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Abstract
Gene microarrays may enable the elucidation of neurobiological changes underlying the
pathophysiology and treatment of major depression. However, previous studies of antidepressant
treatments were performed in healthy normal rather than ‘depressed’ animals. Since
antidepressants are devoid of mood-changing effects in normal individuals, the clinically relevant
rodent transcriptional changes could remain undetected. We investigated antidepressant-related
transcriptome changes in a corticolimbic network of mood regulation in the context of the
unpredictable chronic mild stress (UCMS), a naturalistic model of depression based on socio-
environmental stressors. Mice subjected to a 7-week UCMS displayed a progressive coat state
deterioration, reduced weight gain, and increased agonistic and emotion-related behaviors.
Chronic administration of an effective (fluoxetine) or putative antidepressant (corticotropin-
releasing factor-1 (CRF1) antagonist, SSR125543) reversed all physical and behavioral effects.
Changes in gene expression differed among cingulate cortex (CC), amygdala (AMY) and dentate
gyrus (DG) and were extensively reversed by both drugs in CC and AMY, and to a lesser extent in
DG. Fluoxetine and SSR125543 also induced additional and very similar molecular profiles in
UCMS-treated mice, but the effects of the same drug differed considerably between control and
UCMS states. These studies established on a large-scale that the molecular impacts of
antidepressants are region-specific and state-dependent, revealed common transcriptional changes
downstream from different antidepressant treatments and supported CRF1 targeting as an effective
therapeutic strategy. Correlations between UCMS, drug treatments, and gene expression suggest
distinct AMY neuronal and oligodendrocyte molecular phenotypes as candidate systems for mood
regulation and therapeutic interventions.
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INTRODUCTION
Although depression is a leading cause of disability worldwide and a serious health problem,
mechanisms underlying its pathophysiology remain poorly characterized (Wong and
Licinio, 2001; Nestler et al, 2002; Belmaker and Agam, 2008). Monoaminergic imbalances
participate in the pathogenesis of depression, and response to antidepressant treatment is
associated with increased monoaminergic neurotransmission (Duman et al, 1997; Manji et
al, 2001; Nestler et al, 2002). However, the rapid antidepressant-induced neurochemical
changes do not parallel the 2–4 weeks of drug exposure required for therapeutic effects,
indicating that downstream events must occur (Duman et al, 1997, 1999; Manji et al, 2001;
Nestler et al, 2002). Indeed, the pathophysiology and treatment of depression induce
biological events of greater complexity than changes in monoamine levels, including (1)
structural and ultra-structural changes, altered synaptic, glial, or neuronal density, as
reported in frontal/cingulate cortex (CC), amyg-dala (AMY), and hippocampus (Drevets et
al, 1997; Sheline et al, 1998; Rajkowska et al, 1999; Bowley et al, 2002), (2) variations in
neurotrophic factors and neurotransmitters systems (Duman et al, 1997; Castren, 2004), and
(3) altered signal-transduction pathways (Manji et al, 2001; Shelton, 2007), which together
may affect gene regulation through transcription factors or chromatin modifications
(Tsankova et al, 2006).

Several gene microarray studies have attempted to characterize the molecular correlates of
antidepressant treatment in rodents (Landgrebe et al, 2002; Rausch et al, 2002; Newton et
al, 2003; Drigues et al, 2003; Palotas et al, 2004; Altar et al, 2004; Wong et al, 2004; Ploski
et al, 2006; Takahashi et al, 2006); however, differences in treatments, exposure time, and
brain regions investigated have yielded no consensus. Moreover, Conti et al (2007) recently
reported that changes in gene transcripts after three different antidepressant modalities in
normal control rats were mostly brain region-specific. Importantly, these previous array
studies were performed in healthy normal rather than ‘depressed’ animals, with the
underlying assumption that antidepressant effects may be similar to those occurring in
depressive-like states.

The unpredictable chronic mild stress (UCMS) is an informative model to study depression
in animals (Willner, 2005), as it mimics in a naturalistic way the role of socio-environmental
stressors in precipitating a depressive pathology and the time frame of therapeutic responses
to antidepressants. Specifically, the random application of various environmental and social
mild stressors for several weeks results in a syndrome in mice that is reminiscent of
symptoms of depression, including increased fearfulness/anxiety-like behavior, decreased
consumption of palatable food, and physiological changes (Santarelli et al, 2003; Pothion et
al, 2004; Mineur et al, 2006). Here, we investigated transcriptome changes in UCMS-treated
mice, and after reversal by chronic exposure to a selective serotonin reuptake inhibitor
(fluoxetine) or a corticotropin-releasing factor-1 (CRF1) antagonist (SSR125543). CRF1
antagonists target a non-monoaminergic system that directly affects the stress pathway and
display promising antidepressant profiles in preclinical tests and clinical trials (Zobel et al,
2000; Griebel et al, 2002; Kunzel et al, 2003; Ising et al, 2007; Surget et al, 2008).
Currently, no single brain area has been identified as a primary region affected in
depression; however, meta-analyses of altered brain function point toward a corticolimbic
circuitry of mood regulation that is affected in depression (Mayberg, 1997; Seminowicz et
al, 2004). This circuitry includes areas of the prefrontal cortex, the ACC, the hippocampus,
anterior thalamic nuclei and the AMY. Thus, we focused on three rodent equivalent brain
areas within this corticolimbic network: CC, AMY, and dentate gyrus (DG).

Here, we confirm that the physical and behavioral effects of UCMS are effectively reversed
by chronic exposure to both drugs, and demonstrate that the molecular correlates of UCMS
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and antidepressant treatments are state-dependent and brain region-specific, thus confirming
our hypothesis that antidepressant effects in control animals do not extra-polate to
‘depressive states.’ Our studies revealed different sets of putative therapeutic targets for each
brain area, which may reflect functional differences between areas within a neural network
of mood regulation.

MATERIALS AND METHODS
Animals

Male BALB/c mice (8 weeks old) (Centre d’élevage Janvier, Le Genest Saint Isle, France)
were group-housed (n=4–5 per cage) under standard conditions (12/12 h light–dark cycle,
22±1°C, food and water ad libitum) for 3 weeks prior to the experiments. To avoid possible
bias due to acute effect of behavioral testing on gene expression, the experiment required
two sets of mice: the first one (n=18–19 per group) supplied physical data and tissue
samples for microarray and PCR analyses, while the second one (n=11–12 per group)
provided behavioral data. All animal care and treatment were in accordance with the
European Community Council directive 86/609/EEC and with the Guide for Care and Use
of Laboratory Animals established by the US National Institute of Health.

Drugs
The selective serotonin reuptake inhibitor fluoxetine (Eli Lilly, Indianapolis, IN, USA) and
the CRF1 antagonist SSR125543 (Sanofi-Aventis, Bagneux, France) were prepared in saline
(NaCl 0.9%) containing 5% dimethyl sulfoxide and 5% cremophor EL. Vehicle, fluoxetine
(20 mg/kg/day) and SSR125543 (20 mg/kg/day) were administered intraperitoneally (i.p.),
based on previous experiments (Griebel et al, 2002; Alonso et al, 2004; Kulkarni and Dhir,
2007). Concentrations were adjusted to administer 10 ml/kg.

UCMS
Mice were subjected to various stressors according to a ‘random’ schedule for 7 weeks
(Figure 1). UCMS-exposed mice were maintained under standard laboratory conditions but
were isolated in small individual cages (24 cm × 11 cm × 12 cm), while non-stressed
controls were group-housed in standard laboratory cages (42 cm × 28 cm × 18 cm). Drug or
vehicle treatments started on day 14 and stopped the day after the end of UCMS (day 50).
The stressors were: altered bedding (sawdust change, removal, or damp; substitution of
sawdust with 21°C water, rat, or cat feces); cage tilting (45°) or shaking (2 × 30 sec) ;cage
exchange (mice positioned in the empty cage of another male); induced defensive posture
(repeated slight grips on the back until the mouse showed a defensive posture) and altered
length and time of light–dark cycle. Body weight and coat state were assessed weekly, as
markers of the progression of the UCMS-evoked syndrome. The total score resulted from
the sum of scores obtained from the head, neck, dorsal coat, ventral coat, tail, forepaws, and
hindpaws (0=well-groomed, 1=unkempt). This index has been pharmacologically validated
(Griebel et al, 2002;Santarelli et al, 2003;Ducottet et al, 2003;Surget et al, 2008).

Novelty-Suppressed Feeding Test
The novelty-suppressed feeding (NSF) test was modified from Santarelli et al (2003) and
performed after 45 days of UCMS. The testing apparatus consisted of a wooden box (33 cm
× 33 cm × 30 cm) with an indirect red light. The floor was covered with 2 cm sawdust. At
12 h before the test, food was removed from the cages. At the time of testing, a single pellet
of regular chow was placed on a white paper in the center of the box. An animal was placed
in a corner of the box. The latency to manifestly chew the pellet was recorded for 3 min.
This test induces a conflict between the drive to eat and the fear of venturing into the open
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center. To control for potential antidepressant effects on appetite, we measured food
consumption over 5 min after mice returned to their home cage.

Resident/Intruder Test
The resident/intruder (R/I) test was modified from previously described protocols (Guillot et
al, 1994; Mineur et al, 2003) and was performed after 50 days of UCMS. Control mice were
single-housed 2 days before testing. UCMS-treated mice were also placed in new cages 2
days prior to testing. All mice were tested against a 6-month-old intruder. The opponent was
placed into the home cage of the test animal (resident) so that mice were in opposite corners.
Latencies of the first attack and number of attacks were recorded for 10 min. Attacking
intruder mice were excluded.

Behavioral Data Statistical Analysis
The effects on physical and behavioral states of 7-week UCMS (environment), 5-week
antidepressant treatments, and their interactions were evaluated by ANOVAs. Significant
main effects or interaction were followed up with post hoc Tukey test (HSD for n different),
where appropriate.

Brain Area Sampling
Brain areas were collected at the time of maximum UCMS and antidepressant effects (7
weeks of UCMS and 5 weeks of treatment) and 5 h after the last injection. To avoid
experimenter-dependent bias, brain were microdissected by a single investigator. Brains
were rapidly removed from CO2-killed mice and placed in ice-cold slurry of 0.9% NaCl.
Rostro-caudal sections (2 mm) were quickly obtained on a brain tissue blocker. Four
consecutive sections from Bregma + 2.4 to −3.6 (Paxinos and Franklin, 2001) were
transferred to RNAlater (Ambion Inc., Austin, TX) and microdissected. CC was dissected
from the first two sections and included part of the prelimbic cortex. AMY was obtained
from the third section and DG from the third and the fourth sections. Corpus callosum and
anterior commissure were collected as a combined white matter (WM) sample. Samples
were stored in RNAlater at −80°C.

Microarray Samples
Total RNA was extracted with Trizol (Invitrogen, Carlsbad, CA) and assessed by
chromatography (Agilent Bioanalyzer, Santa Clara, CA). Average expert scoring number
(RIN) was 8.48±0.03 (mean±SEM), consistent with excellent RNA quality. Microarray
samples were prepared according to the manufacturer’s protocol (Affymetrix, Santa Clara,
CA). In brief, 3 µg of total RNA were reverse-transcribed and converted into double-
stranded cDNA. A biotinylated complementary RNA (cRNA) was transcribed in vitro, using
an RNA polymerase T7 promoter introduced during the reverse transcription. Fragmented
labeled cRNA sample (20 µg) was hybridized onto MOE430-2.0 microarrays. A high-
resolution image of the hybridization pattern was obtained by laser scanning and stored in a
raw file. Samples were randomly distributed at all experimental steps to avoid simultaneous
processing of related samples. Probeset signal intensities were extracted with the Affymetrix
Microarray GCOS software for assessment of quality control, and with the Robust Multi-
array Average algorithm (Irizarry et al, 2003) for data analysis. Six arrays were retained per
experimental group (Figure 1), representing a total of 84 arrays. Microarray quality control
parameters (Mean±SEM) were as follows: noise (RawQ) <5 (1.83±0.05), background signal
<100 (250 targeted intensity for array scaling; 52.5±1.3), consistent number of genes
detected as present (57.2±0.1), consistent scaling factors (1.29±0.06), actin and GAPDH 3′/
5′ signal ratios <3 (ACT, 1.27±0.01, GAPDH, 0.85±0.01), and consistent detection of BioB/
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C spiked controls. Probesets with average signal intensity below 10 in all groups were
considered at background level and were removed, leaving 25 859 probesets for analysis.

Microarray Data Analysis
The goal of the analysis was to use profiles of expression over large groups of genes as an
‘experimental assay’ to investigate molecular effects. Therefore, thresholds for gene
selection were kept at moderate stringencies (P<0.05, changes >20%) and no correction for
multiple testing were applied. This approach potentially carries a high rate of false positives
at the single gene level (see discussion), but is helpful when investigating broader effects
over larger sets of genes, as previously applied by us and others to the characterization of
brain function (Berton et al, 2006; Sibille et al, 2007b). Here, converging results across
different treatments and concordance among treatments, behaviors, and gene expression
were applied to identify UCMS and drug effects. For UCMS and UCMS + drug effects,
ANOVA models with UCMS exposure and drug treatments as cofactors were fitted to all
transcripts in each brain region, followed by two-group analyses based on the relevant
questions (ie, UCMS effect, antidepressant effect, unpaired t-statistics). To assess
antidepressant reversal of UCMS effect, we measured the extent by which drug treatments
brought transcripts back to non-stressed levels, with ‘0% reversal’ meaning that
antidepressant had no effect on reversing the UCMS effects on that gene, and ‘100%
reversal’ meaning that gene transcript levels were back to control non-stressed control levels
in UCMS-/drug-treated animals. Reversal was capped at 100% for genes whose
antidepressant-related changes were in opposite directions from UCMS effects (Figure 5).
Pearson correlation coefficients were used to measure similarities in expression profiles
between areas and/or treatments using average log2-based ratio of changes.

WM/GM ratios and Glial vs Neuronal Enrichment of Genes
Ratios of transcript levels between gray matter (GM) and adjacent WM samples were
calculated as estimates of relative glial to neuronal origins of transcripts for every gene
within GM samples, as previously described (Sibille et al, 2008). The three brain areas were
compared to a unique set of seven WM samples. On the basis of ~25 000 expressed genes,
the percentage of genes displaying neuronal enrichment, glial enrichment, or expressed in
both cellular populations were assessed using a 1.5-fold level of enrichment. Results were
used as reference values to compare ‘expected’ vs observed distributions in groups of
identified genes (see Table 1).

Functional Classification of Genes
Biological functions for lists of genes were annotated using the Database for Annotation,
Visualization and Integrated Discovery (DAVID) tool (Dennis et al, 2003) that is freely
available at http://david.abcc.ncifcrf.gov/. Over-representation of gene ontology (GO) terms
was calculated using the default parameters of the ‘functional annotation clustering’ tool
under the ‘high’ classification stringency set up. To reduce the redundancy of annotations,
this tool groups together results in clusters of GO groups with similar annotations. P-values
associated with each annotation are calculated with the Fisher’s exact test.

Real-Time Quantitative PCR
cDNAs were obtained from the original RNA pool used for array analysis. PCR products
were amplified in quadruplets on an Opticon real-time PCR machine (Bio-Rad, Hercules,
CA), as previously described (Galfalvy et al, 2003). Primer-dimers were assessed by
amplifying primers without cDNA. Primers were retained if they produced no primer-dimers
or non-specific signal after 35 cycles. Results were calculated as relative intensity compared
to actin.
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RESULTS
UCMS-Induced Changes in Physical State are Reversed by Chronic Exposure to
Fluoxetine and SSR125543

Mice were submitted to a 7-week UCMS regimen or maintained under normal non-stressful
control conditions and were administered daily from the third week with the vehicle, an
effective (fluoxetine), or a putative antidepressant drug (CRF1 antagonist SSR125543)
(Figure 1). UCMS exposure resulted in a progressive deterioration of the coat state (Figure
2a), which became significant across groups at the beginning of the third week (P<0.05),
reached a plateau at the beginning of the fifth week and remained significantly elevated
compared to control mice until the end of the experiment (P<0.001). Fluoxetine-treated
UCMS mice began to show a reversal of the coat state deterioration after 3 weeks of
treatment (corresponding to the fifth week of UCMS). This improvement in coat state
became significant at the beginning of the fourth week of treatment (P<0.01, compared to
UCMS vehicle mice), while fur scores of fluoxetine-treated mice were not different from
control mice after 5 weeks of treatment (P<0.001, compared to UCMS/vehicle mice;
P>0.05, compared to control mice).

Similarly, treatment with SSR125543 reversed the UCMS-induced deterioration of the coat
state, but with a faster onset of action. The coat state of UCMS/SSR125543-treated mice did
not further degrade during the first week of treatment and was significantly different from
UCMS/vehicle mice after only 2 weeks of SSR125543 exposure (P<0.001). This
improvement persisted until the end of the experiment (P<0.001, after 3, 4, and 5 weeks of
treatment). The coat state of UCMS and SSR125543-treated mice had returned to normal
condition after 3 weeks of treatment (P>0.05, compared to control mice). No changes in fur
coat state were observed in control mice treated with vehicle, fluoxetine, or SSR125543.

UCMS treatment also induced significant differences in body weight changes (Figure 2b).
Normal weight gain was reduced by UCMS starting in the fifth week of treatment (P<0.05).
The statistical significance of the reduced weight gain was strengthened in the last 2 weeks
of the experiment (P<0.001). Both fluoxetine and SSR125543 treatments partially blocked
the UCMS-induced reduction of body weight gain in a significant manner in the last week of
the experiment, corresponding to 5 weeks of drug treatment (P<0.05, compared to UCMS/
vehicle mice). However, contrary to the effect on coat degradation, the effects of fluoxetine
and SSR125543 on weight gain followed over-lapping trajectories. Both compounds had no
effect on body weight gain in non-stressed control mice.

Taken together, these results demonstrated a progressive effect of UCMS on physical
aspects (fur coat degradation and reduced weight gain) that were reversed by chronic
exposure to an effective (fluoxetine) or putative (SSR125543) antidepressant drug.
Trajectories of drug reversals of UCMS effects demonstrated delayed onsets that paralleled
the clinical time frame of the therapeutic effects of antidepressant treatments, although
SSR125543 displayed a shorter delay of onset on the fur index compared to fluoxetine.

UCMS-Induced Behavioral Changes are Reversed by Chronic Exposure to Fluoxetine and
SSR125543

UCMS exposure has been previously shown to induce a series of behavioral changes,
including increased agonistic and anxiety-/depression-like (ie, ‘emotion-related’) behaviors
that are reminiscent of symptoms of depression in human subjects (Mineur et al, 2003;
Santarelli et al, 2003). Mice used in the investigation of UCMS-induced physical changes
were not submitted to behavioral tests to preserve a non-stressed state in control mice for the
microarray analyses and the real-time quantitative PCR (qPCR), thus results presented here
were obtained in parallel cohorts of the same age and exposed to the same UCMS protocol.
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An NSF test was performed after a 45 days of UCMS to assess putative alterations in
emotion-related behavior due to UCMS application. A 12-h food deprived mouse was
introduced in an arena in which a pellet of regular food is placed in the center. This test
induces a conflicting motivation between the drive to eat the food pellet and the fear of
venturing into the center of the arena. The latency to chew the pellet was significantly
altered (Figure 2c). UCMS-exposed mice showed an increased latency compared to control
mice (P<0.01). Fluoxetine as well as SSR125543 significantly counteracted this UCMS-
induced behavioral alteration (P<0.01 and 0.001, respectively). Moreover, neither the
UCMS procedure nor the drugs tested produced a significant change in the home food
consumption during the 5 min following the NSF test (data not shown), suggesting that the
feeding drive subsequent to a 12-h deprivation was not different between experimental
groups.

To evaluate changes in agonistic behavior, a R/I test was performed after a 50-day UCMS
procedure. An intruder mouse was placed in the home cage of UCMS or control mice
chronically treated with vehicle, fluoxetine, or SSR125543. The latency of the first attack
and the number of attacks by the resident mouse were recorded. Significant differences were
found for both measures (Figure 2d). UCMS exposure significantly reduced the latency
(P<0.01) and increased the number of attacks (data not shown; P<0.05). Fluoxetine and
SSR125543 treatments completely reversed the UCMS-induced disruption in social
encounter in latency (fluoxetine, P<0.01 and SSR125543, P<0.05) and in number of attacks
(fluoxetine, P<0.01 and SSR125543, P<0.05). Antidepressant treatments had no effect in
control mice.

Taken together, these results demonstrated that in addition to inducing physical changes,
UCMS induced a pattern of increased agonistic and emotion-related behaviors that were
significantly reversed by chronic exposure to an effective (fluoxetine) or putative
(SSR125543) antidepressant drug, thus corresponding to ‘depressed’ (UCMS syndrome) and
‘recovered’ (antidepressant-reversed) states in the UCMS model.

The Gene Expression Correlates of a ‘Depressive-Like’ State Vary Across Corticolimbic
Brain Regions

To identify changes in gene expression correlating with UCMS and antidepressant
treatments, we performed a microarray analysis at the 7-week time point, corresponding to
the period of (1) established increase in fur coat index, (2) increased agonistic and emotion-
related behaviors, and (3) complete reversal of both effects by fluoxetine or SSR125543
(Figure 1). Samples were obtained from the CC, AMY, and DG (n=6 arrays per treatment
and per brain area), as brain areas for which the human homologous areas participate in a
corticolimbic network of mood regulation that is affected in depression (Mayberg,
1997;Seminowicz et al, 2004). RNA samples were processed on MOE430 2.0 arrays
(Affymetrix Inc.), which interrogate the levels of ~40 000 gene transcripts (see Materials
and methods). As the analytical goal was to use profiles of expression over large groups of
genes as an ‘experimental assay’ to measure UCMS and drug effects, thresholds for gene
selection were kept at moderate stringencies for group comparisons (P<0.05 and changes
greater than 20%; see Materials and methods and Discussion). We have previously
demonstrated the validity of this approach at characterizing robust and significant biological
events in brain tissue (Sibille et al, 2007). Accordingly, the levels of 254 gene transcripts
were significantly affected by UCMS in CC, 299 in AMY, and 166 in DG (Figure 3;
Supplementary Table S1–Supplementary Table S3). Very little overlap was observed across
the three areas investigated, although transcript changes in AMY moderately, but
significantly, predicted similar trends for the same transcripts in CC and DG (bold arrows in
Figure 3, Pearson correlation =0.41 and 0.28, respectively, P-values <5×e−5). On the other
hand, UCMS-induced transcript changes in CC or DG did not predict corresponding changes
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or trends for the same transcripts in any other areas (gray arrows in Figure 3, Pearson
correlations P-values >0.05). Independent real-time qPCR assessments of gene transcript
levels significantly correlated with array results (Figure 4; n=10 genes, r=0.72, P<0.01),
thus confirming the validity of the array measurements.

Taken together, these results suggested that the gene expression correlates of the UCMS-
induced ‘depressive-like’ state were mostly brain region-specific within a cortico-limbic
network of mood regulation, although AMY changes moderately predicted similar trends for
the same transcripts in CC and DG.

Fluoxetine and SSR125543 Reverse the Effect of UCMS on Gene Expression
We next investigated whether the reversal of the UCMS physical and behavioral phenotypes
by chronic antidepressant treatments also correlated with a reversal of the UCMS molecular
phenotype. For each gene affected by UCMS, the percentage of reversal of UCMS effect by
chronic fluoxetine or SSR125543 was calculated and gene-wise values were averaged for all
UCMS-affected genes in each brain area (see Materials and methods). For instance, in CC,
the chronic fluoxetine treatment reversed the effect of UCMS on gene expression by ~75%,
meaning that the residual changes in transcript levels in the UCMS- and fluoxetine-treated
group represented on average only ~25% of the full UCMS effect (Figure 5a, middle panel).
SSR125543 reversed only ~44% of the UCMS molecular profile in CC (Figure 5a, lower
panel). In AMY, both drug treatments reversed the UCMS effect to a large extent (>70%;
Figure 5b, middle and lower panels). In contrast, these effects were weaker in DG, reaching
only 28 and 39% reversal for fluoxetine and SSR125543, respectively (Figure 5c, middle
and lower panels) Table S1–Table S3.

Thus, antidepressant treatments reversed the effect of UCMS on altered gene expression,
although the extent of reversal varied across areas and treatments according to the following
order:
(AMYfluoxetine=AMYSSR125543=CCfluoxetine)>CCSSR125543≥DGSSR125543>DGfluoxetine.
Overall, AMY displayed highest and most consistent antidepressant reversals of UCMS
effects.

Fluoxetine and SSR125543 Treatments Induce Additional and Very Similar Transcriptome
Effects in a Brain Region-Specific Manner

Beyond reversing the molecular correlates of UCMS, fluoxetine and SSR125543 treatments
affected the expression levels of very large numbers of additional genes (fluoxetine: 2540
genes in CC, 640 genes in AMY, and 294 genes in DG; SSR125543, 562 genes in CC, 507
genes in AMY, and 122 genes in DG; Table S4), yielding a pool of ~3600 genes affected by
antidepressant treatments in any of the three brain areas investigated. Interestingly, very few
genes were affected by the same drug across brain areas (<10% of the fluoxetine-related
gene pools and <2% of the SSR125543 pools), while much larger number of genes were
similarly affected by the two different drug treatments within each brain area (48% in CC,
25% in AMY, and 18% in DG) (see Supplementary Table S4). Accordingly, transcript
changes displayed high correlations between fluoxetine and SSR125543 effects within each
brain area (Figure 6a), but low correlations for the effects of the same treatment across two
different brain areas (Figure 6b).

These results revealed that, in addition to reversing the effect of UCMS, antidepressant
treatments affected the transcript levels of large numbers of genes, and that the
transcriptional profiles of the two different drug treatments were more similar within a brain
area, compared to the effect of the same treatment across areas, thus demonstrating that the
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molecular impacts of fluoxetine and SSR125543 treatments were mostly determined by the
brain area, rather than by their molecular targets (see Discussion).

Transcriptome Effects of Fluoxetine and SSR125543 Treatments are State-Dependent in
CC

The large-scale effects of antidepressant treatments have been mostly characterized in
normal or control animals and it is not known whether results apply to depressive-like states.
Here, we directly addressed this question by comparing the effects of chronic fluoxetine and
SSR125543 exposure on CC gene expression in control and in UCMS-treated mice. Results
indicated that larger number of transcript changes was induced by both drug treatments in
control mice (3221 genes for fluoxetine and 3004 genes for SSR125543; Table S5)
compared to UCMS-treated mice (2540 genes for fluoxetine and 562 genes for SSR125543).
Similar to the results in UCMS-treated mice, the molecular impacts of the two different drug
treatments were strikingly similar in control mice (Figure 7a, r=0.94, slope =0.90). On the
other hand, comparing the effects of fluoxetine or SSR125543 between control and UCMS-
treated groups revealed much lower correlations (r=0.22 and 0.46) and greatly reduced
amplitudes of altered transcript levels (Figure 7b, slopes=0.11–0.19), denoting a poor
conservation of drug effect between control and UCMS states. The converse analysis of
identifying genes that were modulated by drug treatments in UCMS-treated mice and
comparing the extent of transcript changes for those genes in drug-treated control mice
yielded very comparable results (r=0.24–0.30, slope=0.26–29; not shown), thus confirming
the low conservation of drug treatment effects between control and UCMS states.

Another notable difference was the magnitude of effects on gene transcript levels across
states and treatments. Fluoxetine and SSR125543 each affected ~12% of all genes with
detectable expression in control animals, but only 9.8 and 2.2% in UCMS-treated states for
fluoxetine and SSR125543, respectively. In comparison, less than 1% of the genes were
affected by UCMS alone.

Taken together, these results revealed that, in addition to being brain area-dependent, the
molecular correlates of antidepressant treatments were state-dependent in CC, as
demonstrated by low similarities of drug-induced transcript profiles between UCMS and
control states. Our results also revealed differences in drug-induced gene expression
plasticity, with fewer genes affected by UCMS alone, and according to the following order
of magnitude: UCMS <drugs in UCMS <drugs in controls.

Correlations between Gene Expression, UCMS Behavior and Antidepressant Treatments
Identify Candidate Genes for Mood Regulation and/or Genes with Therapeutic Potential

On the basis of patterns of altered transcript levels, genes were classified according to their
potential contribution to the expression of the UCMS phenotype and/or to the reversal of
that phenotype (Figure 8). Specifically, we focused on two categories of genes of interest:
(1) ‘mood-dependent and therapeutic’ genes, as affected in opposite directions by UCMS
and antidepressant treatments, and thus matching the behavioral phenotype, and (2)
‘therapeutic- only’ genes that were not affected by UCMS, but that displayed significant
transcript changes after both antidepressant exposures in UCMS-treated mice (Figure 8).
The assumption of ‘therapeutic-only’ potential was that a reversal of the UCMS phenotype
may occur through biological pathways that are independent of UCMS effects. For both
categories, a positive antidepressant effect had to correspond to significant and similar
effects after both drug treatments, reflecting the similar reversal of physical and behavioral
UCMS effects by fluoxetine and SSR125543.
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A total of 768 putative ‘mood-dependent and therapeutic’ or ‘therapeutic-only’ genes were
identified (Table 2 and Supplementary Table S6–Supplementary Table S11). Consistent
with the previously described region-specific effects, gene selections displayed very limited
overlap across brain areas. In AMY, genes of interest (Figure 8) were for the most part in the
‘mood-dependent and therapeutic’ gene category (n=241) compared to ‘therapeutic-only’
genes (n=82), reflecting the extensive and uniform antidepressant reversal of UCMS effects
by both treatments (see Figure 5b; ie, gene transcripts mostly tracked both UCMS and
antidepressant effects). In CC, the discrepancy in the molecular impact of antidepressants
(Figure 5a; 75.4% fluoxetine and 44.0% SSR125543 reversals of UCMS effects) translated
in fewer genes with ‘mood-dependent and therapeutic’ profiles (n=146) and more genes
with potential ‘therapeutic-only’ involvement (n=238). In contrast, much fewer genes of
interest were identified in DG (62 and 19, respectively), due to the combined low UCMS
effect, moderate antidepressant reversal, and overall lower molecular impact of
antidepressant treatments (see next, Table 2, and Supplementary Table S6–Supplementary
Table S11).

In summary, correlations between altered gene expression, UCMS behavior, and response to
antidepressant treatments identified brain region-specific candidate genes for mood
regulation and/or genes with therapeutic potential, with AMY displaying the highest content
of genes with potential dual contribution to the UCMS phenotype and therapeutic
antidepressant reversal.

Identified Gene Transcripts Suggest Different Oligodendroglial and Neuronal Molecular
Phenotypes in Correlation with UCMS and Antidepressant Treatment in AMY

We have previously shown that array data from adjacent WM samples can be used to
generate WM/GM ratios that are specific for each gene (Erraji-BenChekroun et al, 2005;
Sibille et al, 2008). WM/GM ratios can be used as estimates of gene transcript enrichment
either in glia (WM/GM>1.5), neurons (WM/GM<−1.5), or both cellular population
(−1.5<WM/GM<1.5) and provide a wider view of overall patterns relating to glial and
neuronal functions (Sibille et al, 2008). For instance, displaying UCMS-affected genes
according to the extent of their transcript changes (up and down arrows in Figure 9) and
based on their estimated cellular origin of transcripts (yellow, gray, or black bars in Figure
9) clearly identified predominantly downregulated glial-enriched genes in AMY (Figure 9a),
as visually represented by the overall yellow color in the lower portion of the central panel.
Within our categories of genes of interest (Figure 8), statistical assessments confirmed that
AMY glial-enriched genes were significantly over-represented in the ‘mood and therapeutic’
gene category, while neuronal-enriched genes were more numerous in the ‘therapeuticonly’
gene categories (Table 1). The CC and DG ‘mood and therapeutic’ and ‘therapeutic-only’
gene pools displayed proportions of glial- or neuronal-enriched gene transcripts that did not
differ greatly from their expected proportions (Table 1), with the exception of a slight over-
representation of glial-enriched genes in correlation with mood levels in CC.

While caution should be applied for identification of single genes in array studies under
medium statistical stringency (see Discussion), looking at the convergence of single genes
(Table 2) and at over-representation of biological functions within the lists of identified
genes (Table 3) revealed complex sets of changes involving numerous cellular functions
(receptors, signaling, transcription, metabolism, structural components, etc.). Summarizing
this information, three important themes emerged. First, consistent with brain region-
specific effects of UCMS and antidepressant treatments, none of the selected genes were
identified across regions. Second, genes coding for several components of neurotransmitter
systems (GABA, glutamate, and peptides), signal-transduction pathways (PKC, PLC, and
MAPK) and second messenger systems (cAMP) previously associated with altered mood
and/or anti-depressant treatments were identified here (underlined in Table 2), were over-
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represented in AMY (20 genes out of 31, P=0.005). Third, numerous oligodendrocyte
markers were exclusively downregulated within the ‘mood and thera-peutic’ gene category
in AMY (Mobp, Edg2, Gsn, Cnp1, Gpr37, Pllp, Enpp2, Pmp22, Mpzl1, and Plp1; bold in
Table 2; ‘myelin’ functional cluster in Table 3; black dots in Figure 4), thus strongly
suggesting an antidepressant-sensitive oligo-dendrocyte-related phenotype in the AMY of
UCMS-treated mice (see Discussion).

Taken together, these results revealed different and complex molecular phenotypes in
correlation with UCMS and antidepressant treatments in the three brain regions investigated,
but also identified the AMY as a crucial area of interest, with a neuronal molecular
pathology affecting previously identified candidate neurotransmitter systems, and a glial
phenotype focused on UCMS-downregulated markers of oligodendrocyte structure and
function, in reminiscence of prior reports in the AMY (Hamidi et al, 2004) and in nearby
cortical regions (Aston et al, 2005) of human depressed subjects. It is important to note that
while our analytical approach relied on the cumulative effects across large group of genes to
identify robust region- and state-dependent effects of UCMS and antidepressants, results for
single genes should be considered in the context of the moderate statistical stringencies
applied (see Discussion). Specifically, we make available tables of results as supplements so
that individual results can be compared and validated across studies.

DISCUSSION
To gain insight into brain function during mood regulation, we investigated correlations
between behavioral and molecular changes in the UCMS rodent model of depression and of
antidepressant reversal. We confirm the validity of UCMS at inducing robust physical and
behavioral changes that are reminiscent of a depressive-like state in mice, and show that
both symptom dimensions are reversed by chronic exposure to an effective (fluoxetine) or a
putative (SSR125543, CRF1 antagonist) antidepressant drug. Measuring changes in large-
scale gene expression as an indirect assessment of brain function, we report that the
molecular correlates of UCMS and antidepressant treatments differ across areas of a
corticolimbic network of mood regulation (CC, AMY, and DG), and that two antidepressant
treatments induced very similar transcriptome changes within areas, despite targeting
different biological systems (brain region-specific antidepressant effects). We also
demonstrate that the effects of antidepressant treatments vary greatly depending on whether
treated animals are in a control or ‘depressed’ state (state-dependent changes).

Physical and Behavioral Changes Affected by the UCMS Model of Depression and
Antidepressant Treatment

UCMS exposure elicits a syndrome with a range of phenotypes that are analogous to
symptoms of depression, including low stress coping and anxiety-/depression-like behaviors
(Santarelli et al, 2003; Ducottet et al, 2004; Yalcin et al, 2005), decreased reward function
(Pothion et al, 2004), increased glucocorticoid levels (Ayensu et al, 1995; Banasr et al,
2007; Li et al, 2007) and decreased hippocampal cell proliferation and neurogenesis (Alonso
et al, 2004). Here, mice subjected to a 7-week UCMS paradigm developed a progressive
deterioration of their coat state, a decline in weight gain, an exaggerated emotional reactivity
in the NSF test, and social disturbances in the R/I test (Figure 2). Chronic administration of
fluoxetine reversed these UCMS-induced deficits after 4 (coat state, NSF test) to 5 weeks
(body weight, R/I test) of treatment. Likewise, SSR125543 showed antidepressant-like
properties, as this compound counteracted all UCMS-related effects, including with a faster
onset of improvement in the quality of the coat state (after 2 weeks of treatment) compared
to fluoxetine (3–4 weeks of treatment). Overall, antidepressant reversals of UCMS effects
occurred in a time course that paralleled therapeutic improvements in depressed subjects,
thus emphasizing UCMS as a valid model for investigating depressive pathophysiology and
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mechanisms of antidepressant reversal. Indeed, UCMS fulfills several criteria for a valid
model of depression, including: (1) good face validity (close ethological counterpart for
emotion-related and anhedonia-like behaviors), (2) good construct validity (unpredictable
‘psycho-social’ stress mimics real-life stress etiology and recruits equivalent neuroendocrine
systems, (3) good predictive validity (pharmacological reversal by antidepressant
treatments), and (4) respect of time courses for mechanisms of disease and drug reversal. On
the other hand, alternate paradigms frequently used to either induce or characterize
depressive-like states (social defeat, learned helpnessness), or to predict of antidepressant
activities (forced swim and tail suspension tests), follow only limited numbers of these
criteria in modeling depression (Cryan and Holmes, 2005).

Region-Specific and State-Dependent Corticolimbic Transcriptome Changes in a Validated
Rodent Model of Depression and of Antidepressant Reversal

Results from our large-scale gene expression studies suggest that molecular changes
following UCMS and/or antidepressant exposure reflect changes in the activity of the
respective brain areas, rather than the direct recruitment (by UCMS and/or antidepressant) of
common molecular or cellular mechanisms. In other words, although the brain areas
investigated participate in a corticolimbic network of mood regulation (Seminowicz et al,
2004; Pezawas et al, 2005), the observed differences in transcriptome changes may reflect
brain area differences in terms of intrinsic cellular networks, activation states, information
processing, and adaptive mechanisms. Brain area-specific effects of BDNF have been
reported in the social defeat stress paradigm (Berton et al, 2006), and area-specific
regulation of ERK MAP kinase in UCMS-treated rats (Gourley et al, 2007), but to our
knowledge, this has not been investigated on a large-scale. Conti et al (2007) have reported
that electro-convulsive therapy, sleep deprivation, and fluoxetine induced transcriptome
profiles that mostly differed across brain areas and treatment modalities, although the
interpretation of these findings were limited by a lack of statistical validation and by the use
of normal control rats.

Accordingly, the present results confirm our hypothesis that antidepressant effects in control
animals do not extrapolate to ‘depressive states.’ Indeed, considering that antidepressants are
devoid of mood-changing effects in non-depressed healthy humans, and in view of the poor
correlation of transcriptome effects of antidepressant treatments between control and UCMS
states (Figure 7), the critical antidepressant-induced modifications in gene regulation appear
to be conditional on the presence of a depression-related neuropathology. Here, correlating
behavior and physical changes with response to antidepressant treatments and with changes
in gene expression in a validated rodent model of depression, we report sets of genes with
potential roles in mood regulation and/or therapeutic treatment, and confirm the AMY as a
key brain area for investigating the molecular pathology of depression.

Fluoxetine and CRF1 Antagonist Treatments of UCMS-Exposed Mice Induced Similar
Physical, Behavioral, and Genomic Profiles

The uniform reversal of the physical, behavioral, and transcriptome effects of UCMS by two
different antidepressants is consistent with clinical data, as antidepressants typically treat the
depressive syndrome as a whole, but is surprising from a mechanistic point of view. Indeed,
the striking similarities in transcriptome profiles after the two treatments (Figure 6 and
Figure 7) strongly suggest that SSR125543 recapitulates in a brain region-specific manner
the overall effects of increased serotonin signaling, and that similar cellular circuitries are
ultimately targeted by increased serotonin availability and CRF1 blockade, at least in the
areas investigated. The serotonin and CRF systems interact on midbrain serotonergic
neurons (Price et al, 1998;Jankowski and Sesack, 2004;Waselus et al, 2005) and CRF1
antagonism could mimic the effect of fluoxetine on serotonin levels (Kirby et al,
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2000;Lukkes et al, 2007). Alternatively, fluoxetine and SSR125543 could regulate a
common hormonal system, such as glucocorticoids and the hypothalamic–pituitary–adrenal
(HPA) axis, to produce a similar global effect on the brain. HPA abnormalities are common
in depression (Holsboer, 2000;Pariante and Miller, 2001) and normalization of HPA
function is required for clinical remission in these subjects (Linkowski et al, 1987;Wodarz et
al, 1992). Although CRF1 antagonists are generally thought to act directly in various brain
regions (Arzt and Holsboer, 2006), CRF1 receptors are in fact the main glucocorticoid
secretagogues. Thus, HPA modulation by antagonism of CRF1 receptor or by fluoxetine
could represent a common downstream mechanism for both drugs. The direct impact of
CRF1 receptor antagonism on the HPA axis could also explain the shorter delay of onset of
SSR125543 on the fur index, although whether this early CRF1 antagonist effect also
correlated with early reversals of UCMS-induced behavioral or molecular changes is not
known.

Low Gene Expression Plasticity in UCMS Compared to Antidepressant Treatments
By testing transcriptome changes under several experimental conditions, our studies
revealed critical differences in the scope of the transcriptome effects of UCMS and
antidepressant treatments, and further suggested differences in drug-induced gene
expression plasticity between UCMS or control states. Indeed, UCMS resulted in fewer
transcriptional changes in all three brain areas, compared to antidepressant treatments. A
potential explanation is that UCMS recruits limited numbers of endogenous neural networks
that are involved in the stress response, while drug treatments target indiscriminately much
wider systems. Interestingly, antidepressant treatments affected even larger number of genes
in the absence of UCMS (Figure 7). This effect is reported in CC, as array data in
antidepressant-exposed control mice was only generated in CC, thus we can only speculate
that similar contrasts between effects of antidepressant in control and ‘depressed’ mice
would be present elsewhere. Taken together, our results suggest that UCMS exposure
reduced the overall gene expression-related plasticity, with the following effect sizes:
UCMS < (antidepressant in UCMS)< (antidepressant in control).

From the experimental point of view, these large differences in genes affected by UCMS
and antidepressant treatments, combined with the poor conservations of antidepressant
effects across brain areas and ‘emotional’ states, suggest three notable implications for
investigating disease mechanisms: first, brain areas and neural networks appear less plastic
under UCMS or ‘depressed’ state compared to a control non-stressed state; second, the
effects of antidepressant treatments are much larger than the correlates of UCMS,
encompassing much more than a reversal of UCMS effects, and thus do not represent the
opposite of a ‘depressive’ effect for the vast majority of genes; third, results from
antidepressant treatment in control animals are unlikely to extrapolate to UCMS or
‘depressed’ states, thus highlighting the relevance of investigating neurobiological
mechanisms in the context of a depression-related neuropathology. Finally, characterizing
such large-scale effects and interactions between the environment (ie, UCMS) and drug
treatments will be a necessary first step in comparing results across studies, for realistic
meta-analysis of large-scale gene array studies.

Enriched UCMS- and Antidepressant-Related Molecular Pathology in AMY
Results presented here suggest a crucial role for AMY in the molecular correlates of UCMS
and antidepressant treatments, as AMY changes (1) predicted similar trends for transcripts in
CC and DG (Figure 3), (2) displayed highest and most consistent antidepressant reversals of
UCMS effects (Figure 5), and (3) suggested distinct glial and neuronal phenotypes
consistent with previous reports in depression (Table 1–Table 3). Relevant biological
systems included the GABA (Gabra2 and Gabrg1), glutamate (Grin2a, Grin2b, Grin2c,
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Grin3a, Gria4, and Grm3–8), serotonin (Htr4), peptide (Igf1r, Igfbp3, Npy, Npy1r, NPY2r,
and Mchr1), and other (P2rx4 and Ntrk3) neurotransmitter systems, and the phospholipase C
(Plch1, Dgkg, and Plcd1), protein kinase C (Akap5–10 and Prkcd), mitogen-activated
protein kinase (MAKbp1, Map2k6, Map4k5, Mapk1, and Mapk10), and cyclic adenosine
monophosphate (Adcy2 and Pde7a)-related pathways. AMY glial-related changes suggested
an antidepressant-sensitive downregulation of oligodendrocyte structure and function
(Mobp, Edg2, Gsn, Cnp1, Gpr37, Pllp, Enpp2, Pmp22, Mpzl1 and Plp1; Table 2 and Table
3), consistent with prior reports of decreased oligodendrocyte numbers in AMY in human
depression (Hamidi et al, 2004) and decreased oligodendrocyte-related gene expression in
the adjacent temporal cortex (Aston et al, 2005). These findings were not present in CC and
may differ from schizophrenia-related pathology, where more wide-spread oligodendrocyte-
related findings were reported (Haroutunian et al, 2007). Nevertheless, these results raised
the question as to the role and contribution of decreased oligodendrocyte function in
neuropsychiatric disorders. Widespread decreases in elderly schizophrenic subjects may
disrupt communication between multiple brain areas through altered myelination of fiber
tracts (Haroutunian et al, 2007), but the more regionally restricted phenotype observed here
suggests the presence of a local bio-logical mechanism affecting oligodendrocyte
homeostasis. Whether this mechanism occurs at the level of cellular proliferation,
maturation, and/or maintenance remains to be investigated.

Functional and pathway analyses of altered gene expression in CC of UCMS-exposed mice
revealed a more complex picture involving numerous cellular functions (receptors, signal-
transduction pathways, transcription, metabolism, and structural components) and did not a
priori identify specific cellular population as in AMY. In contrast, findings in DG were
overall more limited in scope. UCMS-induced changes were only marginally reversed by
antidepressants, and overall did not provide supporting evidence for reported changes in
neurotropic function in depression and/or antidepressant effects in that brain area.
Specifically, we observed no changes in Bdnf RNA levels after UCMS or antidepressant
treatments. This absence of change was confirmed by independent qPCR measurements (not
shown). Taken together, these results are consistent with a recent report showing that, in
contrast to immobilization stress, UCMS in rats yielded no change in total Bdnf mRNA in
DG, despite differentially altering specific Bdnf transcripts (Nair et al, 2007). We cannot
exclude that similar changes occurred here, as exonic-dependent transcriptional regulation
was not assessed in this study, thus keeping potential biological significant mechanisms
undetectable (ie, post-translational, protein level, maturation, etc.). An alternate explanation
for the paucity of DG findings may be that the UCMS model represents a more appropriate
model for the altered mood regulation component of depression, rather than for the cognitive
aspects of the disease, which may correlate more closely with changes in stress- or
antidepressant-induced modulation of cellular proliferation and neurogenesis in DG (Saxe et
al, 2006). Nevertheless, it is important to note that even if more limited in scope, molecular
findings in DG may include relevant changes that could be critical to the altered mood-
related phenotype. Collecting samples from brain tissue may also lead to missing signals and
to underestimating the dynamic range for some changes, due to signal dilution in
heterogeneous tissues, such as DG. An alternative approach would be to investigate altered
gene expression based on laser-capture-selected cell populations (Ginsberg et al, 2004),
although this approach requires a priori knowledge as to which cellular population to target,
and has the disadvantage of being less quantitative, due to very small amount of RNA
collected and partial mRNA decay during the time required for the procedure.

Summary, Limitations
Taken together, our strategy in this study was to maximize the discovery process by
maintaining statistical thresholds at moderate stringency and by relying on cumulative
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effects over larger groups of genes, as previously demonstrated by the investigation of a
robust biological phenomenon such as aging (Sibille et al, 2007b). This approach was
helpful here at reliably identifying global features of UCMS and antidepressant treatments,
which were otherwise not discernable by other approaches. Specifically, results provided
answers to critical questions relating to research on the neurobiology of neuropsychiatric
disorder, such as (1) antidepressant drug treatments in ‘non-depressed’ animals are probably
not relevant to the disease and its treatment, (2) mechanisms of disease and drug treatments
will differ across brain regions investigated, and (3) overall gene expression plasticity
decreased from control to UCMS states. On the other hand, we also suggest that results at
the level of single genes should be viewed with caution. Indeed, in the absence of formal
control for false discovery and without independent confirmation in other cohorts and
models, the microarray results will include false positives for individual genes. Rates of
false discovery are difficult to assess due to the overall inter-dependence of genes in
biological systems (Lee et al, 2003; Li et al, 2004) and since the observed effects of
‘depression’ and treatments are typically large in the numbers of genes being affected, but
modest in the extent of transcript changes and statistical robustness for individual genes (see
current results, and Landgrebe et al, 2002; Rausch et al, 2002; Newton et al, 2003; Drigues
et al, 2003; Palotas et al, 2004; Altar et al, 2004; Wong et al, 2004; Ploski et al, 2006;
Takahashi et al, 2006). In other words, controlling for false discovery would exclude large
numbers of genes of interest, while maintaining medium statistical stringency will
necessarily include false-positive results. So, while the overall state-dependent and region-
specific effects of depression and antidepressant treatments are robust and rely on large
number of genes, results for individual genes need to be independently verified.
Accordingly, we make available large-scale data (Table 2 and Supplementary Information)
so that other groups can compare their results in other cohorts, models, and species. To
facilitate the identification of changes that are most relevant to altered mood regulation, and
as potential leads for future cell-specific targeted approaches, we are currently comparing
the present results to array findings in the homologous brain areas in human depressed
subjects. These results will be described elsewhere. Additional limitations of the present
study that will also need to be addressed in future studies include (1) correlations of RNA
findings with protein levels, (2) which genes and pathways correspond to causative changes
in mood regulation, therapeutic reversal, drug side effects or epiphenomena, and (3) the
extent to which these findings extrapolate to other antidepressant treatments.

CONCLUSION
Using a naturalistic animal model of depression, we demonstrate that the gene expression-
related effects of two antidepressant treatments (fluoxetine and CRF1 antagonism) are
strongly influenced by the intrinsic biology of different brain areas (ie, brain region-
specificity), and vary greatly depending on whether treated animals are in a control or
‘depressed’ state (ie, state-dependency). Correlations between behavioral states, drug
exposure, and altered gene transcripts suggested candidate genes and pathways for region-
specific contributions to mood regulation and therapeutic improvement, confirmed several
prior depression-related findings, and highlighted the critical role of AMY in investigating
the molecular pathophysiology of depression.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Experimental design. (a) Six groups of mice (n=18–19 mice per group) were used depending
on the environment (control/UCMS) and the treatment (vehicle/fluoxetine/SSR125543). The
UCMS regimen lasted 7 weeks. The coat state was evaluated and the body weight was
measured weekly by two experimenters blind to the treatment. Drug or vehicle treatments
started on day 14 and continued until the end of UCMS on day 50. Fluoxetine (20 mg/kg/
day), SSR125543 (20 mg/kg/day), or vehicle were administered intraperitoneally once a day
to UCMS-exposed or control mice. Toward the end of the UCMS regimen, six mice per
group were chosen in such a way that the mice were representative of their group in terms of
physical state and behavior. Amygdala (AMY), dentate gyrus (DG), and cingulate cortex
(CC) were collected for microarray analysis from these six mice per group the day after the
end of UCMS. Since behavioral testing would interfere with the ‘control’ state of control
groups, acute behavioral testing was performed on independent groups (n=11–12 mice per
group) subjected to the same UCMS protocol. Tests included the novelty suppressed feeding
(NSF) test at day 45 and the resident/intruder (R/I) test at day 50. NSF and R/I tests were
only performed once, to avoid interferences of short inter-test time periods. (b)
Representative figures of the brain regions dissected (see Materials and methods). Figures
are adapted from Paxinos and Franklin (2001).
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Figure 2.
UCMS-induced changes in physical state and behavior are reversed by chronic treatment
with fluoxetine or SSR125543. (a) UCMS induced a significant deterioration of the coat
state, as demonstrated by increasing coat state scores (see Materials and methods). Drug
treatments initiated in the third week of UCMS exposure reversed this deterioration after 2
weeks of SSR125543 treatment and after 4 weeks of fluoxetine treatment (ANOVA:
environment, week 1, F1,104=9.34, P<0.01; weeks 2–7 F1,104>35.06, P<0.001; treatment,
week 4, F2,104=6.39, P<0.01, weeks 5–7, F2,104>15.8, P<0.001; environment × treatment:
weeks 4–7, F2,104>6.39, P<0.01). (b) UCMS significantly disrupted the normal gain in body
weight, starting at the fifth week of UCMS regimen. The progressive reversal of UCMS
effect on weight gain by fluoxetine and SSR125543 exposure became significant in the last
week of UCMS (ANOVA: environment, weeks 4–7, F1,104>10, P<0.001; treatment, week 7,
F2,104=5.34, P<0.01). n=18–19 mice per group. Post hoc Tukey test: #P<0.05
and ###P<0.001 for UCMS/vehicle mice vs control/vehicle mice; *P<0.05, **P<0.01 and
***P<0.001 for UCMS/treated group vs UCMS/vehicle group. (c) The latency to begin
eating in the NSF test was increased by UCMS. This effect was reversed by both fluoxetine
and SSR125543 treatments (ANOVA: environment, F1,65=5.79, P<0.05; treatment,
F2,65=8.49, P<0.001; environment × treatment, F2,65=3.89, P<0.05). (d) UCMS induced a
significant decrease in the latency to attack the intruder in the R/I test, while both fluoxetine
and SSR125543 treatment reversed this effect. (ANOVA: environment × treatment,
F2,65=4.75, P<0.05). n=11–12 mice per group. Post hoc Tukey test: ##P<0.01 for UCMS/
vehicle mice vs control/vehicle mice; *P<0.05, **P<0.01 and ***P<0.001 for UCMS/drug-
treated group vs UCMS/vehicle group. Data represent mean±SEM.
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Figure 3.
Corticolimbic brain region specificity of UCMS-induced changes in gene transcript levels.
Venn diagram of transcript levels with significant UCMS effect in CC, AMY, and DG.
Changes were mostly restricted to each of the three brain areas investigated, as little overlap
was observed across areas. Arrows indicate directional correlations between changes in
transcript levels for genes identified in one area (origin of arrow) and changes for the same
genes in the other area (end of arrow). Italic values are Pearson coefficient factors (r) of
corresponding correlations. Bold italic values indicate significance r values (P<5e−5).
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Figure 4.
Validation of array results by independent qPCR measurements. Ten genes with significant
differences in AMY were independently assessed by qPCR (Mobp, Cnp1, Enpp2, Cpne9,
Pitpnc1, Rph3a, Dgkg, Gabraa2, Kctd12, and Arhgap6). Black dots represent
oligodendrocyte-related genes (Mobp, Cnp1, and Enpp2) (see Table 2). r, Pearson
correlation factor; Alr, average log2 of (UCMS/control) expression ratio;–DDCt represent
differences in PCR cycle thresholds between UCMS and control samples, which are
equivalent to log2 values of ratios.

Surget et al. Page 23

Neuropsychopharmacology. Author manuscript; available in PMC 2009 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Differential reversal of the UCMS gene expression profiles by antidepressant treatments.
Profiles of changes in gene transcript levels for UCMS-affected genes (top panels) and after
reversal by antidepressant treatments (middle and low panels) in CC (a), AMY (b), and DG
(c). Selected gene groups are from Figure 3. Top panels: UCMS-affected genes are
organized by the magnitude of their changes in transcript levels along the x axis and form a
continuous profile with a pre-determined 20% effect cutoff value (see Materials and
methods). Vertical bars indicate the amplitude of changes (log2 of UCMS/control expression
ratio). Middle and low panels: vertical bars indicate the relative transcript levels for the same
UCMS-affected genes after chronic fluoxetine or SSR125543 treatment. Note that the
profiles have shifted away from UCMS levels (black contour line), back toward control ‘no
change’ levels (log2r~0). The average percentage of drug reversal of the UCMS molecular
profile is indicated per brain area and drug treatment. Flx, fluoxetine; CRF1atg, SSR125543.

Surget et al. Page 24

Neuropsychopharmacology. Author manuscript; available in PMC 2009 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
The transcriptome effects of two different drug treatments are more similar within brain
areas, compared to the effect of each individual treatment across areas. For a comprehensive
overview, the effects of antidepressant treatments on gene transcript levels are depicted for
the pool of ~3600 genes that were affected by either treatment in any of the three areas (see
text). Similar results were observed with more restricted pools of genes based on single drug
effect or within a single brain area (not shown). (a) High correlations (0.55–0.81) and high
graph slopes for linear fit (0.46–0.72, black bars) were observed between the effects of two
antidepressant treatments on gene transcript levels within a brain region, indicating high
similarity of molecular impacts for the two different drug treatments. (b) Low correlations
(−0.03 to 0.26) combined with low graph slopes (−0.03 to 0.17) reveal poor similarities in
the molecular impact of a same drug treatment across any two brain areas investigated. x–y
axes values are log2(UCMS antidepressant-treated/control) for the respective drug treatment.
Solid bars indicate trend lines. r, Pearson correlation coefficients; Flx, fluoxetine; CRF1atg,
SSR125543.
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Figure 7.
State-dependent effects of fluoxetine and SSR125543 treatments in CC. (a) Chronic drug
treatments induced extensive and highly similar transcriptome changes in control non-
stressed mice. In total, 3221 genes were significantly affected by fluoxetine and 3004 genes
for fluoxetine or SSR125543 with ~60% of genes significantly affected by both treatments
(see Supplementary Information). The correlation graph includes a total of 4305
antidepressant-affected genes (r=0.94, slope=0.90). (b) Lower correlations (r=0.22–0.46)
and much reduced graph slopes (0.11–0.19) suggest that the same drug has different effects
in control and UCMS-treated mice. x–y axes values are log2(UCMS antidepressant-treated/
control) for the respective drug treatment; r, Pearson correlation coefficients; Flx,
fluoxetine; CRF1atg, SSR125543.
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Figure 8.
Patterns of UCMS behavior/gene expression/antidepressant effect identified candidate genes
for involvement in mood regulation or with potential for therapeutic applications. For
positive antidepressant reversal or for antidepressant effect, genes had to be significantly and
similarly affected by fluoxetine and SSR125543 treatments.
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Figure 9.
Glial/neuronal enrichment of altered gene expression in three brain areas in the UCMS
model. Transcripts in CC (n=254), AMY (n=299), and DG (n=166) are organized vertically
according to the extent of altered gene expression. Up and down arrows indicate up- and
downregulation of gene transcripts in the UCMS model. Color overlay indicates the cellular
origin of the transcript: yellow ~glial origin (WM/GM>1.5), gray ~ neuronal origin
(−1.5<WM/GM), and white ~both cellular populations (−1.5<WM/GM<1.5) (Sibille et al,
2008). Note the apparent increased representation of glial expression in downregulated
genes in AMY. Red bar separates up- from downregulated genes.
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Table 1

Proportional representations (%) of transcripts with enriched glial or neuronal origin within groups of
identified genes

Cellular enrichment of gene transcripts

# Genes ~Neuronal (%) Both (%) ~Glial (%)

CC 24* 56* 20*

  ‘Mood and therapeutic’ 146 19 53 28

  ‘Therapeutic only’ 238 21 59 20

AMY 23* 57* 20*

  ‘Mood and therapeutic’ 241 23 38 39

  ‘Therapeutic only’ 82 46 37 17

DG 23* 53* 24*

  ‘Mood and therapeutic’ 62 23 48 29

  ‘Therapeutic only’ 19 11 36 53

‘# genes’ indicates the number of genes identified in the respective category.

Italic values with (*) indicate expected proportions of glial- and neuronal-enriched genes (see Materials and methods). Gene categories are

described in the text. Bold numbers represent values that are significantly different from expected proportions (χ2 tests, P<0.05 adjusted for
multiple comparisons). Differences from expected proportions in ‘therapeutic only’ genes were not significant in DG, due to the low number of
genes within that category.
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Table 3

Functional annotation of identified gene sets

Area Gene category Glial/neuronal origin Functional cluster # Groups/cluster

Mood and therapeutic Neuronal Cation binding; metal ion binding; ion binding 3

Glial Intracellular organelle 4

Nucleosome; chromatin assembly 6

CC Chromosome organization and biogenesis 2

Therapeutic only Neuronal Zinc; zinc-finger; zinc ion binding 3

Intracellular membrane-bound organelle 2

Proteolysis during cellular protein catabolism 10

Regulation of transcription, DNA dependent 7

Glial Metabolism 2

Serine/threonine-protein kinase 8

Mood and therapeutic Neuronal Ion channel activity 10 P<e−04

Neuropeptide and neurotransmitter receptor activity 7

AMY Glial Myelin; ionic insulation of neurons by glial cells 7 P<e−05

Therapeutic only Neuronal Ion channel activity 6

Transmembrane 2

Glial Transmembrane 1

Mood and therapeutic Neuronal None

DG Glial None

Therapeutic only Neuronal None

Glial Regulation of transcription, DNA dependent 12

Protein amino-acid phosphorylation 8

Cellular metabolism 3

To reduce the redundancy of gene ontology (GO) annotations, clusters of GO groups with P-values less than 0.05 and with similar annotations
were regrouped (ie, # groups/clusters; see Materials and methods). Results in DG were either borderline or not significant due to the small number
of genes. The only two functional clusters that displayed very low P-values were identified in AMY.
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