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Major depression is a highly prevalent, multidimensional disorder. Although several classes of antidepressants (ADs) are currently
available, treatment efficacy is limited, and relapse rates are high; thus, there is a need to find better therapeutic strategies. Neuroplastic
changes in brain regions such as the hippocampal dentate gyrus (DG) accompany depression and its amelioration with ADs. In this study,
the unpredictable chronic mild stress (UCMS) rat model of depression was used to determine the molecular mediators of chronic stress
and the targets of four ADs with different pharmacological profiles (fluoxetine, imipramine, tianeptine, and agomelatine) in the
hippocampal DG. All ADs, except agomelatine, reversed the depression-like behavior and neuroplastic changes produced by uCMS.
Chronic stress induced significant molecular changes that were generally reversed by fluoxetine, imipramine, and tianeptine. Fluoxetine
primarily acted on neurons to reduce the expression of pro-inflammatory response genes and increased a set of genes involved in cell
metabolism. Similarities were found between the molecular actions and targets of imipramine and tianeptine that activated pathways
related to cellular protection. Agomelatine presented a unique profile, with pronounced effects on genes related to Rho-GTPase-related
pathways in oligodendrocytes and neurons. These differential molecular signatures of ADs studied contribute to our understanding of the

INTRODUCTION

Major depression is one of the most prevalent neuropsychia-
tric disorder and is characterized by a multifaceted profile of
behavioral deficits, such as depressed mood, anxiety, and
cognitive impairments (Bessa et al, 2009b; Villanueva, 2013).
Strikingly, a high percentage of patients treated with the
currently available therapies do not show full remission
(Lang and Borgwardt, 2013) and present treatment resistance
(Blier and Blondeau, 2011). Although the pathophysiology of
depression is still incompletely understood, dysregulation of
monoaminergic systems, neuroplasticity, and immunological
responses (Villanueva, 2013; Willner et al, 2013) are consi-
dered to contribute to the disease. In addition, alterations in
dendritic plasticity and cytogenesis in the hippocampal
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dentate gyrus (DG) are observed in the brains of animal
models of depression and depressed patients (Lucassen et al,
2014; Pittenger and Duman, 2008). Importantly, these
changes have been implicated in the onset of depressive-
like symptoms and in the actions of antidepressants (ADs)
in animal models of depression (Bessa et al, 2009a;
Mateus-Pinheiro et al, 2013a, b; Surget et al, 2011).

ADs are generally classified according to their primary
pharmacological targets. The first developed ADs were
monoamine oxidase inhibitors (MAOi) and tricyclic (TCA)
and tetracyclic agents (Li et al, 2012). Second-generation
ADs include the selective serotonin reuptake inhibitors
(SSRIs), still the most prescribed ADs worldwide, and
norepinephrine and serotonin reuptake inhibitors (NSRIs).
Atypical ADs include tianeptine whose mechanisms of
action are poorly understood but which exert potent neuro-
plastic effects (McEwen et al, 2010), and agomelatine,
an agonist of melatonin receptors (MT1 and MT2) and an
antagonist of the 5HT,. receptor that was recently intro-
duced as an AD (Tardito et al, 2012). Despite their diverse
pharmacological profiles, all of these drugs result in similar
behavioral outcomes, suggesting overlapping mechanisms
of action. Insights into their potentially common molecular
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targets and divergent mechanisms may help develop new
treatment strategies that exploit specific properties of each
individual drug.

Application of genome-wide analyses of specific brain
regions is a potentially valuable approach to study drug-
specific molecular targets and to generate information that
may facilitate the development of more efficacious treat-
ments. Such approaches have been previously used to
investigate the molecular alterations induced by ADs in the
hippocampus and other brain regions of naive animals
(Conti et al, 2007; Gaska et al, 2012; Korostynski et al, 2013;
Landgrebe et al, 2002; Lee et al, 2010; Sillaber et al, 2008;
Surget et al, 2009; Takahashi et al, 2006); interpretation of
these studies is, however, limited by the fact that treatment
of individuals who do not display signs of depressive-like
behavior is not comparable to a pathological context (Cryan
and Slattery, 2007). Previous comparable studies relied
on measures of a single behavioral index measurement
(Drigues et al, 2003; Nakatani et al, 2004), while others using
multidimensional animal models of depression focused on a
single class of AD (Andrus et al, 2012; Datson et al, 2012;
Lisowski et al, 2013; Surget et al, 2009) or two mono-
aminergic ADs (Malki et al, 2012).

Given the complex nature of depression and the hetero-
geneous pharmacological profiles of available ADs, we
considered it important to undertake a comprehensive
comparison of the molecular effects of commonly used ADs,
focusing on the effects elicited in the DG of rats exposed to a
well-characterized multidimensional animal model of de-
pression, the unpredictable chronic mild stress (uCMS)
(Bessa et al, 2009b; Hill et al, 2012). Exposure to uCMS
results in animals with behavioral deficits and biometric
and neuroplastic changes that match many of those found
in patients with major depression (Bessa et al, 2013, 2009b;
Hill et al, 2012; Lucassen et al, 2014). Following induction of
disease-like symptoms, animals were treated with either
fluoxetine, imipramine, tianeptine, or agomelatine, and
transcriptome analysis was subsequently performed on
their DGs.

MATERIALS AND METHODS
Animals and Treatments

Male Wistar rats (200-250g, 2-month old; Charles River
Laboratories) were maintained under standard laboratory
conditions (lights on: 0800-2000 hours; 22°C, relative
humidity of 55%, ad libitum access to food and water).
Rats (n=8-12/ group for behavioral analysis, of which 3
were considered for microarray analysis and 5/6 for mor-
phological analysis) were randomly assigned to one of the
eight groups: non-stressed control (CT) + vehicle; stress-
exposed (UCMS) + vehicle; and uCMS + fluoxetine (FLX)/
imipramine (IMIP)/tianeptine (TIAN)/agomelatine (AGOM).
A validated uCMS protocol was applied for 6 weeks, as
previously described (Bessa et al, 2009b). During the last
2 weeks of the uCMS, animals were injected intraperitone-
ally daily with one of the four ADs: fluoxetine (10 mg/kg
in ultra-pure water; Kemprotec, Middlesborough, UK);
imipramine (10mg/kg in 0.9% saline solution; Sigma-
Aldrich, St Louis, MO, USA); tianeptine (10 mg/kg in 0.9%
saline solution; Kemprotec); and agomelatine (40 mg/kg' in

Molecular regulation in the dentate gyrus by antidepressants
P Patricio et al

@

0.5% hydroxyethylcellulose; Kemprotec). The doses were
chosen based on previous studies (Banasr et al, 2006;
Bessa et al, 2009a; McEwen et al, 2010). Body weight was
monitored weekly (Supplementary Figure Sla). All proce-
dures were carried out in accordance with EU Directive
2010/63/EU and NIH guidelines on animal care and
experimentation.

Behavioral Analysis

Sucrose consumption test (SCT). Anhedonia was assessed
for all animals by the SCT 4 and 6 weeks into the uCMS
protocol (Figure la). Baseline sucrose preference (SP) was
determined immediately before the start of the uCMS
protocol (three independent trials). Before each trial, rats
were food and water deprived for 12 h. For testing, animals
were presented with two preweighed bottles, containing
water or 2% (m/v) sucrose solution for 1h. SP was calcu-
lated as previously described (Bessa et al, 2009b).

Sweet Drive Test (SDT). The SDT test was used as an
additional measure of anhedonic behavior for all animals, as
previously described (Mateus-Pinheiro et al, 2014). Briefly,
each animal was allowed to explore the SDT box for 10 min
where sweet (Cheerios, Nestlé) or regular pellets (Mucedola
4RF21-GLP) were available. After each trial, preference for
sweet pellets was calculated as follows: Preference for sweet
pellets (%) = sweet pellets consumed (g)/total pellets con-
sumed (g) x 100. Three SDT trials were conducted during
the last week of the uCMS protocol (1 trial every 48h;
Figure 1a). The number of entries into each chamber was
used as a measure of exploratory behavior (Supplementary
Figure S1b).

Novelty suppressed feeding (NSF) test. ~Anxiety-like behavior
was assessed using the NSF test at the end of the uCMS
protocol. Food-deprived (18h) animals were placed in an
open-field arena for a maximum of 10 min, where a single food
pellet was positioned in the center, as previously described
(Bessa et al, 2009b). After reaching the pellet, animals were
individually returned to their home cage and were allowed to
feed for 10 min. The latency to feed in the open-field arena
was used as an index of anxiety-like behavior, whereas the
food consumption in the home cage provided a measure of
appetite drive (Supplementary Figure Slc).

Forced swim test (FST). The FST was performed at the
end of the uCMS protocol. Assays were conducted 24 h after
a 5-min pretest session by placing the rats in glass cylinders
filled with water (23 °C; 50 cm deep) for 5 min. Trials were
video-recorded and an increase in immobility time was con-
sidered to be a higher degree of depressive-like behavior.

Corticosterone Levels Measurement

For all animals, corticosterone levels were measured in
blood serum using a ['*’I] radioimmunoassay kit (MP
Biomedicals, Costa Mesa, CA), according to the manufac-
turer’s instructions. Blood sampling (tail venipuncture) was
performed during the diurnal nadir (N, 0800-0900 hours)
and diurnal zenith (Z, 2000-2100 hours) in the fourth (start
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Figure I Multi-dimensional behavioral characterization of the animal model of depression used (unpredictable chronic mild stress—uCMS) before and

after treatment with four different ADs. (a) uCMS protocol was applied to the animals for 6 weeks; four different ADs (FLX, fluoxetine; IMIP, imipramine;
TIAN, tianeptine; AGOM, agomelatine) were administered in the last 2 weeks of the uCMS protocol. Behavioral profiling was performed using a battery of
tests to assess mood and anxiety-like behavior (n=8-12). Animals used for microarray analysis (n=3) were killed immediately after the end of uCMS
protocol/AD-treatment (Sacrifice |). Animals used for morphological analysis (n = 5/6) were killed on week 7, after performing all behavioral tests (Sacrifice
2). (b) Sucrose consumption test (SCT) was performed at the fourth and sixth weeks of the uCMS protocol to evaluate anhedonia. uCMS induced an
anhedonic profile in untreated rats (SAL), but all ADs reversed this phenotype. (c) Sweet Drive Test (SDT) was used as an additional measure of anhedonia.
uCMS proved to induce anhedonia as observed in Trial 3 (T3; Trial | (T1) and Trial 2 (T2)—data not shown) that was reversed by FLX, IMIP, and TIAN but
not AGOM. (d) In the Forced Swim Test (FST), uCMS induced increased immobility that was reversed by administration of FLX, IMIP, and TIAN but not
AGOM. (e) uCMS exposure produced anxious-like behavior, as assessed in the Novelty Suppressed Feeding (NSF) test. All ADs, except AGOM reversed
this phenotype Error. bars denote SEM. *Denotes the effect of uCMS-exposure; “Denotes the effect of ADs compared with untreated uCMS-exposed

animals. #p < 0.05;

of ADs treatment) and sixth (end of ADs treatment) weeks
of the uCMS protocol.

Morphological Analysis

Three-dimensional morphometric analysis was performed
on Golgi-Cox stained material obtained from rats (5-6/
group) that had been transcardially perfused with 0.9%
saline and further processed, as previously described (Bessa
et al, 2009a). For each animal, at least eight neurons
fulfilling previously described criteria (Pinto et al, 2014)
were analyzed in the dorsal and ventral hippocampal DG.
For each selected neuron, dendritic branches were recon-
structed at x 1000 (oil) magnification using a motorized
microscope (Axioplan 2; Carl Zeiss, LLC, United States) and
the Neurolucida software (MBF Bioscience, Williston, VT).
Three-dimensional analysis of the reconstructed neurons
was performed using the NeuroExplorer software (MBF
Bioscience). Measurements from individual neurons from
each animal were averaged. Total dendritic length was
compared among the experimental groups. Branching of the
neurons was evaluated using 3D Sholl analysis; for this, the
number of dendritic intersections with concentric circles
positioned at radial intervals of 20 pm was determined.

Statistical Analysis of Behavioral Data and Biometric
Parameters

Statistical analysis was performed using the SPSS software
(SPSS, Chicago, IL, USA). The underlying assumptions of all
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#p <001; " <0001, n=8-12 animals per group.

statistical procedures were assessed. The normal distribu-
tion was tested using the Kolmogorov-Smirnov test. Student’s
t-test was used to assess differences between Control and
uCMS groups and one-way ANOVA followed by Bonferroni
post-hoc test was performed to determine the differences
between AD-treated groups and uCMS-exposed untreated
group. Repeated-measures ANOVA was used to assess
differences in the body weight changes and in the Sholl
analysis of the 3D morphometric analysis. Homogeneity
of variances was assessed with Levene’s test when different
groups were compared and with Mauchly’s Test of
Sphericity when repeated measures were compared. Data
transformations were tested when the described assump-
tions were violated. As these transformations did not prove
to be useful to accomplish normality or homogeneity of
variances, the alternative non-parametric tests were applied
(Mann-Whitney, Kruskal-Wallis, and Friedman tests). As
all the significant results remained the same, the results for
the parametric statistical tests were presented. Test statistics
and p-values are shown for each test. Significance was set at
p<0.05. Effect 31ze, Cohen’s d for t-test (d), and eta-squared
for ANOVA (1?), is presented whenever statistical signifi-
cance is reached.

Transcriptome Analysis

DG macrodissection. Whole DG was collected 24 h after the
last stressor/AD injection (n = 3 biological replicates/group;
these animals did not perform NSF and FST tests; Figure la).
Animals were first anesthetized with pentobarbital and



transcardially perfused with 0.9% saline. Immediately after
dissection, tissues were frozen and stored at — 80 °C until
further analysis.

To avoid experimenter-dependent bias, brains were
macrodissected by a single investigator. Moreover, to
confirm the accuracy of the macrodissections, total RNA
was isolated from both the DG and the remainder hippo-
campus of CT animals, and gene expression analysis of
genes predominantly expressed in the DG (ProxI, Dsp,
and NeuroDI; Supplementary Table S1) compared with the
remainder hippocampus was performed by qRT-PCR.

RNA isolation. Total RNA was isolated from the macro-
dissected DGs using the miRNeasy Mini kit (Qiagen,
Germantown, MD, USA), according to the manufacturer’s
instructions. The Agilent 2100 Bioanalyzer (Agilent Tech-
nologies, Santa Clara, CA, USA) was used to assess RNA
quality. Only high-quality RNA (RIN>7) was used for
microarray analysis.

Transcriptome analysis. Total RNA (200 ng) was ampli-
fied using the Ambion WT Expression Kit and the WT
Terminal Labeling Kit (Affymetrix, Santa Clara, CA, USA).
In all, 2.75 pg of amplified cDNA was hybridized on Affymetrix
Rat Gene 1.0 ST arrays containing about 28 000 probe sets.
Staining (Fluidics script FS450_0007) and scanning was
done according to the Affymetrix expression protocol.

Expression console (v.1.2, Affymetrix) was used for quality
control and to obtain annotated normalized RMA gene-level
data (standard settings, including median polish and sketch-
quantile normalization). Statistical analyses were performed
by utilizing the statistical programming environment R
(R_Development_Core_Team, 2013) implemented in CAR-
MAweb (Rainer et al, 2006). Genewise testing for differ-
ential expression was done by employing the limma t-test
and Benjamini-Hochberg multiple testing correction
(FDR <10%). Regulated gene sets were defined by p <0.01
(limma t-test), fold-change >1.2X, and an average expres-
sion >100 in at least one group in each pairwise
comparison. Heatmaps were generated with the CARMA-
web. Canonical pathway and Function and Disease enrich-
ment analyses were done using the Ingenuity Pathway
Analysis (IPA, Qiagen, Redwood City, CA, USA) software.
Array data are publically accessible from NCBI/GEO
(GSE56028).

Cell-type enrichment and mRNA half-life were assessed
using previously published data sets (Cahoy et al, 2008;
Sharova et al, 2009) and analyzed using the online resource
Genes2mind (www.genes2mind.org) (Korostynski et al,
2013). Enrichment was calculated as fold difference between
the level of gene expression in a particular cell type and
median value of gene expression in all three cell types. Mean
enrichment of gene expression was calculated as the mean
value of enrichment for each set of drug-regulated genes
(Cahoy et al, 2008).

cDNA synthesis and real-time PCR analysis. Total RNA
(500ng) from the samples used for microarray analysis
(DG) and from those used for determination of the macro-
dissections’ accuracy (remainder hippocampus) was
reverse-transcribed using qScript cDNA SuperMix (Quanta
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Biosciences, Gaithersburg, MD, USA); for microRNAs
analysis we used the qScript microRNA c¢DNA Synthesis
Kit (qScript microRNA Quantification System, Quanta
Biosciences ).

For real-time RT-PCR, oligonucleotide primers for selected
genes of interest for microarrays confirmation and macro-
dissections’ accuracy determination were designed (NCBI
Primer-BLAST software) (Supplementary Table S1). Reac-
tions were performed in an Applied Biosystems 7500 Fast
Real-Time PCR System (Applied Biosystems, LLC, CA,
USA) using 5X HOT FIREPol EvaGreen qPCR Mix Plus,
ROX (Solis Biodyne, Tartu, Estonia), or PerfeCTa SYBR
Green SuperMix, Low ROX (Quanta Biosciences) for
microRNA confirmation analysis. Target gene expression
levels were normalized against the housekeeping gene Beta-
2-Microglobulin (B2M) or RNA-U6 small nuclear 2 (RNU6)
for microRNA expression analysis. The relative expression
was calculated using the AACt method. Results are pre-
sented as fold-change of mRNA levels between the respec-
tive experimental groups after normalization to B2M or
RNUG levels.

RESULTS
Multi-Dimensional Behavioral Profile

In order to assess the common beneficial effects of four ADs
belonging to different classes—fluoxetine, imipramine,
tianeptine, and agomelatine, we used a well-established
animal model of depression, the uCMS protocol (Figure 1a).
uCMS induced anhedonia, as demonstrated by the reduced
preference for a sucrose solution in the SCT, both after 4
(t,,=1.768, p=0.045, d=0.12) and 6 weeks of uCMS
exposure (fy, =3.182, p=0.0043, d=0.3152; Figure 1b).
The four ADs reversed the uCMS-induced deficits in the
SCT (F(4,50) = 6.468, p = 0.0003, > = 0.3410; Figure 1b). Also
in the SDT, reduced preference for sweet pellets was
observed throughout a three-trial testing paradigm, com-
pared with control (CT) animals (t;o=4.887, p=0.0001,
d = 0.1884; Figure 1c). All ADs except agomelatine reversed
the uCMS anhedonic effects (F443)=5.134, p=0.0018,
n*=0.3232; Figure lc and Supplementary Figure SIb).
uCMS also induced increased immobility in the FST
(t1=3.109, p=10.006, d =0.3493; Figure 1d), a measure of
behavioral despair, which is another hallmark symptom of
depressive-like behavior. Again, all ADs except agomelatine
reversed this phenotype (F(439)=6.197, p=0.0006,
n*> =0.3886; Figure 1d).

Anxious-like behavior was assessed in the NSF test
(Figure le and Supplementary Figure Slc). As expected,
uCMS-exposed animals presented higher latency to feed
in the NSF compared with CT (t,,=4.303, p=0.0003,
d=0.4570; Figure le), indicating increased anxiety-
like phenotype. All ADs except agomelatine reversed
this phenotype (Fyss5 =7.335, p<0.0001, n*>=0.3479;
Figure le).

As an additional measure of face and predictive validity,
corticosterone levels were measured in the serum (Supple-
mentary Figure S2). Disruption of the diurnal pattern
of corticosterone production in uCMS-exposed animals
and reversion by ADs was observed (Supplementary
Figure S2).
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Neuroplastic Changes in the Hippocampal DG

Neuroplastic changes were assessed in the dorsal (dDG) and
ventral (vDG) hippocampal DG. As previously described
(Bessa et al, 2009a; Pinto et al, 2014), uCMS-exposed
animals presented significantly shorter granule neurons in
the dDG compared with CT animals (¢3=4.560, p=0.0019,
d=0.7221; Figure 2a). All ADs, excluding agomelatine,
reversed this structural change up to the levels of CT
(Fa,21) =5.344, p=0.0040, n*=0.5054; Figure 2a). Sholl
analysis revealed less complex granule neurons in uCMS-
exposed animals compared with CT and a reversion by
tianeptine and imipramine (Supplementary Figure S3a).

Concerning the vDG, no statistically significant differ-
ences were observed in the dendritic length between the
experimental groups (CT vs uCMS: t;; =0.7387, p =0.4756;
uCMS_ADs vs uCMS: F(y,1)=1.910, p = 0.1463; Figure 2b).
Interestingly, however, the Sholl analysis disclosed signifi-
cantly more complex neurons in the uCMS animals
compared with fluoxetine and agomelatine-treated animals
(Supplementary Figure S3b).
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Microarray Analysis of the DG of uCMS-Exposed and
AD-Treated Rats

To unravel the molecular regulation in the hippocampal
DG after uCMS exposure and treatment with each of the
four ADs, microarray analysis of macrodissected DG was
performed. To confirm the specificity of the macrodissec-
tions, gene expression analysis was performed in the DG of
CT animals and compared with the remainder tissue of the
hippocampus. The accuracy of the dissections was validated
by an enrichment of genes predominantly expressed in the
DG (Neurogenic differentiation 1 (NeuroD1) Desmoplakin,
(Dsp) and Prospero homeobox 1 (Proxl)) compared with
the remaining hippocampus (Supplementary Figure S4).
A heatmap and a cluster dendrogram were generated
according to the expression profile of 1311 significantly
regulated (p<0.01) probe sets (Figure 2c). Mild gene
expression changes were observed, with most transcripts
presenting fold changes between 1.2 and 1.5 (Figure 2d).
This genome-wide analysis revealed both upregulation and
downregulation of a large number of molecules, mainly in
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Figure 2 Neuronal morphology and gene expression analysis of the hippocampal DG. (a) Representative pictures of reconstructed Golgi-impregnated
granule neurons of the dorsal DG and average total dendritic length. Untreated uCMS-exposed animals (SAL) show a decrease in the total dendritic length
that is recovered by fluoxetine (FLX), imipramine (IMIP), and tianeptine (TIAN) administration. (b) Representative pictures of reconstructed Golgi-
impregnated granule neurons of the ventral DG and total dendritic length. No statistically significant differences were observed between groups. Error bars
denote SEM. ‘Denoctes the effect of UCMS-exposure; #Denotes the effect of antidepressants compared with untreated uCMS-exposed animals,
T <005, <001 T 5 <0001, n =5 or 6 animals per group. (c) Heatmap and cluster dendrogram obtained from the microarray analysis of all
samples generated according to the expression profile of 1311 significantly regulated (p <0.01) probe sets. (d) Magnitude of the transcriptional response to
chronic stress exposure (UCMS) and ADs' treatment in the DG; the majority of fold changes are between |.2- and |.5-fold.
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AD-treated animals (Figure 3a). The ratio between upregu-
lated and downregulated genes was positive for all ADs,
except agomelatine (FLX: 2.2; IMIP: 1.8; TIAN: 5; AGOM:
0.89).

Transcriptional Regulation Induced by uCMS Exposure
and AD Treatment

A total of 93 transcripts were altered in uCMS, when com-
pared with CTs (Figure 3a). The top 10 regulated functional
terms associated with these probe sets were identified
(Figure 3b). Functions related to the categories Cancer,
Inflammatory Disease, and Metabolic Disease showed the
highest number of altered transcripts.

Regarding the effects of AD administration, a total of 209
transcripts in fluoxetine-treated animals, 293 in tianeptine-
treated animals, 233 in imipramine-treated animals, and 815
in agomelatine-treated animals were regulated compared
with uCMS animals (Figure 3a and ¢ and Supplementary
Table S2). Despite the higher number of regulated trans-
cripts in agomelatine-treated animals, fluoxetine, imipra-
mine, and tianeptine reversed more uCMS-induced changes,
thus normalizing the levels of these molecules to the levels
of CT (25, 22, and 32% of reversion, respectively, compared
with 12% in agomelatine-treated animals; Table 1 and
Supplementary Table S3). Of notice, the list of genes whose
expression was reversed after AD treatment included several
microRNAs (eg, miR-409, miR-411), dual specificity protein
phosphatase 1 (Duspl), and Metallothionein 4 (Mt4)
(Table 1).
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ADs Commonly Regulated Genes

Independently of the AD treatment, 11 transcripts were
commonly regulated (Figure 3c). The majority of them
are novel transcripts or coding for uncharacterized
predicted proteins (Supplementary Table S4). As most of
the behavioral effects were observed after treatment
with fluoxetine, imipramine, or tianeptine, and because
these three ADs could reverse more transcriptional
alterations induced by uCMS, we decided to further explore
their common effects. The analysis of commonly regulated
genes revealed 33 probe sets, including several small
nucleolar RNAs (SnoRNA) and microRNAs (eg, miR-409,
miR-411, miR-412), tissue plasminogen activator (Plat),
Mt4, and Duspl (Supplementary Tables S4 and S5). A
predicted network where these genes interact to induce
the cellular and behavioral beneficial effects observed is
depicted in Supplementary Figure S5. The IPA software
functions associated to this network are related to tissue
morphology and connective tissue development and
function.

To confirm the differential expression of genes identified
by microarray analysis, real-time RT-PCR of the selected
genes for each relevant comparison was performed
(Figure 3d-h). These genes were chosen based on their
neuroplasticity-related function; those without neuroplasti-
city-related function were randomly selected from the list of
significantly altered genes to avoid bias in the microarray
confirmation. Moreover, genes with annotated function
whose expression was reversed by at least three of the

no. of molecules

uCMS_TIAN vs uCMS uCMS_AGOM vs UuCMS

3
2
& 1
5
g o
3.
2
3

All selected genes

qRT-PCR

Correlat. coeff.= 0.9839
P<0,0001

L N T

Figure 3 Microarray analysis of the DG of Control, uCMS-exposed and antidepressant-treated rats. (a) The number of upregulated and downregulated
genes in UCMS vs CT animals and in AD-treated vs uCMS animals. (b) Top 10 significantly enriched functional categories identified with Ingenuity Pathway
Analysis (IPA) Software in uCMS-exposed vs Control animals. Shown are the terms with the highest number of genes, as indicated by the bars. (c) Venn
diagram depicting the number of significantly regulated transcripts (p<0.01, fold change (FC)> 1.2 x, average expression> 100) after 2 weeks of AD
treatment and overlap between treatments. (d—h) Confirmation of the microarrays data was performed by gRT-PCR of selected genes, for each relevant
comparison. White bars depict the linear FC of mRNA levels between the respective experimental groups after normalization to B2M/RNU6 (microRNAs)
mRNA levels; Grey bars depict the observed linear FC in the Affymetrix microarrays. Error bars denote SEM. *Denotes statistical differences between
groups for each relevant comparison after normalization to B2ZM/RNU6 mRNA levels; #p <0.05; n =3 per group. (i) Linear regression analysis of FC from
microarrays and qRT-PCR of all selected genes for confirmation. Correlation coefficient and p-value are indicated in the graph. AGOM, agomelatine;
CT, control; FLX, fluoxetine; IMIP, imipramine; TIAN, tianeptine; uCMS, unpredictable chronic mild stress.
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Table | List of uCMS-Induced Transcriptional Alterations Reversed by Antidepressants (ADs) Treatment
Probe set Gene symbol or ID Fold change

uCMS-exposed FLX-treated IMIP-treated TIAN-treated AGOM-treated

10764367 Mirl81b-1 |.49 — —1.62 —1.52 —
10887050 Mird | | 1.29 —1.55 — 1.6l — 143 —
10887104 Mir409 1.29 — 144 — .44 — .44 —1.52
10816485 Mir9-1 1.29 — —1.27 — —
10887110 Mir4 10 1.23 —1.36 — —1.24 —
10887048 Mir379 1.21 — 147 —1.34 — —
10863679 Cmi5 1.35 — — — 141 —1.76
10732652 Dusp| 1.32 — 147 —1.53 — 1.6l —
10725778 Nuprl 1.31 — — —1.31 —
10799977 Enkur 1.23 —1.23 — —1.34 —
10719648 Zfp6 | 1.23 — — — —1.28
10864918 Ret .21 — — — —1.31
10828841 Rab44 —1.22 — — 1.24 —
10809406 Mt4 —1.23 1.25 1.24 1.25 —
10712196 Pkp3 —1.24 — — .21 —
10722273 Fancf —1.27 1.22 — 1.22 —
10747214 Krt31 —1.29 — — 1.28 1.27
10759553 Lrrc8e — 1,40 — 1.29 1.43 1.42
10731444 Rslldl —1.71 — — — 141
10788070 ENSRNOT00000059482 —1.47 1.59 1.61 1.54 1.48
10806413 ENSRNOT00000060679 —1.34 — |.44 1.49 —
10767075 ENSRNOT00000053847 —1.38 1.52 — 1.48 —
10722578 ENSRNOT000000559 17 —1.38 — 1.39 1.42 —
10752628 ENSRNOT00000063656 — 142 141 — — —
10775226 ENSRNOT00000047758 — 143 1.42 1.50 — —
10755670 ENSRNOT00000053925 —1.57 — 1.94 2.15 —
10749818 ENSRNOT00000053950 — 1.66 2.04 1.73 1.85 —
10785624 ENSRNOT00000057823 —1.22 1.23 — — —
10763318 ENSRNOT000000496 1 6 —1.24 1.28 1.27 — —
10744141 ENSRNOT00000054292 —1.25 — — 1.24 —
10780922 ENSRNOT0000003263 | —1.25 1.26 — 1.38 1.34
10857470 ENSRNOT00000056864 —1.26 — 1.25 — —
10702579 ENSRNOT00000060826 —1.27 1.32 1.30 1.36 —
10724150 ENSRNOT00000031043 —1.28 — — 1.22 —
10707740 ENSRNOT0000005591 | —1.29 1.30 .34 1.34 —
10873723 LOCI00360708 1.28 — —1.38 — 143 —
10744306 LOC497940 |.24 —1.26 — — —
10926285 LOC680955 [.21 — — —1.28 —
10805591 LOC689153 —1.26 1.22 — 1.35 |.44
10937658 LOC686031 —1.58 1.58 1.48 1.48 1.56
10783022 RGDI310110 1.25 — — — —
10726241 RGD 1560958 —1.29 1.22 — 1.22 —
10817543 FQ225205 —1.87 2.10 — — —
Percentage of reversed alterations — 25 22 33 12

Last row shows the percentage of molecules whose expression was reversed by each of the ADs.

ADs were analyzed (Supplementary Table S1). For all the  a strong correlation between the microarrays and the qRT-
selected genes, the differential expression observed by  PCR fold changes was found (correlation coefficient 0.9839,
Affymetrix arrays (Figure 3d-h) was confirmed. Moreover,  p<0.0001; Figure 3i).
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Canonical Pathways Analysis

PA software was used to identify pathways sensitive to stress
and to AD treatment. A list of significantly enriched cano-
nical pathways and the corresponding genes is provided for
each relevant comparison (Figure 4a-d and Supplementary
Table S6). Chronic stress exposure induced the upregulation
of only one gene related to the glutathione redox reactions
pathway. Fluoxetine treatment promoted, among others,
the downregulation of genes involved in pro-inflammatory
response pathways (eg, IL-6 signaling, NF-xf signaling,
acute phase response signaling; Figure 4a) and the upregu-
lation of genes from metabolic pathways (eg, pentose phos-
phate pathway and PPAR signaling; Figure 4a). Imipramine
treatment induced the downregulation of several genes
involved in drug metabolism pathways and the upregulation
of DNA-damage and oxidative stress response pathways-
related genes (eg, DNA double-strand break repair by non-
homologous end joining, NRF2-mediated oxidative stress
response; Figure 4b). Tianeptine treatment also promoted
the downregulation of genes from drug metabolism pathways
and the upregulation of biosynthetic and DNA-damage

Molecular regulation in the dentate gyrus by antidepressants
P Patricio et al

&

response pathways (Figure 4c). Finally, agomelatine treat-
ment induced the downregulation of genes involved in
Cdk5 Signaling, Netrin signaling, and synaptic long-term
depression and the upregulation of genes involved in Rho-
GTPases-related pathways (Figure 4d and Supplementary
Table S6).

Nervous Tissue Cell-Type Enrichment and Transcript
Stability Analysis

To understand the cellular impact of each AD, we analyzed
which cells types were expressing the genes significantly
altered after uCMS exposure and AD treatment. For that,
publicly available data representing cellular enrichment of
individual transcripts in neurons, astrocytes, or oligoden-
drocytes were used (Cahoy et al, 2008; Korostynski et al,
2013; Figure 4e; and Supplementary Figure S6). Fluoxetine
treatment was characterized by an enrichment of genes
expressed in neurons, whereas agomelatine treatment showed
an enrichment of genes expressed both in oligodendrocytes
and neurons, in comparison to astrocytes. Imipramine and

a
uCIlS FLXvs uCMs uCMS_IMIP vs uCMS
Down-regulated lranmlpt. Up-regulated transcripts Down-regulated !rnnscripls Up-regulated transcripts
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Figure 4 Characterization of ADs' effects and cellular targets. (a—d) Top 10 significantly enriched canonical pathways identified with Ingenuity Pathway
Analysis (IPA) Software in untreated uCMS rats vs FLX-treated (a), IMIP-treated (b), TIAN-treated (c), and AGOM-treated (d) animals. Pathways presenting
the higher number of regulated transcripts were selected. (e) Predicted cell type enrichment and median mRNA half-life (mRNA t/2) of uCMS- and ADs-
responsive genes. Median mRNA t/2 for whole transcriptome was 7.1 h. Error bars denote SEM. *p < 0.05; ***p <0.001. AGOM, agomelatine; CT, control;
FLX, fluoxetine; IMIP, imipramine; TIAN, tianeptine; uCMS, unpredictable chronic mild stress.
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tianeptine treatments did not reveal enrichment in any
particular cell type. Although not reaching statistical signi-
ficance, uCMS exposure showed a trend for enrichment in
transcripts from astrocytes and neurons compared with
oligodendrocytes (Figure 4e and Supplementary Figure S6).

To further dissect the function of the differentially regu-
lated genes, we analyzed their transcript stability
(Schwanhausser et al, 2011). Genes with low mRNA stability
are frequently involved in the regulation of intracellular
signaling, whereas long-lived transcripts have a role in cell
metabolism (Korostynski et al, 2013; Schwanhausser et al,
2011). Similar median mRNA half-life for each of the treat-
ments was found (Figure 4e). Moreover, these values were
close to the whole genome median mRNA half-life (7.1 h).

DISCUSSION

Although most ADs produce similar behavioral and neuro-
plastic effects, each AD has a characteristic pharmacological
and molecular signature, the full exploitation of which
could be helpful in designing treatments that capture the
various pathological facets presented by individual depressed
patients. To this end, we here sought to identify common and
divergent molecular targets and pathways of four distinct
classes of ADs, represented by fluoxetine, imipramine,
tianeptine, and agomelatine. Our genome-wide analysis
focused on the hippocampal DG—one of the most studied
neural targets of stress and ADs (Lucassen et al, 2014;
Wainwright and Galea, 2013)—from animals displaying
behavioral and endocrine impairments akin to depression.
These behavioral anomalies were reversed after 2 weeks of
treatment with fluoxetine, imipramine, and tianeptine;
agomelatine resulted in only partial behavioral recovery
although it re-synchronized the diurnal pattern of corticos-
terone secretion. Notably, fluoxetine, imipramine, and
tianeptine, but not agomelatine, also restored dendritic
arborization of the dorsal dentate granule cells of the hippo-
campus to prestress levels. No differences were disclosed in
neuronal dendritic length in the vDG. Given the evidence
for a heterogeneous structure and function along the septo-
temporal axis of the DG (Kheirbek et al, 2013; Tanti and
Belzung, 2013), with the dDG contributing mainly to
functions related to learning and memory, whereas the
vDG is more related to anxiety and emotional regulation
(Tanti and Belzung 2013), we would expect also an impact
on the vDG. Moreover, while previous reports have shown
that the effects of some AD treatments on adult hippocampal
neurogenesis are region specific along the septo-temporal
axis of the hippocampus, the implication of morphological
changes in granule neurons has not been fully elucidated
(Felice et al, 2012; O’Leary et al, 2012), even though a
contrasting gradient of stress-induced morphological and
physiological changes along the septo-temporal axis of the
hippocampus has been shown (Pinto et al, 2014).

Transcriptional Changes Induced by uCMS and
Common Reversal Mechanisms by AD Treatment

Depression is associated with risk for other pathologies,
including cancer and cardiometabolic disease (Lang and
Borgwardt, 2013), which themselves are associated with
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stress. The present analysis of uCMS-exposed animals
revealed upregulation and downregulation of genes related
to these disorders.

Duspl, a key negative regulator of the MAP kinase
signaling pathway (Huang and Tan, 2012), previously
related to the pathophysiology of depression in humans
and animal models of depression (Duric et al, 2010) was
upregulated by uCMS exposure. Importantly, MAP kinase
pathway has been previously implicated in synaptic
plasticity (Duric et al, 2010; Sweatt, 2004) and may partly
explain the altered neuroplasticity observed in the dDG of
uCMS-exposed animals. Consistent with their behavior- and
neuroplastic-improving actions, all ADs except agomelatine,
reversed uCMS-upregulated Duspl expression. Interest-
ingly, at least two other studies have shown the involvement
of MAP kinase pathway-related genes in the actions of
monoaminergic ADs (Malki et al, 2012; Surget et al, 2009),
further endorsing the role of this pathway as a common
strategy used by different AD treatments to reverse the
depressive-like behaviors. We also observed that a sig-
nificant number of miRNA precursors were upregulated
and downregulated by uCMS and ADs, respectively.
Importantly, among the predicted targets of these miRNAs
are genes of the MAP kinase pathway (eg, Map2ki;
Map3klI), calcium-signaling-related genes (eg, Calml4,
Camkk2), and Rho-signaling-related genes (eg, RhoGef,
Rnd2) (Lewis et al, 2005). This finding is interesting in
light of the role of miRNAs in neuronal development and
neuroplasticity (McClung and Nestler, 2008) and their
potential for serving as new therapeutic targets (Hansen
and Obrietan, 2013). Indeed, several recent studies have
demonstrated that miRNAs are both targets not only for
disruption in mental illness (Kohen et al, 2014) but also for
AD treatment action (Baudry et al, 2010; O’Connor et al,
2013).

Noticeably, and given the role of the hippocampal DG cell
genesis changes in the onset of depressive-like behavior and
in the actions of ADs, only minor contribution of key
neurogenesis-related genes emerged from the comparisons
between experimental groups (eg, Sox11, Hesl). We assume
that this under-representation may be due to the small
proportion of progenitor cells in the tissue (representative
of the SGZ) when compared with the remainder mature
cells. However, an enrichment of genes related to particular
aspects of neurogenesis, such as neuronal migration/
axonogenesis (eg, RhoC, Slitl, Epha6, Rasal, Mapk3,
Cxcl12) and neuronal fate determination and plasticity
(eg, Duspl, Cdc20), was found.

AD-specific Transcriptional Changes

The present transcriptome analysis showed that not only
each class of AD left its own molecular signature on the DG
but also that they triggered common regulatory effects on a
number of gene families and pathways.

Depressed patients and animal models of depression fre-
quently display a deregulated neuroinflammatory response
(Shelton et al, 2011; Sukoff Rizzo et al, 2012), resulting in
increased production of pro-inflammatory cytokines that
alter neurotransmitter metabolism and neural plasticity
(Willner et al, 2013). It was interesting to observe here that
fluoxetine reduced the expression of IL6-signaling and of



TNF signaling-related molecules. These pathways have been
implicated in the development of depressive-like behaviors
(Manosso et al, 2013) and were shown to be over-
represented in this and other brain regions in response to
chronic stress (Datson et al, 2012; Sukoff Rizzo et al, 2012).
In addition, fluoxetine treatment in uCMS rats activated
pathways related to cellular respiration and metabolism, a
finding in line with the presence of long-lived transcripts
(Korostynski et al, 2013; Schwanhausser et al, 2011).
Further, consistent with the findings of other studies
(Encinas et al, 2006; Mateus-Pinheiro et al, 2013b; Surget
et al, 2011), the actions of fluoxetine were more pronounced
in neurons than in astrocytes and oligodendrocytes.

Interestingly, imipramine and tianeptine were found to
act similarly; the mechanism of action of tianeptine, a drug
structurally similar to tricyclic agents, is largely unknown
(McEwen et al, 2010). However, we recently predicted that
the transcriptional effects of tianeptine, like those of
imipramine, may involve the modulation of norepinephr-
ine, serotonin, and dopamine systems in the striatum of
naive mice (Korostynski et al, 2013). In the present study,
imipramine and tianeptine co-regulated a large number of
genes; notably, those were implicated in pathways related to
drug metabolism, biosynthesis, and DNA-damage response;
this finding suggests that the mechanisms of action of the
two drugs may involve neuroprotection against the neuro-
toxic effects of stress. Moreover, as both neuronal and
non-neuronal cells were predicted to respond to these
drugs, it is likely that they exert broad actions that ulti-
mately converge to reverse the harmful structural and
molecular effects of uCMS.

In contrast to imipramine, fluoxetine, and tianeptine,
agomelatine acts on two pharmacological substrates: mela-
tonin and 5HT,. receptors. Thus, it was not surprising that
its application produced a behavioral and molecular
therapeutic profile that was distinct from that of the other
ADs tested. Remarkably, agomelatine produced the highest
number of transcriptional changes but reversed only 12% of
the transcriptional changes induced by uCMS. Rho-GTPase-
signaling related genes were among those showing the
highest upregulation by agomelatine. Although this signal-
ing pathway is an important regulator of morphological
neuroplasticity (Negishi and Katoh, 2005), agomelatine was
strikingly poor in reversing the maladaptive structural (and
behavioral) alterations induced by uCMS. In silico analysis
predicted that agomelatine acts on neurons and oligoden-
drocytes, matching previous observations that melatonin
promotes oligodendroglial maturation (Olivier et al, 2009).

This study identifies new molecular correlates of chronic
stress that are subject to differential regulation by different
classes of ADs and which may therefore underlie their
different efficacies in reversing the maladaptive neurostruc-
tural and behavioral changes observed in the DG of animal
models of depression. Interestingly, and according to
previous studies (Datson et al, 2012), little overlap was
found between the AD-regulated genes and pathways in the
context of this paradigm of induced depressive-like
behavior (uCMS) and those regulated in naive AD-treated
animals (Gaska et al, 2012; Landgrebe et al, 2002; Sillaber
et al, 2008). This further emphasizes the relevance of using
animal models of depression to explore the molecular
mechanisms of depressive-like phenotype reversion in the
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brain. As a result, the new information gained may allow
exploitation of the unique properties of each AD in the
search for the next generation of ADs; to further pursue this
aim, molecular profiling of other brain regions affected in
depression will be necessary. The data reported here may
also serve to guide drug choice in managing symptoms in
individual patients with specific genetic variants.
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