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1 | INTRODUCTION

Abstract

Excess glucocorticoid exposure affects emotional and cognitive brain functions. The
extreme form, Cushing's syndrome, is adequately modelled in the AdKO, o mouse,
consequential to adrenocortical hypertrophy and hypercorticosteronemia. We previ-
ously reported that the AdKO,, mouse brain undergoes volumetric changes that
resemble closely those of Cushing's syndrome human patients, as well as changes in
expression of glial related marker proteins. In the present work, the expression of
genes related to glial and neuronal cell populations and functions was assessed in
regions of the anterior brain, hippocampus, amygdala and hypothalamus. Glucocorti-
coid target genes were consistently regulated, including CRH mRNA suppression in
the hypothalamus and induction in amygdala and hippocampus, even if glucocorticoid
receptor protein was downregulated. Expression of glial genes was also affected in
the AdKO, o mouse brain, indicating a different activation status in glial cells. Generic
markers for neuronal cell populations, and cellular integrity were only slightly
affected. Our findings highlight the vulnerability of glial cell populations to chronic

high levels of circulating glucocorticoids.
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negative feedback regulation of the hypothalamus pituitary adrenal

axis. While transient glucocorticoid effects in the context of circa-

Glucocorticoid stress hormones are potent regulators of brain
function. Their effects are mediated via two receptor types, high
affinity mineralocorticoid receptors (MRs) and lower affinity gluco-
corticoid receptors (GRs).! Particularly, GRs are expressed in many
different brain regions and cell types.?>® Glucocorticoid effects in

4,5

hippocampus, amygdala and prefrontal cortex™> are subject to

extensive research in relation to cognitive and emotional function-

ing.® In the hypothalamus, glucocorticoids are pivotal for the

dian rhythmicity and acute stress responses are adaptive, loss of
circadian rhythmicity and chronic increased exposure put the brain
at risk for disease.”

In humans, chronic overexposure to glucocorticoids leads to Cus-
hing's syndrome (CS). As such, CS patients may be considered a model
for the potential effects of chronic exposure to both stress-induced
endogenous glucocorticoids and—as far as GR activation goes—
synthetic glucocorticoids. CS patients may present with both

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2022 The Authors. Journal of Neuroendocrinology published by John Wiley & Sons Ltd on behalf of British Society for Neuroendocrinology.

J Neuroendocrinol. 2022;34:e13124.
https://doi.org/10.1111/jne. 13125

wileyonlinelibrary.com/journal/jne 10of 16


https://orcid.org/0000-0002-5382-5183
https://orcid.org/0000-0002-1505-6598
https://orcid.org/0000-0002-1328-9515
https://orcid.org/0000-0003-2748-5610
https://orcid.org/0000-0002-1194-9866
https://orcid.org/0000-0001-9304-5061
https://orcid.org/0000-0002-8394-6859
mailto:o.c.meijer@lumc.nl
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://wileyonlinelibrary.com/journal/jne
https://doi.org/10.1111/jne.13125

AMAYA ET AL.

e L wiLe Y- | ]

0] 11-13

psychiatric complications®2° and cognitive impairments, and

they have extensive volumetric changes in the brain.'*"¢ Some of
these changes persist even in a remitted stage.”"1°

Experimentally, we have developed a mouse model that not only
replicates peripheral signs of C5,2°722 put also displays brain volumetric
changes mirroring what has been observed in the human studies. In
these mice, which develop bilateral adrenocortical hyperplasia as a con-
sequence of protein kinase A (PKA) overactivity, we were also able to
show substantial changes in microglia, astrocytes and oligodendrocyte
protein markers in both grey and white matter structures, namely cor-
tex, hippocampus, and corpus callosum.?®> We considered that assess-
ment of changes in gene expression could provide with information to
extend our previous findings, and unveil their potential mechanisms. An
expanded description of changes in the brain caused by chronic expo-
sure to glucocorticoids, would help to define specific vulnerabilities of
the different cell types, and in consequence would allow to weigh
potential therapeutic targets. With the present study we tested the
hypothesis that the changes we observed previously could be related
to cell-specific transcriptional differences of cellular “state,” rather than
constitutively expressed “trait” markers in diverse brain areas, including
hippocampus, amygdala and hypothalamus. To this end, we defined
groups of genes belonging to specific cell types based on single cell
sequencing data from the Allen Brain Atlas (Figure 2). We also assessed
the expression of genes known to be regulated by GR activation, and
genes related to oxidative stress pathways. Additionally, we explored
possible alterations in neuronal populations in areas that showed

changes in the marker gene NeuN.

2 | MATERIALS AND METHODS

21 | Mice

Litters from wild-type and AdKO, o mice were bred and raised as previ-
ously described.?® From each genotype, mice from both sexes were
sacrificed at 8-10 weeks of age. Mice bred in-house and maintained on a
mixed sv129-C57BI/6 genetic background were housed in a 12:12 light-
dark cycle (ZTO at 07:00 h), in 1145 T NEXT for Mice cages (Techniplast),
Mice were fed normal, commercial rodent chow and provided with water
ad libitum. Cages were supplied with a minidome, and Lab Aspen maxi
bedding (Serlab) was changed every 2 weeks. After weaning, mice were
kept in siblings with a minimum of three and a maximum of four animals
per cage. Prior to tissue collection, mice were humanely euthanized by
decapitation and all efforts were made to minimize suffering. Sacrifices
were performed between 08:00 and 09:00 h. Brains were extracted from
skulls and placed in dry ice for instant freezing. Afterwards, they were
stored at —80°C until further processing. Blood from the trunk was col-
lected after less than 30 s of handling to minimize stress. Basal plasma
corticosterone levels were determined using commercially available ELISA
kit (AR E-8100) (LDN). AdKO, ¢ refers to Sf1-Cre::Prkar1a™" as previously
described, and WT refers to littermate control animals.2*~2% All animal
work was conducted according to French and European directives for use

and care of animals for research purposes and received the approval from

the French ministry of higher education, research and innovation
(APAFIS#21153-2,019,061,912,044,646 v3).

2.2 | Brain nuclei sampling

Coronal sections (60 pm) were obtained in a cryostat (Thermo Scien-
tific) from Paxinos and Franklin's the Mouse Brain Atlas coordinates:
Bregma 1.10 to 0.74 for cingulate cortex (Cg) and corpus callosum (CC),
Bregma —0.58 to 0.94 for hypothalamic paraventricular nucleus (PVN),
and Bregma —1.46 to —2.06 for hippocampal regions Cornu Ammonis
1 (CA1), Cornu Ammonis 3 (CA3), Dentate Gyrus (DG) and amygdala

).2* Then, 0.8 and 1 mm diameter micropunches were obtained with

(Amy
sample corers (Fine Science Tools), and placed in dry ice frozen 1.5 ml
tubes. Tubes were stored at —80°C until further processing. Additionally,
12 pm sections were obtained in the same first and third coordinate
ranges and mounted onto SuperFrostPlus glass slides (Thermo Scientific),

airdried, and stored at —20°C until further processing.

2.3 | RNA extraction and PCR

Total RNA was extracted from micropunches using TriPure isolation
reagent (Merck), following the manufacturer's protocol. First strand
cDNA was synthesized with M-MLV RT system (Promega), to 1 ng/pl
cDNA final concentration. gPCR reactions were run with iQ SYBR
Green Supermix (Bio-Rad) in real-time PCR detection system (Bio-
Rad). Expression levels were normalized to reference gene Rn18s.
QuantiTect Primer Assays were purveyed by Qiagen. All information
about primers used is contained in Table S1. All primer pairs were
exon spanning and had amplification efficacies of >90%.

24 | Immunohistochemistry and cell counting

Glass slides containing 12 pm coronal sections were air dried for
30 min. They were then immersed in PBS (Fresenius Kabi)-formalin
(Sigma-Aldrich) 10% v/v solution, for 10 min, washed three times with
PBS and blocked with PBS-NaN3 (Merck) 0.1% w/v-H,0, (Supelco)
0.02% v/v for 10 min and washed again twice with PBS. After this,
they were immersed in PBST (PBS-Tween 20 [Merck] 0.1% v/v), and
blocked in PBST-BSA (Sigma-Aldrich) 5% w/v for 30 min. Slides were
incubated with antibodies solution (Anti-NeuN [ab104225] 1:500,
Abcam; RRID:AB_10711153) overnight at 4°C. After washing three
times with PBST, they were incubated in secondary antibody mix
(Rabbit EnVision; Dako) +5% normal mouse serum (Dako) for 30 min
at room temperature, and then washed three times with PBST. Sec-
tions were then stained with liquid DAB+ substrate chromogen sys-
tem (Dako) for 1 min and washed with deionized water, and
counterstained with Mayer's hemalum (Sigma-Aldrich) solution 1:4 for
45 s. Finally, they were dried in hot air and slip covered. Digital images
from Corpus Callosum were obtained as described in Amaya et al.®

Images were processed with FlJI software (http://fiji.sc, RRID:


http://fiji.sc
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SCR_002285). From each image, blue channel was used to display
immunopositive signal. Cingulate cingulum was parcellated in each

image, and immunopositive cell bodies within were counted manually.

2.5 | Wes protein quantification

Blocks containing forebrain cortex, dorsal hippocampus and amygdala
were dissected from brains using a mouse brain matrix (Zivic Instru-
ments). Then, 1 mm slices were cut in Paxinos and Franklin's Mouse
Brain Atlas®* coordinates bregma 1.10-0.10 and bregma —1.22 to
2.18 approximately. Blocks were homogenized in Pierce radio-
immunoprecipitation assay buffer (Thermo Scientific), and protein
concentrations were measured using Pierce bicinchoninic acid protein
assay kit (Thermo Scientific), and adjusted to 0.8 pg/pl. An automated
western assay was then performed, using 12-230 KDa separation
module (Protein Simple), in a WES system (Protein Simple), following
protocol from manufacturer, using antibodies for GR (no. 3660, 1:20;
Cell Signaling Technology; RRID:AB_11179215), MR (monoclonal
antibody kindly provided by Professor Gomez-Sanchez,?° clone1D5,
1:10), and glyceraldehyde 3-phosphate dehydrogenase (no. 5174,
1:20; Cell Signaling Technologies; RRID:AB_10622025). The image
was analysed in Compass for Simple Western software (Protein

Simple).
2.6 | Single cell data resources, metrics, and
processing

The single cell data is based on the 10x scRNA-seq dataset publi-
shed by the Allen Institute for Brain Science and publicly available
at https://portal.brain-map.org/atlases-and-data/rnaseq/mouse-
whole-cortex-and-hippocampus-10x. The data was clustered, and
cluster names were assigned based on the Allen Institute proposal
for cell type nomenclature (https://portal.brain-map.org/explore/
classes/nomenclature). The topology of the taxonomy allowed to
define regions of interest, cell classes (glutamatergic, GABAergic,
or non-neuronal) and subclasses.?®?” The metadata was used to
subset cells of the hippocampus region from the gene expression
matrix. The newly obtained matrix was processed and analysed in
R v3.6.1 according to the Seurat v3.1.5 pipeline for quality control,
analysis, and exploration of scRNA-seq data®® as described

elsewhere.?’

2.7 | Statistical analysis

A Shapiro-Wilk test was applied to data subsets from gPCR and IHC
assays, and 92% of all data subsets passed. Subsets were then com-
pared by means of two-way ANOVA, with sex and genotype as fac-
tors. Tukey's multiple comparisons test was used as post-hoc analysis.
Normalized data from WES assays were compared by means of Stu-

dent's t-test. Significance level was set as p <.05. Testing was
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FIGURE 1 Basal plasma corticosterone at the moment of
sacrifice, of wild-type and AdKO, o mice, measured by ELISA.
Measurements were compared with two-way ANOVA. Black dots:
wild-type; grey squares: AdKO,

performed using GraphPad Prism 9 for Windows 64-Bit, version 9.0.1
(151) (GraphPad Software; RRID:SCR_002798).

3 | RESULTS

3.1 | Basal plasma corticosterone

Morning plasma corticosterone levels in 8-10-week-old mice were
37.6+£7.5 and 81.1 + 24.3 ng/ml (mean = SEM), in WT (n = 7) and
AdKO,o (n = 6) males, respectively and 38.6 + 11.7 versus 80.5
+ 14.7 ng/ml (mean + SEM) in WT (n = 7) and AdKO,4 (n = 7)
females, respectively. A significant genotype effect was found
(p < .01), indicating higher levels in AdKO,, mice compared to wild-
type (Figure 1).

3.2 | Gene expression overviews

Allen Brain Atlas derived basal expression of all measured genes is
depicted in Figure 2 to illustrate the extent of their cell type specific
expression in male and female mouse hippocampus.?® Table 1 sum-
marizes graphically all significant gene expression changes
observed in AdKO, ¢ (Factor: Genotype), male (Factor: Sex), or male
AdKO, o mice (Factor: Interaction). The complete mRNA expression
dataset is shown in Supporting Information figures, while for read-
ability, selected panels are shown in the individual figures in the
main text. Although the total number of sacrificed animals was
28 (n = 7, for each of four groups: male wild-type, male AdKO, o,
female wild-type, and female AdKO, (), different numbers of sam-
ples were lost in the dissection stage. Comparisons of gene expres-
sion in the different brain areas, and of immunohistochemical
labelling were made with the respective number of remaining

samples for every case.
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FIGURE 2 Normalized expression of measured genes in hippocampal cells under basal conditions. The dots represent gene centered log-
normalized average expression (z-score) as colour and the percentage of positive cells as dot size. Micro-PVM: microglia-perivascular
macrophages; Endo: endothelial cells; Astro: astrocytes; Oligo: oligodendrocytes; CA3, CA2, CA1-ProS and DG: glutamatergic neurons from
Cornu Ammonis areas 3, 2, 1 and dentate gyrus, respectively; Pvalb, Vip. Sst, Sncg and Lamp5: GABAergic neurons expressing parvalbumin,
vasoactive intestinal peptide, somatostatin, gamma-synuclein, or lysosome-associated membrane glycoprotein 5, respectively

TABLE 1

Factor

Genotype

Sex

Interaction

Gene class

GR Targets

GR and MR

Oligodendrocytes

Astrocytes

Microglia

Neurons

Oxidative stress

Oligodendrocytes

Microglia

Neurons
Oxidative stress
GR

Astrocytes
Microglia

Neurons

Oxidative stress

Cg
Fkbp51

Mr|
Gr|

Car2|

Aqp4|

Aif1]

Hmox1|
Gpx1|

Overview of significant gene expression changes

cc
Fkbp571
Sgk11
Tsc22d31

Mbp|
Car2|

Agp4|
Aldoct

Rbfox31
Slc17a71
Gad11

PVN CA1
Fkbp57 Fkbp57
Sgk11 Sgk11
Tsc22d31 Tsc22d371
Crh| Crh1
Mbp|
Car2| Car2|
Gfap|
Aqgp4|
Aldoct
Aifl] Aifl]
Arc|
Hmox1|
Mbp|
Car2|
Tmem119|
Aifl]
Fos|
Nfe2l2|
Aif1]

CA3
Fkbp51
Sgk11
Tsc22d37

Gr|

Agp4|
Aldoct
Aif1]

Fos|

Gr|

Fos|
Arc|
Nfe2l2|

DG Amy
Fkbp571 Fkbp51
Sgk1t Sgk11
Tsc22d371
Crh1
Car2|
Aqp4| Aqp4|
Aldoc?
Aif1 |
Rbfox371
Olig21
Fos|
Aqp4|
Gadl
Fos|
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FIGURE 3 Expression of known GR targets (A-D: Fkbp5; F-G: Sgk1; K-O: Tsc22d3; P-T: Crh) in selected brain regions of wild-type and
AdKO, o mice. gPCR data were compared with 2-way ANOVA. Black dots: wild-type; grey squares: AdKO, o. Amy, amygdala; A.U., arbitrary units;
CA1, hippocampal cornu ammonis area 1; CC, corpus callosum; Cg, cingulate cortex; PVN, hypothalamic paraventricular nucleus. Significant
effects (p < .05) are highlighted: S, sex (dashed frame); G, genotype (grey shade); SxG, interaction (dotted frame). Asterisks indicate significant
Tukey's multiple comparisons test p: *< .05; **< .01; ***< .001; ****< .0001

3.3 | Glucocorticoid target genes mice; and in CA1 (p = 0.02) and Amy (p < .01), in which higher
expressions were observed in the AdKO,, mice (Figures 3R-T),
GR activation was tested by measuring the mRNAs coded by Fkbp5, compared to wild-type. This differential regulation by glucocorti-

Sgk1, Tsc22d3 (commonly referred to as Gilz), and Crh. Fkbp5 coids is in agreement with previously published literature.®®
mRNA expression showed significant genotype effects with p < .01 Together, these data confirm long lasting responsiveness of known
in all brain regions (Figures 3A-E). Except for the cingulate cortex, GR target genes to the long-term glucocorticoid overexposure in
significant genotype effects (p < .01 in all cases) were also found AdKO, o mice.

for Sgkl mRNA (Figures 3G-J). For Tsc22d3 mRNA, significant

genotype effects were found in CC (p < .01), PVN (p = .01), CAl

(p < .01) (Figure 3L-N), CA3 (p = .01) and DG (p < .01) (Figure S15, 3.4 | Mineralocorticoid and glucocorticoid

T). For these three genes, increased expression in AdKO, o mice, receptors

compared to wild-type, was evident for all significantly affected

regions. In the case of Crh mRNA, significant genotype effects were Expression of mRNA for mineralocorticoid and glucocorticoid receptors
found only in PVN (p = .01) showing lower expression in AdKO, o (Nr3c2 and Nr3ci, respectively) was measured. Significant effects for
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Expression of Nr3c2 (coding for MR, A-D) and Nr3c1 (coding for GR, E-H) in selected brain regions of wild-type and AdKO2.0

mice. gPCR data were compared with two-way ANOVA. Black dots: wild-type; grey squares: AdKO2.0. A.U., arbitrary units; CA1, hippocampal
cornu ammonis area 1; CA3, hippocampal cornu ammonis area 3; CC, corpus callosum; Cg, cingulate cortex. Significant effects (p < .05) are
highlighted: S, sex (dashed frame); G, genotype (grey shade); SxG, interaction (dotted frame). Asterisks indicate significant Tukey's multiple

comparisons test p: *< .05; **< .01

Nr3c2 mRNA were found only in Cg (p = .04), in which a decrease was
observed in AdKO, o mice (Figure 4A), compared to wild-type. Nr3c1
mRNA expression in Cg (p < .01) and CA3 (p = .03) was found to be
significantly decreased in AdKO,o mice as well (Figure 4E,H), with
respect to wild-type. In CA3, the decrease was more pronounced in
male AdKO, o mice (p = .02) (Figure 4H). The complete dataset regard-
ing both receptors expression in all selected brain regions is displayed
in Figure S2.

MR and GR protein was quantified in frontal cortex, hippocampus
and amygdala from male mice. Normalized GR signal was significantly
lower (p = .04) in AdKO, o mice in cortex only (Figure 5A-D). No sig-

nificant differences were observed in MR assay (Figures 5E-H).

3.5 | Oligodendrocyte markers

We earlier observed substantial changes in immunoreactivity of mye-

lin basic protein (MBP)2®

primarily expressed in oligodendrocytes
(Figure 2). At the mRNA level, we evaluated effects on mature oligo-
dendrocytes by measuring expression of two genes that are predomi-
nantly expressed in these cells: Mbp and Car2. In the case of Mbp,
significant genotype effects were found in CC (p = .04) (Figure 5A),
and PVN (p = .01) (Figure S3C), indicating that AdKO,, mice pres-
ented an expression lower than wild-type. For Car2, significant geno-

type effects were found in CC (p = .01), CA1 (p = .02) (Figures 6D,E),

as well as in Cg (p = .01) (Figure S3H), PVN (p < .01) (Figure S3J), and
Amy (p <.01) (Figure S3N); all describing decreased expression in
AdKO, o mice in relation to wild-type. Possible effects on oligoden-
drocyte precursors were explored by measuring expression of Oligl
and Olig2. There were no significant effects in either marker
(Figures 6G-L), except for a sex effect in Olig2 expressed in DG
(b = .03), which pointed to a lower expression in females (Figure S3A),
compared to males. In CA1 we found a significant sex effect in Mbp
expression (p = .03), suggesting expression in female higher than in
male mice (Figure 6B). Together these findings suggest that long term
glucocorticoid exposure does not affect the pool of oligodendrocyte
precursors but does substantially affect mature oligodendrocyte turn-
over or rather (given that the markers did not consistently cofluctuate)

function.

3.6 | Astrocyte markers

In our previous work we found strongly suppressed immunoreactivity
of the astrocyte marker GFAP,2® often used to detect reactive astro-
cytes. Here were evaluated by measuring expression of Gfap, Aqp4,
and Aldoc, three genes with highly specific expression in astrocytes
(Figure 2). In the expression of Gfap a significant genotype effect
(p = .02) was found only in CA1, which indicated a decrease in

AdKO, o mice, compared to wild-type (Figure 7B).
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Agp4 and Aldoc are expressed specifically in astrocytes (Figure 2).
For Agp4 expression, significant genotype effects were obtained in
CC (p < .01), CA1 (p = .02), CA3 (p = .01) (Figures 7D-F), Cg (p = .02),
DG (p = .01) and Amy (p = .02) (Figure S4H,M,N); in all of them
AdKO; o mice showed a decrease in mRNA level with respect to wild-
type. Additionally, a significant factor interaction was also found in
Agp4 expression in DG (p = .03), with AdKO, o male group showing
the lowest values of all groups (Figure S4M). Aldoc mRNA expression
showed significant genotype effects in CC, CA1, CA3 (p < .01 in each)
(Figure 7G-I1), and DG (p = .01) (Figure S4T); in all cases with higher
levels in AdKO, o mice, compared to wild-type. Together these data
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suggest that astrocyte function is substantially affected by chronic
glucocorticoid overexposure. They do not allow firm conclusions as to
the nature of these changes, given that two generically expressed
genes are regulated in opposite directions; however, Aqp4 mRNA has
been established earlier as a GR target.**

3.7 | Microglia markers

found that Ibal
suppressed in AdKO, o mice.?® Here, microglia were assessed by

We earlier immunoreactivity was strongly
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measuring expression of the Tmem119 as a marker for total
microglia content, and Aif1 (coding for IBA1 protein) as a marker
for reactive microglia. Except for a sex effect found in CA1l
(b = .03) (Figure 7K), Tmem119 expression showed no significant
changes. In the case of Aifl expression, significant genotype effects
were observed in CA1 (p <.01), CA3 (p = .04) (Figure 7N,0), Cg
(b <.01), PVN (p <.01) and Amy (p <.01) (Figure S5H,J,N), all
suggesting that AdKO, o mice presented a lower expression than
wild-type; additionally, a significant sex effect was found in PVN
(p = .02) indicating lower expression in males compared to females

(Figure S5J); and a significant factor interaction effect was found in

(L)

A.U.

FIGURE 6 Expression of mature
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CA1 (p = .02) (Figure 7N), which shows male AdKO, o mice to have
the lowest expression of all groups. The fact that the marker for
total microglia was unchanged, contrary to the case of the marker
for reactive astroglia, suggests that the activation status, but not
the number, of microglia cells was affected in AAKO, o mice.

3.8 | Neuronal markers

Neuronal populations were investigated by measuring Rbfox3 (coding

for NeuN protein), the glutamatergic neuron specific gene Slc17a7,
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and the GABA-ergic neuron specific gene Gad1. For Rbfox3, signifi-

cant genotype effects were found in the CC (p = .02) and Amy

(b = .03) (Figures 8B,D) in both cases pointing to an expression in
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AdKO, o mice higher than wild-type. Slc17a7 was found to be signifi-

cantly lower in AdKO, o mice (p = .046) in the Cg, compared to wild-

type (Figure 8E). Both Slc17a7 and Gadl mRNA expressions were
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FIGURE 8 Expression of neuron associated genes (A-D: Rbfox3; E-H: Slc17a7; I-L: Gad1); and quantification of immunopositive cell bodies

for NeuN (M) in selected brain regions of wild-type and AdKO2.0 mice. Panel N depicts NeuN immunohistochemical staining in the CC and
surroundings; yellow highlight indicates parcellation of the cingulum subsection of the CC that was used for cell count; Black bar = 100 pm. qPCR
and immunopositive cell count data were compared with two-way. ANOVA. Black dots: wild-type; grey squares: AdKO2.0. Amy, amygdala; A.U.,
arbitrary units; CC, corpus callosum; Cg, cingulate cortex; DG, hippocampal dentate gyrus. Significant effects (p < .05) are highlighted: S, sex
(dashed frame); G, genotype (grey shade); SxG, interaction (dotted frame)
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found to be significantly higher in AdKO, o mice, with relation to wild-
type, in CC (p < .01 and p = .02, respectively) (Figure 8F,J)). Also, Gad1
was significantly higher in AdKO, o male mice in Cg (0.046) and DG
(p = .047) in comparison to wild-type (Figures 81,K). The complete
dataset of the expression of the three referred markers in all brain
regions is displayed in Figure S6A-U.

Based on the surprising presence of the neuronal marker NeuN in
punches of corpus callosum, and the concurrent increase in Gadl
mRNA, we stained sections with NeuN antibody, in order to check for
the presence of neuronal (probably GABA-ergic) cells in this white
matter area (Figures 8M,N). We observed presence of NeuN positive
cells in the cingulate cingulum, but these were not more abundant in
AdKO,o mice than in wild-type. We concluded that there the
increased mMRNA expression may be related to GABA-ergic neurons
adjacent to the corpus callosum, which may have been included in the
micropunches during dissection. However, for lack of sampling that is
compatible with stereological measurements, we were unable to fur-
ther substantiate this notion. We conclude that there are no major
changes in terms of markers for the two main neuronal subdivision,
GABA-ergic and glutamatergic cells, although some of the observed

mRNA changes may be subject to future studies.

3.9 | Cellular activity

Basal cellular activity was assessed by measuring expression of
immediate early genes Fos and Arc. Of note, while these genes are
routinely interpreted as markers for neuronal activity, basal Fos
mRNA expression was highest in oligodendrocytes in the Allen Brain
Atlas data (Figure 2). Significant sex effects on Fos expression were
found in PVN (p = .03), CA3 (p = .02) and Amy (p = .01)
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(Figures 9A-C), all describing an increased expression in females
compared to males; in addition, significant factor interactions were
also found in CA3 (p = .01), and Amy (p = .02) (Figures 9B,C) indi-
cating expression levels in female AdKO,o mice higher than the
other groups. For Arc mRNA a significant genotype effect was
found in PVN (p = .04) (Figure 9D), based on an expression in
AdKO, o mice lower than wild-type, and a significant factor interac-
tion was found in CA3 (p < .01) (Figure 9E) with AdKO, o male mice
having the lowest expression of all groups. The complete dataset of
the expression of both referred markers in all selected brain regions
is displayed in Figures S6V-I'.

3.10 | Oxidative stress related genes

Because chronic administration of glucocorticoids is considered a risk

3233 markers for oxida-

factor for the viability of neuronal populations,
tive stress were explored by measuring expression of Nfe2l2, Sod1,
Hmox1, Gpx1 and Cat genes. Nfe2l2 mRNA showed a significant sex
effect in PVN (p = .01) (Figure S7C) in which expression in females is
higher compared to males; and a significant factor interaction in CA3
(p < .01) (Figure S7E), in which AdKO, o males show lower levels than
the rest of the groups. Sod1 showed no significant effects. In the case
of Hmox1, significant genotype effects were found in Cg (p = .01) and
PVN (p = .03) (Figures 10A,B), both showing a decrease in AdKO, g
mice in comparison to wild-type. For Gpx1, a significant genotype
effect was found only in Cg (p < .01) (Figure 10D) which indicates a
decrease of expression in AdKO, o mice, compared to wild-type. No
significant effects were found in Cat expression. We concluded that
there is no overt regulation of oxidative stress marker genes in
AdKO, o mice.
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4 | DISCUSSION

To better understand the consequences of chronic overexposure of
the brain to endogenous glucocorticoids, we compared gene expres-
sion of known glucocorticoid target genes, and of a number of cellular
markers genes between AdKO,, mice and wild-types. We found
major differences on markers of all three glial cell types. While expres-
sion of the exclusively neuronal target gene Crh was affected, generic
markers for GABA-ergic and glutamatergic neurons were largely
spared. We did not observe consistent changes in genes linked to oxi-
dative stress.

We used gPCR mRNA quantification in punches from seven brain
regions. Although this approach provides less information than a
transcriptomics approach per region, it allows for a more extensive
analysis than what would be possible using antibodies. The use of
mRNA measures as markers for cell populations comes with some
caveats. First, protein levels and mRNA levels can differ—which is
clearly the case for GR in our present data. Also, Mbp and Gfap in our
previous immunostaining®® showed much stronger differences
between genotypes than our present mRNA data. Second, the
markers may be affected by the phenotype, that is, regulated by glu-
cocorticoids. This may lead to discrepant data for markers of a partic-
ular cell type, as is the case for astrocytes in this study. Third, the
mRNA measurement is a bulk measurement. This perhaps makes the
approach more vulnerable to false negative findings compared to
immunohistochemical analysis. Nevertheless, our data allowed us to
observe clear effects.

AdKO, o mice presented widespread increases in expression of
Fkbp5, Sgk1 and Tsc22d3 (coding for GILZ), with some exceptions
mainly in the cingulate cortex. The basal expression of the classical

target genes varies among the different cell types in the hippocampus.
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Accordingly, their increased expression probably reflects different cell
types. Expression of Crh is restricted to neurons, and its bidirectional
regulation in hypothalamus and amygdala areas is in line with known
glucocorticoid effects.>® We are unaware of previous data reporting
Crh mRNA induction in the diffusely distributed CRH cells in the hip-
pocampus. These results indicate that in our mice there is a strong,
widespread and sustained transcriptional effects as a result of chronic
hypercorticosteronemia, probably in all cell types of the brain. This is
further substantiated by the strong downregulation of Agp4 in
astrocytes.

Based on receptor affinities it is tempting to interpret the effects
of chronically elevated corticosterone as mediated by GR rather than
MR,! but our data do not allow to distinguish. For hippocampus, GR is
the predominant receptor in oligodendrocytes and microglia
(Figure 2). Also, CRH in the PVN is an established GR target gene.
However, recent findings suggest that MR can be a mediator of ele-

vated levels of corticosterone 43¢

and experiments using MR and
GR antagonists will have to establish specific receptor involvement
for most genes. GR mRNA was modestly suppressed, but our WES
analysis suggests that homologous downregulation of GR is more
extensive at the protein level - as the GR protein suppression in
AdKO, o mice seems widespread, even if the experiment was not suf-
ficiently powered to reach significance. Clearly, homologous down-
regulation of Nr3c1%” does far from fully compensate for hormone
exposure in the brain.

As markers for oligodendrocytes, we selected Mbp, Car2, Oligl
and Olig2 (Figure 2). Of these only Oligl was previously identified as
glucocorticoid responsive.>®3 QOligl or Olig2 mRNA expression was
unchanged, suggesting that mobile, immature oligodendrocyte precur-
sors might be resilient to chronic corticosterone overload.*°=*® Mbp

and Car2 participate in myelination and myelin compaction in mature
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oligodendrocytes.** Mbp mRNA expression was reduced in corpus
callosum and PVN, but overall changes were much more modest than
we earlier found using immune staining. Car2 mRNA, which is sub-
stantially enriched in oligodendrocytes, was significantly reduced in
cingulate cortex, corpus callosum, hippocampal CA1 and amygdala.
This result indicates that under chronic hypercorticosteronemia oligo-
dendrocyte precursors might still be able to differentiate and migrate,
but mature oligodendrocyte function is probably compromised. This is
in concordance with widespread changes in white matter volumes
that has been observed in the brains of these mice®® and the changes
in white matter integrity observed in Cushing's patients.*”*°
Tmem119 is expressed exclusively in microglia and its use as a
general microglia marker is supported by the fact that is not affected
by M1 or M2-type activation stage.*® Aif1 mRNA was not detected in
hippocampus in basal conditions in the Allen Brain Atlas data, but its
translational product Ibal is widely used as an indicator of microglial
activation. We interpret the combined lack of effects on Tmem119
mRNA and reduced Aif1 mRNA levels as indicative of suppression of
classical microglial activation mechanisms without an effect on
overall microglia numbers. This is in line with our previous immuno-

stainings,23

and research by others that used exposure to chronic
stress or chronic high levels of corticosterone, in basal conditions as
well as in response to stroke.*” *? Also, in vitro exposure to cortico-
sterone had strong suppressive effects on microglia.*®*! Thus, M1
type activation in microglia is probably suppressed due to chronic
hypercorticosteronaemia.

Previously we observed widespread reduction in GFAP immuno-
reactivity, but at mMRNA we did not find robust changes. This coincides

with the results in astrocyte cultures by Carter et al.,>?

although some
reports did find mRNA changes after glucocorticoid treatment.>® The
discrepancy between the current and our previous results?® might
arise from the fact that GFAP protein regulation can occur at the level

54-57 or from a variation in the

of protein translation or turnover,
degree of GFAP protein incorporation to intermediate filament net-
works (which is the state usually targeted by primary antibodies).>®
AdKO, o mice presented a widespread decrease in Agp4 mRNA
expression but increased Aldoc mRNA. We initially selected Agp4 as
an astrocyte marker but it has been observed in other experiments
that chronic unpredictable stress, methylprednisolone (in acute spinal
cord injury paradigm) or dexamethasone, all decrease mRNA and pro-
tein expression in AQP4, in a GR dependent manner. Dexamethasone
also abolishes polarization of AQP4 expression in astrocytes.3:57:¢0
As AQP4 is strongly linked to waste clearance from the brain via
glymphatic flow, it is likely that this process in impaired in our mice,
and perhaps also CS patients.3? It was also previously shown that
exposure to corticosteroids increases Aldoc mRNA expression in
astrocytes both in vitro and in vivo.°?°% Altogether, the present data
confirm that astrocytic function is compromised under chronic circu-
lating corticosteroid overload. In view of the large and consistent
effects, it will be of interest to determine the functional consequences
of these effects, for example, in cell-type specific knockout mice.6*
AdKO, o mice showed a significant increase of Rbfox3 mRNA

expression in corpus callosum and amygdala. In corpus callosum we
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also observed an increase in the expression of markers for GABA-
ergic cells. However, since there were no significant differences in the
amount of NeuN positive cell nuclei in the white matter areas, the
increased Rbfox3 mRNA signal may be due to the accidental inclusion
of grey matter tissue surrounding the cingulum during dissection using
the micropunch sample corers. Although we were not able to quan-
tify NeuN immunostaining in amygdala, the increase in Rbfox3
mRNA expression might be related to a larger amygdalar volume, as
we have previously established in these mice.?® Earlier work
established that chronic stress or chronic corticosteroid administra-
tion can actually increase neuronal densities in certain areas of the
brain, particularly in medial prefrontal cortex,%? although increase
arborization after corticosterone treatment in the amygdala
Decreased Slc17a7 (Cg) and

increased Gad1 expression (CG and male dentate gyrus) in our data

suggests additional mechanisms.%®

may indicate an increased inhibitory tone due to chronic exposure
to corticosterone.

Although glucocorticoids may endanger particular cell types to
excitotoxicity, AdKO, o mice presented significant decreases of oxida-
tive stress markers Hmox1 and Gpx mRNA expression in cingulate
cortex and (for Hmox1) hypothalamic paraventricular nucleus. The
lack of effects in most of the regions sampled suggest that the oxida-
tive stress response machinery is spared from effects of chronic hyp-
ercorticosteronemia. “Endangerment” of neurons after corticosterone
exposure may however become evident after additional challenges to
the system, including age-related “wear and tear.” However, in the
relatively young mice used in this study we observed very limited evi-
dence for increased vulnerability/exposure to oxidative stress.

Fos mRNA expression was significantly decreased in male mice in
PVN, CA3 and amygdala. c-FOS is usually referred as an indicator of
neuronal activation, but according to the available single cell RNA-seq
data, it is a gene that is also strongly expressed in microglia under
basal conditions. In fact, Fos expression can be upregulated by expo-
sure to glutamate in microglia,®* and it is required for microglial activa-
tion in response to noxious stimuli (e.g., LPS).%° In the present study, it
was not possible to discern if the Fos mRNA expression changes origi-
nate in neurons or microglia. The lower levels of immediate early gene
expression in the PVN of AdKO,, mice may point to suppressive
effects on corticosterone on the parvocellular CRH neurons as part of
ongoing negative feedback.®®

In clinical populations, the great majority of Cushing's patients are
women.®” We obtained significant intrinsic sex effects as well as inter-
actions between genotype and sex in genes related to oligodendro-
cytes, microglia, neuronal activity and oxidative stress. Most of these
effects locate in PVN and hippocampus, where there is substantial
coexpression of MR/GR with sex steroid receptors.?’ These differ-
ences were generally modest and restricted to single areas for each
gene, with neuronal activation markers as the most consistently dif-
ferent between sexes. It has been shown that there are sexual differ-
ences in oligodendrocyte precursor proliferation and metabolism;
microglial cell density, membrane properties and antigen presenting
potential; and in both types of cells, gene expression profile.58%?

Long-term potentiation in hippocampal neurons is also sexually
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dimorphic, and appears to be influenced by oestrous cycle hormonal
fluctuations.”® Finally, Nfe212 mRNA and protein levels are differen-
tially regulated in male and female embryos exposed to oxidative
stress.”! Although the extent of significant interactions between sex
and genotype was modest in our data, compared to overall genotype
effects, it will be of interest to study the role of gender and sex ste-
roids in more detail in future studies, for example, with more compre-
hensive transcriptome analyses.

In conclusion, our data confirm and extend the notion that long-
term exposure affects all major cell populations in the brain. In young
adult mice this is not necessarily in terms of overall presence of cell
markers, but certainly at the level of activation of, in particular, glial cell
populations. Although the effects on Crh mRNA also suggest an imme-
diate substrate for the emotional vulnerability in patients with Cushing's
disease and glucocorticoid overexposure due to other causes, effects
on many other signaling factors remain to be established. It will be also
of interest to study to what extent the observed effects respond to nor-
malization of corticosterone exposure, or treatment with GR antago-
nists, both current options for treatment of Cushing's syndrome.
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