonging to the HLA class II), 
and arachidonate 5-lipoxygenase (ALOX5; see Table 3 for further details and cell-
types; Mancarci et al., 2017). 
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We then assessed whether a set of diff erenti ally expressed genes were parti cularly 
expressed in a cellular subtype and found that underexpressed genes were 
signifi cantly enriched for deacti vated microglia cells (7 markers; BH-corrected 
p-value = 0.001), and oligodendrocyte cells (12 markers, BH-corrected p-value = 
0.036; see Supplementary Table S4 for a complete overview).

Chapter 7

Figure 2. Genes signifi cantly expressed after BH-correction at higher and lower levels (orange 
and red dots respectively) in the ACC relative to control regions are depicted on a volcano plot. 
Non-statistically signifi cant differentially expressed genes in the cortical regions are depicted in 
black. (For interpretation of the references to color in this fi gure legend, the reader is referred to 
the web version of this article.)
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Table 3. Overview frequency and cell type of often occurring genes in the 34 GO terms that 
remained signifi cant after BH correction.

3.4. Diff erenti ally expressed genes in the ACC are not associated with any diseases
Using disease gene sets from DisGeNet (Pi ̃nero et al., 2016) containing 24,166 
diseases, we tested the over- and underexpressed genes in the ACC for enrichment 
in psychiatric-brain diseases (e.g. MDD), -non-psychiatric brain diseases (e.g. 
Hunti ngton’s Disease), and non-disease traits (e.g. height and waist-hip-rati o). Aft er 
BH-adjustment, no associati ons with any of these diseases remained signifi cant.

3.5. Corti sol sensiti vity of the ACC
Finally, we assessed whether the diff erenti ally expressed genes in our dataset were 
known to be regulated by glucocorti coids (GCs) in the brain or in cell cultures derived 
from the central nervous system. We compared our list of diff erenti ally expressed 
genes with a list of 113 genes that were found to be consistently regulated by GCs 
across studies (Juszczak and Stankiewicz, 2018). We found a non-signifi cant overlap 
of one gene, namely LYVE1. We further compared our diff erenti ally expressed genes 
with genes that have been identi fi ed to be regulated by GCs and mineralocorti coids 
(MCs) in rats (van Weert et al., 2017), we found a non-signifi cant overlap of the 
following genes: ASPA, CALML3, XCR1, and USP54, however not LYVE1. 

4. Discussion

The current study aimed at exploring potenti al mechanisms underlying the 
persistent structural alterati ons of the ACC in pati ents with long-term remitt ed CD 
by linking informati on derived from high resoluti on MRI scans with gene expression 
data derived from the AHBA. By combining structural MRI data with gene expression 
data, we identi fi ed 300 diff erenti ally expressed genes in the ACC in comparison to 
the control region, several of which were immune signaling genes. In line with this 
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finding, the GO term enrichment analyses indicated that underexpressed genes 
were enriched for functionality involving, amongst others, immune functioning. 
Furthermore, cell type specificity analyses indicated that low-expressed genes were 
enriched for deactivated microglia and oligodendrocytes. No associations were 
found between the differentially expressed genes and specific diseases. Finally, 
our findings indicated no enrichment of glucocorticoid target genes in the ACC in 
comparison to the control region.

A potential limitation of our data study may be the relatively small ROI and sample 
sizes. This may make it difficult to detect certain effects due to a possible lack of 
power. Also, we are assessing gene expression levels in the healthy brain and not 
in those of remitted CD patients. This means that the differential expression may 
indicate vulnerability as present prior to CD, but tells us nothing about what the 
actual effects of cortisol exposure have been. Possible ways in which we could 
extend our findings to include the actual effects of cortisol are by extrapolating 
our current findings to existing mouse models (e.g. Drelon et al., 2016; Leccia et 
al., 2016), or by examining these areas in remitted CD patient brains post-mortem. 
However, material from patients with remitted CD will be extremely scarce. 
Furthermore, we used mouse data for our cell type enrichment analysis. There may 
therefore be a limited overlap with human data, thu replicating these findings in a 
robust human dataset is advisable. Finally, it is important to bear in mind that data 
derived from the CD patient population are cross-sectional, and we are therefore 
unable to determine whether these patients presented alterations in the ACC prior 
to the development of the disease.

The differential gene expression analysis indicated that KIAA0748, ONECUT2, and 
CALML3 were the most highly overexpressed genes in the ACC in comparison to 
the control region, and ESM1, USP54, and TPT1P8 were the most underexpressed. 
KIAA0748, ONECUT2, ESM1, USP54 have been found to be associated with various 
(auto-)immune diseases (e.g. Yao et al., 2015, 2018; Shen et al., 2019; Seo et al., 
2020; Fraile et al., 2016; Jin et al., 2020; Xu et al., 2019; Li et al., 2019); and CALML3 
has recently been found to affect the onset of Alzheimer’s Disease (AD; Chen et 
al., 2019). The GO analysis conducted using the over- and underexpressed genes 
found that several of the most under- expressed genes, i.e. TREM2, ITGAM, CD36, 
IL33, HLA-DRB1/-DQB1/-DMB/-DRB3/-DRB4 (all belonging to the HLA class II), 
and ALOX5, were enriched for GO terms that were, amongst others, involved in 
immune-signaling. Interestingly, these genes have also been found to be associated 
with numerous (auto-)immune diseases, and strikingly all have been suggested to 
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be linked with AD. Specifically, variants in TREM2 have been strongly implicated in 
the pathogenesis of AD (Jonsson et al., 2013; Guerreiro et al., 2013). Moreover, a 
recent study investigating TREM2 knockout in human microglia cells in a xenograft 
mouse model using aggravated pathology found that TREM2 knockout microglia 
show lower viability, which is in line with a protective effect of this gene (McQuade 
et al., 2020). ITGAM has been proposed to be a candidate susceptibility locus for AD 
(Shulman et al., 2014), and CD36 gene polymorphisms have been associated with 
AD (Serý et al., 2017, 2020). Furthermore, IL33 has been identified as a candidate 
gene for AD (Chapuis et al., 2009), and several of the HLA class II genes, as well as 
ALOX5, have been found to be associated with AD (Lehmann et al., 2001; Wang et 
al., 2017; Serý et al., 2017). 

The enrichment analysis for cortical cell-type markers found an underrepresentation 
of deactivated microglia in the ACC in comparison to the control region. Microglia 
form the first line of defense in the case of injury, disease, or invading pathogens 
in the CNS (Nimmerjahn et al., 2005), and actively partake in maintenance 
and plasticity of the adult CNS by secreting neurotrophic factors such as BDNF 
and cytokines (Parkhurst et al., 2013). They also refine the neuronal circuit by 
pruning axonal terminals and synapses (Parkhurst et al., 2013; Salter and Beggs, 
2014). Microglia are generally known to polarize in two directions from a resting 
(M0) state: classical (M1) activation, known as the mediator of pro-inflammatory 
responses and alternative (M2) activation, which is responsible for resolution and 
repair (Zheng and Wong, 2019). The M2 microglial phenotypes are divided into 
M2a, M2b, and M2c (Franco and Fernandez-Suarez, 2015; Mantovani et al., 2004; 
Martinez et al., 2008). M2c microglia, also known as acquired deactivated microglia, 
have been found to be deactivated by adjacent cells through processes that are 
guided by local and systemic homeostatic signals, but are still poorly understood 
(Saijo and Glass, 2011; Starossom et al., 2012). M2c microglia have been found to 
participate in neuroprotection and to release certain anti-inflammatory cytokines 
(Zhang et al., 2018), as well as be involved in matrix deposition and tissue 
remodeling after inflammation has been downregulated (Mantovani et al., 2004). 
An underrepresentation of deactivated microglia in the ACC in the remitted CD 
patient population may be a possible explanation for the persevering alterations in 
the ACC, as well as the lasting impairments within a number of cognitive domains, 
as there are apparently few M2c microglia present to repair the possible ‘damage’ 
to this area.

Additionally, an underrepresentation of oligodendrocytes was found in the ACC 
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in comparison to the control region. Oligodendrocytes are largely responsible 
for the remyelination process (Alonso, 2000; Miyata et al., 2011), and damage 
to oligodendrocytes has been found to lead to a reduction or cessation in action 
potential velocity, leading to mental or physical disability (Karadottir and Attwell, 
2007). Earlier animal studies have found an association between prolonged exposure 
to elevated corticosteroid levels and the inhibited proliferation of oligodendrocyte 
precursors throughout the white matter of the brain (Alonso, 2000; Miyata et al., 
2011; Willette et al., 2012). A study investigating white matter integrity in the same 
patient population as the current study found reductions of fractional anisotropy 
(FA; a measurement used to assess white matter microstructure) values in nearly all 
of the white matter tracts throughout the brain (van der Werff et al., 2014). Although 
the study was cross-sectional and thus no causal conclusions can be drawn, all 
patients in this study had been exposed to hypercorticolism, leading to the authors 
suggestion that prolonged exposure to increased levels of cortisol causes reduced 
white matter integrity, either directly or indirectly. The lower FA values found can 
be linked to earlier findings showing that corticosterone treatment in mice can lead 
to an increased distance between nerve fibers in fiber tracts (Miyata et al., 2011). 
This is likely due to a consequence of direct glucocorticoid receptor activation in 
oligodendrocytes that lead to an increased branching of these cells and possibly 
to lower levels of myelination. In summary, the relative underrepresentation of 
oligodendrocytes present in the ACC may also offer a possible explanation for the 
persistent alterations in this area, as well as for the lasting cognitive impairments 
within the long-term remitted CD patient population. Oligodendrocytes are clearly 
affected during CD, and their underrepresentation in areas with long-term changes 
may indicate an insufficiently large buffer against the deleterious effects of excessive 
cortisol exposure.

With regard to the cortisol sensitivity of the ACC, our findings were opposite to what 
we had hypothesized. Earlier studies have found that MR and/or GR expression in 
the ACC is high (e.g. Hawrylycz et al., 2012), although this has not been found to be 
predictive of structural changes following chronic overexposure to glucocorticoids 
(Andela et al., 2013). Our findings indicated that the ACC does not seem to be 
enriched for glucocorticoid responsive genes, neither at the mRNA level, nor for 
DNA-binding loci for the GR and the MR.

In sum, these findings provide further insight into the possible molecular mechanisms 
underlying the vulnerability for persistent alterations in the ACC of patients with 
long-term remitted CD. Future studies should explore how oligodendrocyte and 
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deactivated microglia cell numbers confer vulnerability, and also characterize 
genes that are differentially expressed as a (long-term) consequence of the cortisol 
overexposure. Moreover, it would also be of interest to explore the epigenetic 
regulation of certain genes that were identified, as well as possible gene-
environment interactions. It is important to note that although we have not studied 
the ACCs of remitted CD patients, the cortisol excess does meet a ‘naïve’ brain, of 
which some areas have been found to be vulnerable, whereas others have not. 
Our findings present differences in basal gene expression in vulnerable areas that 
define the initial situation in which vulnerability is inherent and well documented, 
and importantly, also tell us which genes are less likely to be part of this initial 
vulnerability as no differences were found in MR or GR expression, in HSD1, and in 
chaperones. Future further (experimental) studies in the ACCs of remitted patients 
using post-mortem tissue or in Cushing’s mouse models (e.g. Amaya et al., 2021) 
are necessary to validate these findings. These findings may ultimately aid in 
developing novel treatments for stress-related disorders of the brain, and for CD 
patients in particular. In conclusion, we found that certain underexpressed genes in 
the ACC, a region afflicted in remitted CD, were often associated with immunology 
functioning, as well as a lack of deactivated microglia and oligodendrocytes in the 
ACC, implicating immune functioning in general and suggesting a protective role of 
these cell types in relation to the long-term effects of excess cortisol exposure in 
the brain.
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Supplementary tables

Supplementary Table 1. Gene symbols of the 58 signifi cantly overexpressed genes in the ACC 
compared to the control region
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Supplementary Table 2. Gene symbols of signifi cantly underexpressed genes in the ACC com-
pared to the control region 
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Supplementary Table 2. Gene symbols of signifi cantly underexpressed genes in the 
ACC compared to the control region (continued)
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Supplementary Table 3. Overview of GO terms for down-regulated genes that remained 
signifi cant after BH correction
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Supplementary Table 4. Overview of the cell-type enrichment analysissignifi cant after BH 
correction
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