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Abstract
Rationale The notion that the onset of action of antidepres-
sant drugs (ADs) takes weeks is widely accepted; however,
the sequence of events necessary for therapeutic effects still
remains obscure.
Objective We aimed to evaluate a time-course of ADs-
induced alterations in the expression of 95 selected genes in
4 regions of the rat brain: the prefrontal and cingulate cortices,
the dentate gyrus of the hippocampus, and the amygdala.
Methods We employed RT-PCR array to evaluate changes
during a time-course (1, 3, 7, 14, and 21 days) of treatments
with desipramine (DMI) and citalopram (CIT). In addition to
repeated treatment, we also conducted acute treatment (a single
dose of drug followed by the same time intervals as the
repeated doses).
Results Time-dependent and structure-specific changes in
gene expression patterns allowed us to identify spatiotemporal
differences in the molecular action of two ADs. Singular value

decomposition analysis revealed differences in the global gene
expression profiles between treatment types. The numbers of
characteristic modes were generally smaller after CIT treat-
ment than after DMI treatment. Analysis of the dynamics of
gene expression revealed that the most significant changes
concerned immediate early genes, whose expression was also
visualized by in situ hybridization. Transcription factor bind-
ing site analysis revealed an over-representation of serum
response factor binding sites in the promoters of genes that
changed upon treatment with both ADs.
Conclusions The observed gene expression patterns were
highly dynamic, with oscillations and peaks at various time
points of treatment. Our study also revealed novel potential
targets of antidepressant action, i.e., Dbp and Id1 genes.
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Introduction

Despite the increasing prescription of antidepressant drugs
(ADs) and their intensive investigation for almost five deca-
des, the mechanisms of their antidepressant action remain
unresolved. Some major hypotheses related to depression
include monoamine deficiency (Elhwuegi 2004), abnormali-
ties in the hypothalamus–pituitary–adrenal (HPA) axis, and
the cytokine hypothesis (Leonard and Myint 2009), but the
nature and involvement of these components in the etiology of
depression remains uncertain. In addition to the monoamine
deficiency hypothesis, depression is often associated with the
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sustained hyperactivity of the stress axis caused by the stress
neurotransmitters, corticotrophin-releasing hormone (CRH)
and urocortin, the effects of which are mediated through the
CRHR1 and CRHR2 receptors (Leonard and Myint 2009).
There is also evidence that inflammatory processes play an
important role in depression, and most antidepressants have
anti-inflammatory effects (Leonard and Myint 2009; Maes et
al. 2009). Preclinical and clinical evidence suggest that neuro-
peptides (such as galanin, neuropeptide Y, and proenkephalin)
and their receptors may be directly involved in depression and
related illnesses (Dziedzicka-Wasylewska and Papp 1996;
Dziedzicka-Wasylewska et al. 2002; Kuteeva et al. 2008;
Redrobe et al. 2002).

Based on the above-mentioned data and literature survey
(Boehm et al. 2006; Carr et al. 2010; Drigues et al. 2003;
Frechilla et al. 1998; Orsetti et al. 2008; Urani et al. 2005),
genes of interest that are believed to be crucial in ADs action
were selected for our study. These genes encode receptors
(e.g., Adra, Adrb, Cnr, Drd, GalR, Gria, and Opr), transcrip-
tion factors (e.g., Creb, Crem, Egr, Fos, Jun, Jund, and Sp1),
genes involved in inflammatory responses (e.g., Il10r, Il1r,
Il6r, Stat, and Tnf), HPA activity (e.g.,Crhbp,Crhr, andUcn),
neuronal apoptosis and synaptic plasticity (e.g., Bcl2, Bdnf,
Cacna, Cdk, Ntf, and Vgf), and a number of other genes
previously unlinked directly to ADs action but important
because of their involvement in the transcriptional machinery
of the cell (e.g., Aes, Arnt, Cebpb, Dbp, Esr2, Ets, Gata2,
Hdac, Id1, Nr, Pax6, and Yy1). In contrast to the vast majority
of preclinical studies, which have been conducted using ani-
mals treated with ADs repeatedly (typically 7–14 days), we
decided to conduct a temporal analysis of the expression of
genes regulated by ADs in specific brain regions.

The notion that the onset of ADs action generally takes
weeks is widely accepted. However, questions concerning the
sequence of molecular events that are necessary for the ther-
apeutic effects to occur during the time following drug admin-
istration remain unanswered. This delay in response suggests
that antidepressant action is a complex multicellular process
that requires the orchestration of many biochemical events,
including changes in the transcription of genes that may not be
directly involved in the neurotransmitter signaling cascade.
Previous studies have shown that delayed onset of ADs action
(e.g., changes in receptor density) is induced not only by
different types of chronic treatments but also by single-dose
antidepressant treatments followed by a certain period of
drug-free time (Dziedzicka-Wasylewska and Rogoz 1997;
Dziedzicka-Wasylewska et al. 2001; Kuśmider et al. 2006,
2007). Therefore, we additionally checked whether a single
dose of a drug followed by a drug-free period induced changes
similar to those observed after repeated AD treatments.

Because the activation of the limbic system is a relatively
consistent biological finding in patients with major depres-
sion (aan het Rot et al. 2009; Hercher et al. 2009; Ressler

and Mayberg 2007; Tanti and Belzung 2010), we focused
our study on the time-dependent effects of ADs on the
expression of selected genes in the limbic regions of the
brain, including the prefrontal cortex (PCX), the cingulate
cortex (CCX), the dentate gyrus of the hippocampus (HIP),
and the basolateral nucleus of the amygdala (AMY).

Therefore, we applied automated laser microdissection,
RNA isolation, and amplification (custom RT-PCR arrays)
to determine the expression level of selected genes and to
investigate the mode of action of the tricyclic antidepressant
desipramine (DMI) and selective serotonin reuptake inhibitor
citalopram (CIT) in the above-mentioned four regions of the
rat brain. The laser microdissection technique allowed the
precise excision of a defined population of cells, and the RT-
PCR arrays allowed the quantification of minute amounts of
transcripts. Additionally, we used an advanced bioinformatics
approach, i.e., singular value decomposition (SVD) represen-
tation of time-dependent multiple gene expression data, which
allowed the comparison of global gene expression patterns
across different brain regions and used ADs. The SVD is an
analytic procedure which has been successfully adopted to
analyze the time dynamics of multiple gene expression data-
sets (Holter et al. 2000; 2001; Simek et al. 2004).

Through the experimental design of our study, we expected
to highlight some unresolved questions regarding the molec-
ular mechanisms of antidepressant action. First, what is the
time-course of antidepressant action, i.e., which molecular
targets are affected by a specific AD and at what time during
treatment does it occur? What are the structure-specific
changes in gene expression that occur during ADs treatment?
Are there common end points of antidepressant action, i.e., do
ADs belonging to different pharmacological classes target a
final common molecular pathway? Finally, does acute treat-
ment followed by a drug-free period of time induce similar
molecular changes to those caused by repeated treatment?

Methods

Animals

Male Wistar rats weighting 250–310 g at the beginning of
the experiments were used. Animals were housed six to
eight per cage under a 12-h dark/light cycle, with food and
water supplied ad libitum. All animal procedures used in
this study were approved by the local Bioethics Commission
at the Institute of Pharmacology, Polish Academy of Scien-
ces (Krakow, Poland).

Drug treatment

DMI and CIT were administered in doses of 15 mg/kg
in a volume of 2 ml i.p. daily, and all animals were
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injected once a day during the 21 consecutive days of
the experiment, either with saline or antidepressant. The
doses of drugs were chosen based on our previous
experience and literature data (Kuśmider et al. 2006,
2007; Finnegan et al. 1987; Nibuya et al. 1995, 1996;
Zhao et al. 2008; Fujimaki et al. 2000; Thome et al.
2000; Castagné et al. 2009). The control groups re-
ceived vehicle (saline) for 21 days, and four groups
were treated repeatedly with the appropriate drug for
21, 14, 7, and 3 days prior to the end of the experi-
ments. There were additional groups treated with a
single dose of AD and sacrificed at the same time
points (i.e., 21, 14, 7, and 3 days) and 1 day afterwards.
The experimental paradigm is presented in Fig. 1a.
Brains were removed 24 h after the last injection, rapidly
frozen in a heptane/dry ice mixture, and kept at −80°C until
preparation.

Tissue collection and RNA isolation

Brains were always sectioned by the same investigator into
50-μm slices using a cryostat (Leica Microsystems GmbH).
Neuroanatomical descriptions are based on the nomenclature
provided by the rat brain atlas (Paxinos and Watson 1998).
Four brain regions were excised with a laser microdissector
(Leica Microsystems GmbH): the PCX, the CCX, the HIP,
and the AMY (for the coronal diagrams and microdissected
areas, see Fig. 1b). A MicroRnase Kit (Qiagen Inc.) was used
to extract total RNA from the microdissected samples. The
total RNA concentration was measured using a NanoDrop
ND-1000 Spectrometer (ThermoScientific Inc.). The quality
of the isolated RNA was checked using a microcapillary
electrophoresis system (BioRad) according to the manufac-
turer’s instructions, and samples that passed the quality thresh-
old (RIN>8.0) were used for further experiments.

AD 21 days

AD 14 days

AD 7 days

AD 3 days

SALINE

SALINE

SALINE

AD 1x

AD 1x

AD 1x

AD 1x

AD 1x

SALINE

SALINE

SALINE

SALINE

SALINE

CONTROL - SALINE

1
DAYS

21207 14a

b

Bregma ~ 5.20 Bregma ~ 1.60 Bregma ~ - 2.56

PCX CCX
DG

AMY

Fig. 1 (a) A schema of the
experimental procedures used.
The experiments lasted for a
total of 21 days. The control
groups received saline for
21 days. The repeatedly treated
groups were treated either with
DMI or CIT for 21, 14, 7, or
3 days. The single-dose
treatment groups received drugs
only once during the
experiments at the same time
points (21, 14, 7, and 3 days
and one additional day before
the end of the experiment),
followed by a drug-free period
of time and saline injections.
(b) Drawings of the coronal
diagrams adapted from the rat
brain atlas (Paxinos and Watson
1998) and the microdissected
brain regions in which gene
expression was studied, i.e., the
prefrontal cortex (PCX), the
cingulate cortex (CCX), the
dentate gyrus of the
hippocampus (HIP), the
basolateral nuclei of the
amygdala (AMY)
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Quantitative RT-PCR

mRNA was reverse transcribed with random hexamers to
generate single-stranded cDNA transcripts according to the
manufacturer’s protocol of the High Capacity cDNA Ar-
chive Kit (Applied Biosystems). For qPCR reactions, cDNA
from three individuals was taken for each group. A prede-
signed TaqMan Low Density Array (TLDA) in a 96-well
format (Applied Biosystems) was used, and duplicates were
performed for the expression of each gene in each sample
(for the accession numbers of the probes used, see Supple-
mentary file 1). A total amount of 100 ng of cDNA for each
sample, RNase-free water, and 50 μl of TaqMan Universal
PCR Master Mix were loaded into each reservoir to a total
volume of 100 μl/reservoir. Real-time PCR amplifications
were performed using a 7900 HT Real-Time PCR Sys-
tem (Applied Biosystems). The thermocycling condi-
tions for the reactions were a 10-min initial setup at
95°C, followed by 40 cycles of 30 s denaturation at 97°C
and 1 min annealing/extension at 60°C. The results for
each plate were analyzed using ABI PRISM SDS2.3
(Applied Biosystems) software to calculate the raw
value of Cq (quantification cycle, also known as the
threshold cycle, crossing point, or take-off point) in
each well. 18 S rRNA was used as an endogenous
control, and Rpl32 and Ppia were used as reference
genes. The levels of expressed genes were measured
using a relative quantitative method (Pfaffl 2001), with
the Ppia and Rpl32 genes as reference genes and a
control group (saline treated) as a calibrator (Applied
Biosystems, UserBulletin#2).

Data analysis

Genes whose Cq values were higher than 38 or undetermined
in more than a half of the samples per analyzed brain region
were excluded from analysis (for each structure and each drug,
there were 10 time groups, n06 per group). Statistical analysis
was performed on the list of probes detected in each structure
after each specific drug treatment. All statistical analyses of
the qPCR data used ΔCq values (Cq normalized to endoge-
nous controls), whereas graphs represented the fold change (2
−ΔΔCq) ± SEM. Data were analyzed by two-way analysis of
variance (ANOVA) with the treatment type-specific factor
(single dose or repeated) and time factor. Correction for mul-
tiple testing was applied separately for each of the main factors
from the ANOVA by controlling for the percentage FDR
(Benjamini and Hochberg 1995). ANOVA was followed by
a Bonferroni test as a post hoc analysis to determine where
significant differences occurred. The threshold level for sta-
tistical significance was p<0.05.

Gene ontology analysis

The functional annotation analysis tool DAVID 2008 was
used to identify over-represented gene ontology (GO)
groups among the gene expression profiles and to group
the genes into functional classifications (Huang et al. 2009).
The lists of gene symbols (Entrez IDs), together with a
particular background annotation distribution (sets of genes
for which mRNA levels were detected in each brain struc-
ture), were used as the input files. Over-represented GO
terms (GOTERM_CC_ALL, GOTERM_BP_ALL,
GOTERM_MF_ALL) were defined as having at least three
transcripts and a maximum EASE score of 0.1.

Identification of transcription factor binding sites enriched
in coregulated transcripts

Identification of over-represented transcription factor binding
sites (TFBSs) was performed using the cREMaG database
(Piechota et al. 2010) by submitting Entrez IDs lists of genes
that reached statistical significance for each ANOVA factor.
Functional promoter sequences were identified by carrying
out alignments between the 5′ upstream sequences of orthol-
ogous rat and human genes. The analysis was performed with
the default parameters of a 70 % conservation threshold and a
maximum number of 10 most conserved TFBSs in noncoding
regions between 5,000 bp upstream and 1,000 bp downstream
of the transcriptional start site.

SVD analysis

Data on multiple gene expression at sequential time points
were analyzed using the SVD as a means to capture dominant
trends, called characteristic modes. SVD was performed for
the data, which were prepared as follows: first, the whole
dataset was subjected to ANOVA (Brandt 1997). The aim of
this procedure was to select a set of genes for which the
changes during our experiments were statistically significant.
For each time series, the value Fc was calculated:

Fc ¼ s2A
s2W

where:

s2A ¼ 1

t � 1

Xt

i¼1

ni xi � xð Þ2;

and

s2W ¼ 1

n� t

Xt

i¼1

Xni
j¼1

xij � xi
� �2
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In our case, t is the number of time points and n is the
total number of samples for a given time series. Here, we
assumed that, if for a given time series Fc=Ft � 1:5 (where
Fc is the value calculated for this time series and Ft is the
theoretical value for the significance level equal to 0.9), it
was considered for further analysis. Next, the filtered time
series were normalized (Stahlberg et al. 2008). This proce-
dure reduces the length of each time series by one, as the
value of the expression without any treatment is used as the
reference value. The value at each other time point is calcu-
lated in accordance with the following formula:

AEi ¼ dEi � dEh i
SD

;

where dEi is calculated as dEi ¼ log2 2E0�Eið Þ ; E is the
expression at a given time point i; dEh i is the mean; and
SD is the standard deviation of the expression at a given
time point.

Mathematically, SVD means that the n×m matrix A is
represented asA ¼ USVT where U is an n×n matrix; V is an
m×m matrix; and S is an m×m diagonal matrix of eigenval-
ues of matrix A. Our interest lies in the number of positive
eigenvalues, r, on which basis we are able determine the so-
called characteristic modes of matrix A, such that

X ¼
X1

..

.

Xr

2
64

3
75 ¼

s1v1
..
.

srvr

2
64

3
75.

In the case of a gene expression time series, each row of
matrix A represents the expression profile of one gene and
each column represents the level of expression of each gene
at a given time point. Here, SVD was performed if the
number of genes selected in the ANOVA was greater than
the number of time points, i.e., 5 (1, 3, 7, 14, and 21 days).
The expression profile of any given gene is a linear combi-
nation of the obtained modes with coefficients equal to the
corresponding elements of the matrix U. The contribution of
each mode to the expression profile of each gene can also be
calculated (Simek et al. 2004).

In situ hybridization studies

The brains of animals treated with CIT for 3 days repeatedly
or in single dose and from the control group were stored
at –80°C. The frozen brains were cut into 12-μm slices
using a cryostat (Leica). The following antisense oligonu-
cleotide probes complementary to the mRNAs encoding the
selected genes were used: c-fos, 5′-GCA GCG GGA GGA
TGA CGC CTC GTA GTC CGC GTT GAA ACC CGA
GAA CAT-3′ (Curran et al. 1987); Egr1, 5′-CCG TTG CTC
AGC AGC ATC ATC TCC TCC AGT TTG GGG TAG
TTG TCC-3′ (Milbrandt 1987); Nr4a1, 5′-GGT GGC AGG

TGC GGT GGG CGC CGT CTC GGG GCT GGC CAG
GTC CAT-3′ (Hazel et al. 1988); and Id1, 5′-GCA CTG
CTA CTG GCG ACC TTC ATG ATC CTG AGG ACA
GGC GGA GAG G-3′ (designed and checked for specificity
in BLAST, NCBI). All probes were synthesized by Gen-
omed (Poland) and labeled with [35S]dATP (Hartmann An-
alytic) at the 3′ end using terminal transferase (New England
Biolabs). Following the preincubation, the brain slices were
incubated with hybridization buffer containing the labeled
probes (10,000 CPM/μl) for 18 h at 37°C, then were washed
in 1× SSC solution, three times for 20 min with 2× SSC
containing 50 % formamide (Merck) at 42°C and after that
in 1× SSC (15 min), water (5 min) and rinsed in 70 %
ethanol. The images were obtained using FujiFilm BAS
5000 Phosphoimager and they were analyzed using Fuji-
Film software (Image Gauge, V4.0). The identification of
brain structures was defined according to the rat brain atlas
(Paxinos and Watson 1998). Statistical analysis was carried
out by two-way ANOVA and Student’s t test was used as
post hoc test to compare changes in mRNA level in CCX
between the 3-day-treated rats and control group. A value of
p<0.05 was considered to be significant.

Results

SVD analyses revealed differences in the global gene
expression profiles between treatment types

For each drug and brain region, two time series gene ex-
pression datasets were compared (from the repeated and
single-dose modes of treatment). Time series consisting of
six time points (0, 1, 3, 7, 14, and 21 days of treatment) were
analyzed by SVD. We show that highly complex sets of
gene expression profiles can be represented by a small
number of “characteristic modes” that capture most of the
expression information in the temporal patterns of gene
expression change. Other aspects of the decomposition in-
dicate the extent to which a gene exhibits a pattern similar to
those provided by the singular vectors. Thus, once a set of
interesting patterns has been identified, genes can be ranked
by their relationship with given patterns.

The overall results of the SVD analysis (SVD modes) are
presented in Fig. 2. Distinct modes following repeated and
single-dose treatments were detected. The contribution of
characteristic mode to the expression profile of each gene
was calculated, and genes with the highest contribution to
each mode are listed in Table 1. The number of genes whose
expression profiles were best described by a characteristic
mode were larger for the single-dose treatment. The global
temporal change in gene expression following repeated DMI
treatment in the PCX was dominated by the top four modes,
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whereas that following the single-dose treatment was domi-
nated by the top three modes (Fig. 2a, right part). The mode
sets for the CCX, the HIP, and the AMY are presented in
Fig. 2b–d, right part. These figures revealed a complex pattern
of expression, with oscillations at different time points of
treatment. The temporal patterns of gene expression after
DMI treatment described by the use of modes varied among
the brain regions and between treatment types (repeated and
single dose). However, there were some genes that could be
grouped together (described by a common mode), although
their temporal expression profiles differed between treatment
types (the modes that contributed the most to their expression
have different time-courses). After CIT treatment, the numb-
ers of characteristic modes were generally smaller than after
DMI treatment. No modes could be generated for the PCX
after repeated CIT treatment and for the AMY after repeated
and single-dose CIT treatment because the number of genes
selected in ANOVA for a specific treatment type was smaller
than the number of the time points.

Comparisons between drug and brain regions indicated
multiple time-dependent changes in gene expression

The strategy of a detailed time-course study of gene expres-
sion alterations upon antidepressant treatment was applied
to verify the question whether acute and repeated adminis-
tration of an AD results in similar effects. To analyze the
dynamics of the changes and the influence of the time and
treatment type-specific factors, two-way ANOVA was per-
formed. The genes for which expression changes reached
the level of statistical significance (p<0.05 for each factor
after multiple comparison corrections) are presented in Venn
diagrams in Fig. 2a–h, left part. The ANOVAwas followed
by the analyses of the biological function of the obtained
gene sets by examining over-representation of GO terms and
TFBSs (Table 2).

Functional analyses of genes exhibiting significant
changes during the treatment period and the identification
of transcription factor binding sites

GO terms were identified separately for each dataset (two-way
ANOVA filtered), specific brain region and drug, according to
the observed temporal gene expression changes (p<0.05 for
the time factor after correction for multiple comparisons). The
results for each dataset are presented in Table 2.

To find molecular factors involved in the transcriptional
control of the observed gene expression changes over time, an
in silico method of TFBS identification was used. We ana-
lyzed gene promoters on the assumption that a subset of the
genes with altered expression following a specific treatment
might be coregulated by common transcription factors. For
this purpose, we used the cREMaG database. The results are

presented in Table 2. Surprisingly, the over-representation of
binding sites was similar between brain regions and between
drugs. After DMI treatment, the TFBSs for myocyte enhancer
factor 2 (MEF2A) and serum response factor (SRF) were over-
represented. In addition to SRF and MEF2A, PAX5, ESR2,
FOXF2, and CEBPA factors were also over-represented in
promoters of genes with altered expression in CCX and
CREB1 factor was over-represented in the HIP and AMY.
Following CIT treatment, the over-represented TFBSs partly
overlapped with those identified for DMI treatment in the
same brain regions, with the SRF, MEF2A, and PAX families
of transcription factors being affected in both cases. Interest-
ingly, the CREB1 binding site was over-represented in all
brain structures after CIT treatment.

Dynamics in gene expression at the level of individual genes

The analyses described above revealed the diversity in the
global gene expression profiles depending on the brain
structure and the drug used. Although they provide an
overall view, they give no answer about the time-course of
single, specific genes. We have chosen a subset of genes for
which expression was significantly altered according to two-
way ANOVA. Figure 3 presents the changes in the mRNA
levels of certain transcription factor genes for which the
observed changes were the greatest and were statistically
significant in almost all regions. Interestingly, a high corre-
lation was observed in the expression profiles between Fos
and Nr4a1 and, to a lesser extent, Egr1. In the PCX, CCX,
and AMY, the initial decrease in Fos mRNA was observed,
with the subsequent increase at day 7, compared to the
control level. Differences between the repeated and single-
dose treatments were apparent. Similar changes were ob-
served for Nr4a1 in the PCX and CCX. Significant

Fig. 2 The left parts of the pictures include Venn diagrams comparing
changes in gene expression depending on the drug and the brain
region. Venn diagrams present genes for which changes in expression
reached the level of statistical significance estimated by two-way
ANOVA following FDR correction for multiple comparisons after
DMI (a–d) or CIT (e–h) treatment in the PCX (a, e), the CCX (b, f),
the HIP (c, g), and the AMY (d, h). Genes in circles represent
significant changes in gene expression by each factor (treatment type
and time), as well as their interaction. The complete results of the two-
way ANOVA and p values are presented in Supplementary files 1 and
2. The right part of each picture present comparative SVD analysis of
structure-dependent gene expression following repeated and single-
dose DMI and CIT treatments. The datasets obtained from repeatedly
and acutely treated rats were transformed separately by SVD after DMI
(a–d) and CIT (e–h) treatment for each brain region: the PCX (a, e),
the CCX (b, f), the HIP (c, g), and the AMY (d, h). No modes could be
generated for the PCX after repeated CIT treatment and for the AMY
after repeated and single-dose CIT treatment because the number of
genes selected in ANOVA for a specific treatment type was smaller
than the number of the time points. The genes for which the expression
profiles were most similar to the global SVD mode are listed in Table 1

b
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differences between the repeated and single-dose DMI treat-
ments were also observed for the Dbp and Id1. In the PCX
and CCX, there was an expression peak for Id1 on day 3 in
the PCX and CCX and on day 14 of the repeated treatment

in the HIP and AMY, respectively, while its expression
remained constant under the single-dose treatment. Opposite
changes were observed for theDbp gene for which expression
constantly decreased during the repeated DMI treatment,

Repeated treatment:

Single-dose treatment:

e

Repeated treatment:

Single-dose treatment:

f

Repeated treatment:

Single-dose treatment:

g

Repeated treatment:

Single-dose treatment:

h

Repeated treatment:

Single-dose treatment:

b

Repeated treatment:

Single-dose treatment:

c

Repeated treatment:

Single-dose treatment:

d

Repeated treatment:

Single-dose treatment:

a

-

-

-
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Table 1 Genes with expression profiles most closely approximating the SVD modes after treatment with DMI (top) and CIT (bottom) in the PCX,
CCX, HIP, and AMY

Region Treatment Mode Gene symbol

Desipramine

PCX DMI repeated Mode 1 Akr1a1, Bcl2, Cacna1a, Crhbp, Ctcf, Egr1, Gria2, Hdac1, Id1, Jund, Ntrk2,
Penk1, Ppia, Scn2a1, Sst, Stat3, Tparl,Yy1

Mode 2 Adra2a, Cebpb, Cplx2, Dbp, Gria3, Pir

DMI single-dose Mode 1 Adra1d, Adra2a, Arnt, Atp6v0c, Cnr1, Creb1, Crhbp, Crhr1, Ctcf, Egr1,
Gria1, Gria2, Npy, Ppia, S100a10, Sp1, Sst, Tparl, Yy1

Mode 2 Fos

Mode 3 Nr4a1, Penk1

CCX DMI repeated Mode 1 Adrb1, Arrb2, Dbp, Hdac1, Hdac3, Id1, Penk1

Mode 2 Adra2a, Cplx2

DMI single-dose Mode 1 Atp6v0c, Cplx2, Crhbp, Drd1ip, Egr1, Fos, Gria1, Htr2c, Nr4a1, Sst

Mode 2 Adrb1, Arrb2, Hdac1, Penk1

Mode 3 Adra2a, Hdac5

HIP DMI repeated Mode 1 Adra1d, Adrb1, Akr1a1, Arnt, Atp6v0c, Dbp, Egr1, Ets1, Gria2, Hdac3,
Npy2r, Ppia, Stat3

Mode 2 Cacna1a, Fos, Id1, Penk1

Mode 3 Bcl2, Nr4a1

DMI single-dose Mode 1 Adrb1, Atp6v0c, Cdk5, Cplx2, Crhbp, Drd1ip, Egr1, Ets1, Galr2, Gria2,
Gria3, Hdac3, Htr1a, Id3, Il1r1, Jun, Jund, Ndrg2, Npy2r

Mode 2 Akt1, Galr3, Npy

Mode 3 Id1

AMY DMI repeated Mode 1 Adrb1, Aes, Akr1a1, Atp6v0c, Cdk5, Cebpb, Crhbp, Crhr1, Gria1, Gria2,
Gria3, Hdac3, Hdac5, Nr2f2, Ntrk2, Ppia

Mode 2 Akt1, Fos, Nr4a1, Nr4a2, Oprk1

DMI single-dose Mode 1 Adra2c, Adrb1, Aes, Akr1a1, Akt1, Arrb1, Atp6v0c, Bcl2, Bdnf, Cacna1a,
Cdk5, Cnr1, Crhr1, Dbp, Drd1ip, Egr1, Ets1, Fos, Galr1, Gap43, Gria3,
Hdac1, Hdac3, Htr2c, Id1, Il1r1, Il6, Jund, Nr4a1, Ntrk2, Oprk1, Pax6,
Penk1, Pomc, Rxra, S100a10, Scn2a1, Sst, Tparl

Mode 2 Hdac5, Ndrg2, Nr4a2, Ppia

Mode 3 Gria1, Gria2, Id3, Ntf3, Stat5a

Citalopram

PCX CIT single-dose Mode 1 Adrb2, Cdk5, Cnr1, Ets1, Fos, Gap43, Hdac1, Hspb1, Htr2c, Id1, Id3,
Il6ra, Nr4a1, Pax6, Ppia, Rxra, S100a10, Stat1

Mode 2 Cplx1

CCX CIT repeated Mode 1 Egr1, Fos, Nr4a1

Mode 2 Ntf3, S100a10, Stat1

CIT single-dose Mode 1 Adra2c, Arnt, Drd2, Egr1, Ets1, Fos, Galr2, Gata2, Htr2c, Id1, Id3, Jun,
Nr4a1

Mode 2 Arrb2, Drd1ip, Esr2, Grip2

HIP CIT repeated Mode 1 Id3, Ndrg2, Npy, Plat, Pnoc, Ppia, Scn2a1, Stat1, Tparl, Yy1

Mode 2 Arrb2, Galr3

Mode 3 Ets1, Npy2r

CIT single-dose Mode 1 Ets1, Fos, Gria3, Htr1a, Id1, Id3, Il6ra, Jun, Nr2f2, Nr4a1, Plat, Pnoc,
Rxra, Sp1, Stat1

Mode 2 Drd2, Sst

Datasets were sorted by the administered drug and brain region. Gene expression values for each time point (0, 1, 3, 7, 14, and 21 days) were
arranged into a time series specific for each treatment type (repeated and acute). Genes for which the expression profiles over time most closely
approximated the global expression (SVD modes) are listed for DMI (top) and CIT (bottom) treatment

288 Psychopharmacology (2012) 223:281–297



Table 2 Functional GO classes and TFBSs over-representation in groups of genes associated with time-dependent changes in expression after the
DMI (top) and CIT (bottom) treatments

Region GO TFBS over-representation

GO term Fold changes
(p value)

Binding site TFBS class Fold change
(p value)

Desipramine

PCX GO:0015075~ion transmembrane
transporter activity

3.36 (0.007) Pax4 (MA0068) PAIRED-HOMEO 10.1 (0.0000)

GO:0005216~ion channel activity 3.36 (0.022) MEF2A (MA0052) MADS 5.2 (0.0223)

GO:0005624~membrane fraction 2.14 (0.026) SRF (MA0083) MADS 4.9 (0.0317)

GO:0016021~integral to membrane 1.51 (0.039)

GO:0007610~behavior 1.64 (0.049)

CCX MEF2A (MA0052) MADS 5.6 (0.0037)

Pax5 (MA0014) PAIRED 5.6 (0.004)

SRF (MA0083) MADS 5.4 (0.0055)

ESR1 (MA0112) NUCLEAR RECEPTOR 4.6 (0.0254)

FOXF2 (MA0030) FORKHEAD 4.3 (0.0357)

CEBPA (MA0102) bZIP 4.2 (0.0452)

HIP GO:0043234~protein complex 1.77 (0.002) MEF2A (MA0052) MADS 4.9 (0.0053)

GO:0022857~transmembrane
transporter activity

2.71 (0.007) CREB1 (MA0018) bZIP 4.9 (0.0055)

GO:0046983~protein dimerization
activity

1.86 (0.015) SRF (MA0083) MADS 4.6 (0.0095)

GO:0015075~ion transmembrane
transporter activity

2.71 (0.020) Pax4 (MA0068) PAIRED-HOMEO 4.2 (0.0225)

GO:0042803~protein homodimerization
activity

2.37 (0.022)

AMY GO:0004888~transmembrane receptor
activity

1.85 (0.001) SRF (MA0083) MADS 5.4 (0.0028)

GO:0004872~receptor activity 1.68 (0.002) Pax5 (MA0014) PAIRED 4.8 (0.0091)

GO:0016021~integral to membrane 1.70 (0.002) CREB1 (MA0018) bZIP 4.5 (0.0161)

GO:0004871~signal transducer activity 1.52 (0.005) MEF2A (MA0052) MADS 3.9 (0.0484)

GO:0051240~positive regulation
of multicellular organismal process

1.83 (0.029)

GO:0007610~behavior 1.60 (0.043)

GO:0050896~response to stimulus 1.24 (0.047)

Citalopram

PCX SRF (MA0083) MADS 7.1 (0.0005)

MEF2A (MA0052) MADS 5.1 (0.0191)

Pax4 (MA0068) PAIRED-HOMEO 4.9 (0.0232)

CREB1 (MA0018) bZIP 4.9 (0.0234)

CCX SRF (MA0083) MADS 5.6 (0.0066)

CREB1 (MA0018) bZIP 4.9 (0.0223)

Pax5 (MA0014) PAIRED 4.8 (0.026)

MEF2A (MA0052) MADS 4.7 (0.0289)

HIP GO:0043234~protein complex 1.52 (0.002) Pax4 (MA0068) PAIRED-HOMEO 4.7 (0.0038)

GO:0043170~macromolecule
metabolic process

1.27 (0.007) SRF (MA0083) MADS 4.1 (0.0165)

GO:0031981~nuclear lumen 1.62 (0.013) CREB1 (MA0018) bZIP 3.8 (0.0317)

GO:0044260~cellular macromolecule
metabolic process

1.25 (0.021)

GO:0005634~nucleus 1.24 (0.022)
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whereas the expression level was constant for the single-dose
treatment. CIT induced entirely different changes in the ex-
pression of Fos and Nr4a1, e.g., the significant increases in
the mRNA levels for these genes in the CCX and almost no
differences between time-courses in gene expression after
repeated and acute treatment were observed. In the CCX,
HIP, and AMY, there was a peak in gene expression on day 3.

Not all of the changes in the expression profiles presented
in Fig. 3 are described in detail, they were meant only to show
that the changes in expression for a subset of individual genes
(which reached the statistical threshold of significance) oc-
curred at different time points. Some of the profiles were
similar when comparing the repeated and single-dose treat-
ments or brain regions, while others differed.

Evaluation of Egr1, c-fos, Nr4a1, and Id1 mRNA levels
by an in situ hybridization

As a second, independent analysis of gene expression changes
induced by AD treatment, we used in situ hybridization (ISH)
to compare the regulation of genes with the most pronounced
changes after CIT treatment. ISH also allowed us to evaluate
potential changes in other brain areas. The mRNA encoding
Egr1, c-fos, Nr4a1, and Id1 was measured in the CIT-treated
animals. Since the fold change of expression after CIT treat-
ment were the most significant in CCX after 3 days, this brain
region was selected for quantification at that specific time
point to validate changes obtained in RT-PCR experiments.
A modest but consistent increase (~20 %) in mRNA encoding
Egr1, Nr4a1, and c-fos was observed after 3 days of repeated
treatment in CCX. Overall two-way ANOVA (factors: time/

treatment) revealed significant effect of time on Egr1 (F1,220

5.42, p00.0295) and c-fos (F1,14011.51, p00.004) mRNA
level. In case of Nr4a1 (F1,2103.52, p00.0746) and Id1
(F1,1202.67, p00.1283), the effect of time on mRNA level
did not reach the level of significance, although in both cases,
the increase after 3 days of repeated treatment was observed
(Fig. 4).

Discussion

Studies based on microarray analyses of gene expression
following antidepressant treatment usually compare region-
specific gene expression changes either after different ADs
treatment (Altar et al. 2004; Boehm et al. 2006; Conti et al.
2007; Drigues et al. 2003; Jungke et al. 2011; Knuuttila et al.
2004; Palotas et al. 2004; Ploski et al. 2006; Sillaber et al.
2008; Takahashi et al. 2006; Wong et al. 2004) or in different
animal models of depression (Andrus et al. 2010; Bergstrom
et al. 2007; Orsetti et al. 2008; Surget et al. 2009). In our study,
we broadened the perspective by evaluating the time-course
of gene expression changes during antidepressant treatment.
Additionally, in our study, we applied RT-PCR arrays which
have significant advantages in specificity and sensitivity com-
pared with whole-genome cDNA microarrays whose results
may often be ambiguous due to technical reasons (Ostrowski
and Wyrwicz 2009).

The present study indicates that two ADs of different
pharmacological profiles influenced the expression of dif-
ferent genes, although some common changes induced by
these drugs were also observed. For the DMI treatment,

Table 2 (continued)

Region GO TFBS over-representation

GO term Fold changes
(p value)

Binding site TFBS class Fold change
(p value)

GO:0043231~intracellular membrane-
bounded organelle

1.16 (0.026)

GO:0005654~nucleoplasm 1.60 (0.037)

GO:0060255~regulation of
macromolecule metabolic

1.20 (0.041)

AMY MEF2A (MA0052) MADS 11.7 (0.0000)

CREB1 (MA0018) bZIP 6.1 (0.0195)

NFKB1 (MA0105) REL 5.7 (0.0281)

SRF (MA0083) MADS 5.5 (0.0371)

ESR1 (MA0112) NUCLEAR RECEPTOR 5.2 (0.0474)

The statistical significance of GO enrichment for the time-dependent changes in gene expression was computed using algorithms implemented in
the DAVID 2008 database. The analyses were performed on lists of genes that correspond to changes in gene expression that reached the level of
statistical significance after two-way ANOVA for the time factor. An empty chart report means that there were no annotations that passed the
specified threshold (maximum EASE score, 0.05). For TFBS searches, the cREMaG software was used. The fold change of the detected number of
identified TFBSs compared to the number expected by chance and the statistical significance of the over-representation of the TFBS-containing
genes compared to the number expected by chance were computed using a z score test
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there was more similarity in the inter-region comparison
than in the inter-drug comparison of the same brain
structures.

Recently, Lee et al. (2010) studied the effects of three ADs
in different time points (1, 3, and 7 days) in the hippocampus.
Specific gene expression patterns depending on the treatment
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Fig. 3 Individual gene
expression profiles for some
transcription factors after (a)
DMI and (b) CIT treatments.
Values represent the relative
transcript levels (±SEM). Solid
line repeated treatment, dashed
line single-dose treatment. For
the lists of genes with signifi-
cant changes in expression es-
timated by ANOVA according
to the time factor, the treatment
type factor, or the interaction
between the two factors, see the
Venn diagrams (Fig. 2). *p<
0.05, **p<0.01 vs control; #p<
0.05 difference between repeat-
ed and single-dose treatments
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duration have not been clearly identified, although some of the
alterations reported were also observed in our study, i.e.,
Arrb1, Cdk5, Sst, and Jund. Changes in the expression of
Hspb1, c-fos, Crhbp, Egr1, Npy, glutamate ionotropic recep-
tors, Pax6, and members of the ATPase Ca2+ transporter
family observed in our study were also reported by Conti et
al. (2007) following electroconvulsive shock (ECS), sleep
deprivation, and fluoxetine.

Some evidence for the importance of ion transport in the
rat brain cortex have been reported in the context of antide-
pressant treatment (Knuuttila et al. 2004; Palotas et al.
2004). Specifically, changes in calcium channels (Cacna
and Cacnb) and voltage-gated sodium channels (Scn11a)
were observed after 28 days of treatment with amitryptiline
(Boehm et al. 2006). In the present study, a change in
Gria1–3, Scn2a1, and Cacna1a gene expression also oc-
curred. Gria1 and Gria3 encode the subunits GLUR1 and
GLUR3 of the glutamate ionotropic receptor (AMPA),
which are implicated in the mechanism of action of ADs
(Ampuero et al. 2010; Du et al. 2004; Knuuttila et al. 2004;
Martinez-Turrillas et al. 2002).

The important feature of ADs treatment is the delayed
onset of therapeutic effects (Machado-Vieira et al. 2010).
However, some reports indicate that treatment with selective
serotonin reuptake inhibitors (SSRIs) is associated with
symptomatic improvement by the end of the first week or
even as quickly as within the first 3 days of treatment (Taylor
et al. 2006; Mitchell 2006; Katz et al. 2004). These clinical
observations could reflect changes on the molecular level
shortly after the initiation of therapy. The results of the
present study clearly showed that expression changes of most
affected genes occurred in the first 3 days of treatment after
both drugs. Such immediate changes in gene expression were
apparent not only when individual genes were analyzed but
also in a global view of gene expression in the SVD diagrams.
The observed gene expression patterns were highly dynamic,
with oscillations and peaks occurring at different time points.
Such temporal fluctuations during ADs treatment may be a
reason for the discrepancies of results available from the

literature which were often obtained at different time points
of treatment. DMI, which influences noradrenaline reuptake,
is known to change the expression of mRNA encoding the
noradrenaline transporter in the rat locus ceruleus in a biphas-
ic manner with a decrease after 7 days and an increase after
14 days of treatment (Zhu et al. 2002). Such biphasic changes
are also seen for SSRI treatment of rats, with a temporary
reduction of serotonin transporter mRNA after 7 days but not
21 days of treatment with fluoxetine (Neumaier et al. 1996).
Additionally, changes in other cellular components (not di-
rectly linked to the monoamine reuptake inhibition) are also
described by time-dependent fluctuations of either mRNA or
protein levels. For example, the level of the glutamate iono-
tropic receptor GRIA2/3 reaches a peak after 7 and 21 days,
but not 14 days, of treatment with DMI (Martinez-Turrillas et
al. 2002), and the levels of the transcription factor AP-2 and
its DNA-binding activity are decreased after 7 days, but not
21 days, of treatment with CIT (Berggard et al. 2003). There
is also upregulation of glucocorticoid receptor in the hippo-
campus by 2 and 14 days, but not 7 days, exposure to tricyclic
antidepressants (Okugawa et al. 1999). Expression of BDNF
after ADs is another example: the significant decrease in
expression occurs after 4 days of fluoxetine, while chronic
administration of ADs induces increased BDNF expression
(de Foubert et al. 2004).

From these data, it is clear that dependence of various
measures on the duration of ADs treatment has already been
noticed, however, not dwelled upon any further, especially
in the context of any compensatory adaptations.

Analyses performed in the present work indicated an inter-
esting pattern of expression of immediate early genes (IEGs:
c-fos, Egr1, andNr4a1).Egr1 (also known as zif268,Krox-24,
and NGFI-A) has been extensively used as a marker of neu-
ronal responses to sensory stimuli. Despite the fact that
changes in the expression of c-fos and Egr1 are both consid-
ered to reflect neuronal activity, their expression patterns after
acute ADs treatment differ between brain regions (Slattery et
al. 2005), similar to our study. Chronic (6 or 9 days) ECS or
treatment with different ADs downregulate the induction of

a b c d

Fig. 4 Example images of Nr4a1 (a), Egr1 (b), c-fos (c) and Id1 (d)
mRNA expression as assessed by ISH (up) and quantification results
for mRNA expression of these genes in the CCX in groups treated for
3 days with CIT repeatedly and in a single dose (down). Data represent

the mean optical density±SEM (PSL/mm2) normalized to the control.
Student’s t test was used as post hoc test to compare the 3-day-treated
groups vs the control group; *p<0.05
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c-fos mRNA in response to acute restraint stress in rat frontal
cortex (Morinobu et al. 1995). A similar observation is made
for Egr1 after ECS or repeated tranylcypromine or imipramine
in PCX (Park et al. 2011). In our study, we also observed
downregulation of Egr1 and c-fos mRNA levels in PCX at
different time points during DMI treatment.

Another correlation observed in our study concerned the
expression profiles of c-fos and Nr4a1. Nr4a1 (NGFI-B,
Nur77) is a member of a subgroup of nuclear steroid recep-
tors that do not have any recognized ligands and function
independently as orphan receptors with transcriptional reg-
ulatory activity. Pharmacological studies indicate that
NGFI-B mRNA and protein levels are elevated via the
activation of adrenergic receptors (Humphries et al. 2004).

Evaluation of mRNA level by ISH in groups of animals
treated with CIT confirmed the upregulation of Egr1,
Nr4a1, and c-fos mRNA level after 3 days of repeated
treatment in the CCX. But the changes observed by ISH
were not so pronounced as evaluated by an RT-PCR meth-
od. The difference in mRNA fold change may reflect the
technical differences and sensitivity of these two methods
used to evaluate the gene expression. Additionally, both of
these methods are semiquantitative, so the most important is
the direction of observed changes, not the absolute value. In
gene expression studies, RT-PCR is the most sensitive meth-
od available, while ISH allows evaluating and visualizing
the localization of transcripts in various other brain regions
at the same time (Bartlett 2002), so they both can be con-
sidered as complementary.

As has been previously reported, the activation of IEGs,
associated with synaptic activity, learning, and memory, is
under the control of the SRF (Knoll and Nordheim 2009).
Interestingly, our analysis of TFBSs revealed an over-
representation of SRF binding sites in the promoters of
genes that changed over time after both the DMI and CIT
treatments in all brain regions. Also, binding sites for
MEF2A, which belongs with SRF to the MADS-box tran-
scription factors family, were over-represented. Although
these transcription factors have different DNA binding prop-
erties and are required for opposing cellular processes
(Schlesinger et al. 2011), an interaction between them has
been recently predicted by bioinformatics approaches and
confirmed experimentally (Pustylnik 2011).

One of the most interesting changes in gene expression
found in this study concerned the Dbp gene, which showed
a progressive decrease during repeated DMI treatment. The
D site of the albumin promoter (albumin D-box)-binding
protein, also known as DBP, belongs to the clock genes and
is expressed according to circadian rhythms (LopezMolina
et al. 1997). As sleep disturbances are common in major
depressive disorders and sleep deprivation is one possible
treatment for depression, Dbp may be involved in antide-
pressant action. Dbp has been already identified as a

potential candidate gene in bipolar disorder and alcoholism
by Niculescu and colleagues (Niculescu et al. 2000; Rodd et
al. 2007; Le-Niculescu et al. 2008). According to our pres-
ent study, Dbp may also be an interesting target for studies
on the mechanisms underlying antidepressant action.

Interestingly, the repeated and single-dose treatments
resulted in opposite regulation of the Id1 gene, which was
increased upon repeated DMI treatment. Id (inhibitor of
differentiation) functions as a negative regulator of differen-
tiation during development. ID1, together with ID2 and ID3,
increases the self-renewal and proliferation potential of the
cortical neural stem cells (Jung et al. 2010). In the present
study, we have shown, for the first time, alterations in Id1
expression after antidepressant treatment. Neuroplasticity is
believed to be involved in ADs action, so changes in Id1
gene expression in the brain cortex may be another
potential target for further studies concerning ADs and
depression.

In addition to the evaluation of temporal changes in gene
expression and comparison of the effects of two ADs, the
aim of our study was to verify the hypothesis that single-
dose treatment induces similar molecular changes to those
seen under repeated treatment. This hypothesis fits into the
idea of time-dependent sensitization (TDS) (Antelman and
Gershon 1998; Antelman et al. 2000) which assumes that
the therapeutic effects of a drug may not be due to the drug’s
action per se but they rather develop as a function of time. A
drug is viewed as a foreign substance and stressor that
induces a time-dependent cascade of molecular events, irre-
spective of whether it is given repeatedly or only once.
There are many pharmacological examples of TDS
(Antelman et al. 2000). In the case of ADs, the increased
level of monoamines at the synapse may only be an early
step in a potentially complex cascade of molecular events
that results in an AD’s therapeutic effects (Pineyro and Blier
1999). The results of the present study cannot definitely
confirm nor reject the hypothesis of TDS in ADs action.
Interestingly, the expression of most affected genes was
observed to change with time (time factor in a two-way
ANOVA) but not with the treatment type, especially after
CIT treatment. As described in the “Introduction” section,
the genes chosen for investigation in the present study are
either strongly believed, on the basis of available data, to be
involved in ADs action or are novel targets for new ADs
therapies. The changes in expression of many of these genes
did not show any significant difference between treatment
types (repeated or single-dose, followed by the same period
of time). This may confirm the role of time in ADs treatment
as more important than the role of the drug itself, although
the two drugs used in our study activated different molecular
processes and pathways, as revealed by our bioinformatics
analysis. On the other hand, if we discard the TDS hypoth-
esis, we have to question the role of many of the selected
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genes as true antidepressant targets since their expression
was altered irrespective of treatment type.

However, one might also consider the alterations in var-
ious gene expression induced by a single dose of a given
AD as compensatory mechanisms which are triggered in the
brain in response to external perturbing stimuli (e.g., drug
administration). One may also suppose that such mecha-
nisms are triggered each time the drug is administered,
resulting in complex, reciprocal interactions at many levels,
also in gene expression—therefore, different alterations are
observed at various time points.

The methodology employed here enables to detect very
subtle changes in gene expression, which is especially impor-
tant in neuroscience (Mirnics et al. 2001). Laser microdissec-
tion allowed the precise excision of the specified populations
of cells, and the RT-PCR arrays allowed us to investigate
many genes at once. Because gene expression levels were
measured in four regions of the same brains, inter-regional
comparisons of the expression profiles and the finding of
correlations between alterations in groups of genes and
interconnected brain regions were possible. Data on multiple
gene expression at sequential time points (0, 1, 3, 7, 14, and
21 days) were analyzed using SVD as a means to capture
dominant trends, called characteristic modes. In this way, the
data were represented by a small number of dominant modes
which capture many essential features of the time pattern in
gene expression. SVD analysis provided a global picture of
the dynamics of gene expression and enabled the comparison
of the expression of different genes across various brain
regions upon treatment with different ADs.

The expression patterns of the investigated genes
depended on the drug (DMI or CIT), drug treatment sched-
ule (repeated or acute), and the brain region studied, which
strongly indicate the specificity of the observed molecular
changes upon ADs treatment and confirm the biological
significance of our results. Some gene expression changes
were common to both drugs used, but finding a final com-
mon pathway influenced by these two ADs was not possi-
ble. Surprisingly, considerable periodic changes in the
expression levels of many genes correlated with different
time points in ADs treatment, which broadens our under-
standing of ADs mechanism of action.

Conclusions

In conclusion, our objective was to study the alterations of
gene expression with respect to time, antidepressant used,
and brain region. Appropriate genes (95) were not chosen
randomly but—as we clearly stated in the “Introduction”
section—the choice was based on the data already pub-
lished, indicating their either proved or alleged importance
for the mechanism of action of antidepressants. We decided

to measure alterations in their expression in the same exper-
iment in order to avoid any variables. What we have found
is the complex picture of changes in gene expression, the
picture which may help to understand discrepancies often
encountered in the literature dealing with AD action. The
main finding of our work is that the gene expression pattern
during ADs treatment is highly dynamic, with oscillations
and peaks occurring at different time points of treatment.
Additionally, our study revealed a number of novel potential
targets for antidepressant therapy, such as the Dbp and Id1
genes, that were not previously directly linked to antidepres-
sant action. We are strongly convinced that the time has
come to look at the mechanisms of action of ADs through a
broader window instead of sticking to any particular mea-
sure, as, e.g., one gene or one protein, and building new
hypothesis which will lead us to the next dead end.

A similar conclusion has been put forward recently by
Kessler et al. (2011), who have analyzed the results from
neuroimaging studies of depressed patients. Despite the great
effort, the outcome of these studies has been “a surprising
heterogeneity of results with the eventual lack of practical
conclusions.” The authors suggest novel approaches using
longitudinal designs of neuroimaging studies, i.e., to “take
various pictures over the course of treatment.” Our studies,
although preclinical, strongly support that view.

Acknowledgments This work was financially supported by grant
PZB-Min-2/1/2005 from the Ministry of Science and Higher Education
in Poland. We thank Paulina Pabian for the technical assistance during
the experimental procedures. MJK and KK are grateful to Przemyslaw
Gawronski for the invaluable guides on software and hardware.

Conflict of interest The authors declare no conflict of interest.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution License which permits any use, distribution,
and reproduction in any medium, provided the original author(s) and
the source are credited.

References

aan het Rot M, Mathew SJ, Charney DS (2009) Neurobiological
mechanisms in major depressive disorder. CMAJ 180:305–313

Altar CA, Laeng P, Jurata LW, Brockman JA, Lemire A, Bullard J,
Bukhman YV, Young TA, Charles V, Palfreyman MG (2004)
Electroconvulsive seizures regulate gene expression of distinct
neurotrophic signaling pathways. J Neurosci 24:2667–2677

Ampuero E, Rubio FJ, Falcon R, Sandoval M, Diaz-Veliz G, Gonzalez
RE, Earle N, Dagnino-Subiabre A, Aboitiz F, Orrego F, Wyneken
U (2010) Chronic fluoxetine treatment induces structural plastic-
ity and selective changes in glutamate receptor subunits in the rat
cerebral cortex. Neuroscience 169:98–108

Andrus BM, Blizinsky K, Vedell PT, Dennis K, Shukla PK, Schaffer
DJ, Radulovic J, Churchill GA, Redei EE (2010) Gene expression
patterns in the hippocampus and amygdala of endogenous

294 Psychopharmacology (2012) 223:281–297



depression and chronic stress models. Mol Psychiatry; advance
online publication, 16 November 2010.

Antelman SM, Gershon S (1998) Clinical application of time-
dependent sensitization to antidepressant therapy. Prog Neuro-
psychopharmacol Biol Psychiatry 22:65–78

Antelman SM, Levine J, Gershon S (2000) Time-dependent sensitiza-
tion: the odyssey of a scientific heresy from the laboratory to the
door of the clinic. Mol Psychiatry 5:350–356

Bartlett JM (2002) Approaches to the analysis of gene expression using
mRNA: a technical overview. Mol Biotechnol 21(2):149–160

Benjamini Y, Hochberg Y (1995) Controlling the false discovery rate—a
practical and powerful approach to multiple testing. J R Stat Soc
Series B Stat Methodol 57:289–300

Berggard C, Damberg M, Oreland L (2003) Chronic citalopram treat-
ment induces time-dependent changes in the expression and
DNA-binding activity of transcription factor AP-2 in rat brain.
Eur Neuropsychopharmacol 13:11–17

Bergstrom A, Jayatissa MN, Thykjaer T, Wiborg O (2007) Molecular
pathways associated with stress resilience and drug resistance in
the chronic mild stress rat model of depression—a gene expres-
sion study. J Mol Neurosci 33:201–215

Boehm C, Newrzella D, Herberger S, Schramm N, Eisenhardt G,
Schenk V, Sonntag-Buck V, Sorgenfrei O (2006) Effects of anti-
depressant treatment on gene expression profile in mouse brain:
cell type-specific transcription profiling using laser microdissec-
tion and microarray analysis. J Neurochem 97:44–49

Brandt S (1997) Statistical and computational methods in data analysis.
Springer, New York

Carr GV, Bangasser DA, Bethea T, Young M, Valentino RJ, Lucki I
(2010) Antidepressant-like effects of kappa-opioid receptor antago-
nists in Wistar Kyoto rats. Neuropsychopharmacology 35:752–763

Castagné V, Moser P, Porsolt RD (2009) Behavioral assessment of antide-
pressant activity in rodents. In: Buccafusco JJ (ed) Methods of behav-
ior analysis in neuroscience, 2nd edn. CRC Press, Boca Raton (FL)

Conti B,Maier R, Barr AM,MoraleMC, LuX, Sanna PP, Bilbe G, Hoyer
D, Bartfai T (2007) Region-specific transcriptional changes follow-
ing the three antidepressant treatments electro convulsive therapy,
sleep deprivation and fluoxetine. Mol Psychiatry 12:167–189

Curran T, Gordon MB, Rubino KL, Sambucetti LC (1987) Isolation
and characterization of c-fos (rat) cDNA and analysis of post-
translational modification in vitro. Oncogene 2:79–84

de Foubert G, Carney SL, Robinson CS, Destexhe EJ, Tomlinson R,
Hicks CA, Murray TK, Gaillard JP, Deville C, Xhenseval V, Thom-
as CE, O'Neill MJ, Zetterström TS (2004) Fluoxetine-induced
change in rat brain expression of brain-derived neurotrophic factor
varies depending on length of treatment. Neuroscience 128:597–604

Drigues N, Poltyrev T, Bejar C, Weinstock M, Youdim MBH (2003)
cDNA gene expression profile of rat hippocampus after chronic
treatment with antidepressant drugs. J Neural Transm 110:1413–1436

Du J, Quiroz J, Yuan PX, Zarate C, Manji HK (2004) Bipolar disorder:
involvement of signaling cascades and AMPA receptor trafficking
at synapses. Neuron Glia Biol 1:231–243

Dziedzicka-Wasylewska M, Dlaboga D, Pierzchala-Koziec K, Rogoz
Z (2002) Effect of tianeptine and fluoxetine on the levels of Met-
enkephalin and mRNA encoding proenkephalin in the rat. J
Physiol Pharmacol 53:117–125

Dziedzicka-Wasylewska M, Papp M (1996) Effect of chronic mild
stress and prolonged treatment with imipramine on the levels of
endogenous Met-enkephalin in the rat dopaminergic mesolimbic
system. Pol J Pharmacol 8:53–56

Dziedzicka-Wasylewska M, Rogoz Z (1997) Time-dependent effects
of antidepressant drugs on the low dose of apomorphine-induced
locomotor hypoactivity in rats. Pol J Pharmacol 49:337–343

Dziedzicka-Wasylewska M, Rogoz Z, Margas W, Dlaboga D, Goralska M
(2001) Some behavioural effects of antidepressant drugs are time-
dependent. Prog Neuropsychopharmacol Biol Psychiatry 25:373–393

Elhwuegi AS (2004) Central monoamines and their role in major depres-
sion. Prog Neuropsychopharmacol Biol Psychiatry 28:435–451

Finnegan KT, Terwilliger MM, Berger PA, Hollister LE, Csernansky JG
(1987) A comparison of the neurochemical and behavioral effects of
clenbuterol and desipramine. Eur J Pharmacol 134(2):131–136

Frechilla D, Otano A, Del Rio J (1998) Effect of chronic antidepressant
treatment on transcription factor binding activity in rat hippocam-
pus and frontal cortex. Prog Neuropsychopharmacol Biol Psychi-
atry 22:787–802

Fujimaki K, Morinobu S, Duman RS (2000) Administration of a
cAMP phosphodiesterase 4 inhibitor enhances antidepressant-
induction of BDNF mRNA in rat hippocampus. Neuropsycho-
pharmacology 22(1):42–51

Hazel TG, Nathans D, Lau LF (1988) A gene inducible by serum
growth factors encodes a member of the steroid and thyroid
hormone receptor superfamily. PNAS 85(22):8444–8448

Hercher C, Turecki G, Mechawar N (2009) Through the looking glass:
examining neuroanatomical evidence for cellular alterations in
major depression. J Psychiatr Res 43:947–961

Holter NS, Mitra M, Maritan A, Cieplak M, Banavar JR, Fedoroff NV
(2000) Fundamental patterns underlying gene expression profiles:
simplicity from complexity. Proc Natl Acad Sci U S A 97
(15):8409–8414

Holter NS, Maritan A, Cieplak M, Fedoroff NV, Banavar JR (2001)
Dynamic modeling of gene expression data. Proc Natl Acad Sci U
S A 98(4):1693–1698

Huang DW, Sherman BT, Lempicki RA (2009) Systematic and inte-
grative analysis of large gene lists using DAVID bioinformatics
resources. Nat Protoc 4:44–57

Humphries A, Weller J, Klein D, Baler R, Carter DA (2004) NGFI-B
(Nurr77/Nr4a1) orphan nuclear receptor in rat pinealocytes: cir-
cadian expression involves an adrenergic-cyclic AMP mecha-
nism. J Neurochem 91:946–955

Jung S, Park RH, Kim S, Jeon YJ, Ham DS, Jung MY, Kim SS, Lee YD,
Park CH, Suh-Kim H (2010) Id proteins facilitate self-renewal and
proliferation of neural stem cells. Stem Cells Dev 19:831–841

Jungke P, Ostrow G, Li JL, Norton S, Nieber K, Kelber O, Butterweck V
(2011) Profiling of hypothalamic and hippocampal gene expression
in chronically stressed rats treated with St. John's wort extract (STW
3-VI) and fluoxetine. Psychopharmacology 213:757–772

Katz MM, Tekell JL, Bowden CL, Brannan S, Houston JP, Berman N,
Frazer A (2004) Onset and early behavioral effects of pharmaco-
logically different antidepressants and placebo in depression.
Neuropsychopharmacology 29:566–579

Kessler H, Traue H, Wiswede D (2011) Why we still don't understand
the depressed brain—not going beyond snapshots. Psychosoc
Med 8:Doc06

Knoll B, Nordheim A (2009) Functional versatility of transcription
factors in the nervous system: the SRF paradigm. Trends Neurosci
32:432–442

Knuuttila JE, Törönen P, Castrén E (2004) Effects of antidepressant
drug imipramine on gene expression in rat prefrontal cortex.
Neurochem Res 29:1235–1244

Kuśmider M, Faron-Gorecka A, Dziedzicka-Wasylewska M (2006)
Delayed effects of antidepressant drugs in rats. Behav Pharmacol
17:641–649

Kuśmider M, Solich J, Pałach P, Dziedzicka-Wasylewska M (2007)
Effect of citalopram in the modified forced swim test in rats.
Pharmacol Rep 59(6):785–788

Kuteeva E, Hokfelt T, Wardi T, Ogren SO (2008) Galanin, galanin
receptor subtypes and depression-like behaviour. Cell Mol Life
Sci 65:1854–1863

Lee JH, Ko E, Kim YE, Min JY, Liu J, Kim Y, Shin M, Hong M, Bae H
(2010) Gene expression profile analysis of genes in rat hippocam-
pus from antidepressant treated rats using DNA microarray. BMC
Neurosci 11.

Psychopharmacology (2012) 223:281–297 295



Le-Niculescu H, McFarland MJ, Ogden CA, Balaraman Y, Patel S, Tan
J, Rodd ZA, Paulus M, Geyer MA, Edenberg HJ, Glatt SJ,
Faraone SV, Nurnberger JI, Kuczenski R, Tsuang MT, Niculescu
AB (2008) Phenomic, convergent functional genomic, and bio-
marker studies in a stress-reactive genetic animal model of bipolar
disorder and co-morbid alcoholism. Am J Med Genet B Neuro-
psychiatr Genet 147B(2):134–166

Leonard BE, Myint A (2009) The psychoneuroimmunology of depres-
sion. Hum Psychopharmacol 24:165–175

LopezMolina L, Conquet F, DuboisDauphin M, Schibler U (1997) The
DBP gene is expressed according to a circadian rhythm in the
suprachiasmatic nucleus and influences circadian behavior.
EMBO J 16:6762–6771

Machado-Vieira R, Salvadore G, DiazGranados N, Ibrahim L, Latov
D, Wheeler-Castillo C, Baumann J, Henter ID, Zarate CA Jr
(2010) New therapeutic targets for mood disorders. Scientific-
WorldJournal 10:713–726

Maes M, Yirmiya R, Noraberg J, Brene S, Hibbeln J, Perini G, Kubera
M, Bob P, Lerer B, Maj M (2009) The inflammatory & neurode-
generative (I&ND) hypothesis of depression: leads for future
research and new drug developments in depression. Metab Brain
Dis 24:27–53

Martinez-Turrillas R, Frechilla D, Del Rio J (2002) Chronic antide-
pressant treatment increases the membrane expression of AMPA
receptors in rat hippocampus. Neuropharmacology 43:1230–1237

Milbrandt J (1987) A nerve growth factor-induced gene encodes a pos-
sible transcriptional regulatory factor. Science 238(4828):797–799

Mirnics K, Middleton FA, Lewis DA, Levitt P (2001) Analysis of
complex brain disorders with gene expression microarrays:
schizophrenia as a disease of the synapse. Trends Neurosci
24:479–486

Mitchell AJ (2006) Two-week delay in onset of action of antidepres-
sants: new evidence. Br J Psychiatry 188:105–106

Morinobu S, Nibuya M, Duman RS (1995) Chronic antidepressant
treatment down-regulates the induction of c-fos mRNA in re-
sponse to acute stress in rat frontal cortex. Neuropsychopharma-
cology 12:221–228

Neumaier JF, Root DC, Hamblin MW (1996) Chronic fluoxetine
reduces serotonin transporter mRNA and 5-HT1B mRNA in a
sequential manner in the rat dorsal raphe nucleus. Neuropsycho-
pharmacology 15:515–522

Nibuya M, Morinobu S, Duman RS (1995) Regulation of BDNF
and trkB mRNA in rat brain by chronic electroconvulsive
seizure and antidepressant drug treatments. J Neurosci 15
(11):7539–7547

Nibuya M, Nestler EJ, Duman RS (1996) Chronic antidepressant
administration increases the expression of cAMP response ele-
ment binding protein (CREB) in rat hippocampus. J Neurosci 16
(7):2365–2372

Niculescu AB III, Segal DS, Kuczenski R, Barrett T, Hauger RL,
Kelsoe JR (2000) Identifying a series of candidate genes for
mania and psychosis: a convergent functional genomics approach.
Physiol Genomics 4:83–91

Okugawa G, Omori K, Suzukawa J, Fujiseki Y, Kinoshita T, Inagaki C
(1999) Long-term treatment with antidepressants increases gluco-
corticoid receptor binding and gene expression in cultured rat
hippocampal neurones. J Neuroendocrinol 11:887–895

Orsetti M, Di Brisco F, Canonico PL, Genazzani AA, Ghi P (2008)
Gene regulation in the frontal cortex of rats exposed to the chronic
mild stress paradigm, an animal model of human depression. Eur
J Neurosci 27:2156–2164

Ostrowski J, Wyrwicz LS (2009) Integrating genomics, proteomics and
bioinformatics in translational studies of molecular medicine.
Expert Rev Mol Diagn 9:623–630

Palotas M, Palotas A, Puskas LG, Kitajka K, Pakaski M, Janka Z,
Molnar J, Penke B, Kalman J (2004) Gene expression profile

analysis of the rat cortex following treatment with imipramine
and citalopram. Int J Neuropsychopharmacol 7:401–413

Park HG, Kim SH, Kim HS, Ahn YM, Kang UG, Kim YS (2011)
Repeated electroconvulsive seizure treatment in rats reduces in-
ducibility of early growth response genes and hyperactivity in
response to cocaine administration. Prog Neuropsychopharmacol
Biol Psychiatry 35:1014–1021

Paxinos G, Watson C (1998) The rat brain in stereotaxic coordinates.
Academic Press, San Diego

Pfaffl MW (2001) A new mathematical model for relative quantifica-
tion in real-time RT-PCR. Nucleic Acids Res 29(9)

Piechota M, Korostynski M, Przewlocki R (2010) Identification of cis-
regulatory elements in the mammalian genome: the cREMaG
database. PLoS One 5(8)

Pineyro G, Blier P (1999) Autoregulation of serotonin neurons: role in
antidepressant drug action. Pharmacol Rev 51:533–591

Ploski JE, Newton SS, Duman RS (2006) Electroconvulsive seizure-
induced gene expression profile of the hippocampus dentate gyrus
granule cell layer. J Neurochem 99:1122–1132

Pustylnik S (2011) Experimental verification of myocyte enhancer
factor 2 (MEF2) and serum response factor (SRF) interaction
predicted by computational methods. Dissertation, Canada York
University.

Redrobe JP, Dumont Y, Quirion R (2002) Neuropeptide Y (NPY) and
depression: from animal studies to the human condition. Life Sci
71:2921–2937

Ressler KJ, Mayberg HS (2007) Targeting abnormal neural circuits in
mood and anxiety disorders: from the laboratory to the clinic. Nat
Neurosci 10:1116–1124

Rodd ZA, Bertsch BA, Strother WN, Le-Niculescu H, Balaraman Y,
Hayden E, Jerome RE, Lumeng L, Nurnberger JI Jr, Edenberg HJ,
McBride WJ, Niculescu AB (2007) Candidate genes, pathways
and mechanisms for alcoholism: an expanded convergent func-
tional genomics approach. Pharmacogenomics J 7:222–256

Schlesinger J, Schueler M, Grunert M, Fischer JJ, Zhang Q, Krueger T,
Lange M, Tönjes M, Dunkel I, Sperling SR (2011) The cardiac
transcription network modulated by Gata4, Mef2a, Nkx2.5, Srf,
histone modifications, and microRNAs. Plos Genet 7(2)

Sillaber I, Panhuysen M, Henniger MSH, Ohl F, Kuhne C, Putz B, Pohl
T, Deussing JM, Paez-Pereda M, Holsboer F (2008) Profiling of
behavioral changes and hippocampal gene expression in mice
chronically treated with the SSRI paroxetine. Psychopharmacol-
ogy 200:557–572

Simek K, Fujarewicz K, Swierniak A, Kimmel M, Jarzab B, Wiench
M, Rzeszowska J (2004) Using SVD and SVM methods for
selection, classification, clustering and modeling of DNA micro-
array data. Eng Appl Artif Intell 17:417–427

Slattery DA, Morrow JA, Hudson AL, Hill DR, Nutt DJ, Henry B
(2005) Comparison of alterations in c-fos and Egr-1 (zif268)
expression throughout the rat brain following acute administration
of different classes of antidepressant compounds. Neuropsycho-
pharmacology 30:1278–1287

Stahlberg A, Elbing K, Andrade-Garda JM, Sjogreen B, Forootan A,
Kubista M (2008) Multiway real-time PCR gene expression profil-
ing in yeast Saccharomyces cerevisiae reveals altered transcriptional
response of ADH-genes to glucose stimuli. BMC Genomics 9:170

Surget A, Wang Y, Leman S, Ibarguen-Vargas Y, Edgar N, Griebel G,
Belzung C, Sibille E (2009) Corticolimbic transcriptome changes
are state-dependent and region-specific in a rodent model of
depression and of antidepressant reversal. Neuropsychopharma-
cology 34:1363–1380

Takahashi Y, Washiyama K, Kobayashi T, Hayashi S (2006) Gene
expression in the brain from fluoxetine-injected mouse using
DNA microarray. Ann N YAcad Sci 1074:42–51

Tanti A, Belzung C (2010) Open questions in current models of
antidepressant action. Br J Pharmacol 159:1187–1200

296 Psychopharmacology (2012) 223:281–297



Taylor MJ, Freemantle N, Geddes JR, Bhagwagar Z (2006) Early onset
of selective serotonin reuptake inhibitor antidepressant action—
systematic review and meta-analysis. Arch Gen Psychiatry
63:1217–1223

Thome J, Sakai N, Shin K, Steffen C, Zhang YJ, Impey S, Storm D,
Duman RS (2000) cAMP response element-mediated gene tran-
scription is upregulated by chronic antidepressant treatment. J
Neurosci 20(11):4030–4036

Urani A, Chourbaji S, Gass P (2005) Mutant mouse models of depres-
sion: candidate genes and current mouse lines. Neurosci Biobehav
Rev 29:805–828

Wong ML, O’Kirwan F, Hannestad JP, Irizany KJ, Elashoff D, Licinio
J (2004) St John's wort and imipramine-induced gene expression

profiles identify cellular functions relevant to antidepressant
action and novel pharmacogenetic candidates for the pheno-
type of antidepressant treatment response. Mol Psychiatry
9:237–251

Zhao Z, Baros AM, Zhang HT, Lapiz MD, Bondi CO, Morilak DA,
O'Donnell JM (2008) Norepinephrine transporter regulation
mediates the long-term behavioral effects of the antidepressant
desipramine. Neuropsychopharmacology 13:3190–3200, Epub
2008 Apr 16

Zhu MY, Kim CH, Hwang DY, Baldessarini RJ, Kim KS (2002)
Effects of desipramine treatment on norepinephrine transporter
gene expression in the cultured SK-N-BE(2)M17 cells and rat
brain tissue. J Neurochem 82:146–153

Psychopharmacology (2012) 223:281–297 297


	Analysis...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Methods
	Animals
	Drug treatment
	Tissue collection and RNA isolation
	Quantitative RT-PCR
	Data analysis
	Gene ontology analysis
	Identification of transcription factor binding sites enriched in coregulated transcripts
	SVD analysis
	In situ hybridization studies

	Results
	SVD analyses revealed differences in the global gene expression profiles between treatment types
	Comparisons between drug and brain regions indicated multiple time-dependent changes in gene expression
	Functional analyses of genes exhibiting significant changes during the treatment period and the identification of transcription factor binding sites
	Dynamics in gene expression at the level of individual genes
	Evaluation of Egr1, c-fos, Nr4a1, and Id1 mRNA levels by an in situ hybridization

	Discussion
	Conclusions
	References


