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ARTICLE INFO ABSTRACT

Keywords: Sex differences in the brain have prompted many researchers to investigate the underlying molecular actors, such
GIAUCOCOFﬁCOid receptor as the glucocorticoid receptor (GR). This nuclear receptor controls gene expression, including microRNAs
H{I}J{;;\;);ampus (miRNAs), in non-neuronal cells. Here, we investigated sex-biased effects of GR on hippocampal miRNA
mil S

expression and neuronal morphology by generating a neuron-specific GR knockout mouse (Emx1-Nr3c1~/7). The

Neuroplastici . . . :

Den. drﬂes v levels of 578 mature miRNAs were assessed using NanoString technology and, in contrast to males, female Emx1-
Dendritic spines Nr3c1~/~ mice showed a substantially higher number of differentially expressed miRNAs, confirming a sex-
Sex biased effect of GR ablation. Based on bioinformatic analyses we identified several transcription factors poten-

tially involved in miRNA regulation. Functional enrichment analyses of the miRNA-mRNA interactions revealed
pathways related to neuronal arborization and both spine morphology and density in both sexes. Two recognized
regulators of dendritic morphology, CAMKII-a and GSK-3p, increased their protein levels by GR ablation in fe-
male mice hippocampus, without changes in males. Additionally, sex-specific effects of GR deletion were
observed on CAl neuronal arborization and dendritic spine features. For instance, a reduced density of mush-
room spines in apical dendrites was evidenced only in females, while a decreased length in basal dendrites was
noted only in males. However, length and arborization of apical dendrites were reduced by GR ablation irre-
spective of the sex. Overall, our study provides new insights into the sex-biased GR actions, especially in terms of
miRNAs expression and neuronal morphology in the hippocampus.
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factor, (TF).
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1. Introduction

Glucocorticoids (GCs) influence diverse physiological functions,
including brain maturation, growth, development, metabolism, immune
response, and behavior (Uchoa et al., 2014). GCs are released from the
adrenal cortex (corticosterone in rodents) by circadian or stress-induced
activity of the hypothalamic-pituitary-adrenal (HPA) axis (Hall et al.,
2015). Importantly, GCs differentially exert their actions in males and
females in some tissues (e.g., heart and liver) (Duma et al., 2010; Quinn
et al., 2014; Cruz-Topete et al., 2019), suggesting a complex action of
these hormones in a sex-dependent manner.

GCs bind to mineralocorticoid (MR; NR3C2) and glucocorticoid re-
ceptors (GR; NR3C1) with high and low affinity, respectively. Both re-
ceptors act as ligand-dependent transcription factors that modulate the
expression of several genes (Ramamoorthy and Cidlowski, 2016). The
GCs-GRs complex binds to specific DNA sequences (glucocorticoid
response elements, GREs) in target genes, increasing their expression
(Ramamoorthy and Cidlowski, 2016). In contrast, a negative regulation
of gene expression occurs through negative GREs, composite GREs, or by
a trans-repression mechanism (Ramamoorthy and Cidlowski, 2016).
Moreover, GRs may trigger rapid actions upon their activation by
interacting with several types of membrane receptors and protein ki-
nases (Panettieri et al., 2019). Notably, the GR may exert various actions
through a sophisticated combination of direct gene expression control or
a direct cross-talk with ERK1/2-MSK1-Elk-1 signaling to the nucleus
(Gutierrez-Mecinas et al., 2011).

The GR is widely expressed in several limbic brain areas and plays a
pivotal role in the modulation of the stress response and memory pro-
cessing (Wirth, 2015). Furthermore, in utero GR silencing in mouse
embryos (E15-15.5) established that GR promotes increased spine
density and reduced spine size in apical dendrites of cortical neurons
evaluated at the juvenile stage (Arango-Lievano et al., 2015). These
findings suggest that these receptors participate in neuronal morphology
during neurodevelopment. Additionally, evidences have shown that
circadian glucocorticoid oscillations produce a balance between synapse
formation and pruning after learning through a delicate contribution of
both the GR and the MR (Liston et al., 2013; Hall et al., 2015). Thus,
GR-dependent actions of GCs -by both genomic and non-genomic
mechanisms- may modulate neuronal functioning and structural plas-
ticity (de Kloet et al., 2018). Notably, the GR is highly expressed in the
hippocampus, a brain area involved in mood/cognition processes, and
the stress response (McEwen et al., 2016). Therefore, GR contributions
to structural plasticity in the hippocampus may contribute to promote
adaptive behavior.

Interestingly, a bidirectional control between GR and particular
miRNAs -key post-transcriptional regulators of gene expression- (Olde
Loohuis et al., 2012) has emerged. For instance, both miR-124a and
miR-18 target the Nr3c1 3'UTR transcript to downregulate GR expres-
sion (Vreugdenhil et al., 2009). On the other hand, evidences in
non-neuronal cells indicate that the GR participates in the modulation of
miRNA levels (Li et al., 2014; Laxman et al., 2016). Specifically, a syn-
thetic GR agonist induces a broad repression of GC-responsive mature
miRNAs in rat primary thymocytes and human lymphoid cell lines
(Smith et al., 2010, 2013). However, GR-dependent effects on miRNAs
in brain cells have not been described yet. Surprisingly, miRNAs show
uneven expression profiles across different brain areas, suggesting
region-specific functions (Olsen et al., 2009). Additionally, miRNAs
participate in neurodevelopment, synaptic plasticity, and neuronal ac-
tivity (Olde Loohuis et al., 2012). These important miRNA actions have
raised a great interest in deciphering the sex-specific miRNA processes in
several tissues, including the brain; differences which may explain the
sex-biased prevalence of some diseases (Pak et al., 2013). Recently, a
comprehensive analysis of sex differences in human miRNA expression
has been conducted with public databases (Cui et al., 2018). This study
identified 73 female-biased miRNAs and 163 male-biased miRNAs
across four different tissues, including the brain (Cui et al., 2018).
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Notably, the neonatal brain shows sex-biased expression of miRNAs, an
effect which seems to be regulated by a combination of both sex hor-
mones and sex chromosomes (Morgan and Bale, 2012). Furthermore,
sex-specific microRNAome variations are detected in the hippocampus
after X-ray irradiation, suggesting a sex-biased regulation of miRNA
expression (Koturbash et al., 2011).

Although the aforementioned evidences highlight that miRNA
expression is sensitive to GR activity in non-neural models, the effect of
GR on miRNA regulation in the brain, particularly in the hippocampus,
is still unknown. Here, we report a conditional Nr3c1 ablation, through
the expression of Cre recombinase under the control of the Emx1 (empty
spiracles homeobox 1) promoter, to study GR contributions to both
miRNA expression and neuronal morphology in the mouse hippocam-
pus. Besides, since sex influences both GCs actions and miRNAs
expression, it is pertinent to evaluate sex contribution to GR-dependent
actions on hippocampal miRNAs and pyramidal neurons architecture.

2. Material and methods
2.1. Animals

Mice with a floxed GR/Nr3cl locus were generated at the National
Institute of Environmental Health Sciences (NIEHS) by standard gene-
targeting procedures, as previously described (Oakley et al., 2013,
2019). Briefly, the GR locus was modified by inserting loxP sites up-
stream of exon 3 and downstream of exon 4. Mice carrying the modified
GR allele were then derived by blastocyst (albino B6) injection. Homo-
zygous floxed GR (GRloxP/loxP) mice were then mated at NIEHS with
mice expressing Cre recombinase under the control of the Emx1 pro-
moter (#005628, The Jackson Laboratory), which restricts Cre recom-
binase expression to neocortex and hippocampal neurons (Guo et al.,
2000). Therefore, the resulting offspring were GRloxP/loxP
Emx1-Cre/+ mice (designated EmxI-Nr3cl /7). The Cre-negative
GRloxP/loxP Emx1*/* littermate mice served as controls. All mice
presented a C57BL/6N/J genetic background. Male and female knock-
outs appeared grossly normal. They were born at the predicted Men-
delian ratio and exhibited normal body weights and survival through 12
months of age. Four-to 6-month-old male and female littermates were
used for all experiments. All experiments were approved and performed
according to the guidelines of the Animal Care and Use Committee of the
NIEHS, National Institutes of Health (2015-0004). To ensure that the
potential effects of GR ablation would be related to its absence rather
than just to a reduction on its levels, we decided to conduct our study
only in homozygous GR knockout mice (hereafter called
Emx1-Nr3c1~/7). We have used a total of 24 animals segregated in 6
animals per group (female Control, male Control, female
Emx1-Nr3c1~/~ and male Emx1-Nr3c1~/~). The hippocampi from left
hemispheres of all animals were rapidly dissected and immersed in
RNAlater™ (Qiagen, California, USA) for subsequent TRIzol RNA and
protein extractions. The remaining right hemispheres were used for
morphological studies using Golgi Stain (n = 3 for each experimental
group) or alternatively, hippocampi were immediately homogenized for
protein extraction for GR and MR Western blotting determination (n = 3
for each experimental group).

2.2. RNA extraction and quantitative real-time reverse transcription-
polymerase chain reaction (RT-qPCR)

RNAs from one hippocampus of each mouse were isolated and
quality-controlled, as we have previously described (Munoz-Llanos
et al., 2018). For the RT-qPCR procedure, predesigned TagMan™ pri-
mer/probe sets for Nr3c1 and Nr3c2 mRNAs were used to perform a
one-step reaction in the 7900HT-Fast Real-Time PCR System (Applied
Biosystems, USA) thermocycler. The thermal profile was defined ac-
cording to the manufacturer’s instructions, and gene expression was
calculated based on the 2722 method (Schmittgen and Livak, 2008).
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2.3. nCounter® miRNA Expression Assay of miRNAs

For the quantitative determination of mature miRNAs, purified
hippocampal RNA was treated with RNase-Free DNase Set (Qiagen,
Germany), followed by a clean-up and concentration step of miRNA
fraction and small RNAs (<200 nucleotides) by RNeasy MinElute
Cleanup Kit (Qiagen, Germany). The sample concentration was deter-
mined by NanoDrop, diluted in a range of 40-80 ng/pl, and RNA
integrity was determined by Advance Analytics Fragment Analyzer.
miRNA levels were determined with the nCounter® miRNA Expression
Assay (NanoString Technologies, Seattle, USA), using the mouse miRNA
panel v1.5., which detects the levels of 578 mouse mature miRNAs, 33
viral mouse miRNAs, and 4 housekeeping genes. The automated
nCounter® platform allows the quantitative measurement of multiple
miRNAs within one sample by the hybridization of fluorescent barcodes
directly to one specific nucleic acid sequence (Veldman-Jones et al.,
2015). The hybridization cartridges were digitized with the nCounter®
Digital Analyzer instrument and the raw data (RCC files) were generated
from the images with the nSolver™ Analysis Software (v4.0, NanoString
Technologies, Inc.). These procedures were conducted at the Molecular
Genomics Core Laboratory of the National Institute of Environmental
Health Sciences (NIEHS).

2.4. Bioinformatic analyses

Full bioinformatic workflows are described in the supplementary
methods. In brief, raw RCC files data were normalized and background-
corrected. Differential expression analyses were performed between
female and male controls, followed by Emx1-Nr3c1~/~ and controls by
sex. Probes with an adjusted p-value < 0.05 and |fold change| > 1.3
were considered as differentially expressed.

Putative trancriptional regulators of differentially expressed miRNAs
were retrieved from TransmiR 2.0 database (Wang et al., 2010).
GR-binding sites were scanned in the promoters of differentially
expressed miRNAs using the JASPAR database (Fornes et al., 2020) and
FIMO from MEME-Suite (Grant et al., 2011).

Functional enrichment analysis of differentially expressed miRNAs
was firstly assessed using the TAM 2.0 webserver (Li et al., 2018).
Considering that TAM 2.0 contains only information about human
miRNAs, we matched the mouse and human miRNA names and/or the
miRNA sequences based on sequence and annotation data from miRBase
v22 (Kozomara and Griffiths-Jones, 2011). An extra step was performed
using CD-HIT (Li and Godzik, 2006; Fu et al., 2012) to find miRNAs in
the human miRNAome, specifically with those mouse miRNAs that did
not previously matched. We considered only those miRNAs with an
identity greater than or equal to 80%.

Differentially expressed miRNAs in each group were compared
against two predicted target mRNA databases: miRDB v6.0 (Chen and
Wang, 2020) and miRWalk 3.0 (Sticht et al., 2018). Similarly, the same
datasets of miRNAs were used as input for the miRNet platform (Fan
et al., 2016), which collects validated interactions from the
well-annotated databases miRTarBase v7.0 (Hsu et al., 2011), TarBase
v8.0 (Karagkouni et al., 2018) and miRecords (Xiao et al., 2009), to
identify validated target mRNAs. Predicted and validated target mRNAs
were refined by reported expression in the rodent hippocampus using
the Expression Protein Atlas (Petryszak et al., 2016). Data handling and
functional enrichment analysis were performed in R v3.6.1 with the R
package enrichR v2.1 (Kuleshov et al., 2016), and KEGG 2019 mouse
databases (Kanehisa and Goto, 2000). KEGG pathways were retrieved by
filtering for statistical significance (p-value < 0.05) and the top 15
pathways with the highest combined score were selected, according to
Enrichr recommendations for best ranking (Kuleshov et al., 2016). Data
visualization was performed with R package ggplot2 v3.2.1, and circular
plots were obtained with R package circlize v0.4.8 (Wickham, 2011; Gu
et al., 2014).
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2.5. Golgi staining and morphological analyses

One fresh hemisphere was used for Golgi staining, using the FD
Rapid GolgiStain™ kit (FD Neuro Technologies, Baltimore, MD, USA), as
described (Castaneda et al., 2015; Garcia-Rojo et al., 2017; Aguayo
et al., 2018). Full details of dendritic complexity analyses are described
within the supplementary methods. Briefly, focal Z-planes were digitally
converted into virtual slides using the Hamamatsu NDP slide scanner
(Hamamatsu Nanozoomer, Japan). These Z-stack images were then used
to create semi-automated 3D reconstructions of each neuron, using the
neuTube software (Feng et al., 2015), and saved in SWC format. Using
the simple Neurite Tracer plugin for Fiji (Longair et al., 2011), each path
of the reconstructed neuron was assigned as being a part of the soma, the
apical dendrite, or a basal dendrite. Using the assigned paths and the
L-Measure software (Scorcioni et al., 2008), the total dendritic length
and the number of branch points were determined for both apical and
basal dendrites. The Sholl analysis (Sholl, 1953) was performed within
Fiji environment (Ferreira et al., 2014) using a “skeleton” of the con-
structed image that was overlapped in a series of concentric rings, at an
interval of 10 pm centered on the cell body. The number of intersections
crossing each concentric ring was determined in basal and apical
dendrites.

Dendritic spines analyses were performed as described in prior
studies (Castaneda et al., 2015; Garcia-Rojo et al., 2017; Aguayo et al.,
2018). Full details of dendritic spine density and morphology analyses
are described within the supplementary methods.

2.6. Western blot analysis

A detailed description of Western blot analyses can be found in the
supplementary methods. Briefly, for the evaluation of nuclear receptors,
hippocampi were homogenized in RIPA buffer (Pierce, Thermo Scien-
tific) containing a cocktail of protease (Co-Ro, Sigma Aldrich) and
phosphatase (Calbiochem, Millipore) inhibitors. 15 pg of protein were
resolved on 4-20% MiniPROTEAN© TGX™ Stain-Free precast protein
gels (BioRad, California, Unites States) and then electroblotted onto 0.2-
pm nitrocellulose membranes. After several washes with TBS, mem-
branes were blocked and then incubated overnight at 4 °C with the
desired primary antibody (Table 1). Blots were then washed and incu-
bated with goat anti-mouse IRDye800-conjugated (LI-COR Biosciences,
Lincoln, NE, USA; cat: 926-32210) or goat anti-rabbit (Cell Signaling
Technology, USA; cat. 7074). Membranes were washed, and bands were
detected with an Odyssey® CLx Imaging System (Li-Cor Biosciences,
Lincoln, NE, USA). Alternatively, we used the protein recovered from
hippocampi homogenized in TRIzol for GSK-3p and CaMKII-a, according
to a described protocol (Kopec et al., 2017), with some modifications
fully described in the supplementary methods.

2.7. Statistical analyses

Data from molecular and morphological analyses are presented as
means + SEM. Statistical significance was set with a confidence level of
95% (p-value < 0.05). Differences between only two groups (GR and MR
protein levels, n = 3) were determined by Welch’s t-test. The effects of
the sex, genotype, and their interaction (sex x genotype) were deter-
mined by two-way ANOVA, using Prism 8 (GraphPad Software Inc, CA,
USA). Post-hoc pairwise comparisons were computed with Tukey’s test
for both molecular and dendritic length and branching analyses, or with
Fischer’s LSD for dendritic spine density. For the Sholl analysis, the ef-
fects of sex, genotype and radial distance from the soma were evaluated
by three-way ANOVA, using R v3.6.3 and rstatix packages, v0.4.0
(Kassambara, 2020). For the GSK-3p Western blotting analysis, one fe-
male control datapoint was excluded from statistics because the value
deviated from the observed central tendency (> mean + 2 SD). Appart
from this, no other outlier was identified.
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Table 1
Primary antibodies and blocking conditions used.
Antigen Description of Source, Host Concentration Primary
Immunogen Species, used antibody
Cat. #, RRID and
blocking
solution
p-Actin Synthetic Synaptic Systems,  1:10000 3% non-
peptide rabbit polyclonal, 1:10000 fat dried
corresponding to cat. no. 251 003, milk, TBS-
aa. 2 to 16 from RRID: AB 0.1%
mouse B-Actin. ~11042458 or Tween-20
Merck Millipore, Odyssey
mouse Blocking
monoclonal, cat. buffer
no. MAB1501,
RRID:
AB_2223041
GR Amino acids Santa Cruz 1:100 1% non-
121-420 of GR Biotechnology, fat dried
of human origin.  mouse milk, TBS-
monoclonal, cat. 0.05%
no. sc-393232, Tween-20
RRID:
AB_2687823
MR Synthetic rMR1-18 1D5, 1:400 Odyssey
peptide mouse Blocking
corresponding to  monoclonal. ( buffer
N terminal Gomez-Sanchez
region (A/B et al., 2006)
domain) of rat
MR
GSK-3p Synthetic Cell Signaling 1:1000 3% BSA,
peptide Technology, TBS-0.1%
corresponding to  rabbit Tween-20
the sequence of monoclonal, cat.
human GSK-3p no. 9315,
RRID: AB_490890
CaMKII- Synthetic Abcam, rabbit 1:3000 5% BSA,
o peptide within monoclonal, cat. TBS-0.1%
Human CaMKII no. ab52476, Tween-20
aa 200-300. The RRID: AB 868641
exact sequence
is proprietary.
3. Results

3.1. Validation of a conditional GR knockout mice

To asses the effect of GR ablation on miRNA expression, we gener-
ated conditional GR knockout mice through Cre recombinase expression
under the control of the Emx1 gene promoter (Emx1-Nr3c¢17/7). The
EMX1 is a transcription factor implicated in forebrain development
(Muzio and Mallamaci, 2003), whose expression starts around embry-
onic day 9.5 and is restricted to the dorsal telencephalon (Simeone et al.,
1992). The GR/Nr3cl mRNA levels were significantly reduced by 90%
in female and male EmxI-Nr3c1~/~ mice compared to controls (geno-
type: Fy 20 = 41.07, p-value < 0.0001), with no significant differences
between female and male, both controls and Emx1-Nr3c1 ™/~ mice
(Fig. 1A). This was further supported by Western blot analyses of mice
hippocampi, where GR protein levels were undetectable on
Emx1-Nr3c1~/~ female and male mice (Fig. 1B). The GR protein levels
tended (p-value = 0.1052) to be similar between female and male con-
trols (Fig. 1B and C).

Next, considering the functional interactions between GR and MR,
we evaluated whether GR ablation alters MR/Nr3c2 mRNA and protein
levels in the hippocampus. MR mRNA levels were similar across female
and male mice, both controls and Emx1-Nr3c1 /= (F ig. 1D). Then, MR
levels were estimated utilizing a well-characterized antibody (Gomez--
Sanchez et al., 2006) that detected two immunoreactive bands in our
assays. One band was at the expected molecular mass (~110 kDa), and
the other near 130 kDa (Fig. 1E). Since MR is subjected to
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post-translational modifications (Pascual-Le Tallec and Lombes, 2005)
that may explain the double band, we decided to quantify both bands.
Despite the low number of biological replicates, MR protein levels ten-
ded to be higher in female Emx1-Nr3c1~/~ mice compared to their
controls (Welch-corrected t2,036) = 4.558, p-value = 0.0434; Fig. 1F),
with no effect in Emx1-Nr3c1~/~ males. These findigs corroborate our
GR ablation on hippocampal tissue.

3.2. Sex differences on basal miRNA expression on control mice
hippocampus

To establish whether there are sex differences on basal miRNAs
levels, we used the NanoString technology, which includes probes for
578 mouse mature miRNAs. Six biological replicas were employed to
control the reproducibility of our findings (Figure S1). To compare the
miRNA expression pattern between female and male controls, we per-
formed a differential expression analysis. This analysis yields differences
in the type, number, and direction of miRNAs expression, using a |fold
change| > 1.3 and an adjusted p-value < 0.05 as a cutoff parameters.
Fig. 2A shows the expression of miRNAs from control mice hippocampi.
Females exhibited five highly expressed miRNAs (orange filled circles),
and twenty-four lowly expressed miRNAs (black filled Ccircles),
compared to males. These data indicate that female and male controls
exhibit a similar miRNA profile, where only a reduced number of miR-
NAs (i.e., 29 miRNAs, corresponding to almost 5% of the total evaluated
miRNAs) displays a sex-biased expression. Interestingly, the sex-
differentially expressed miRNA genes derive from several chromo-
somes; nonetheless, six of them are found in the X-chromosome, which
exhibited a higher (mmu-miR-2132) or lower (mmu-miR-19 b, —224,
—448, —504, -542-5p) expression in females, compared to males
(Table S1).

3.3. Glucocorticoid receptor knockout induces a sex bias miRNAs
expression profile in the mouse hippocampus

In order to establish whether GR ablation triggers a sex-biased
miRNA expression profile, first we conducted a differential expression
analysis between each EmxI1-Nr3c1~/~ dataset to its respective sex
control group. When female EmxI1-Nr3c1™/~ mice were contrasted
against female controls, 52 miRNAs significantly changed their expres-
sion levels (Fig. 2B), of which 20 decreased and 32 increased (Table S2).
Interestingly, mmu-miR-219, which was female-biased in control mice,
was reduced by GR ablation in females. In contrast, only eight differ-
entially expressed miRNAs were found in male mice (Fig. 2B), of which 5
decreased and 3 increased, compared to male controls (Table S2). We
found that mmu-miR-224, which was male-biased in control mice, dis-
played a reduction in EmxI-Nr3c1~/~ males compared to controls.

Next, we compared the obtained datasets of differentially expressed
miRNAs to identificate sex-biased effects of GR ablation on miRNA
expression (Venn diagram, Fig. 2C). Indeed, while the vast majority of
differentially expressed miRNA displayed a sex-biased expression by GR
ablation, only one miRNA (mmu-miR-1224) was common in both
datasets (Fig. 2C), being up-regulated in females and down-regulated in
male mice by GR ablation.

Remarkably, many of the differentially expressed miRNA genes in
the female hippocampus are spread across the genome. For instance,
many of them derived from autosomic chromosomes and only four
derived from the X chromosome (Table S2). Similarly, the differentially
expressed miRNAs in the male hippocampus -which were lesser in
number- were mapped to several autosomic chromosomes, and only one
derive from the X chromosome (Table S2). Chi-square analysis indicated
that the distribution of female and male miRNAs genes in autosomic and
X chromosomes showed no sex-bias (x? 1,60 = 0.2098, p-value = 0.6469).

To this extent, our results show that GR ablation triggers a sex-biased
miRNA expression profile, which seems to be more sensitive in females
-regarding the multiplicity of deregulated miRNAs- than in males.
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Fig. 1. Nr3cl and Nr3c2 mRNA and protein levels in the hippocampus of Emx1-Nr3c1~/~ mice. (A) GR/Nr3c1 mRNA levels measured by RT-qPCR (n = 6 per
group; two-way ANOVA genotype: F; 59 = 47.01, ****p < 0.0001). (B) Western blot analyses of GR and (C) relative quantities of GR in female and male controls (n =
3 per group). (D) MR/Nr3c2 mRNA levels measured by RT-qPCR (n = 6 per group; two-way). (E) Western blot analyses of MR. (F, left) Relative quantities of MR in
female Emx1-Nr3c1~/~ compared to female controls (n = 3 per group, two-tailed Welch’s t-test: t5 036 = 4.558, *p = 0.0434). (F, right) Relative quantities of MR in
male Emx1-Nr3c1~/~ compared to male controls (n = 3 per group, two-tailed Welch’s t-test: t; 4 = 1.837, p = 0.1861). p-actin was used as normalizer across both RT-

qPCR and Western blot.

Unexpectedly, only a reduced number of the sex-biased miRNA genes
were located in the X chromosome, suggesting that genetic dosage of
this chromosome does not influence the sex-biased miRNA expression by
GR ablation.

3.4. Search for transcription factors that may regulate miRNA gene
expression

Since the GR-sensitive miRNAs genes derived from multiple genomic
locations, common upstream transcription factors (TFs) may explain
their co-expression. Therefore, we first searched for putative TF-miRNA
regulations utilizing the TransmiR 2.0 curated database. In females, we
identified 46 TF-miRNA interactions (Fig. 3A), which included 30 TFs
and 14 miRNAs. Several TFs were related to Smad family members. For
instance, mmu-miR-411, mmu-miR-27a, and mmu-miR-23a showed a
rise in their levels by GR ablation and were found to be putatively
responsive to Smad members (Fig. 3A). Also, mmu-miR-200a and mmu-
miR-200b -which belong to the miR-200b/200a/429 cluster- are
potentially up-regulated by Sox2, Pitx2, Pou5f1 and Hnflb (Fig. 3A). In
addition to Smad regulation, mmu-miR-27a and mmu-miR-23a -which
belong to the miR-23a/27a/24-2 cluster- are probably regulated by
Stat3, Menl, and Kmt2a (Fig. 3A). Furthermore, we detected five miR-
NAs that reduced their levels by GR ablation and are putatively
repressed by TFs. For instance, mmu-miR-let-7e and mmu-miR-34c are
likely repressed by Snail and Trp63, respectively. Finally, miR-146a
may be negatively regulated by Nfkbl and Trp53, which are recog-
nized TFs that interact with the GR. In order to gain insight into a pu-
tative direct role of GR in miRNA gene expression, we next used the
FIMO algorithm to search for GR-binding motifs in promoter regions of
miRNA genes sensitive to GR ablation. We identified 10 miRNA genes
with a GR-binding motif, and 6 of them (mmu-miR-146, -34, —320,
—574, —3099, —205) displayed a reduced expression in female Emx1-

Nr3c1~/~ mice. The other 4 miRNAs with a GR-binding motif (mmu-
miR-378, -130a, and the miR-200a/miR-200b gene cluster) increased
their levels upon GR deletion.

In males, only the members of the miR-143/145 cluster were anno-
tated in the TransmiR database. Both miRNAs were down-regulated and
we identified TFs with both potentially repressive actions (Statl and
KlIf4) and positive actions (Myocd, Nkx 2-5 and SrF) (Fig. 3B). With the
FIMO tool, we were unable to find GR-binding motifs in the promoters
differentially expressed miRNAs in males.

These results suggest that GR deletion may impact the regulation of
miRNA levels through both direct and indirect transcriptional mecha-
nisms, which may impact global gene expression in the hippocampus
with a sex-biased effect.

3.5. Functional enrichment analysis of the differentially expressed
miRNAs

In order to explore the physiological impact of the differentially
expressed miRNAs by GR ablation, we used the TAM 2.0 analysis, which
is based on text mining to construct miRNA-term annotations from both
tabulated information in other databases and those extracted from
publications describing miRNAs. The top-20 function terms that were
significantly enriched (p-value < 0.05) in female Emx1-Nr3c1~/~ mice
vs controls are shown in Fig. 4A. Interestingly, several functions are
relevant in the brain and hippocampus, e.g., inflammation, apoptosis,
DNA damage response, immune response, hormone-mediated signaling,
cell proliferation and differentiation, cell migration and neural stem cell
differentiation. Additionally, the top-20 significantly enriched miRNA-
disease associations of the differentially expressed miRNAs in females
mice are shown in Fig. 4B. We identified relevant CNS dysfunctions,
such as Alzheimer’s disease and stroke/ischemic disease, involving 16
and 8 miRNAs, respectively (Fig. 4B).



M. Tejos-Bravo et al.

A Female control /| Male control

3_
[ ]
— [ )
3 )
g, :
: 2
o

>
® 0, .:.
B
Q1-

0.

-2 -1 0 i 2

Fold Change (log2)

B Female (Emx1-Nr3c1 * | control) mice Male (Emx1-Nr3c1 " | control) mice

Neurobiology of Stress 14 (2021) 100306

Fig. 2. Sex differences on hippocampal miRNA
expression in control mice and sex-biased effects
of GR-ablation. (A) Volcano plot of differentially
expressed miRNAs in control mice. The horizontal
axis represents the log2 fold change (Female Control/
Male Control), and the vertical axis represents the
negative logl0 of the p-value. miRNAs that signifi-
cantly decreased their expression are shown in black
dots (24 miRNAs), and those that significantly
increased their expression are shown in orange (5
miRNAs). (B) Volcano plots of differentially
expressed hippocampal miRNAs in female (left) and
male (right) Emx1-Nr3c1~/~ mice, compared to their
respective sex controls. The horizontal axis represents
alog2 fold change (Emx1-Nr3c1 ~/~/Control), and the
vertical axis represents a negative logl0 of the p-
value. miRNAs that decreased their expression are
shown in black, and those that increased their
expression are shown in orange. Gray dots across
volcano plots represent those miRNAs that were
outside the cutoff parameters (|fold change| > 1.3; p-
value < 0.05). (C) Venn diagram of differentially
expressed miRNAs in female (purple) and male (teal)

—~4-
% ° hippocampus of Emx-Nr3c1™/~ mice vs controls. (For
oS [ interpretation of the references to color in this figure
i‘ legend, the reader is referred to the Web version of
3 &Po this article.)
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A similar analysis was conducted with the differentially expressed
miRNAs in male Emx1-Nr3c1~/~ vs controls. We found enrichments with
6 miRNAs (mmu-miR-143, -145, —323, —224 and —1224) of the 8 total
miRNAs in several functions, suggesting that their variation may be
relevant in different processes. These functions -also detected in the
female dataset-include regulation of stem cell, cell proliferation and
differentiation, apoptosis, and inflammation (Fig. 4A). Additionally, of
the top-20 enriched diseases, those relevant to the brain are mesial
temporal lobe epilepsy and cerebral aneurysm, both associated to 2
miRNAs (Fig. 4B).

3.6. Pathways constructed with predicted targets of differentially
expressed miRNAs

Our TAM analyses yielded many brain-relevant functional and
disease-associated processes that may occur by GR ablation in the mouse
hippocampus. However, these analyses are limited to text mining re-
lationships and currently annotated interactions described in the liter-
ature. To render our functional analyses more complex and less biased,

we conducted a functional enrichment analysis with the miRNA-mRNA
predicted interactions to evaluate the possible impact of the differen-
tially expressed miRNAs in the hippocampus. By using the predicted
target mRNAs of differentially expressed miRNAs in EmxI-Nr3c1 ™/~
mice of each sex, compared to their respective controls, we selected the
top 15 KEGG pathways with the highest combined score for each sex
dataset (Table S3). Fig. 5 represents them in a bubble plot and the higher
combined scores are seen warmer in color (yellow), and the more
numerous predicted target mRNA hits, are represented by a bigger
bubble. Interestingly, eight of the fifteen pathways identified in female
and male enrichment analysis were in common: Axon guidance, Rapl
signaling pathway, MAPK signaling, Phosphatidylinositol signaling
system, mTOR pathways, Autophagy, Protein processing in the endo-
plasmic reticulum and Glutamatergic synapse; pathways which are
particularly relevant for synapse formation and neuroplasticity (Kumar
et al., 2005; Liu et al., 2006; Switon et al., 2017, Nikoletopoulou and
Tavernarakis, 2018).
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Fig. 3. Putative transcription factor regulations of the sex-biased miRNA genes. Network representation of transcription factors and type of regulation
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sented by a dashed line with a dotted-edge. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

3.7. Pathways constructed with validated targets of differentially
expressed miRNAs

To refine our analysis, we conducted an enrichment analysis with
experimentally validated miRNA targets obtained from the miRNet
database, which we manually updated with reported expression in the
mouse hippocampus. The functional enrichment analysis in females
identified 149 significant pathways (p-value < 0.05). As in Fig. 5, the top
15 pathways were selected (Table S4) and are represented in a bubble
plot (Fig. 6). We found that eight pathways in the female dataset were
related to neuronal function, and four of them were coincident with the
prediction analysis: Axon guidance, MAPK signaling pathway, Auto-
phagy, and protein processing in the endoplasmic reticulum. The other
pathways were related to cytoskeleton dynamics (focal adhesion and
regulation of actin cytoskeleton) and FoxO signaling pathway regulation
of cytoskeletal dynamics and organization (McLaughlin and Broihier,
2018). The analysis of the male dataset showed eight pathways that
were related to neuronal function, and three of them were also found in
the prediction analysis: MAPK, mTOR, and the Sphingolipid signaling
pathway (Fig. 6, Table S4). Additionally, the enrichment analysis
identified the AMPK signaling pathway, along with PI3K-Akt signaling,
Neurotrophin signaling, and ErbB signaling pathways, which are
implicated in neuronal morphology (Russo et al., 2009; Shi et al., 2009).
Interestingly, three of the top 15 pathways constructed with validated
target mRNAs were found both in male and female enrichment analysis:
MAPK signaling, Focal adhesions and FoxO signaling. Interestingly,
FoxO also converges onto the pathways that mediate morphological and
synaptic plasticity in neurons (McLaughlin and Broihier, 2018).

3.8. Intersectional analysis of pathways constructed with both validated
and predicted targets of differentially expressed miRNAs

The analyses of both predicted and validated targets for differentially
expressed miRNAs induced by Emx1-directed GR ablation yielded key
pathways that control many aspects of neuronal morphology, including
dendritic morphogenesis and spine growth (Kumar et al., 2005); events
that are crucial during neuronal development and plasticity (Switon
et al, 2017). Considering the inexistence of databases with
miRNA-mRNAs interactions related to neuronal cytoarchitecture, we
searched the literature to identify key proteins involved in morpholog-
ical plasticity (dendrite formation and arborization, and spine devel-
opment, shaping, stability, and density) (Koleske, 2013; Forrest et al.,
2018) to match this information with target mRNAs contained within
the KEGG pathways described above (Table S3, Table S4, and Table S5).

Fig. 7A summarizes both analyses in a chord diagram constructed
with the 48 differentially expressed miRNAs in female Emx1-Nr3c1 ™/~
mice (colored arc) and both predicted (26 transcripts) and validated (16
transcripts) miRNA-mRNA interactions (gray arc). Furthermore, we
noted that 15 transcripts were common as predicted and validated
miRNA targets (Table S5). Then, we matched these gene products (gray
arc) with KEGG pathways represented by a colored arc and whose arc
length was proportional to the number of transcripts included in the
pathway (Fig. 7B). Notably, several of these KEGG pathways were
related to the nervous system: axon guidance (8 mRNAs), focal adhe-
sions (7 mRNAs), MAPK signaling (7 mRNAs), regulation of actin
cytoskeleton (7 mRNAs), glutamatergic synapse (7 mRNAs), Rapl
signaling pathway (5 mRNAs) and mTOR signaling (2 mRNAs) (Fig. 7B).
Alternatively, the length of each gray arc qualitatively represents the
number of KEGG pathways in which a particular gene product



M. Tejos-Bravo et al.

Female Emx1-Nr3c1 * mice

A Inflammation (19/112)- I
Apoptosis (18/106)- I
Regulation of Stem Cell (14/79)- NI
Cardiotoxicity (7/17)- I
Hematopoiesis (11/57)- I
Erythrocyte Differentiation (5/9)- NN
DNA Damage Response (6/16)- N
Immune Response (13/92)- I
Hormone-mediated Signaling Pathway (10/58)- I
Myofibroblast Differentiation (3/3)- NN
Blood-Tumor Barrier Permeability (3/3)- NN
Skeletal Muscle Cell Differentiation (6/22)- NN
Cell Proliferation (11/80)- I
I
e
I

Function

Adiponectin Signaling (3/4)-
Cell Differentiation (9/56)-
Osteogenesis (9/59)-
Cell Migration (4/11)- NN
Adipocyte Differentiation (7/41)- I
Innate Immunity (7/42)- NN
Neural Stem Cell Differentiation (3/6)- I

0 2 4 6 8
-log10 (p-value)

B Hepatitis C Virus Infection (20/87) -
Heart Failure (20/120) -

Hepatitis B Virus Infection (15/67) -

Chronic Obstructive Pulmonary Disease (10/28) =
Autoimmune Diseases [unspecific] (11/36) -
Systemic Lupus Erythematosus (13/55) -

Cardiac Myocyte Injury (6/9) -

Preeclampsia (14/74) -

Alzheimer's Disease (16/100) -

Human Immunodeficiency Virus Infection (11/47) -
Endometriosis (10/41) -

Graft-Versus—Host Disease (7/18) -

Myocardial Infarction (11/52) -

Cardiovascular Diseases [unspecific] (12/64) -
Keloid (6/13) -

Osteoporosis (5/9) -

Osteoarthritis (9/41) -

Diabetes Mellitus, Type 2 (17/147) -

Rheumatoid Arthritis (10/54) -

Stroke, Ischemic (8/34) -

Disease

o

3 6 9
-log10 (p-value)

Neurobiology of Stress 14 (2021) 100306

Male Emx1-Nr3cl * mice

Smooth Muscle Cell Senescence (2/2)-
Smooth Muscle Cell Differentiation (2/3)-
Vascular Homeostasis (2/12) -
Angiogenesis (3/65) -

Smooth Muscle Cell Proliferation (2/18)-
Cell Motility (2/21)-

Regulation of Stem Cell (3/79)-

Cell Proliferation (3/80)-

Intercell Communication (1/2)-

Toxicity (2/36)-

Apoptosis (3/106) -

Cell Growth (1/3)-

Inflammation (3/112)-

Stress Response (1/4) -

Lipid Metabolism (2/45)-

Cell Differentiation (2/56)-
Hematopoiesis (2/57)-

Osteogenesis (2/59) -

Myogensis (1/8)-

Adipocyte Lipolysis (1/8)-

Function

-
N
w
IN

-log10 (p—value)

Chronic Hepatitis (3/11) - I

Wounds and Injuries [unspecific] (2/5) -
Reflux Esophagitis (2/5) -

Fibromyalgia (2/6) -

Asthma (3/41) -

Aortic Aneurysm (2/11) -
ACTH-Secreting Pituitary Adenoma (2/11) -
Lupus Nephritis (2/13) -

Mesial Temporal Lobe Epilepsy (2/18)-
Cerebral Aneurysm (2/20) -

Allergic Rhinitis (2/21) -

Vascular Diseases [unspecific] (2/27) -
Inner Ear Inflammation (1/2) -

Fever (1/2)-

Sepsis (2/34) -

Human Papilloma Virus Infection (2/34) -
Pulmonary Hypertension (2/36) -
Osteoporosis, Postmenopausal (1/3) -
Endometriosis (2/41) -

Fatty Liver [unspecific] (1/4) -

Disease

e
-
IS
o

2 3
—-log10 (p-value)

Fig. 4. TAM functional enrichment analysis of the sex-biased miRNA genes. (A) Functional enrichment analysis of the sex-biased miRNA genes of female and
male Emx1-Nr3c1~/~ mice, using the TAM 2.0 tool (p-value < 0.05). Numbers in parentheses indicate the overlap of the hits over the total annotated miRNA in their
respective function. (B) Disease enrichment analysis of female and male miRNA genes in Emx1-Nr3c1~/~ animals. Only the top 20 significant terms (p-value < 0.05)
are shown. Numbers in parentheses indicate the overlap of the hits over the total annotated miRNA in their respective disease.

participates; being Racl, Gsk3b, RhoA, Rockl, Camk2a, Camk2b and
Bcarl the most represented gene products (Fig. 7B). Similar analysis in
male Emx1-Nr3c1~/~ mice indicated that 7 differentially expressed
miRNAs (mmu-miR-1224-5p, —145a-5p, -323-3p, —3471, -224-5p,
-143-3p, and —190a-5) were predicted to interact with 22 transcripts
and with one validated target involved in spine and dendrite dynamics
(Table S5 and Fig. 7C). The Chord diagram also shows that the more
prominent KEGG pathways in function of the number of terms and
related to the nervous system were: glutamatergic synapse (10 mRNAs),
axon guidance (9 mRNAs), Ras signaling (8 mRNAs), dopaminergic
synapse (8 mRNAs), MAPK signaling pathway (6 mRNAs); and with the
lower number of terms, the Rapl (4 mRNAs) and mTOR signaling
pathways (2 mRNAs) (Fig. 7C). Moreover, RhoA, Rock1, Gsk3b, Grin2a,
Grin2b, Camk2a and Camk2b and CacnalC -derived transcripts were the
most represented in the KEEG pathways (Fig. 7D).

Overall, these results predict that GR ablation may impact several
cellular processes involved in neuronal cytoarchitecture, probably in a
sex-biased manner, considering the larger array of miRNAs differentially
expressed in females under GR ablation.

3.9. Hippocampal GR deletion triggers a sex-biased effect on GSK-3 and
CaMKII-a levels

Our bioinformatics analysis indicated many putative and proven
miRNA targets related to neuronal morphology. Interestingly, among
the miRNA targets, GSK-3p and CAMKII-a displayed a large amount of
miRNA-mRNA interactions and pathway hits, being in the upper 70th

percentile (Table S5; Fig. 7, dark gray arc). Besides, GSK-3 and CAMKII-
o have been described as key neuronal morphology regulators (Koleske,
2013; Forrest et al., 2018). Therefore, we next addressed whether the
dysregulations of miRNAs induced by GR ablation were accompanied by
changes in GSK-3p and CAMKII-a levels in the hippocampus. Fig. 8A
shows a representative Western blot of GSK-3p relative levels in the
hippocampus of control and Emx1-Nr3c1~/~ animals. Two-way ANOVA
indicated a main effect of sex (Fq, 19 = 17.17, p-value = 0.0006) and sex
x genotype interaction (Fi, 19 = 16.19, p-value = 0.0007; Fig. 8A).
Tukey’s post-hoc test showed no significant effect in males, but a sig-
nificant increase of GSK-3p levels in female EmxI-Nr3cl1™/~ mice,
compared to both female controls and male Emx1-Nr3c1~/~ mice.
Interestingly, CaMKII-a levels were increased in female Emx1-Nr3c1 ™/~
mice, compared to controls (sex x genotype: Fy o9 = 9.476, p-value =
0.0059; Fig. 8B). These results suggest that EmxI-directed GR deletion in
the hippocampus could promote a sex-biased impact on GSK-3p and
CaMKII-a levels, which may be related to the sex-biased miRNAs
profiles.

3.10. GR ablation induces a sex-biased effect on the structural
morphology of CA1 neuronal dendrites

Our analyses have indicated that both predicted and validated
miRNA targets are related to spine formation and dendritic arborization.
These observations suggest that GR ablation may have profound effects
on neuronal morphology in the hippocampus. Thus, we next evaluated
the impact of GR deletion on neuronal morphology in the hippocampus;
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Fig. 5. Functional enrichment analysis for the miRNA-mRNA predicted interactions from miRDB. The functional enrichment analysis was performed with
predicted target mRNAs of differentially expressed miRNAs in female (left) and male (right) Emx1-Nr3c1~/~ mice, using the enrichR package. The enriched terms
were then filtered by using Fisher’s exact test, p-value < 0.05. The top 15 KEGG terms with the highest combined score are shown for each sex, with dots colored by
the combined score (cs = log [p] *z, p = Fisher’s exact test p-value, and z = z-score for deviation from expected rank). Hits correspond to the number of targets in the
gene set which are potentially regulated by the differentially expressed miRNAs. The predicted target mRNAs were obtained from the miRDB database.

Female Emx1-Nr3c1 - mice Male Emx1-Nr3c1l * mice

Adrenergic signaling in cardiomyocytes - [ ]
Aldosterone synthesis and secretion - ®
Amyotrophic lateral sclerosis (ALS) - .
Axon guidance - o
cAMP signaling pathway - @ Combined Score
Chagas disease (American trypanosomiasis) - ® 120
Colorectal cancer - ®
Dopaminergic synapse - ® 90
ErbB signaling pathway - [ ]
Glioma - [} 60
GnRH signaling pathway - [ J
Hepatitis B - ® 30
g HIF-1 signaling pathway - %
ﬁ Human immunodeficiency virus 1 infection -
Influenza A - : Hits
Long-term potentiation - [} P
mRNA surveillance pathway - [ ]
Neurotrophin signaling pathway - ( } ®
Osteoclast differentiation - . . 15
Pancreatic cancer - ® . 20
RIG-I-like receptor signaling pathway - ®
Sphingolipid metabolism - [ ] . 25
[ ]

Sphingolipid signaling pathway -
Th1 and Th2 cell differentiation -
Tuberculosis - . ®

Vitamin B6 metabolism -

2 4 6 2 4 6
-log10 adjusted p-value

Fig. 6. Functional enrichment analysis for the miRNA-mRNA validated interactions from miRNet. Functional enrichment analysis was performed with
validated target mRNAs of differentially expressed miRNAs in female (left) and male (right) Emx1-Nr3c1~/~ mice, using the enrichR package. Enriched terms were
filtered by Fisher’s exact test, p-value < 0.05. The top 15 KEGG terms are shown for each sex, with dots colored by the combined score (cs = log [p] *z, p = Fisher’s
exact test p-value, and z = z-score for deviation from expected rank). Hits correspond to the number of validated interactions between differentially expressed
miRNAs and target mRNAs. The validated target mRNAs were obtained from the miRNet database.
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Fig. 7. mRNAs related to neuronal arborization, spine stability and density, among predicted and validated targets of differentially expressed miRNAs in

female and male Emx1-Nr3c1~/~

mice. (A) Chord diagram representing the predicted interaction of differentially expressed miRNAs (colored arc) with mRNAs in

female Emx1-Nr3c1~/~ mice (gray arc). (B) Chord diagram representing the involvement of the mRNAs described above in the KEGG biological pathways enriched in
female Emx1-Nr3c1~/~ mice, with transcripts involved in spine and dendrite dynamics (gray arc) (Koleske, 2013; Forrest et al., 2018) (Table S5). (C) Chord diagram

representing the predicted interaction of differentially expressed miRNAs (colored arc) with mRNAs in male Emx1-Nr3c1
the involvement of mRNAs described above in the KEEG biological pathways enriched in male Emx1-Nr3c1

~/~ mice. (D) Chord diagram representing

~/~ mice, with transcripts involved in spine and dendrite

dynamics (gray arc) [(Koleske, 2013; Forrest et al., 2018), Table S5]. The darker gray arc observed for both GSK3B and CAMK2A transcript denotes a rank >70th
percentile of the total number of miRNA-mRNA and genes-pathways interactions.

namely, dendritic arborization and spine morphology and density. We
evaluated the arborization of CA1 neurons and dendritic complexity by
using tridimensional imaging and neuronal reconstruction of Golgi-
impregnated CAl pyramidal neurons. Fig. 9A shows representative
neurons of control and Emx1-Nr3c1~/~ mice, and the Sholl analyses of
basal and apical dendrites revealed remarkable modifications (Fig. 9B).
Three-way ANOVA of the number of intersections in basal dendrites
revealed significant main effects of genotype (Fy,7 = 19.159, p-value = 3
x 1073), distance (Fa1,147 = 86.253, p-value ~ 0), sex x distance (Fa1,147

10

=1,663, p-value = 4.3 x 10’2), genotype x distance (Fo1,147 = 6.850, p-
value = 2.14 x 107!3), but no sex x genotype x distance interaction
(F21,147 = 0.425, p-value = 9.87 x 107 1). These data indicate a main
effect of genotype, in which Emx1-Nr3c1~/~ mice show lower neuronal
complexity, irrespective of sex. The effect of genotype x distance could
be easily observed; compared to Emx1-Nr3c1~/~ mice, female and male
controls exhibited a greater number of intersections at a lesser radial
distance in basal dendrites (Fig. 9B). Similar analysis with apical den-
drites showed no effect of sex, but significant main effects of genotype
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Fig. 8. GSK-3 and CaMKII-a levels are increased in the hippocampus of female Emx1-Nr3c1/~ mice. Representative Western blot analyses and relative

immunoreactivity of (A) GSK-3p, (B) CaMKII-« in the hippocampus of control and Emx1-Nr3c1

=/~ female and male mice. Fifteen pg of protein were loaded for each

sample. p-actin was used as a loading control. Data were analyzed by two-way ANOVA with Tukey’s post hoc test: **** p-value < 0.0001, * p-value < 0.05. n = 5-6
per group (panel A: main effect of sex F; 19 = 17.11, p-value 0.0006; and sex x genotype F; 19 = 16.19, p-value = 0.0007. Panel B: main effect of sex x genotype F; 39

= 9.476, p-value = 0.0059).

(F1,7 = 21.805, p-value = 2 x 10’3), distance (F34,238 = 24.591, p-value
= 5.73 x 10799, sex x distance (F34,238 = 2.243, p-value = 2.39 x
10’4), genotype x distance (F34233 = 3.881, p-value = 3.29 x 10719
and sex x genotype x distance interaction (Fs4 238 = 1.864, p-value = 4
x 1073). These effects are displayed in distal dendrites as a lower
number of intersections in female and male EmxI-Nr3c1™/~ mice,
compared to their respective controls. Additionally, at higher radii from
the soma (over 200 pm), female controls showed increased complexity,
in contrast to both male control and female EmxI-Nr3c1~/~ mice
(Fig. 9B). The variations found in the Sholl analysis may represent ef-
fects on dendritic length and/or the number of ramifications from
dendrites (i.e., branching points). Two-way ANOVA test of basal den-
dritic length (Fig. 9C) revealed an effect of genotype (F; 28 = 11.36,p =
0.0022), but no effect of sex (F1 28 = 3.712, p-value = 0.0642), nor sex x
genotype interaction (Fy 28 = 1.447, p-value = 0.2391). Post-hoc anal-
ysis indicated that the EmxI-directed GR ablation triggers a significant
reduction in the length of basal dendrites in males, compared to controls
(Fig. 9C). Moreover, we did not observe any effect of sex (F1 28 = 3.285,
p-value = 0.0807), genotype (Fy 28 = 1.15, p-value = 0.2926), or sex x
genotype interaction (Fiog = 0.2312, p = 0.6344) in the number of
branching points of basal dendrites (Fig. 9D). In contrast, we only found
an effect of genotype (Fy 28 = 21.79, p-value < 0.0001) on the length of
apical dendrites (Fig. 9E) and the number of branching points of apical
dendrites (F; 28 = 22.31, p-value < 0.0001) (Fig. 9F). The post-hoc test
indicated that Emx1-Nr3c1~/~ mice showed a significant reduction in
the length and branching points of apical dendrites compared to con-
trols, irrespective of sex. Altogether, these results indicate that the
Emx1-directed GR deletion only generates a sex-biased length reduction
in basal dendrites (males, but not females), but evokes both a reduction
in branching points and dendritic length in apical dendrites of the hip-
pocampus, irrespective of sex.

3.11. GR ablation induces a sex-biased effect on CA1 dendritic spine
density

Considering that EmxI-directed GR ablation triggers profound al-
terations in dendritic complexity in a sex-biased manner, we next
analyzed whether GR deletion alters the dendritic spine number of
secondary apical dendrites from CA1 pyramidal neurons. Fig. 10A shows
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a secondary dendrite segment used to count the number of spines along a
40 pm distance. In order to refine the dendritic spine analysis, we
segregated the spines according to their morphology. The total number
of non-mushroom spines counted along 40 pm was analyzed by the two-
way ANOVA test and revealed a significant main effect of sex (Fy 15 =
5.666, p-value < 0.03), but not of genotype (Fy,15 = 1.67, p-value < 0.3).
Post-hoc analysis indicated that spine density in female controls was
reduced in CA1l dendrites, compared to male controls (p-value =
0.0321). A similar effect was observed when comparing female Emx1-
Nr3c¢1~/~ and male Emx1-Nr3c1~/~ mice (p-value < 0.0083) (Fig. 10B).
We observed no effect of genotype (Fy,10 = 2.530, p-value = 0.15) or sex
(F1,10 = 2.530, p-value = 0.11), but an effect of sex x genotype inter-
action (F1,10 = 2.530, p-value = 0.0445) on the number of mushroom
spines. Post-hoc analysis revealed that CA1 dendrites from female con-
trols have a higher density of mushroom spines than male controls (p-
value < 0.05). Additionally, CA1 dendrites from female Emx1-Nr3c1 -/=
mice showed a significant reduction in the number of mushroom spines
compared to female controls. No similar effect of Emx1-Nr3c1~/~ on
mature spines was observed in male hippocampi (Fig. 10C). The analysis
of the total number of spines along the 40 pm segment revealed no effect
of genotype (Fy, 19 = 0.2458, p-value = 0.2458), but a significant effect of
sex (F1,15 = 0.0225, p-value < 0.0225), with no interaction between both
factors (Fy,10 = 4.448, p-value = 0.068). Post-hoc analysis indicated that
the total spine number was significantly reduced in female EmxI-
Nr3c1” mice, compared to both female controls (p-value < 0.05) and
male Emx1-Nr3c1™’~ mice (p-value < 0.01) (Fig. 10D).

Altogether, the morphological analysis of CA1l neurons from Emx1-
Nr3c1™/~ mice indicated a reduction in the length in both basal and
apical dendrites in males, compared to controls. In contrast, a reduction
in the length and branching of apical dendrites was observed in female
knockout. Additionally, we observed a sex-biased effect of EmxI-
Nr3c1~/~ on spine morphology and density; i.e., female mice showed
fewer mushroom spines.

4. Discussion
For the first time, here we report the impact of Emx1-directed abla-

tion of mice forebrain GRs on sex differences in miRNAs and hippo-
campal CA1l neurons morphology. Our main finding is that females
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Fig. 9. Emx1-Nr3c1~/~ CAl neurons show a reduction in apical arborization. (A) Representative images and traces from Golgi-labeled pyramidal neurons of the
CA1 for each sex and genotype. Red and blue color traces represent basal and apical dendrites, respectively. Neuron reconstruction and analysis were done by the
neuTube software and Fiji plugins. (B) Schematic representation of morphometric Sholl analysis. The number of intersections between dendrites (basal and apical)
and concentric spheres centered on the soma was determined at various distances from the soma (10 pm increments). Data were analyzed by three-way ANOVA test.
(C) Dendritic length and (D) number of branching points of basal dendrites; (E) dendritic length and (F) number of branching points of apical dendrites. Data were
analyzed by the two-way ANOVA test with Tukey’s post hoc test: * p-value < 0.05, ** p-value < 0.01 (Panel C: main effect of genotype F; 55 = 11.36, p-value =
0.0022. Panel D: no significant effects. Panel E: main effect of genotype F; 55 = 21.79, p-value < 0.0001. Panel F: main effect of genotype F; o5 = 22.31, p-value <
0.0001). n = 8 neurons from 3 mice were analyzed for each condition. Graph values represent mean + SEM. (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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Fig. 10. Sex-biased effect on spine morphology and density in CA1 neurons of Emx1-Nr3c1~/~ mice. (A) Representative microphotographs of apical secondary
dendrites of the hippocampal CA1 region identified by Golgi Stain in female and male controls and Emx1-Nr3c1~/ mice. A total of six dendrites were analyzed in
each animal. The white arrows represent mushroom-shaped spines; scale bar represents 10 pm. (B) Non-mushroom spine density represents the number of immature
spines along 40 pm (sex: F; g = 7.952, p-value = 0.0225). (C) Mushroom spines correspond to mature spines with a head larger than 0.6 pm (sex x genotype: F; g =
5.668, p-value = 0.0445). (D) Total spine density corresponds to the sum of immature and mature spines in each experimental condition (sex: F; g = 7.952, p-value =
0.0225; sex x genotype: F; g = 4.448, p-value = 0.0680). Bar graphs (purple denotes females, and teal, males) represent the mean + SEM. Female controls (n = 3),
male controls (n = 3), female Emx1-Nr3c1~/~ (n = 3) and male Emx1-Nr3c1~’~ (n = 3). Data were analyzed by two way ANOVA test followed by Fischer’s post-hoc
test: * p-value < 0.05, ** p-value < 0.01. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

showed a higher sensitivity to hippocampal GR ablation in terms of the
number of affected miRNAs and changes in dendritic spine density and
morphology than males.

An exciting approach to dissect the action of the GR in the brain has
been through the genetic disruption of GR in prefrontal cortex, amyg-
dala, pituitary, paraventricular nucleus of the hypothalamus and even in
the forebrain (Boyle et al., 2006; Solomon et al., 2012; Arango-Lievano
and Jeanneteau, 2016; Scheimann et al.,, 2019). Considering the
ever-rising discovery of sex differences in both nervous system physi-
ology and pathology, there is a need for more studies addressing sex
biases of GR actions. For instance, the selective deletion of GR in fore-
brain cortico-limbic areas induces depression-like behaviors in male but
not female mice (Solomon et al., 2012). Moreover, a higher basal and
stress-induced corticosterone levels in female than male counterparts
has been extensively reported, evidencing differences in HPA axis
regulation (Fernandez-Guasti et al., 2012). Notably, the GR in the hip-
pocampus plays a pivotal role in the negative control of the HPA axis
response to stress (Franklin et al., 2012). However, the molecular cues
by which these sex differences may arise, specially in the hippocampus,
have been less studied. Here, we have used Emx1-directed Cre expres-
sion, which is active at embryonic day 9.5 (E9.5) (Simeone et al., 1992)
and ensues GR ablation of most progenitors early in development (Li
et al., 2011). Moreover, Emx1 expression is restricted to pyramidal
neurons, both in the cortex (Chan et al., 2001) and the hippocampus
(Gorski et al., 2002).

Some studies have shown that the GR is abundantly expressed in the
CAl field and hippocampal dentate gyrus of rodents (Morimoto et al.,
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1996). Interestingly, the distribution of GR in the hippocampus is
dimorphic; i.e., males displayed higher levels in CA1 hippocampal strata
(Kitraki et al., 2004) with a nuclear localization under resting conditions
compared to females (Brkic et al., 2017). However, we detected similar
levels of whole hippocampal GR in females and male controls by
Western blot. This discrepancy may be related to the lack of subcellular
and hippocampal strata evaluation of our approach. As expected,
Emxl1-directed ablation of GR reduced both the mRNAs and protein
levels of GR to a similar extent in both sexes. On the other hand, it has
been described that males and females do not show differences in basal
MR immunoreactive hippocampal cells (Kitraki et al., 2004). Nonethe-
less, we evaluated the impact of GR ablation on hippocampal MR
expression, observing a trend to increase in females but not males, while
MR transcript levels remained unchanged. These findings may suggest a
repressive action of GR on MR expression in the female hippocampus.
GCs exert genomics and non-genomic mechanisms through the GR
and the MR, which may influence brain structure and function (Gray
et al., 2017). Compelling evidences have shown that part of the GR ef-
fects are mediated by controlling the expression of miRNAs in human
lymphoid cell lines (Smith et al., 2010, 2013) and bone marrow—derived
cells (Li et al., 2014; Laxman et al., 2016). This novel way in which GR
can regulate gene expression further opens the spectrum of actors that
may be influenced by this receptor, especially in our area of interest: the
hippocampus. In mammals, more than 50% of all described miRNAs are
expressed in the brain with uneven distribution across different areas,
suggesting region-specific functions (Olsen et al., 2009). Conditional
neuronal ablation of Dicer -a key enzyme in miRNA maturation- at
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different embryonic stages causes abnormal hippocampal morphology
by both reducing the number of hippocampal progenitors and increasing
apoptosis (Li et al., 2011); indicating a pivotal role of miRNAs in
neuronal renewal. These evidences led us to evaluate GR contributions
to hippocampal miRNA expression.

In the present study we employed the NanoString technology to
conduct a comprehensive analysis of miRNA expression in hippocampal
tissue. The main advantage of this approach is the direct measurement of
miRNAs abundance (Prokopec et al., 2013; Veldman-Jones et al., 2015),
that does not require a further validation by another method (Chatterjee
et al., 2015). Furthermore, it has a demonstrated high technical repro-
ducibility in both experimental and technical replicates (Knutsen et al.,
2013; Kolbert et al., 2013) with high correlation, similar to the RT-qPCR
technique (Knutsen et al., 2013). With this analysis, we identified dif-
ferences in both the identity of the detected miRNAs and the amount of
quantitated miRNAs. Between control animals, only 5% of the total
examined miRNAs showed a different expression between sexes.
Nonetheless, this pattern changed dramatically in Emx1-Nr3c1~/~ mice
vs controls, showing a sex-biased miRNA profile, with a higher number
of dysregulated miRNAs in the female hippocampus than male (52
miRNAs vs 8 miRNAs, respectively). Similar to our results, a report has
indicated that miRNA expression in the male hippocampus is less
responsive to certain stimuli, e.g., radiation (Koturbash et al., 2011).
Besides, a higher impact of GR deletion in females has been reported in
other peripheral tissues, such as the heart (Cruz-Topete et al., 2019),
suggesting that the sex-biased effects of GR ablation may be replicated in
the brain and, specifically in the hippocampus.

Interestingly, a sex-dependent change in miRNA expression in the
Bed Nucleus of the Stria Terminalis has been observed following stress
(Mavrikaki et al., 2019). Although few studies have shown that brain
miRNA expression is sex-biased (Morgan and Bale, 2012; Cui et al.,
2018), these have proposed a combination of both sex hormones and sex
chromosomal regulation to explain this phenomenon (Morgan and Bale,
2012). Besides these actors, our study provides evidence that GR
signaling also contributes to the sex-biased miRNA expression in the
hippocampus, that seems to be dissociated from miRNA gene expression
on sex chromosomes. Surprisingly, mmu-miR-1224 was the only com-
mon differentially expressed miRNA in both sexes induced by GR abla-
tion, but its expression changed in opposite directions. This miRNA acts
as a tumor suppressor by targeting Crebl in malignant gliomas (Qian
et al., 2015) and is upregulated in the rat cortex after cerebral ischemia
(Hunsberger et al., 2012). Nonetheless, how GR deletion produces this
opposite effect in male and female mice remains to be determined.

Notably, in the female Emx1-Nr3c1~/~ hippocampus, most miRNAs
tended to be up-regulated, in contrast to the down-regulated tendency in
males, indicating that the GR may have a negative or positive action on
miRNA expression, respectively. Whether this effect is either a result of
direct or indirect actions of GR ablation is unknown. At least in lym-
phocytes, GR activation reduces miRNA levels by repressing key miRNA
processing enzymes: Dicer, Drosha, and DGCR8/Pasha (Smith et al.,
2010). However, until now, there is no information indicating a
sex-biased effect of GR on miRNA machinery. Other possibilities that
may explain the sex-biased actions of GCs is the involvement of several
co-chaperones that promote or inhibit nuclear GR translocation, which
are regulated in a sex-specific way (Bourke et al., 2012). Also, estrogen
receptors may interfere with GR actions; an effect described in uterine
epithelial cells from human and murine models (Whirledge and
Cidlowski, 2013).

Notably, it has been reported that sex-biased miRNAs are associated
to clustering expression (Cui et al., 2018). Our study also indicated a
sex-biased  expression of  different clusters; with  the
miR-200b/200a/429 and miR-23a/27a/24-2 clusters up-regulated in
females, and the miR-143/145 cluster down-regulated in males. The
molecular actors that may explain the sex-biased miRNA expression
-either individually or clustered- could be transcriptional regulators.
Firstly, we found only a few differentially expressed miRNA genes
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hosting a putative GR-binding site in females; while none could be
predicted in the male dataset. Remarkably, several transcriptional in-
teractions were predicted to control the differentially expressed miRNA
by GR ablation in a sex-biased manner. For instance, various miRNAs
may be sensitive to Smad family members in females and, in some
non-neuronal tissues, GR may reduce Smad3-controlled gene tran-
scription by protein-protein interactions (Petta et al., 2016). Considering
that the GR may interact with different co-activators, enzymes, receptors
and also non-coding RNAs (Petta et al., 2016), unveiling how this re-
ceptor mediates sex-biased effects on miRNA expression constitutes a
big challenge and will allow a better understanding of the complex ac-
tions of the GR in the hippocampus.

Regarding the potential downstream effects of GR-sensitive miRNA
expression, there is an extensive association between these non-coding
RNAs and essential brain processes, such as neurodevelopment, synap-
tic plasticity, and neuronal activity (Pak et al., 2013; Cui et al., 2018).
The TAM 2.0 analysis unveiled significantly enriched functional terms
related to CNS functioning and disease in both sexes. Indeed, the
differentially expressed miRNAs may be involved in some brain pa-
thologies, such as Alzheimer’s disease observed in the female dataset
and temporal epilepsy in the male dataset. Of note, in both sexes, we
detected terms relevant for hippocampal neurogenesis (e.g., cell differ-
entiation/proliferation), in which GCs have a pivotal role (Odaka et al.,
2017). Furthermore, the combined analyses of predicted and validated
direct miRNA-mRNA interactions suggests an impact on several targets
involved in morphological neuroplasticity, including dendritogenesis
and dendritic maturation. Particulary, the former involves growth and
extension of primary dendritic shafts, while the latter comprises
branching, elongation, spine formation, and pruning (Scott and Luo,
2001). In acute hippocampal slices, a report showed that GR is locally
synthesized in dendritic spines and participates in promoting actin
polymerization, probably through RhoA/ROCK signaling, which may
impact both spine morphology and number (Jafari et al., 2012).
Whether these processes may be influenced by GR actions, from a
sex-biased perspective, has not been addressed so far.

To conduct a more refined downstream functional analysis, we
curated gene-dendritic morphology associations based on literature
(Koleske, 2013; Forrest et al., 2018), further confirming the putative
involvement of hippocampal transcripts -targeted by differentially
expressed miRNA- with neuronal morphology and glutamatergic syn-
apses. We highlight Bdnf and its receptor Ntrk2, Racl, Rhoa and Rock,
all which participate in the maintenance of dendritic spines and den-
dritic arborization of hippocampal pyramidal neurons (Nakayama et al.,
2000; Kowianski et al., 2018). Other overrepresented targets in both
sexes were Camk2a and Gsk3b, both crucial serine/threonine kinases
associated with structural and functional aspects of synaptic plasticity,
including the modulation of dendritic branching (Liu and Murray, 2012)
and spine density (Jaworski et al., 2009). Remarkably, we observed a
rise in CaMKII-a and GSK-3p expression only in the female hippocampus
induced by GR ablation, suggesting that these kinases may be negatively
controlled by GR. This regulation may arise by direct GR modulation of
gene expression and/or through an indirect mechanism involving a
miRNAs. In silico studies (TRRUST and ENCODE) revealed no GR
response elements in the promoter of the Gsk3b gene (W. Corrales,
Personal Communication, March 2020), in agreement with a report
showing that GSK-3p levels are independent of GR activity (Yu et al.,
2019). These findings highlight a potential regulation by miRNAs.

Regarding dendritic complexity analysis, we found that adult males
exhibited more complex dendritic arbors in CAl neurons than female
controls, in compliance with other studies in juvenile mice (Keil et al.,
2017). Sholl analyses in Emx1-Nr3c1~/~ mice evidenced a reduction in
apical dendritic complexity and length in both sexes. Conversely, GR
ablation induced a reduction in basal dendritic length only in males,
suggesting a peculiar sex-biased impact of GR on the growth of these
dendrites. These alterations may be related to GR-responsive cellular
processes, differentially impacting dendritic arborization and length of
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CA1 hippocampal neurons.

Another fundamental process for the development, maintenance,
and plasticity of neuronal circuits, during both neurodevelopment and
adulthood, is dendritic spine remodeling (Forrest et al., 2018). We found
that total dendritic spine density in secondary dendrites of CA1 neurons
was similar in control mice irrespective of sex. However, females
showed a higher mature spine density, while males displayed a higher
number of non-mushroom spines. These observations suggest that syn-
aptic turn-over and cytoskeleton dynamics may be influenced by sex.
Additionally, GR ablation reduced the density of mushroom spines only
in the female hippocampus, with no alteration in non-mushroom spines
density. Notably, male dendritic spine density and morphology were not
affected by GR ablation. Compelling evidences have noted the involve-
ment of GR in dendritic spine dynamics. For instance, an elegant
experiment indicated that MR and GR activation during circadian GC
oscillations are required for synapse formation and pruning after
experience-dependent learning (Liston et al., 2013; Hall et al., 2015).
Importantly, another report in mice cortical neurons showed that GR
silencing by a specific shRNA reduces spine density, but increases spine
size in apical dendrites (Arango-Lievano et al., 2015). Despite no studies
have stressed the effect of sex in GR-mediated spine density and shape,
our results suggest that males are less responsive to GR influences on this
matter than females. This idea, in addition to the magnitude of miRNAs
variations, may account for a higher sensitivity or responsiveness to GCs
in females, potentially explaining the sex-differential consequences of
HPA dysregulation in some pathologies.

In a wider context, the hippocampus and GCs are of particular
relevance for the stress response. In fact, either in acute or chronic stress,
different transcriptional signatures exist between the female and male
brain (Brivio et al., 2020). For instance, a sex-dependent change in
miRNA expression in the Bed Nucleus of the Stria Terminalis has been
observed following chronic stress (Mavrikaki et al., 2019); however, this
study did not explore the contribution of GR to this effects. Besides,
many reports have described a variation in miRNAome after chronic
stress in the hippocampus of male rodent (Meerson et al., 2010; Casta-
neda et al., 2015; Munoz-Llanos et al., 2018) but it is urgent to dissect
whether these variations are related to corticosteroid receptors and if
they are replicable in females. Besides, since stress and the GR may
impact RNA subpopulations other than miRNAs, further studies
addressing GR ablation effects in a more comprehensive transcriptomic
scenario may reveal sex differences at diverse transcriptional levels.

Finally, a current limitation of our model is the lack of a develop-
mental perspective. Since the morphological variations could be
installed early during development or occur postnatally in later stages,
the GR deletion during these critical periods should be considered.
Moreover, we do not know whether GR ablation in cortical neurons may
account for part of the observed variations, or whether our results are
replicated across other brain areas. Due to circuitry-level, direct or in-
direct connections between cortical areas and the hippocampus, we
cannot conclude whether the molecular and morphological effects of
EmxI-directed GR ablation are solely caused by hippocampal GR abla-
tion. Both neuronal miRNAs and dendrite morphology are highly
activity-regulated across the brain. Therefore, EmxI-directed GR abla-
tion may cause a complex circuit-level alteration that may impact,
directly or indirectly, the hippocampus. Another important issue to
consider is the contribution of MR to miRNA expression and neuronal
morphology in a context of GR ablation. Thus, future comprehensive
studies are needed to shape the molecular basis underlying the sex dif-
ferences in GR-mediated actions, specially in physiological and patho-
logical scenarios.

5. Conclusion
Altogether, we have found sex-biased changes in the hippocampus in

response to GR ablation. Particularly, a higher sensitivity on miRNAs
levels, key dendritic remodeling protein levels and dendritic
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morphology at the hippocampus was observed in female Emx1-Nr3c1 ™/~
mice. Our study provides an important preliminary roadmap for further
analysis of GR-mediated transcriptomic signatures involved in sex dif-
ferences on the brain.
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