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ARTICLE INFO ABSTRACT

Keywords: Converging clinical and preclinical evidence demonstrates that depressive phenotypes are associated with syn-
miR-9-5p aptic dysfunction and dendritic simplification in cortico-limbic glutamatergic areas. On the other hand, the rapid
Stress

antidepressant effect of acute ketamine is consistently reported to occur together with the rescue of dendritic

]C)i)rlz;l;ite morpholo atrophy and reduction of spine number induced by chronic stress in the hippocampus and prefrontal cortex of
Ketamine phology animal models of depression. Nevertheless, the molecular mechanisms underlying these morphological alter-

REST ations remain largely unknown.

Here, we found that miR-9-5p levels were selectively reduced in the hippocampus of rats vulnerable to Chronic
Mild Stress (CMS), while acute subanesthetic ketamine restored its levels to basal condition in just 24h; miR-9-5p
expression inversely correlated with the anhedonic phenotype. A decrease of miR-9-5p was reproduced in an in
vitro model of stress, based on primary hippocampal neurons incubated with the stress hormone corticosterone.
In both CMS animals and primary neurons, decreased miR-9-5p levels were associated with dendritic simplifi-
cation, while treatment with ketamine completely rescued the changes.

In vitro modulation of miR-9-5p expression showed a direct role of miR-9-5p in regulating dendritic length and
spine density in mature primary hippocampal neurons. Among the putative target genes tested, Rest and Sirtl
were validated as biological targets in primary neuronal cultures. Moreover, in line with miR-9-5p changes, REST
protein expression levels were remarkably increased in both CMS vulnerable animals and corticosterone-treated
neurons, while ketamine completely abolished this alteration. Finally, the shortening of dendritic length in
corticosterone-treated neurons was shown to be partly rescued by miR-9-5p overexpression and dependent on
REST protein expression.

Overall, our data unveiled the functional role of miR-9-5p in the remodeling of dendritic arbor induced by
stress/corticosterone in vulnerable animals and its rescue by acute antidepressant treatment with ketamine.

1. Introduction socio economic impact, the underlying pathophysiology remains poorly
understood. A key role has been attributed to the interaction between
Although depression is a widespread debilitating illness with severe genetic background and environmental events, with stress representing
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the major recognized environmental risk factor for the onset of
depressive disorders (Keers and Uher, 2012; Krishnan and Nestler, 2008;
Popoli et al., 2011). Indeed, while the response to stressful events is
physiologically required to cope with the environment, it can either
induce pro-adaptive outcomes in resilient subjects thus improving
adaptation or, when dysregulated, exert maladaptive effects in vulner-
able individuals (Han and Nestler, 2017; McEwen et al., 2015; Price and
Duman, 2020).

Clinical studies on depressed subjects and preclinical models of
depression converged in reporting a significant association between
depressive phenotype and neuroplasticity alterations in glutamatergic
cortico-limbic brain regions, including the hippocampus (HPC) and the
prefrontal cortex (PFC) (Duman et al., 2019; Duman and Li, 2012; Pit-
tenger and Duman, 2008; Sanacora et al., 2012). Post-mortem and fMRI
studies on depressed patients showed volume reductions and connec-
tivity impairments in both HPC and PFC, which significantly correlated
with illness duration (Drevets et al., 2008; McKinnon et al., 2009;
O’Connor and Agius, 2015; Sheline et al., 2019). Concomitantly, in
stress-based animal models of depression, reduced dendritic length and
number of spines were observed in the same brain areas altered in
depressed subjects, highlighting a role for stress in causing neuronal
atrophy and decreased synaptic function (Krishnan and Nestler, 2008;
McEwen et al., 2016; Qiao et al., 2016; Sanacora et al., 2012). On the
other hand, antidepressant treatment has been consistently reported to
block or reverse dendritic simplification associated with depressive-like
phenotype, thus supporting the hypothesis that atrophy and loss of
neurons are contributing factors to depression and other stress-related
psychiatric disorders (Duman and Li, 2012; Sanacora et al., 2012).
Accordingly, the rapid antidepressant effect of acute sub-anesthetic
ketamine was consistently demonstrated to restore both dendritic atro-
phy induced by chronic stress in the HPC and PFC of animal models and
hippocampal subfield volume alterations in depressed patients (Kavalali
and Monteggia, 2012; Li et al., 2011; Moda-Sava et al., 2019; Tornese
et al., 2019; Zhou et al., 2020).

MicroRNAs (miRNAs) have emerged as key modulators of complex
patterns of gene/protein expression changes in the brain, where they
have a crucial role in the regulation of neuroplasticity, neurogenesis,
and neuronal differentiation (Mingardi et al., 2018; Rajman and Schratt,
2017). Although much remains to be uncovered regarding their mech-
anism of action, recent studies showed that miRNAs are involved in the
pathophysiology of mood disorders and in the action of psychotropic
drugs (Dwivedi, 2016; Fiori et al., 2018; Mouillet-Richard et al., 2012;
O’Connor et al., 2016). The peculiar ability of miRNAs to fine-tune the
expression of hundreds of genes simultaneously makes them potential
candidates as fast regulators of cellular excitability and morphology.
However, to date, only few studies analyzed the involvement of miRNAs
in the mechanisms underlying the rapid antidepressant effect of keta-
mine (O’Connor et al., 2013; Wan et al., 2018; Yang et al., 2014). In
particular, the possible involvement of miRNAs in the fast dendritic
remodeling of cortico-limbic pyramidal neurons induced by ketamine
has never been assessed before.

In the present work, we aimed at unveiling a putative role of miRNAs
in the morphological changes of hippocampal pyramidal neurons
induced by Chronic Mild Stress (CMS) and ketamine in stress vulnerable
adult male rats. We chose to focus our analysis on the HPC because we
have recently shown that CMS induces in this brain area, selectively in
animals vulnerable to stress (and not resilient ones), impairments of
glutamate/GABA presynaptic release, Brain-Derived Neurotrophic Fac-
tor (BDNF) mRNA trafficking in dendrites and dendritic shortening,
while acute ketamine largely restores cellular/molecular maladaptive
changes in only 24h. In the present study, we selected 10 miRNAs, based
on their well-known role in the modulation of synaptic plasticity and
neuronal morphology, and measured their expression levels in the HPC
of rats subjected to CMS and acute ketamine. Selected miRNAs were:
miR-9-5p (Dajas-bailador et al., 2012; Giusti et al., 2014; Gu et al., 2018;
Xueetal., 2016), miR-16-5p (Burak et al., 2018), miR-29a-5p (Volpicelli
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et al., 2019; Zou et al., 2015), miR-34a-5p (Andolina et al., 2016; Hu
et al., 2020; Yi et al., 2020), miR-124-5p (Gu et al., 2016; Li and Ling,
2017; Xue et al., 2016), miR-132-5p (Jasinska et al., 2016; Pathania
etal., 2012), miR-134-5p (Fan et al., 2018; Jimenez-Mateos et al., 2015;
Schratt et al., 2006), miR-135a-5p (Hu et al., 2014; Issler et al., 2014;
Wang et al., 2020), miR-137-5p (Smrt et al., 2010; Yan et al., 2019),
miR-210-5p (Hu et al., 2016; Watts et al., 2021).

Among the analyzed miRNAs, using an integrated in vivo and in vitro
approach, we found that miR-9-5p directly controlled neuronal
morphology and that the simplification of pyramidal neurons dendritic
arbor induced by chronic stress and corticosterone in the hippocampus
was associated with reduced miR-9-5p levels. Importantly, we also
observed that the rescue of the stress-dependent dendritic shortening
induced by acute ketamine involved an increase of miR-9-5p levels.

2. Materials and methods
2.1. Animals

Experiments were performed in accordance with the European
Communities Council Directive 2010/63/UE and approved by the Ital-
ian legislation on animal experimentation (Decreto Legislativo 26/2014,
authorization N 308/2015-PR). A total of 72 Sprague-Dawley male rats
weighing 150-175 g (Charles River, Calco, Italy) were housed two per
cage at 20-22 °C, 12 h light/dark cycle (light on 7:00 a.m. off 7:00 p.m.),
water and food ad libitum, except when required for Chronic Mild Stress
(CMS).

2.2. Chronic mild stress and sucrose preference test

After 7 days of acclimatization, CMS was performed as previously
reported (Elhussiny et al., 2021; Tornese et al., 2019). Sucrose prefer-
ence test was used to assess anhedonic phenotype and to divide stressed
animals in CMS resilient (CMS-R) and vulnerable (CMS-V), applying a
cut-off of preference at 55% (Elhussiny et al., 2021; Tornese et al.,
2019). A detailed description of CMS protocol and sucrose preference
test can be found in Supplementary Materials.

2.3. Drug treatment, sacrifice, and sampling

After 5 weeks of CMS, half of the CMS-V rats were intraperitoneally
injected with a single sub-anesthetic dose (10 mg/kg) of racemic keta-
mine (MSD Animal Health, Milan, Italy), while the remaining animals
received physiological solution (0.9% w/v NaCl) (Elhussiny et al., 2021;
Tornese et al., 2019). All the animals were sacrificed by beheading 24 h
after ketamine injection. 10 animals/group were randomly selected for
RNA extraction/quantitative Real-Time PCR (qPCR) and in-situ hy-
bridization studies: brains were rapidly extracted, and right/left hemi-
spheres were randomly assigned to HPC dissection (QPCR) or fixation in
4% paraformaldehyde (PFA) solution (in-situ hybridization). The HPC of
the remaining 8 animals/group were rapidly dissected on ice and
assigned to Western blotting experiments. HPC were snap-frozen and
kept at —80 °C.

2.4. Primary hippocampal cultures

Primary hippocampal cultures were prepared as described in (Bonini
etal., 2015; Musazzi et al., 2014). Briefly, hippocampi at embryonic day
16.5 were dissociated mechanically in 1x Hank’s Balanced Salt Solution
(HBSS) and neurons were resuspended in Neurobasal™ medium sup-
plemented with B27 (Gibco™, Thermo Fisher Scientific) containing 30
U/ml Penicillin, 30 mg/ml Streptomycin (Sigma-Aldrich), 0.75 mM
Glutamax (Gibco™, Thermo Fisher Scientific) and 0.75 mM L-Glutamine
(Gibco™, Thermo Fisher Scientific). Half of the medium was replaced
with an astrocyte-conditioned medium once a week for a maximum of 4
weeks.
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2.5. HEK293T cell cultures

HEK293T cells were cultured as previously reported (Filippini et al.,
2017) (see Supplementary Materials for more details).

2.6. RNA isolation, reverse transcription and gPCR

Total RNA was extracted from HPC and primary neuronal cultures
using Tri-Reagent (Sigma-Aldrich, Milan, Italy) and Direct-zol RNA
MiniPrep (Zymo Research, Freiburg, Germany), according to manufac-
turer’s instructions (Tornese et al., 2019). Reverse transcription was
carried out using miRCURY® LNA® RT kit (Exigon) or Moloney Murine
Leukemia Virus Reverse Transcriptase (M-MLV RT) (ThermoFisher Sci-
entific), respectively for miRNA or mRNA analysis. QPCR was performed
using iTaq Universal SYBR Green supermix (Bio-Rad Laboratories). The
full list of primers used for qPCR is reported in Supplementary Table 1
(primers for miRNAs, miRCURY® LNA® miRNA PCR assay, Exiqon) and
Supplementary Table 2 (primers for mRNAs).

The relative expression of miRNAs and mRNAs was calculated using
the comparative C; (AAC;) method and is expressed as Fold Change. The
mean of SNORD68 and RNU1A1 was used as a control reference for
miRNAs, while the geometric mean of GAPDH, ACTIN-p and HPRT was
used as a control reference for mRNAs.

2.7. In-situ hybridization

Brain hemispheres were fixed in 4% PFA solution for 24 h and placed
in 30% sucrose. Coronal slices (40 pm) were cut and stored in cryo-
protectant sectioning buffer (30% ethylene glycol, 30% glycerol and
0.05 M phosphate buffer) at —20 °C. In situ hybridization was performed
on free-floating sections as previously reported (La Via et al., 2013;
Tornese et al., 2019) (see Supplementary Materials for more details).

2.8. DNA constructs

Vectors to overexpress and downregulate miR-9-5p were designed
starting from TWEEN-Lenti vector (7970 bp), that contains the Green
Fluorescent Protein (GFP) coding sequence under the control of hPGK
promoter (Climent et al., 2015). An additional CMV promoter is present
in the vector for gene expression studies.

To obtain the overexpression of miR-9-5p, oligonucleotides were
designed specific to the sequence of miR-9-5p and annealed in vitro to
produce a dsRNA. The CMV promoter was substituted with the Poly-
merase III specific promoter H1 using Clal and Xbal (Fermentas, Thermo
Fisher Scientific) to obtain Twl-PGKgfp-H1 (7595 bp, Twl-H1). After
digestion with Xhol and Xbal, ds-miR-9-5p oligonucleotides were cloned
in Twl-H1 using T4 DNA Ligase (Thermo Fisher Scientific). The vector
obtained is Twl-PGKgfp-H1-miR-9-5p (7650 bp, Twl-H1-miR-9-5p).

The downregulation vector was generated by cloning a sequence
containing 3 repeats of a complementary sequence to miR-9-5p inter-
spersed with spacer nucleotides, acting as a sponge for endogenous miR-
9-5p (ds-sponge-miR-9-5p) (Giusti et al., 2014). Red Fluorescent Protein
(RFP) was cloned under the control of CMV promoter using Xhol and
Xbal to obtain Twl-PGKgfp-CMVrfp (Twl-GFP/RFP).
ds-sponge-miR-9-5p was inserted within the 3'UTR of GFP, digesting
Twl-GFP/RFP with Sall. The vector obtained is
Twl-PGKgfp-CMVrfp-sponge-miR-9-5p (8761 bp, Twl-sponge-miR-9).
RFP expression was used as control for transfection, while GFP expres-
sion was dependent on the presence of endogenous miR-9-5p binding to
the sponge. The empty vectors Twl-H1 and Twl-GFP/RFP were used as
controls. The list of the oligonucleotide sequences used in these exper-
iments is reported in Supplementary Table 3. Vectors to downregulate
REST protein were based on Twl-H1: after digestion with Xhol and Xbal,
two sequences complementary to REST 3'UTR were cloned in Twl-H1
using T4 DNA Ligase (ShREST-1: GTGTAATCTACAATACCATTT for
Twl-H1-shREST-1; shREST-2: GCGCTAAGAAGTTCTTTG for
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Twl-H1-shREST-2).

PRRLSIN.cPPT.PGK-GFP.WPRE (Addgene plasmid #12252: PGK-
GFP) was used for morphological analysis. This plasmid allows the
expression of enhanced GFP (EGFP) under the control of hPGK
promoter.

2.9. Transfection of neuronal cultures

Neuronal cultures were transfected at DIV7 (PGK-GFP) or DIV11
(miRNA expression vectors, REST silencing vectors, miR-9-5p miRCURY
LNA miRNA mimic 5-UCUUUGGUUAUCUAGCUGUAUGA-3’; ID:
YMO00471434 and negative control 5'-TAACACGTCTATACGCCCA-3’;
ID: YI00199006, Exiqon) using Magnetofection™ Technology (Oz Bio-
sciences, Marseille, France), according to the manufacturer’s protocol
(La Via et al., 2013). Briefly, the vectors (PGK-GFP, miRNA expression
vectors and REST silencing vectors) and miR-9-5p LNA mimic/negative
control were incubated with NeuroMag magnetic beads in the ratio of 1
pug DNA:3.5 pl NeuroMag or 5-25 pmol LNA/RNA:3.5 pl NeuroMag,
respectively, in 100 pl of Neurobasal free medium for 20 min, and added
drop-by-drop to the cells. Then, the cells were incubated on a magnetic
plate for 15 min at 37 °C. After 1 h, a complete change of medium was
performed and cells were kept at 37 °C under a 5% CO> humid atmo-
sphere. 72 h post-transfection, neuronal cells were fixed in 4% PFA for
20 min at RT and mounted on coverslip using SlowFade™ Diamond
Antifade Mountant (ThermoFisher, USA) for confocal imaging (miRNA
expression vectors, REST silencing vectors), or mechanically harvested
in 100 pL of RIPA for protein purification (miR-9-5p LNA miRNA mimic
and negative control).

Neuronal cultures transfected with PGK-GFP were kept undisturbed
except for the weekly change of medium until DIV17, when they were
used for live imaging acquisition and drug treatments.

2.10. In vitro corticosterone and ketamine treatments

DIV14-17 hippocampal neurons were incubated with 200 nM corti-
costerone (CORT) (or 0.2% dimethyl sulfoxide, DMSO) (Sigma-Aldrich)
twice daily (9.00 a.m. and 17.00 p.m.) for 3 consecutive days. Half of the
medium was replaced every morning with an astrocyte-conditioned
medium. Then, 1 pM ketamine (MSD Animal Health, Milan, Italy)
(Cavalleri et al., 2018) was added to the cells (KET treatment group) for
4h.

2.11. Confocal imaging analysis

Images of fluorescently labeled cells (DIV17 or DIV20) were captured
using a confocal microscope LSM880 Upright (Carl Zeiss, Jena, Ger-
many) with a 20x objective at a resolution of 3964 (x/y) pixel, and
represent maximum intensity projections of 5 consecutive optical sec-
tions taken at an 8 pm interval (for miRNAs expression vectors and REST
silencing vectors experiments) or 8 optical sections at 0.96 pm interval
(for PGK-GFP vector experiments). Total dendritic length and number of
branches were measured using Simple Neurite Tracer Fiji Plugin
(Schindelin et al., 2012). The number of spines was manually counted,
and spine density was expressed as number of spines/10 pm of dendritic
segment (spines of 3 secondary dendrites from a minimum of 15 cells
were analyzed).

In PGK-GFP vector experiments, images were acquired at 2 time-
points: at DIV17 (T0) in living cells kept in a humid chamber at 37 °C
and 5% CO,, and at DIV21 after CORT and ketamine treatments (T1).
The difference between T1 and TO measurements within the same cell
was calculated and expressed as A dendritic length T1-TO (pm). A
minimum of 10 cells were acquired for each condition.

2.12. Bioinformatic analysis of miR-9-5p targets and luciferase assay

TargetScan, mirDB and microT-CDS were used to perform target
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predictions for miR-9-5p (Chen and Wang, 2020; Lewis et al., 2005;
Reczko et al., 2012). Given the large number of predicted targets, the
following criteria were used to select the targets for reporter gene assays:
(i) presence of at least one conserved 8mer, 7mer-m8, or 7mer-Al site,
(ii) reported importance for brain function and plasticity in literature.

For preliminary validation, sequences spanning 30 bp before and
after the miR-9-5p binding site within the 3’ untranslated region (3’
UTR) of selected target genes were cloned into a pmirGLO Dual-
Luciferase expression vector (Promega) (Rossi et al., 2014) (the
primers used are listed in Supplementary Table 4). For final validation,
longer 3’ UTR fragments (GSK-3p 839 bp, REST, 1825 bp, SIRT1 403 bp)
were amplified (primers listed in Supplementary Table 4), cloned in
pmirGLO vector (Promega) and validated by sequencing.

Dual Luciferase® Reporter assay (E1910, Promega) was used ac-
cording to the manufacturer’s protocol. HEK293T cells were plated at 1
x 10* cells/well on 96-well plates in 1x DMEM the day before trans-
fection and co-transfected with pmirGLO construct vectors and miR-9-
5p mimics (Dharmacon) or negative control (Dharmacon) using Dhar-
maFECT Duo (0.12 pL/well; Dharmacon). 48h post-transfection, Firefly
luciferase activity was measured by reading luminescence (0.1 s) with
an EnSight™ Multimode Plate Reader (PerkinElmer). Firefly luciferase
signal was normalized on Renilla signal and expressed as RLU. All
transfections were performed in triplicate and the experiment was
repeated at least 3 times.

2.13. Western blotting

BCA protein concentration assay (Sigma-Aldrich, St. Louis, MO,
USA) was used for protein quantitation. Western blotting was performed
as previously described (Bonini et al., 2016; Musazzi et al., 2017). Pri-
mary antibodies used were: GSK-3f (1:1000, cod. #05-412, Abcam),
REST (1:500, cod. ab202962, Abcam), SIRT1 (1:500, cod. ab189494,
Abcam). Antibodies against GAPDH (1:8000, cod. Mab374, Millipore) or
a-TUBULIN (1:20000, cod. ab7291, Abcam) were used as internal con-
trols. Secondary antibodies used were: anti-mouse (IRDye 926-32210;
IRDye 926-68020, LI-COR) or anti-rabbit (IRDye 926-32211, LI-COR),
both diluted 1:2000 in TBS-T (see Supplementary Table 5 for details).
Signals were detected using Odyssey infrared imaging system (LI-COR
Biosciences) and quantified with Image Studio software (version 5.2,
LI-COR Biosciences) (Bonini et al., 2016; Musazzi et al., 2017).

2.14. Statistical analysis

Data were shown as mean =+ standard error of mean (SEM). Statis-
tical analysis of the data was performed using GraphPad Prism 8
(GraphPad Software Inc., USA). Unpaired Student’s t-test followed by
Welch’s correction was applied in Luciferase assay experiments and in
the analysis of morphological changes after miR-9-5p modulation.
Correlation between sucrose preference and miR-9-5p expression in
CMS rats was analyzed by Pearson’s correlation. For all the other ex-
periments, one-way ANOVA followed by Tukey’s post-hoc test or
Newman-Keuls Multiple Comparison was used. Statistical significance
was assumed at p < 0.05.

3. Results

3.1. Acute ketamine rescued the reduction of miR-9-5p in the
hippocampus of chronic mild stress-vulnerable animals; miR-9-5p levels
inversely correlated with the depressive-like phenotype

In a previous study, we showed that acute ketamine (10 mg/kg)
completely rescued in just 24h anhedonic behavior in the sucrose pref-
erence test, as well as dendritic retraction and simplification of hippo-
campal pyramidal neurons, induced by 5 weeks of CMS selectively in
stress-vulnerable rats (CMS-V), compared to resilient (CMS-R) and
control animals (Tornese et al., 2019). To identify whether these

Neurobiology of Stress 15 (2021) 100381

morphological changes were accompanied by alterations in selected
miRNAs, we measured by qPCR the expression levels of the 10 selected
miRNAs in the HPC of rats subjected to 5 weeks of CMS and acute
ketamine.

Significant differences were revealed among the experimental
groups in the expression of 6 miRNAs (Table 1). Overall, we observed
that the levels of several miRNAs were significantly reduced as a result
of stress exposure. In more details, miR-134-5p and 135a-5p were
significantly decreased in all stressed rats, including CMS-R, CMS-V and
CMS-V treated with ketamine (see Table 1 for detailed statistics).
However, miR-135a-5p levels were significantly lower in CMS-V
compared to CMS-R, and acute ketamine restored the expression to
CMS-R levels. Differently, miR-132-5p was significantly reduced only in
CMS-R, miR-210-5p selectively in CMS-V, while miR-124-5p was
reduced in all CMS-V animals, including those treated with ketamine.
Unlike all the other miRNAs, miR-9-5p was selectively reduced only in
CMS-V (and not in CMS-R), while acute ketamine completely rescued
this reduction to control levels (Fig. 1A). Intriguingly, changes in miR-9-
5p expression mirrored alterations of sucrose preference (one-way
ANOVA, F3 34 = 15.64, p < 0.001, Tukey’s post-hoc test: CMS-V vs CNT
p < 0.001, CMS-V vs CMS-R p < 0.001, CMS-V + KET vs CMS-V p <
0.001; Fig. 1B), and significantly correlated with the behavioral
phenotype across animals (Pearson r, r = 0.3677, p < 0.05; Fig. 1C).
Thus, lower miR-9-5p levels correlated with worse anhedonic pheno-
type, while higher miR-9-5p expression was associated with higher su-
crose preference, suggesting an involvement of miR-9-5p in the
regulation of depressive-like behavior.

We then used in situ hybridization to further investigate miR-9-5p
differential expression in the HPC within CA3, CAl and DG sub-
regions (Fig. 2). Significant differences among groups were found in
the somatic expression of miR-9-5p in CA3 (one-way ANOVA, F3 1 =
30.78, p < 0.001), CA1 (one-way ANOVA, F3 22 = 4.47, p < 0.05), and
DG (one-way ANOVA, F3 23 = 6.868, p < 0.01). Accordingly, miR-9-5p
was selectively reduced in CA3, CAl1 and DG of CMS-V animals
compared to controls and CMS-R, and ketamine completely rescued the

Table 1
miRNAs expression changes in the HPC of rats induced by CMS and ketamine.
CNT CMS-R CMS-V CMS-V + ANOVA
KET

miR-9- 1+ 0.94 + 0.76 + 1.03 + F3, 31 = 3,676;
5p 0.22 0.17 0.12* 0.24* p<0.05

miR-16- 1+ 0.83 + 0.83+0.20 0.80 + F3 31 = 2,183;
5p 0.20 0.16 0.08 p=0.11

miR- 1+ 0.96 + 0.98 +£0.15 0.97 + F3, 33 = 0,066;
29a-5p 0.18 0.21 0.17 p=0.98

miR- 1+ 0.85 + 0.68+0.18 0.77 + F3 30 = 2,783;
34a-5p 0.22 0.28 0.18 p = 0.06

miR- 1+ 0.88 + 0.81 + 0.79 + F3, 30 = 3,669;
124- 0.17 0.11 0.13* 0.16* p<0.05
5p

miR- 1+ 0.80 + 0.85+0.12 0.89 + F3 29 = 4,241;
132- 0.09 0.13%* 0.12 p<0.01
5p

miR- 1+ 0.66 + 0.79 + 0.74 + Fs, 30 = 5,153;
134- 0.29 0.07%** 0.13* 0.19* p<0.01
5p

miR- 1+ 0.77 + 0.62 + 0.76 + Fs, 24 = 10,96;
135a- 0.12 0.10%* 0.10%** 0.15%* p<0.001
5p

miR- 1+ 0.85 + 0.83+0.11 0.80 + F3 31 = 2,674;
137- 0.23 0.10 0.14 p=0.06
5p

miR- 1+ 0.82 + 0.79 + 0.83 + F3 32 = 3,218;
210- 0.18 0.08 0.12% 0.21 p<0.05
5p

Expression of selected miRNAs in the HPC of rats after CMS and acute ketamine.
n = 6-10 (CNT), n = 7-10 (CMS-R), n = 7-10 (CMS-V), n = 7-10 (CMS-V +
KET). Newman-Keuls Multiple Comparison Test: *p < 0.05, **p < 0.01, ***p <
0.001 vs CNT; #p < 0.05 vs CMS-V. Data are reported as means + S.E.M.
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Fig. 1. miR-9-5p expression and sucrose preference measure in CMS rats. (A) qPCR analysis of miR-9-5p expression in the HPC. Tukey’s post-hoc test: *p < 0.05 vs
CNT; #p < 0.05 vs CMS-V; n = 7-10. Data are reported as means + S.E.M. (B) Sucrose preference test of CNT and CMS rats at Day +35 of CMS, 24 h after KET/VEH
treatment n = CNT 10; CMS-R 10; CMS-V 10; CMS-V + KET 8. Tukey’s post-hoc test: ***p < 0.001 vs CNT, *#p < 0.01 vs CMS-V, ¥p < 0.001 vs CMS-R. Data are
reported as means + S.E.M. (C) Correlation between miR-9-5p HPC expression and the sucrose preference in CMS rats. Pearson’s r, r = 0.3677, p < 0.05.

reduction (Tukey’s post-hoc test; CA3: CMS-V vs CNT p < 0.001, CMS-V
vs CMS-R p < 0.001, CMS-V + KET vs CMS-V p < 0.001, CMS-V + KET vs
CMS-R p < 0.05; CA1: CMS-V vs CNT p < 0.05, CMS-V + KET vs CMS-V
p < 0.05; DG: CMS-V vs CNT p < 0.01, CMS-V vs CMS-R p < 0.05, CMS-
V + KET vs CMS-V p < 0.01). Of note, in CA3 where, specifically, in our
previous study we found a reduction of pyramidal neuron apical den-
dritic length and complexity (Tornese et al., 2019), significant differ-
ences were revealed in miR-9-5p expression also along proximal
dendrites (20 pm from soma, one-way ANOVA, F3 21 =7.720, p < 0.01).
Multiple comparisons highlighted a significant reduction of miR-9-5p
signal in CMS-V compared to CMS-R (not significant compared to con-
trol), while ketamine recovered this change (Tukey’s post-hoc test;
CMS-V vs CNT p = 0.0969, CMS-V vs CMS-R p < 0.05, CMS-V + KET vs
CMS-V p < 0.001). miR-9-5p signal in the CA3 of CMS-V rats was
significantly weaker compared to CMS-R also at 40 pm from soma
(Tukey’s post-hoc test; CMS-V vs CMS-R p < 0.05).

3.2. Acute ketamine rescued dendritic retraction and miR-9-5p reduction
induced by repeated in vitro corticosterone treatment of primary
hippocampal neurons

We have previously reported that 5 weeks of CMS induced a signif-
icant increase in the serum levels of the stress hormone corticosterone
selectively in CMS-V rats (independently of ketamine treatment), but not
in CMS-R (Tornese et al., 2019). Thus, to model in a simplified system
the neuronal effects of corticosterone (and ketamine) in vulnerable an-
imals and to test their direct action on dendritic remodeling, we
designed an in vitro model based on repeated doses of corticosterone
(plus acute ketamine) in primary hippocampal neurons (Fig. 3A).
Changes of pyramidal neuron total dendritic length were measured
before and after corticosterone and ketamine treatments (Fig. 3B). As
reported in Fig. 3C, both conditions affected dendritic morphology of
primary hippocampal pyramidal neurons (one-way ANOVA, Fs 3g
5.595, p < 0.01). Specifically, repeated corticosterone treatment
significantly reduced total dendritic length of pyramidal neurons
(Tukey’s post-hoc test; CORT vs DMSO p < 0.05), while the incubation
of corticosterone-treated cells with ketamine for 4 h fully recovered
dendritic retraction to control levels (Tukey’s post-hoc test; CORT + KET
vs CORT p < 0.05). We then asked whether morphological changes were
accompanied by alterations of miR-9-5p expression levels, and qPCR
analysis revealed its significant reduction after repeated treatment with
corticosterone, that was completely rescued by ketamine (one-way
ANOVA, F3 34 = 5.997, p < 0.01; Tukey’s post-hoc test; CORT vs DMSO
p < 0.01, CORT + KET vs CORT p < 0.05) (Fig. 3D).

3.3. miR-9-5p controls dendritic morphology and spine density in primary
hippocampal neurons

miR-9-5p controls the number of spines and the length and branch-
ing of dendrites (Giusti et al., 2014; Xue et al., 2016). Here, having
shown parallel changes in dendritic remodeling and miR-9-5p expres-
sion, we asked whether miR-9-5p regulated dendritic morphology in
mature primary hippocampal cultures. To this end, vectors specifically
designed to overexpress or downregulate miR-9-5p were first tested in
HEK293T cells (Supplementary Fig. 1 and Supplementary Materials),
and then transfected in DIV11 hippocampal neurons. Morphological
analysis of pyramidal neurons 72 h post-transfection (DIV14) showed
that miR-9-5p downregulation decreased total dendritic length (Stu-
dent’s t-test; p < 0.05), total number of branches (p < 0.05) and den-
dritic spine density (p < 0.001) (Fig. 4C-E). On the other end,
over-expression of miR-9-5p levels produced a significant increase in
total dendritic length (Student’s t-test; p < 0.05), total number of
branches (p < 0.05) and spine density (p < 0.001) of hippocampal
neurons (Fig. 4H-J).

3.4. Bioinformatic analysis of miR-9-5p target genes and in vitro
validation of selected targets

The bioinformatic prediction tools TargetScan, mirDB and microT-
CDS were used to identify miR-9-5p putative target genes (Supplemen-
tary information). Among the most significant genes, we selected those
that presented at least one conserved 8mer, 7mer-m8, or 7mer-Al
binding site for miR-9-5p and with reported relevance in the control
of brain function and plasticity (selected target genes with relative
previous evidence are shown in Table 2).

Luciferase assay in HEK293T cells was used to test the functional
interaction between miR-9-5p and its binding sites within mRNA 3'UTRs
of each selected putative target gene, cloned in the pmirGLO Dual-
Luciferase expression vector. Student’s t-test revealed that miR-9-5p
mimics significantly decreased the firefly luciferase activity only in
cells transfected with plasmids including miR-9-5p target sites within
GSK-3p (p < 0.01), REST (p < 0.05) and SIRT1 (p < 0.05) 3'UTRs
(Fig. 5). No changes were observed for the other genes.

To further validate the interaction of miR-9-5p with these three
predicted targets in a more complex biological context, a longer segment
of GSK-3f, REST and SIRT1 3'UTRs containing miR-9-5p binding site
was cloned in the pmirGLO vector. As shown in Fig. 6, miR-9-5p mimics
suppressed firefly luciferase activity in cells transfected with the reporter
vectors containing REST 3'UTR (Fig. 6B; Student’s t-test; p < 0.001) and
SIRT1 3'UTR (Fig. 6C; Student’s t-test, p < 0.05), but not in cells car-
rying GSK-3p 3'UTR (Fig. 6A; Student’s t-test, p = 0.2994). Accordingly,
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Fig. 2. miR-9-5p expression changes induced by CMS and ketamine in the sub-regions of the HPC of rats. (A) Representative images of miR-9-5p in situ hybridization
signal in CA3, CA1 and DG regions of HPC in CNT, CMS-V, CMS-R and CMS-V + KET rats. Scramble probe was used as a negative control. Scale bar 100 pm. (B-D)
Expression of miR-9-5p measured as optical density in the soma, proximal (20 pm) and distal (40 pm) dendrites of neurons in CA3. (E-G) Expression of miR-9-5p
measured as optical density in the soma, proximal (20 pm) and distal (40 pm) dendrites of neurons in CA1. (H-J) Expression of miR-9-5p measured as optical density

in the soma, proximal (20 pm) and distal (40 pm) dendrites of neurons in DG. n = 3-4/group, 2-3 slices/rat. Tukey’s post-hoc test: *p < 0.05, **p < 0.01,

*rkp <

0.001 vs CNT; #*p < 0.05, ##p < 0.01, #*#p < 0.001 vs CMS-V; ’p < 0.05, ¥p < 0.001 vs CMS-R. Data are reported as means + S.E.M.
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Fig. 3. Analysis of dendritic morphology and miR-
9-5p expression in primary hippocampal cultures
treated with corticosterone and ketamine. (A)
Timing of primary hippocampal cultures in vitro
treatment with CORT and KET. (B) Representative
image of a hippocampal neuron used for morpho-
logical study and reconstruction of the dendritic
tree performed using plug-in Fiji at TO (blue line)
and T1 (red line). (C) The difference between T1
and TO measurements within the same cell is re-
ported as A dendritic length T1-TO (pm), for
vehicle, CORT and CORT plus KET treatment.
Tukey’s post-hoc test: *p < 0.05 vs DMSO, “p <
0.05 vs CORT; n = 10 (DMSO), n = 22 (CORT), n =
10 (CORT + KET). (D) miR-9-5p expression in pri-
mary hippocampal neurons treated with CORT and
KET. Tukey’s post-hoc test: **p < 0.01 vs DMSO,
#p < 0.05 vs CORT; n = 9-10. Scale bar 50 pm..
(For interpretation of the references to colour in this
figure legend, the reader is referred to the Web
version of this article.)
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Fig. 4. miR-9-5p modulation in primary neurons
changes dendritic morphology and spine density.
(A-B) Representative reconstruction using plug-in Fiji
of the dendritic tree and spines of primary hippo-
campal neurons transfected with Twl-GFP/RFP and
Twl-sponge-miR-9-5p, respectively. Scale bar 50 pm.
Morphological analysis of primary hippocampal neu-
rons after 72 h of miR-9-5p downregulation: (C) total
dendritic length; n = 15, (D) total number of
branches; n = 15, (E) dendritic spine density; n = 20.
Unpaired Student’s t-test with Welch’s correction: *p
< 0.05, ***p < 0.001 vs Twl-GFP/RFP. (F-G) Repre-
sentative reconstruction using plug-in Fiji of the den-
dritic tree and spines of primary hippocampal neurons
transfected with Twl-H1 and Twl-H1-miR-9-5p,
respectively. Scale bar 50 pm. Morphological anal-
ysis of primary hippocampal neurons after 72 h of
miR-9-5p overexpression: (H) total dendritic length; n
= 30, () total number of branches; n = 30, (J) den-
dritic spine density; n = 40. Unpaired Student’s t-test
with Welch’s correction: *p < 0.05, ***p < 0.001 vs
Twl-H1. Dendritic length, number of branches and
spine density were measured using ImageJ or the
plug-in Fiji.
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Table 2
Bioinformatic selection of miR-9-5p predicted targets.
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GENE SYMBOL REPRESENTATIVE PREDICTION BINDING POSITION LITERATURE EVIDENCE
TRANSCRIPT DATABASES ON THE 3'UTR
Dopamine Receptor D2 DRD2 ENSMUST00000075764.6 A 285-292 -Stress response: Zurawek et al., (2013)
-Depression and antidepressant response: He et al. (2019);
Pecina et al. (2017); Wang et al. (2012)
ELAV like RNA binding ELAVL1 ENSMUST00000098950.4 A, B, C 788-795 -Stress response: He et al. (2019)
protein 1 -Depression and antidepressant response: He et al. (2019)
Glycogen Synthase GSK3p ENSMUST00000023507.7 A 3565-3571 -Stress response: Aceto et al., (2020)
Kinase 3, p -Depression and antidepressant response: Duman and
Aghajanian, 2014; Liu et al., 2013; Zarate and
Machado-Vieira (2016)
Neurotrophic Receptor NTRK3 ENSMUST00000039431.8 A 1741-1749 -Stress response: Farhang et al. (2014); Xu et al. (2015)
Tyrosine Kinase 3 -Depression and antidepressant response: Tamasi et al.
(2014)
RE-1 Silencing REST ENSMUST00000080359.6 A, C 1749-1755; -Stress response: Mampay et al., (2019); Soga et al.,
Transcription Factor 3207-3213 (2021)
-Depression and antidepressant response: Soga et al., (2021)
-Morphology: Giusti et al., (2014)
Sirtuin 1 SIRT1 ENSMUST00000120239.2 A, B,C 335-342 -Stress response: Kim et al. (2016); Liu et al. (2019); Shen
et al. (2019)
-Depression and antidepressant response: Abe-Higuchi
et al., (2016); Nan et al. (2020)
-Morphology: Codocedo et al. (2012); Michan et al.,
(2010)
Sortilin 1 SORT1 ENSMUST00000102632.5 A, B, C 3274-3280 -Stress response: Bai et al. (2016); Ruan et al. (2016)

-Depression and antidepressant response: Yang et al. (2020)

Putative targets of miR-9-5p were bioinformatically identified using TargetScan (A), MirDB (B) and microT-CDS (C). Genes relevant to our study were selected based on
their recognized role in synaptic plasticity, response to stress, depression, and antidepressant drugs response.

the measure of GSK-3f, REST and SIRT1 protein expression levels in
primary hippocampal cultures treated with miR-9-5p mimics revealed a
reduction of REST (Fig. 6E; Student’s t-test, p < 0.001) and SIRT1
(Fig. 6F; Student’s t-test, p < 0.001), while no significant differences
were found for GSK-3f (Fig. 6D; Student’s t-test, p = 0.11). Overall,
these data validated REST and SIRT1 as biological target genes of miR-9-
5p, while GSK-3p was not confirmed.

3.5. Alterations of REST protein levels in primary hippocampal neurons
and in the HPC of CMS rats were in line with miR-9-5p changes

To evaluate whether the expression levels of the validated miR-9-5p
target genes were changed in primary neurons treated with corticoste-
rone/ketamine and in CMS rats, we measured the levels of GSK-3p, REST
and SIRT1 in both systems.

In primary hippocampal neurons, we found a significant treatment
effect only in REST protein expression levels (one-way ANOVA, Fy 17 =
6,143, p < 0.01), and no changes in SIRT1 (one-way ANOVA, Fj 24 =
0,1957, p = 0.8236) or GSK-3p (one-way ANOVA, F3 3, = 0,9883, p =
0.4107) (Fig. 6G-I). Repeated corticosterone administration strongly
increased REST levels, and ketamine completely rescued the change
(Tukey’s post-hoc test: CORT vs DMSO p < 0.05, CORT + KET vs CORT
p < 0.05).

In the HPC of CMS rats, significant differences among groups were
revealed in the protein expression levels of GSK-3f (one-way ANOVA,
F3 21 = 4.080, p < 0.05) and REST (one-way ANOVA, F3 51 = 5,796, p <
0.01), while SIRT1 levels were unchanged (one-way ANOVA, F3o; =
2.771, p = 0.0669) (Fig. 6J-L). As regarding GSK-3, we found only a
significant increase in CMS-V rats treated with ketamine compared to
control (Tukey’s post-hoc test, CMS-V + KET vs CNT p < 0.05). Instead,
in line with changes of miR-9-5p levels, REST protein was remarkably
increased selectively in CMS-V animals and ketamine completely
reversed this change to control levels (Tukey’s post-hoc test: CMS-V vs
CNT p < 0.01, CMS-V + KET vs CMS-V p < 0.05).

We also measured GSK-3p, REST and SIRT1 mRNA levels (Supple-
mentary Fig. 2), and found no significant changes for GSK-3p (one-way
ANOVA, F3 94 = 2.190, p = 0.1154) and REST (one-way ANOVA, F3 o; =
2.345, p = 0.1020), while SIRT1 mRNA levels were significantly

increased in CMS-V compared to both CNT and CMS-R (one-way
ANOVA, F3 93 = 5.011, p < 0.01; Tukey’s post-hoc test: CMS-V vs CNT p
< 0.05, CMS-V vs CMS-R p < 0.05); ketamine only partly rescued the
increase, since CMS-V + KET group is not significantly different from
either controls or CMS-V (Tukey’s post-hoc test: CMS-V + KET vs CNT p
= 0.2346, CMS-V + KET vs CMS-V p = 0.7643).

3.6. Dendritic shortening induced by corticosterone in primary cultures is
partly rescued by miR-9-5p overexpression and dependent on REST protein
expression

Finally, to provide further evidence that miR-9-5p plays a role in
stress-induced dendritic remodeling, primary hippocampal neurons
were transfected with miR-9-5p overexpression vector (or empty con-
trol) before being exposed to repeated treatment with corticosterone as
before. While in line with the results in Fig. 3, corticosterone induced a
reduction of total dendritic length (one-way ANOVA, F5 34 = 3.509, p =
0.0412; Tukey’s post-hoc test: Twl-H1+CORT vs Twl-H1+DMSO p <
0.05) (Fig. 7A), miR-9-5p overexpression partly prevented the effects of
corticosterone (Tukey’s post-hoc test: Twl-H1-miR-9+CORT vs Twl-
H1+CORT p = 0.11; Twl-H1-miR-9+CORT vs Twl-H1+DMSO p =
0.78).

We finally asked whether REST, which we demonstrated to be a
functional target of miR-9-5p, was implicated in corticosterone-
dependent dendritic shortening. To this end, we transfected primary
hippocampal neurons with two different REST silencing vectors and
then treated cultures with corticosterone. Downregulation of REST
prevented, at least in part, the reduction of dendritic length induced by
corticosterone, as demonstrated by the observation that no difference
was found between corticosterone-treated cells with REST down-
regulation and controls (one-way ANOVA, F3 46 = 4.303, p = 0.0093;
Tukey’s post-hoc test: Twl-H1+CORT vs Twl-H1+DMSO p < 0.01; Twl-
H1-shREST-1+CORT vs Twl-H1+DMSO p = 0.62; Twl-H1-shREST-
2+CORT vs Twl-H14+DMSO p = 0.39) (Fig. 7B).

Overall, these data suggest that the reduction of miR-9-5p levels and
the related increase of REST protein expression are key molecular ef-
fectors of dendritic remodeling induced by stress.
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Fig. 5. Analysis of miR-9-5p interaction with pre-
dicted target genes using Luciferase assay. Relative
Luciferase Activity was measured in HEK293T cells
co-transfected with specific dual-reporter vectors
containing an approximately 70 bp-long sequence
of the 3'UTR of (A) DRD2, (B) ELAVL1, (C) GSK-3p,
(D) NTRK3, (E) REST, (F) SIRT1, (G) SORT1 and
with specific mimics for miR-9-5p or negative con-
trol. Unpaired Student’s t-test with Welch’s correc-
tion: *p < 0.05, **p < 0.01 vs NEG control. n = 3;
all experiments were repeated 3 times.
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Fig. 6. Validation of miR-9-5p target genes. (A,B,
C) Relative Luciferase Activity for GSK-3p, REST
and SIRT1, long 3’ UTR fragments. Unpaired Stu-
dent’s t-test: *p < 0.05, ***p < 0.001 vs NEG
control. n = 3; all experiments were repeated 3
times. (D,E,F) Analysis of GSK-3p, REST and SIRT1
expression in primary hippocampal neurons
treated with miR-9-5p mimics or negative control.
Unpaired Student’s t-test: ***p < 0.001 vs NEG
control. n = 9-14. (G,H,I) Analysis of GSK-3,
REST and SIRT1 expression in primary hippocam-
pal neurons treated with corticosterone and keta-
mine. One-way ANOVA followed by Tukey’s post-
hoc test: *p < 0.05 vs DMSO; #p < 0.05 vs CORT.
n = 6-12. (J,K,L) Analysis of GSK-3p, REST and
SIRT1 protein expression in the HPC of CMS rats.
One-way ANOVA followed by Tukey’s post-hoc
test: *p < 0.05, **p < 0.01 vs CNT; #p < 0.05 vs
CMS-V; ¥p < 0.01 vs CMS-R. n = 4-8.
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Fig. 7. Analysis of preventive effect of miR-9-5p
overexpression and REST downregulation on den-
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4. Discussion

Preclinical studies have provided evidence that hippocampal syn-
aptic remodeling and functional connectivity are associated with
depression-related behavior in animal models of chronic stress (Duman
et al., 2019; Krishnan and Nestler, 2008; McEwen et al., 2016; Qiao
et al., 2016), as well as with rapid antidepressant effects of acute keta-
mine (Deyama and Duman, 2020; Kavalali and Monteggia, 2012;
Tornese et al., 2019). Accordingly, we have previously demonstrated
that animals vulnerable to the effects of CMS exhibit dendritic retraction
and simplification of hippocampal CA3 pyramidal neurons, while acute
ketamine, together with the rescue of depressive-like phenotype,
completely recovers morphological deficits in just 24 h (Tornese et al.,
2019).

In the present work, we investigated miR-9-5p as a putative molec-
ular effector of dendritic remodeling induced by chronic stress and ke-
tamine in the hippocampus. The expression levels of miR-9-5p were
selectively lower in the hippocampus of CMS vulnerable animals and in
primary neurons repeatedly incubated with the stress hormone corti-
costerone, compared to controls. Importantly, although previous studies
consistently reported dendritic atrophy in brain areas of animal models
of stress (Duman et al., 2019; Krishnan and Nestler, 2008; McEwen et al.,
2016; Qiao et al., 2016), to our knowledge, here we showed for the first
time that in vitro repeated treatment with corticosterone of primary
neuronal cultures reproduces the reduction of pyramidal neuron den-
dritic length induced in vivo by stress. Our data clearly demonstrate that
cellular effects of corticosterone are key mediators of both neuronal
remodeling and decrease of miR-9-5p levels induced by stress. Of note,
CMS resilient animals did not display any alterations in hippocampal
miR-9-5p expression, suggesting that the reduction of miR-9-5p levels
may be part of the maladaptive response to CMS, and related to anhe-
donic phenotype. Accordingly, miR-9-5p levels in the hippocampus
negatively correlated with the anhedonic phenotype, further confirming
the involvement of this miRNA in mechanisms involved in behavioral
vulnerability to chronic stress. This idea is also supported by the fact that
acute ketamine completely reversed the reduction of miR-9-5p both in
the hippocampus of CMS vulnerable animals and in primary neurons.
The effect of ketamine was rapid (observed in vivo after 24h, and in vitro
after 4 h), suggesting a putative involvement of miR-9-5p in the mech-
anisms underlying the fast antidepressant effect of ketamine.

Since the changes in miR-9-5p levels occurred together with dendrite

12

remodeling, we took advantage of reporter vectors allowing the simul-
taneous expression of GFP and overexpression or downregulation of
miR-9-5p in primary neuronal cultures, to study the direct effect of miR-
9-5p modulation on dendritic arbor. We found that miR-9-5p down-
regulation in mature hippocampal cultures decreased the length and
complexity of pyramidal neuron dendrites, as well as the number of
spines, while the overexpression of miR-9-5p exerted opposite effects.
miR-9 is an evolutionarily conserved small regulatory RNA, highly
enriched in the brain, and it has been consistently reported to play a key
role in neurodevelopment (Radhakrishnan and Anand, 2016) and in the
regulation of neurogenesis, neuronal morphology and function (Coolen
etal., 2013; Dajas-bailador et al., 2012; Giusti et al., 2014). In particular,
miR-9-5p was shown to control axonal extension and branching
(Dajas-bailador et al., 2012), as well as in vitro and in vivo dendritic
development (Giusti et al., 2014). However, miR-9-5p has never been
implied before in dendritic remodeling of hippocampal pyramidal
neurons associated with depressive behavior and antidepressant effects.

To further establish the molecular mechanism by which miR-9-5p
might modulate dendritic remodeling, we predicted its target tran-
scripts by bioinformatic analysis. We focused on selected targets that
had previously shown to regulate brain function and plasticity. After
biological validation of the interaction between miR-9-5p with its pre-
dicted target sequences, two main genes were confirmed: Sirtl and Rest.

SIRT1 belongs to the family of sirtuins, histone deacetylases associ-
ated with transcriptional silencing, aging, cell differentiation, stress
response and inflammation (Lu et al., 2018). SIRT1 is abundantly
expressed in the brain where, throughout an epigenetic control of
plasticity-associated genes, it can regulate synaptic plasticity, memory
formation and cognitive function (Gao et al., 2010; Michan et al., 2010).
Sirtuins are also known to promote axonal elongation, neurite
outgrowth and dendritic branching during neuronal development
(Herskovits and Guarente, 2014).

SIRT1 has been consistently reported to play neuroprotective roles in
different models of neurodegenerative disorders, including Alzheimer’s,
Parkinson’s, Huntington’s and motor neuron diseases among others
(Jesko et al., 2017). More recently, variants near the Sirtl gene were
associated with depression (CONVERGE Consortium, 2015). Neverthe-
less, in our hands, SIRT1 protein was not significantly modulated by
neither stress, nor ketamine treatment, suggesting a limited involvement
of SIRT1 in our model.

REST, also known as neuron-restrictive silencer factor (NRSF), is a
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transcription repressor of more than 2000 neuron-specific target genes,
encoding proteins involved in synaptic plasticity, cell death, neuro-
transmitter receptors, ion channel proteins and adhesion molecules
(Mampay and Sheridan, 2019). REST expression is critical for brain
development, cell differentiation and cell maturation, but its levels are
remarkably downregulated during late stages of development, resulting
in acquisition of neuronal phenotype (Zhao et al., 2017).

Although REST expression is low in mature neurons, it increases after
specific cellular insults, including ischemia, seizure and neurotoxicity
(Mampay and Sheridan, 2019). Moreover, both physical and psycho-
logical stress have been consistently shown to upregulate REST levels in
brain areas of animal models of stress (Chen et al., 2016; Mou and Zhao,
2016; Soga et al., 2021), as well as in clinical studies (Goswami et al.,
2010). During the adult stage, activated REST in mature neurons re-
presses neurotransmission and leads to neuronal death and cognitive
disorders (Giusti et al., 2014; Hwang et al., 2017; Pajarillo et al., 2020).

We found a remarkable increase of REST protein in the hippocampus
of CMS vulnerable animals and in corticosterone-treated primary neu-
rons, while ketamine treatment restored its expression to control levels
in both models. These results are consistent with the concurrent
reduction of miR-9-5p measured in both CMS vulnerable animals and in
corticosterone-treated primary neurons. At the same time, ketamine,
together with recovering the stress-induced morphological alterations,
completely rescued miR-9-5p levels and down-regulated REST protein
expression to control levels, both in stressed animals and in primary
neurons treated with corticosterone.

Despite we did not analyze the effects of miR-9-5p/REST in vivo
modulation in the hippocampus of CMS animals, both in vitro over-
expression of miR-9-5p and silencing of REST were able to partly pre-
vent dendritic shortening induced by corticosterone treatment of
primary neuronal cultures. These results strongly suggest that the
reduction of miR-9-5p induced by stress, and the consequent increase of
REST protein expression, are key molecular effectors of hippocampal
neuron dendritic simplification induced by chronic stress.

In line with our data, a previous study reported that miR-9-5p con-
trols dendritic growth in developing mouse primary hippocampal neu-
rons by targeting REST (Giusti et al., 2014). The transfection of neural
precursor cells with shRNA against REST rescued dendritic growth de-
fects in neurons with conditional down-regulation of miR-9-5p, con-
firming that REST is a major downstream molecular effector of miR-9-5p
for the modulation of dendritic morphology. The authors hypothesized
that given the abundant miR-9-5p expression in the adult brain and low
expression levels of REST, except in areas involved in neurogenesis,
miR-9-5p could be a key factor in keeping low REST levels during
maturation. This may be necessary to avoid REST-dependent inhibition
of plasticity-associated genes that mediate vesicular transport, signal
transduction, neurite outgrowth and cell adhesion (Sun et al., 2005). In
line with a role of miR-9/REST not only during development but also in
mature neuronal populations, we hypothesize that stress-induced
downregulation of miR-9-5p in vulnerable animals reduces hippocam-
pal pyramidal neuron dendritic length through mechanisms implying
REST upregulation, in turn inhibiting the transcription of genes involved
in synaptic plasticity, while acute ketamine, restoring miR-9-5p levels,
rescues morphological effects of stress.

5. Conclusion

We have investigated the role of miR-9-5p in the functional and
morphological changes induced by chronic stress and ketamine both in
the hippocampus of rats subjected to chronic mild stress and in primary
hippocampal cultures. We demonstrated that morphological changes
induced by chronic corticosterone and rescued by ketamine are
accompanied by a decrease of miR-9-5p levels both in the hippocampus
of stressed rats and in primary neuronal cultures. This in turn induces an
upregulation of REST protein expression that negatively influences
neuronal dendritic morphology, presumably by controlling the
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expression of synaptic plasticity-associated genes. We have to
acknowledge that a limitation of our study is the absence of in vivo miR-
9-5p/REST expression manipulation that would definitely confirm the
involvement in morphological and behavioral effects of chronic stress.
Further studies are needed to address this issue.
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