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Apoptosis has been proposed as a contributing cellular mechanism to the structural alterations that have been observed in stress-related

mood disorders. Antidepressants, on the other hand, are hypothesized to exert trophic and/or neuroprotective actions. The present

study examined the regulation of the major antiapoptotic (Bcl-2, Bcl-xl) and proapoptotic (Bax) genes by repeated unpredictable stress

(an animal model of depression) and antidepressant treatments (ADT). In adult rats, exposure to unpredictable stress reduced Bcl-2

mRNA levels in the central nucleus of the amygdala (CeA), cingulate (Cg), and frontal (Fr) cortices. Bcl-xl mRNA was significantly

decreased in hippocampal subfields. In contrast, chronic administration of clinically effective antidepressants from four different classes, ie

fluoxetine, reboxetine, tranylcypromine, and electroconvulsive seizures (ECS) upregulated Bcl-2 mRNA expression in the Cg, Fr, and

CeA. Reboxetine, tranylcypromine, and ECS selectively increased Bcl-xl, but not Bcl-2 mRNA expression in the hippocampus. Chemical

ADT but not ECS, robustly enhanced Bcl-2 expression in the medial amygdaloid nucleus and ventromedial hypothalamus. Fluoxetine did

not influence Bcl-xl expression in the hippocampus, but it was the only ADT that decreased Bax expression in this region. In the CeA,

again in direct contrast to the stress effects, exposure to all classes of ADTs significantly increased Bcl-2 mRNA. The selective regulation

of Bcl-xl and Bax in hippocampal subfields and of Bcl-2 in the Cg cortex, amygdala, and hypothalamus suggests that these cellular

adaptations contribute to the long-term neural plastic adaptations to stress and ADTs in cortical, hypothalamic, and limbic brain

structures.
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INTRODUCTION

Despite recent advances, the biological basis of stress-
related psychiatric illnesses, including depression, and the
precise mechanism of antidepressant efficacy remain
unknown. Evidence linking stress, depression, and anti-
depressant action suggests that depression is associated
with structural impairments as well as a disruption in
cellular mechanisms governing neural plasticity (D’Sa and
Duman, 2002; Joels et al, 2004; Duman and Monteggia,
2006). Brain imaging studies reveal abnormalities in blood
flow in hippocampus, frontal (Fr) cortex, and amygdala
in patients with depression (Mayberg, 2003). Volume
decreases have been observed in hippocampal, limbic, and

prefrontal cortical brain regions implicated in the affective
and cognitive impairments observed in depression (Manji
et al, 2001). Postmortem analyses indicate a reduction in
glial cell number and neuronal cell body size in the
prefrontal and orbitofrontal cortices (Ongur et al, 1998;
Rajkowska et al, 1999) and a decrease in neuronal size in the
orbitofrontal cortex (Cotter et al, 2001). A reduction in the
size of neuronal cell bodies has also been observed in the
hippocampus of patients with depression (Stockmeier et al,
2004). Decreased glial density has also been reported in
the amygdala (Bowley et al, 2002; Hamidi et al, 2004)
supporting the involvement of the amygdala in depression.
These studies indicate that major depression is related to
impairments in structural plasticity and cellular atrophy
(Duman, 2004). Antidepressant treatment (ADT) is pro-
posed to reverse at least some of these changes, ie the
reduction in hippocampal volume (MacQueen et al, 2003;
Sheline et al, 2003; Vythilingam et al, 2004).
Stressful life events are major predisposing risk factors

for developing depression (McEwen, 2005). In animal stress
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paradigms, stress, and stress hormones decrease neuro-
genesis in the hippocampus (Gould et al, 1998), modulate
apoptosis in the cortex and hippocampus (Lucassen et al,
2001a, 2006), reduce the number and length of apical
dendrites of CA3 hippocampal neurons (Magarinos et al,
1996), and induce contrasting patterns of dendritic
remodeling in amygdaloid and hippocampal neurons (Vyas
et al, 2002; Dulawa and Hen, 2005).
On the other hand, antidepressants are hypothesized to

mediate their long-term therapeutic effects by triggering
cellular protective mechanisms to counteract the structural
impairments (D’Sa et al, 2002; Duman, 2004; Lucassen et al,
2006). In support of this hypothesis, chronic ADT increases
the expression of brain-derived neurotrophic factor (BDNF;
Nibuya et al, 1995) and neurogenesis in the adult
hippocampus (Malberg et al, 2000) as well as enhances cell
proliferation in the Fr cortex (Kodama et al, 2004). BDNF
infusions into the hippocampus exert antidepressant effects
in behavioral models of depression (Shirayama et al, 2002).
Chronic, not acute, treatment with the antidepressant
tianeptine reverses the stress-induced downregulation of
cell proliferation and reductions in hippocampal volume
(Czeh et al, 2001).
The cellular mechanisms that underlie the observed

neural plasticity and structural impairments in animal
models of depression as well as in depressed patients
remain unclear. Although excitotoxic cell death (necrosis) is
one mechanism of cell death in the adult brain following
exposure to stress (for review, see Sapolsky, 2000), research
has shown that apoptosis also plays a role (D’Sa and
Duman, 2002; Duman, 2004; Lucassen et al, 2006). There is
some evidence that apoptosis occurs in depressed patients.
Postmortem studies revealed increased hippocampal apop-
tosis in the enterorhinal cortex and hippocampal subfields
(Lucassen et al, 2001b). Recent linkage genetic studies
have established a role for APAF1, the gene encoding the
protein apoptosis protease-activating factor 1 (Apaf-1), as a
chromosome 12 gene that confers predisposition to major
depression (Harlan et al, 2006). The depression-linked
Apaf-1 alleles share a gain-of-function phenotype in in vitro
assay systems supporting an etiologic role for increased
apoptosis in depression (Harlan et al, 2006). In animal
models, repeated psychosocial stress increased apoptosis in
the temporal cortex, but did not alter this process in the
dentate gyrus (DG) (Lucassen et al, 2001a). Interestingly,
the antidepressant tianeptine reduced apoptosis in the
temporal cortex and DG suggesting that antidepressants
have cell survival properties (Lucassen et al, 2004).
The apoptotic process is programmed and critically

controlled by the balance between pro- (Bax) and anti-
(Bcl-2, Bcl-xl) apoptotic proteins within the cell (Cory and
Adams, 2002). The apoptotic suppressors, Bcl-2 and Bcl-xl,
interact with the death-promoting proapoptotic Bax via
homo- and heterodimerization in the outer mitochondrial
membrane (Lindsten et al, 2005). In response to stress, these
proteins regulate the release of cytochrome c, which activates
caspases, the main executors of apoptosis. An increase in the
ratio of pro- vs antiapoptotic proteins is associated with
greater vulnerability to apoptotic activation and cell death
(Lindsten et al, 2005). Independent of their ability to control
cellular survival, Bcl-2 and Bcl-xl antiapoptotic proteins
exert pronounced neurotrophic effects (Jonas et al, 2003).

Antidepressants and stress regulate a number of neuro-
trophic factors involved in cell survival pathways that
control Bcl-2 and Bcl-xl expression. These include CREB,
BDNF, and MAP kinases and suggest that ADTs mediate
their delayed long-term beneficial effects via neurotrophic
and cell survival effects (Manji et al, 2001). This raises
the question of whether stress and different classes of
antidepressants directly regulate the expression of anti- and
proapoptotic genes.
There are few reports on the regulation of apoptotic genes

in animal stress models and mood disorders. It has been
difficult to obtain a clear understanding of the regulation of
apoptotic genes/proteins in previous studies due to the
different stress paradigms, the duration of the stress response,
different methodologies employed to study either gene/
protein (ie immunohistochemistry and nonquantitative
western blotting), and the focus solely on one family member
at the exclusion of the other apoptotic members. Of interest
to the current study are reports demonstrating that a 3-day
restraint stress paradigm decreased Bcl-2 immunoreactivity
in the hippocampus, whereas poststress 1- or 3-week
olanzapine treatment reversed the decrease in the intensity
of Bcl-2 staining to pre-stress levels; Bcl-xl and Bax were not
examined (Luo et al, 2004). In other reports, repeated
immobilization stress increased mRNA expression of the
tumor suppressor gene p53 in hippocampal subfields
(Nishimura et al, 2004) and decreased Bcl-2 mRNA expres-
sion in the hippocampus (Yun et al, 2003). Increased Bcl-2
immunoreactivity in the hippocampus has also been observed
following chronic treatment with the antidepressants, ami-
triptyline and venlafaxine (Xu et al, 2003). As observed with
antidepressants, two classical treatments for bipolar disorder,
lithium and valproate, upregulated Bcl-2 protein immuno-
reactivity in cortical regions (Chen et al, 1999). Most of these
studies have focused solely on Bcl-2 immunoreactivity in the
cerebral cortex and/or hippocampus. Less is known about
stress and ADT regulation of the Bcl-xl and Bax family
members and more importantly, whether molecular adapta-
tions at the level of gene expression occur in other limbic
brain areas thought to play a role in depression.
The primary goals of this study were: (1) to examine

the influence of a 10-day repeated unpredictable stress
(RUS) paradigm (Willner et al, 1992; Ortiz et al, 1996;
Perrotti et al, 2004) on expression of Bcl-2, Bcl-xl, and Bax
mRNAs and (2) to investigate whether treatment with
clinically effective antidepressants from distinct pharmaco-
logical classes, as well as repeated electroconvulsive seizures
(ECS), regulates expression of the apoptotic genes. We extend
our analyses from cortex and hippocampus to include
previously uncharacterized hypothalamic–limbic brain re-
gions. Our results demonstrate that stress and ADT
differentially regulate expression of these genes in brain
structures implicated in the etiology and treatment of
depressive disorders.

MATERIALS AND METHODS

Animals

Male Sprague–Dawley rats (200–250 g; Charles River,
Wilmington, MA) were housed in groups of two and given
food and water ad libitum in a 12 h light/dark cycle. All
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protocols were approved by Yale University and performed
in accordance with the National Institute of Health Guide
for the Care and use of Laboratory Animals.

Stress and Drug Treatments

RUS involves rats being exposed to two of eight different
stressors twice daily (forced swim, restraint stress, over-
night lights, etc). The stressors, which varied from day to
day for a period of 10 days, were administered according to
an established paradigm (Willner et al, 1992; Ortiz et al,
1996; Perrotti et al, 2004). This stress paradigm has been
previously shown to produce profound effects on a number
of cellular, biochemical, and neurochemical end points
(Willner et al, 1992; Ortiz et al, 1996; Perrotti et al, 2004).
The influence of this 10-day stress paradigm on increasing
plasma corticosterone levels has been reported previously
(Haile et al, 2001). Control groups were kept in their home
cages for the 10-day period.
For the chronic pharmacological ADT, groups of rats

(n¼ 5–7 per group) were administered fluoxetine (5mg/kg;
once daily), reboxetine (20mg/kg twice daily) for 21 days or
tranylcypromine (7.5mg/kg once daily for 10 days, then
10mg/kg for 11 days) or the corresponding vehicle via
intraperitoneal injections (i.p.). For the chronic ECS
treatments, rats (n¼ 5) were administered (once daily)
ECS via ear-clip electrodes (60mA, 0.3 s) or received sham
treatment (handled identically as those that received ECS
but without electrical stimulation). The stressed and
chemical ADT animals were decapitated 2 h after the last
treatment, the chronic ECS group was decapitated 6 h after
the last treatment (this time point was chosen due to the
availability of tissue), brains were removed and frozen on
dry ice. For the RNAse protection assay (RPA) studies, the
stress, fluoxetine, and tranylcypromine groups were decapi-
tated 2 h after the last treatment, Fr cortical and hippo-
campal tissue were quickly dissected, frozen on dry ice, and
stored at �801C until analyses.

Riboprobes

The partial cDNAs used as templates for riboprobe
generation were generated by RT–PCR amplification using
rat spleen and thymus cDNA as templates and Bcl-2-, Bcl-
xl-, and Bax-specific primers with a T7 promoter sequence
appended to the corresponding -30 primer as previously
described (Gold et al, 1997). The cDNAs were confirmed by
sequencing (Keck Facility, Yale University, CT).
The Bcl-2 plasmid contained a 270 bp fragment of the rat

bcl-2 mRNA sequence (nucleotides 515–785 of accession no.
L14680). The Bcl-xl plasmid contained a 275 bp fragment of
the rat Bcl-xl mRNA sequence (nucleotides 445–720 of
accession no. U72350.1). The Bax plasmid contained a
272 bp fragment of a highly conserved region of the rat Bax-
1 mRNA sequence (nucleotides 301–573 of accession no.
U49729). Antisense 35S-labeled riboprobes were transcribed
from 1 mg of the PCR product using T7 RNA polymerase in
the presence of 35S-CTP. Riboprobes were purified using
Roche spin columns and used for in situ hybridization
(ISH) and RPA.

In Situ Hybridization Analysis

Frozen brains (n¼ 4–5 for the stress ISH studies and n¼
5–6 for the chronic ADT ISH studies) were sectioned on
the cryostat at 14 mm (1 in 12 series) and stored at �801C.
Frozen sections were fixed in 4% paraformaldehyde, washed
in PBS, and treated with 0.25% acetic anhydride. Sections
were dehydrated in increased ethanol gradients and air
dried. ISH was carried out overnight at 601C in hybridiza-
tion buffer with 35S-labeled cRNA probe at 1.0� 106 c.p.m./
slide. The sections were washed stringently in 4� SSC
containing 10mM sodium thiosulfate (601C), treated with
RNAse A (20 mg/ml for 30min) followed by descending SSC
concentrations to a stringency of 0.1� SSC at 601C. The
sections were briefly dipped in 95% ethanol, air dried, and
exposed to b-max Hyperfilm for 4, 7, 14, and 17 days.

RNAse Protection Assays of Bcl-2, Bcl-xl, and Bax
mRNAs in Frontal Cortical and Hippocampal Tissues

Total RNA was extracted from Fr cortical or hippocampal
tissue from rats (n¼ 7 for the stress studies and n¼ 6 for
the chronic ADT RPA studies) using the RNAqueous kit
(Ambion). 32P-CTP-labeled antisense Bcl-2, Bcl-xl, and Bax
riboprobes (used for the ISH) were generated using T7 RNA
polymerase. The RPA was performed according to the
manufacturer’s standard protocol with the RPA III kit
(Ambion) using 20 mg of total RNA to detect Bcl-2 and
10 mg to detect Bcl-xl and Bax according to previously
published procedures (D’Sa et al, 2002). Unhybridized
probes were removed by RNAse A-T1 digestion. Hybridized
probes were visualized via autoradiography following
denaturing PAGE.

Data Analysis

For analysis, levels of mRNAs were determined by outlining
the layers of the cortex, central nucleus of the amygdala
(CeA), medial amygdaloid nucleus (MeA), ventromedial
hypothalamus (VMH), CA1–CA3, and DG layers of
hippocampus on film autoradiograms of the ISH sections,
or the corresponding band on RPA autoradiograms,
followed by quantification of these areas on the NIH
Image analysis program. Labeling densities for each region
studied were taken from each brain section per animal
(both hemispheres). Polynomial calibration curves
were fitted to relative optical density values measured
from known 14C-labeled radioactive step standards
(Amersham) that were coexposed to the film along with
the brain tissue sections (Gold et al, 1997). For the Bcl-xl
and Bax film autoradiograms, analysis was done on films
exposed to the slides for 4 days. For analysis of the Bcl-2
film autoradiograms, due to low expression of Bcl-2 mRNA
in the adult brain, for the stress experiments, analysis was
done on films exposed to slides for 7 days. In experiments
concerning ADT, for analysis of the Bcl-2 film autoradio-
grams, in the hippocampus, analysis was done on the
17-day films, in the MeA and VMH, analysis were done on
the 14-d films.
Because mRNA transcript expression is dependent on the

level being examined, levels were matched between
control and treated animals, as closely as possible. From
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each animal, for the anterior cingulate (Cg) and lateral
Fr cortices, five brain sections corresponding to bregma
+ 2.14, + 2.28, + 2.42, + 2.56, and + 2.7mm were analyzed;
for the parietal cortex, CA1–CA3, DG hippocampal sub-
fields, three brain sections corresponding to bregma �4.02,
�3.6, and �3.18mm were analyzed; for the MeA and the
VMH, four brain sections corresponding to bregma �2.62,
�2.67, �2.73, and �2.78mm were analyzed; for the CeA, six
brain sections corresponding to bregma �2.28, �2.34,
�2.39, �2.45, �2.50, and �2.56mm were analyzed; the SEM
for each animal was determined. Experiments containing
two groups were subjected to a two-tailed t-test, with a
significance level of po0.05.

Cresyl Violet Staining

Cresyl violet staining on adjacent cryostat cut sections was
carried out according to published procedures (Gold et al,
1997). Briefly, sections were dehydrated in an alcohol series,
rehydrated in distilled water, and stained in 0.3% cresyl
violet solution for 15 s. After brief rinses in distilled water,

followed by alcohol gradients, sections were mounted with
Permount and observed by light microscopy.

RESULTS

Regulation of Bcl-2, Bcl-xl, and Bax mRNAs by Repeated
Unpredictable Stress: In Situ Hybridization Studies

In initial studies, we focused our analyses on the regulation
of Bcl-2, Bcl-xl, and Bax mRNA expression from rats
subjected to RUS for 10 days. This paradigm, rather than
the daily restraint stress paradigm, was chosen to circum-
vent the possibility of rats habituating to repeated exposure
to the same stressful stimulus (Ortiz et al, 1996).
As illustrated in Figure 1a and b, exposing rats to a 10-day

period of unpredictable stress significant decreased Bcl-2
mRNA levels in rat Cg (25%; t¼ 2.86; p¼ 0.02) and lateral
Fr (21%; t¼ 3.24; p¼ 0.017) cortices. Bcl-2 was present at
lower levels in the adult hippocampus and no detectable
changes in expression were seen in this region. During
our ISH studies, in control rat sections, we observed a

Figure 1 RUS decreases levels of Bcl-2 mRNA in Cg and Fr cortical regions and in CeA. Stress downregulates levels of Bcl-xl mRNA in hippocampal
subfields (CA1, CA3, and DG). Representative film autoradiograms of Bcl-2 mRNA expression in the Cg, Fr cortices, CeA, and hippocampus; of Bcl-xl
mRNA expression in the cortex and CA1–CA3 and DG; of Bax mRNA expression in the cortex and hippocampus in control rats or those treated with RUS
for 10 days are presented in (a). The quantitative analysis of Bcl-2, Bcl-xl, and Bax mRNA expression is shown in (b), (c), and (d), respectively, expressed as
the percentage of change from the control7SEM (n¼ 4, *po0.05; **po0.01, two-tailed t-test). Cg, cingulate cortex; Fr, lateral frontal cortex; Par, parietal
cortex; CeA, central nucleus of the amygdala; CA1–CA3, pyramidal cell layers of the hippocampus; DG, dentate gyrus hippocampal layer (scale
bar¼ 1.6mm).
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prominent pattern of restrictive Bcl-2 mRNA expression in
the CeA. The CeA was identified by cresyl violet staining on
adjacent cryostat-cut sections. Interestingly, we found that
RUS markedly decreased Bcl-2 mRNA by 28% in the CeA
(t¼ 4.22; p¼ 0.005) (Figure 1a and b).
In contrast to Bcl-2 mRNA expression, in control

sections, Bcl-xl and Bax mRNAs were highly expressed in
hippocampal cell layers (Figure 1a). Bcl-xl mRNA was
significantly diminished by chronic stress in the CA1 (19%;
t¼ 2.85; p¼ 0.029), CA3 (23%; t¼ 2.56; p¼ 0.042) pyrami-
dal layers, and DG granule cell layer (21%; t¼ 2.62;
p¼ 0.039) (Figure 1a and c). Bcl-xl mRNA was unchanged
in cortical regions, Bax mRNA levels were not changed in
the brain regions examined (Figure 1d). Based on ISH
results obtained using sense and antisense cRNAs, we

concluded that we were unable to detect specific Bax and
Bcl-xl cRNA labeling in the CeA.

Regulation of Bcl-2, Bcl-xl, and Bax mRNA Levels by
Chronic Fluoxetine Administration

We next studied whether clinically effective antidepressants
would influence expression of the apoptotic genes. We
initially characterized long-term effects of the commonly
used serotonin-selective reuptake inhibitor, fluoxetine. In
cortical, amygdaloid and hippocampal brain regions,
fluoxetine-induced changes in mRNA expression were
opposite to those observed for stress. For example, in the
anterior Cg cortex, there was a 27% upregulation in Bcl-2
mRNA expression (t¼ 2.78; p¼ 0.027); similar increases

Figure 2 Chronic fluoxetine treatment increases Bcl-2 mRNA expression in the Cg, lateral Fr and parietal cortices, CeA, MeA and VMH, and
downregulates Bax mRNA expression in the CA1, CA3, and DG hippocampal layers. Representative film autoradiograms of Bcl-2 mRNA expression in the
Cg, Fr cortices, CeA, MeA, and VMH; of Bax mRNA expression in the CA1, CA3, and DG in control rats or those treated with chronic fluoxetine for 21
days are shown in (a). The quantitative analysis of Bcl-2, Bcl-xl, and Bax mRNA expression is shown in (b), (c), and (d), respectively, expressed as the
percentage of change from the control7SEM (n¼ 6, *po0.05; **po0.01, two-tailed t-test). Cg, cingulate cortex; Fr, lateral frontal cortex; Par, parietal
cortex; CA1–CA3, pyramidal cell layers of the hippocampus; DG, dentate gyrus hippocampal layer; CeA, central nucleus of the amygdala; MeA, medial
amygdaloid nucleus; VMH, ventromedial hypothalamus (scale bar¼ 1.8 and 0.9mm).
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were observed in the lateral Fr neocortex (21%; t¼ 2.34;
p¼ 0.04). In cortical regions, we found that the effects of
fluoxetine were more global and included significant
changes in the parietal cortex (16%; t¼ 2.48; p¼ 0.038;
Figure 2a and b). Chronic fluoxetine treatment also led to a
marked upregulation in Bcl-2 mRNA levels in the CeA
(28%; t¼ 2.70; p¼ 0.027) (Figure 2a and b). An examination
of the fluoxetine-treated ISH brain sections after exposing
film autoradiograms for 14 days revealed that this drug
regimen profoundly induced Bcl-2 mRNA in two discrete
brain nuclei, the MeA and VMH (Figure 2a and b). The CeA,
MeA, and VMH were identified from the Paxinos and
Watson Altas (Paxinos and Watson, 1986) on cresyl violet
staining performed on adjacent cryostat-cut sections. The
21-day regimen of chronic fluoxetine administration
markedly increased Bcl-2 mRNA expression by 58% in the
MeA (t¼ 3.91; p¼ 0.005) and by 51% in the VMH (t¼ 3.89;
p¼ 0.004) (Figure 2a and b). In contrast, fluoxetine did not
influence Bcl-2 mRNA expression in the hippocampus and
had no discernible effect on Bcl-xl mRNA levels in the
cortex and hippocampus (Figure 2c).

Densitometric analyses of Bax mRNA expression revealed
an interesting pattern of regulation. As seen in Figure 2, a
small but significant decrease of 14% in the CA1 (t¼ 4.09;
p¼ 0.002), 22% in the CA3 (t¼ 4.94; p¼ 0.005), and 16% in
DG (t¼ 3.39; p¼ 0.007) in Bax mRNA levels was detected
(Figure 2d). Fluoxetine treatment did not influence Bax
levels in the cortex.

Regulation of Bcl-2, Bcl-xl, and Bax mRNA Levels by
Chronic Reboxetine Administration

Regulation of the apoptotic genes by chronic administration
of the norepinephrine-selective reuptake inhibitor rebox-
etine was next examined. Among the cortical areas
analyzed, a significant increase in Bcl-2 mRNA expression
with repeated reboxetine treatment was seen mainly in
the Cg (24%; t¼ 3.19; p¼ 0.010) and Fr (14%; p¼ 2.36;
t¼ 0.041) (Figure 3a and b) cortices, but not in the parietal
cortex. Similar to the increases observed with fluoxetine
treatment, reboxetine dramatically upregulated Bcl-2
mRNA by 27% in the CeA (t¼ 3.09; p¼ 0.012), 66% in the

Figure 3 Chronic reboxetine treatment increases Bcl-2 mRNA expression in the Cg and Fr cortices, CeA, MeA and VMH, and increases Bcl-xl mRNA
expression in the CA1, CA3, and DG hippocampal subfields. (a) Representative film autoradiograms of Bcl-2 mRNA expression in the Cg and Fr cortices,
MeA, and VMH in control rats or those treated with chronic reboxetine (21 days). The quantitative analysis of Bcl-2 (b), Bcl-xl (c), and Bax mRNA
expression (d) is expressed as the percentage of change from the control7SEM (n¼ 5–6, *po0.05; **po0.01, two-tailed t-test). Cg, cingulate cortex; Fr,
lateral frontal cortex; Par, parietal cortex; CA1–CA3, pyramidal cell layers of the hippocampus; DG, dentate gyrus hippocampal layer; CeA, central nucleus of
the amygdala; MeA, medial amygdaloid nucleus; VMH, ventromedial hypothalamus (scale bar¼ 1.6mm).
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MeA (t¼ 3.64; p¼ 0.006), and 74% in the VMH (t¼ 5.74;
p¼ 0.0002) (Figure 3a and b).
Reboxetine had no effect on Bcl-xl mRNA expression in

cortical regions. However, significant differences were
observed in the hippocampus, particularly in the CA1
(22%; t¼ 2.54; p¼ 0.03), CA3 (18%; t¼ 2.85; p¼ 0.009), and
DG (19%; t¼ 2.45; p¼ 0.037) cell layers (Figure 3c).
Reboxetine administration had no influence on Bax mRNA
levels in either cortical or hippocampal regions (Figure 3d).

Regulation of Bcl-2, Bcl-xl, and Bax mRNA Levels by
Chronic Tranylcypromine Administration

The influence of another class of antidepressant, the
monoamine oxidase inhibitor tranylcypromine, on mRNA
expression levels of the Bcl-2 family members was
determined. Mirroring the effects observed with reboxetine,
chronic administration of tranylcypromine increased Bcl-2
mRNA by 24% in the Cg cortex (t¼ 3.73; p¼ 0.006), 18% in
the superficial layers of the Fr cortex (t¼ 2.84; p¼ 0.023),
and by 22% in the CeA (t¼ 2.92; p¼ 0.017) (Figure 4a

and b). Again, a dramatic induction of 69 and 87% was
observed in the MeA and VMH (t¼ 3.77; p¼ 0.005, t¼ 6.07;
po0.0002) (Figure 4b).
An examination of Bcl-xl mRNA expression revealed

significant changes in the CA1 and CA2 regions (18%;
t¼ 2.67; p¼ 0.026, 17%; t¼ 2.39; p¼ 0.04). Additionally, an
increase of 15% in the CA3 (t¼ 4.39; p¼ 0.002) and of 24%
in the DG (t¼ 3.94; p¼ 0.003) was also observed (Figure 4c).
Different from the upregulation observed with fluoxetine
treatment, tranylcypromine did not alter levels of Bax
mRNA levels in the hippocampus (Figure 4d).

Regulation of Bcl-2, Bcl-xl, and Bax mRNA Levels by
Chronic ECS

To examine the possibility that changes in Bcl-2, Bcl-xl, and
Bax mRNAs also occur in response to a nonchemical ADT,
we examined the influence of chronic ECS on mRNA
expression. ECS is clinically the most effective treatment for
refractory depression and is only efficacious after chronic
administration.

Figure 4 Chronic tranylcypromine treatment upregulates Bcl-2 mRNA expression in the Cg and lateral Fr cortical areas, CeA, MeA and VMH, and
enhances Bcl-xl mRNA expression in the CA1, CA2, CA3, and DG hippocampal subfields. Representative film autoradiograms of Bcl-2 mRNA expression in
the Cg and Fr cortex, MeA, and VMH and hippocampus are shown in (a). The quantitative analysis of Bcl-2, Bcl-xl, and Bax mRNA expression is shown in
(b), (c), and (d), respectively, expressed as the percentage of change from the control7SEM (n¼ 6, *po0.05; **po0.01, two-tailed t-test). Cg, cingulate
cortex; Fr, lateral frontal cortex; Par, parietal cortex; CA1–CA3, pyramidal cell layers of the hippocampus; DG, dentate gyrus hippocampal layer; CeA, central
nucleus of the amygdala; MeA, medial amygdaloid nucleus; VMH, ventromedial hypothalamus (scale bar¼ 1.6mm).
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Interestingly, in contrast to chemical ADT, labeling
densities for Bcl-2 remained unchanged by chronic ECS in
the MeA and VMH. Mirroring the global effects of
fluoxetine in cortical regions, ECS (10 days) resulted in
significant changes in levels of Bcl-2 mRNA in the anterior
Cg (33%; t¼ 5.3; p¼ 0.002), lateral Fr (28%; t¼ 4.43;
p¼ 0.004), and parietal (24%; t¼ 2.5; p¼ 0.036) cortices.
An upregulation of Bcl-2 was seen in the CeA (32%; t¼ 4.74;
p¼ 0.001) (Figure 5a).
An examination of Bcl-xl mRNA by chronic ECS revealed

significant increases of 20% in the CA1 (t¼ 5.02; p¼ 0.002)
and 27% in the DG (t¼ 4.77; p¼ 0.003) (Figure 5b). No
prominent changes in Bcl-xl expression were observed in
other brain regions. Chronic ECS did not have significant
effects on Bax mRNA levels (Figure 5c).
A summary of the stress and ADT regulation of apoptotic

gene expression by ISH is given in Table 1.

RNAse Protection Analysis of Bcl-2, Bcl-xl, and Bax
mRNAs in Frontal Cortex and Hippocampus: Regulation
by Stress, Fluoxetine, and Tranylcypromine

Regulation of apoptotic protein mRNAs was further
examined by RNAse protection analyses of dissected brain
tissue. The riboprobes designed for RNAse protection
protect 270 bp of Bcl-2 mRNA, 275 bp of Bcl-xl mRNA,
and 272 bp of Bax mRNA, respectively.
We initially examined the regulation of these mRNAs

following exposure to the RUS paradigm (Figure 6a). The
ISH results demonstrated that the most consistent regula-
tion of Bcl-2 and Bcl-xl mRNAs was observed in the Cg and
Fr cortices and hippocampus, respectively; hence this is
where we focused our RPA studies. The Fr cortical–
dissected tissue used for our studies included the anterior
Cg cortical regions.
Similar to the changes observed in our quantitative ISH

studies, exposure to the 10-day RUS paradigm significantly
decreased the expression of Bcl-2 by 43% in rat Fr cortex
(t¼ 2.45; p¼ 0.03). Bcl-xl and Bax expression was un-
changed (Figure 6a and b). In hippocampal tissue, levels of
Bcl-xl, and not Bcl-2 or Bax, were robustly downregulated
by 38% in response to RUS (t¼ 3.55; p¼ 0.004), effects that
were consistent with the ISH results.
We next performed RPA analysis on repeated fluoxetine-

treated rat brain tissue. Administration of fluoxetine for 21
days significantly increased levels of Bcl-2 mRNA by 53% in
the Fr cortex (t¼ 2.66; p¼ 0.024). An examination of Bax
levels in the hippocampus revealed that fluoxetine down-
regulated its expression levels by 36% (t¼ 2.66; p¼ 0.024).
Bcl-xl expression was not influenced in the Fr cortex or
hippocampus by fluoxetine treatment (Figure 6c).
We also examined regulation of Bcl-2, Bcl-xl, and Bax

mRNAs following administration of the chemical ADT,
tranylcypromine. RPA analysis showed that rats treated
with the MAO-inhibitor antidepressant, had higher levels of
Bcl-2 in the Fr cortex. Although these increases were smaller
than that observed following fluoxetine treatment, they
were still statistically significant (34%; t¼ 2.93; p¼ 0.014).
In contrast to the changes observed following fluoxetine
administration, Bcl-xl, but not Bax, mRNA was clearly
upregulated in the hippocampus (45%; t¼ 3.14; p¼ 0.01).
Levels of Bax and Bcl-xl were unchanged in Fr cortical tissue

(Figure 6d). These data support the results of our ISH
studies and demonstrate that chronic ADT selectively
regulates expression of critical apoptotic family members
in cerebral cortex and hippocampus.

Figure 5 Chronic electroconvulsive seizures (ECS) selectively increase
Bcl-2 mRNA expression in the Cg, lateral frontal, and parietal cortices and
in the CeA. Bcl-xl mRNA expression is increased in the CA1 and DG
hippocampal layers. (a) The quantitative analysis of Bcl-2, Bcl-xl (b), and Bax
mRNA (c) expression, expressed as the percentage of change from the
control 7 SEM (n¼ 4, *po0.05; **po0.01, two-tailed t-test). Cg,
cingulate cortex; Fr, lateral frontal cortex; Par, parietal cortex; CA1–CA3,
pyramidal cell layers of the hippocampus; DG, dentate gyrus hippocampal
layer; CeA, central nucleus of the amygdala; MeA, medial amygdaloid
nucleus; VMH, ventromedial hypothalamus.
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DISCUSSION

Our data provide direct evidence that the Bcl-2 family of
pro- and antiapoptotic genes represents an important
cellular adaptation in brain following exposure to RUS
and ADT treatments. Using ISH and RPA, we demonstrate,
for the first time, that there is a clear regional selectivity in
the regulation of the three main apoptotic family members
in response to stress. In the hippocampus, stress down-
regulated the expression of Bcl-xl mRNA whereas within
limbic regions of the Cg and Fr cortical regions, Bcl-2 levels
were decreased. Importantly, we report opposite regulation
of Bcl-2 mRNA in the CeA by stress and antidepressants and
robust induction of Bcl-2 by chemical ADT in the MeA and
VMH.
The results show that repeated episodes of unpredictable

stress selectively reduce hippocampal Bcl-xl mRNA levels,
without altering Bcl-2 mRNA expression in this region. This
is in contrast to previous reports demonstrating reduced
Bcl-2 immunoreactivity (using a 3-day restraint stress
paradigm) or lowered Bcl-2 mRNA expression (using
repeated immobilization stress) in the hippocampus (Luo
et al, 2004; Yun et al, 2003). An explanation for these
discrepancies could be due to the different stress paradigms
used as well as methodological techniques. Using immuno-
histochemistry, we have found that the Bcl-2 antibody used
in the restraint stress study is nonspecific due to its labeling
Bcl-2 protein in Bcl-2 null mutant mice (C D’Sa, KA Roth,
and RS Duman, unpublished observations). Another reason
that Bcl-2 gene expression remained unaltered in the
hippocampal regions could be due to the low baseline
Bcl-2 mRNA levels. Consistent with results of previous
work, we observed that in the adult brain, particularly in the
hippocampus, Bcl-xl (Hamner et al, 1999) and Bax
(Deckwerth et al, 1996) are highly expressed, whereas Bcl-
2 is present at low levels (Merry et al, 1994). The selective
decrease in Bcl-xl within the CA1, CA3, and DG suggests
that this antiapoptotic gene, rather than Bcl-2, modulates
apoptotic cell death in the hippocampus in response to
repeated stress.

In contrast to the hippocampus, less is known about the
Fr cortex and other limbic structures following stress
exposure. Previous work has shown that exposure to 21
days of restraint stress in rats decreased the length and
number of branch points of dendrites in the anterior Cg and
prelimbic cortices (Radley et al, 2004). Neuroimaging and
postmortem studies have clearly demonstrated reductions
in frontal lobe volumes and decreases in cell number and/
size in anterior Cg, dorsolateral, prefrontal, subgenual, and
orbitofrontal cortices (Rajkowska, 2000; Si et al, 2004). The
higher cognitive areas of the anterior Cg, Fr cortices, and
CeA where we observed regulation of Bcl-2 correspond well
with regions where volumetric and structural impairments
are observed in patients with depression.
A novel and important finding in our study is the spatially

restricted pattern of Bcl-2 mRNA expression in the CeA as
well as its downregulation by stress in this region. Our
mRNA expression pattern corresponds well with a recent
Bcl-2 immunohistochemical mapping study showing Bcl-2
immunoreactivity in the MeA, as well as in the CeA (Fudge,
2004). In our study, basal levels of Bcl-2 mRNA were very
low in the MeA and were not regulated by stress in this
region. The amygdala plays a key role in fear conditioning,
anxiety, and emotional responses to stress (Carter et al,
2004). Because of the anatomical and functional connec-
tions between the DG and the amygdala, abnormal
modulation of hippocampal–amygdala pathways may con-
tribute to chronically hypersensitive stress and fear
responses (McEwen, 2005). Postmortem studies have shown
significant reductions in oligodendrocyte density and glia/
neuron ratio in the amygdala of individuals with major
depressive disorder, without a change in neuronal density
(Hamidi et al, 2004). In our study, there was no effect of
stress on Bax, suggesting that the effects of stress are not
mediated by regulation of mRNA of this proapoptotic
factor. Rather, our results suggest that decreased expression
of the antiapoptotic gene, Bcl-2 and the possible modulation
of Bcl-2 protein levels could contribute to a change in the
Bcl-2/Bax ratio and the apoptosis/cellular loss observed in
cortical and amygdaloid brain regions.

Table 1 Region-Specific Regulation of Apoptotic Genes by Stress and Antidepressant Treatments

Stress FLX REBOX/TCP ECS

Region Bcl-2 Bcl-xl Bax Bcl-2 Bcl-xl Bax Bcl-2 Bcl-xl Bax Bcl-2 Bcl-xl Bax

Cg Down F F Up F F Up F F Up F F

Fr Down F F Up F F Up F F Up F F

Par F F F Up F F F F F Up F F

CA1 F Down F F F Down F Up F F Up F

CA3 F Down F F F Down F Up F F F F

DG F Down F F F Down F Up F F Up F

CeA Down ND ND Up ND ND Up ND ND F ND ND

MeA ND ND ND Up ND ND Up ND ND F ND ND

VMH ND ND ND Up ND ND Up ND ND F ND ND

Abbreviations: F, no change; ND, not determined; Cg, anterior cingulate cortex; Fr, lateral frontal cortex; Par, parietal cortex; CA1–CA3, pyramidal cell layers of the
hippocampus; DG, dentate gyrus hippocampal layer; CeA, central nucleus of the amygdala; MeA, medial amygdaloid nucleus; VMH, ventromedial hypothalamus;
ECS, electroconvulsive seizures; FLX, fluoxetine; REBOX, reboxetine; TCP, tranylcypromine.
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Our data demonstrate a complex region-selective regula-
tion of Bcl-2 and Bcl-xl by RUS and raise the possibility that
these changes may play a role in mediating the region-
specific apoptotic cell death observed in brain structures
following stress exposure. A study using the terminal
deoxynucleotidyl transferase biotin-dUTP nick-end labeling
(TUNEL) staining, has shown that tree shrews exposed to
chronic psychosocial stress exhibited region-specific
changes in apoptotic cell death (Lucassen et al, 2001a).
Stress increased the number of apoptotic cells in the
temporal cortex, but decreased it in the hippocampal
pyramidal cell layers (Lucassen et al, 2001a). Particularly,
within the hippocampus, there is a close association
between apoptosis and neurogenesis and the precise balance
drives the continuous turnover of cells in this region (Biebl
et al, 2000; Heine et al, 2004). Besides slowing down
neurogenesis, stress and steroid hormones temporally
reduce the dentate cell turnover, by modulating the ongoing
rate of apoptosis (Lucassen et al, 2006; Czeh and Lucassen,
2007). Although, the impact of chronic stress on total
hippocampal cell number and volume is modest (o10%)
and these changes are transient, the functional conse-
quences on dentritic arborization and synaptic plasticity
over time could contribute to the structural impairments
observed in depressive disorders (Lucassen et al, 2006;
Czeh and Lucassen, 2007).
The regional specificity for regulation Bcl-2, Bcl-xl, and

Bax by different antidepressants is interesting. In general,
Bcl-2 mRNA changes by all three chemical antidepressants
(ie a 5-HT and norepinephrine-selective reuptake inhibi-
tors, fluoxetine, and reboxetine, respectively, a monoamine
oxidase inhibitor, tranylcypromine) as well as the non-
chemical ECS were pronounced in the central amygdala and
medial Cg cortex, in a direction opposite to that induced by
stress. Global cortical regulation in Bcl-2 mRNA was seen by
fluoxetine and chronic ECS treatments. An interesting
observation was the dramatic increase in Bcl-2 mRNA
levels by the different chemical antidepressants in the MeA
and VMH where the magnitude of the changes was greater
than for any apoptotic mRNAs observed in the other brains
regions. There is considerable evidence that these two
regions are key anatomical substrates for social-defensive
behaviors and feeding-related satiety pathways (Swanson,
1999). These areas are only recently beginning to be
explored in adaptive responses to ADT (Georgescu et al,
2005). Our data demonstrating regulation of Bcl-2 in these
areas by chemical antidepressants, and not ECS, are novel
findings defining a hypothalamic–limbic brain circuitry that
is implicated in adaptive responses to chemical antidepres-
sant action. Hypothalamic and amygdaloid abnormalities
contribute to alterations in appetite, libido, and autonomic
function possibly contributing to the altered mood/anhe-
donia observed in depressed patients (Nemeroff, 2003;
Nestler and Carlezon, 2006). It is possible that induction of
Bcl-2 mRNA in this region represents an adaptation to
normalize these abnormalities. The increased Bcl-2 expres-
sion in the amygdala is noteworthy in context of a recent
study showing that mice with a targeted mutation of the Bcl-
2 gene demonstrated significant increases in anxiety-like
behaviors in animal models (Einat et al, 2005).
Our results also showed that reboxetine, tranylcypromine,

and ECS increased Bcl-xl in the CA1 and DG, effects that are

Figure 6 Region-specific decreases in Bcl-2, Bcl-xl, or Bax mRNA levels
following exposure to RUS and administration of two different classes of
chemical antidepressants. RNAse protection analyses of Bcl-2 and Bcl-xl
show significant changes in Fr cortex and hippocampus. Representative film
autoradiograms for sham controls (C) and repeated unpredictable stress
(RUS) samples in Fr cortex and hippocampus are presented in (a) above
their representative histogram bar in (b). The data are expressed as the
percentage of change from the control7SEM (n¼ 7, *po0.05; **po0.01,
two-tailed t-test). (c) The quantitative analysis of Bcl-2, Bcl-xl, and Bax
mRNA levels samples in frontal cortex and hippocampus following
administration of fluoxetine (21 days), expressed as the percentage of
change from the control7SEM (n¼ 6, *po0.05; **po0.01, two-tailed
t-test). (d) The quantitative analysis of Bcl-2, Bcl-xl, and Bax mRNA levels
samples in frontal cortex and hippocampus following administration of
tranylcypromine for 21 days, expressed as the percentage of change from
the control (n¼ 6, *po0.05; **po0.01, two-tailed t-test).
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opposite to the actions of stress. These drugs are known to
increase the proliferation and survival of newborn neurons
in the DG of adult animals (Malberg et al, 2000; Nakagawa
et al, 2002), and it is possible that upregulation of Bcl-xl
contributes to the cell survival effects of antidepressants.
Unlike Bcl-2, the antiapoptotic Bcl-xl is highly expressed in
the adult hippocampus under basal conditions and may
play a role in modulating apoptosis in this region in vivo. In
a recent report, Chiou et al (2006) demonstrated that
hippocampus-derived neural stem cells treated with the
ADT, moclobemide (an MAO inhibitor) differentiated in
vitro into neural cells that had features of serotonergic
neurons and required the ERK signaling pathway; more-
over, this process was correlated with a corresponding
increase in Bcl-2 and Bcl-xl mRNA expression (Chiou et al,
2006). In another study, chronic administration of the ADT,
tianeptine (a serotonin releaser), significantly reduced
apoptosis in the DG and temporal cortex, in control as well
as in stressed rats, although no changes were observed in
the pyramidal hippocampal layers (Lucassen et al, 2004).
Although yet to be tested, it is conceivable that the ADT-
induced increase in Bcl-xl expression in the hippocampus
may not correspond with a significant change in the
ongoing apoptotic cell death in the hippocampus. Never-
theless, it is well documented that independent of its
neurotrophic effects, Bcl-xl influences synaptic stability and
modulates neurotransmission (Jonas et al, 2003). Our data
raise the possibility that the ADT-mediated Bcl-xl upregula-
tion in the hippocampus may also contribute to synaptic
stability in this region.
Interestingly, chronic fluoxetine administration did not

influence Bcl-2 or Bcl-xl expression in the CA1 and DG but
it was the only antidepressant that decreased levels of the
proapoptotic protein, Bax in CA1, CA3, and DG subfields of
hippocampus. It would be interesting in future studies to
determine if the fluoxetine-induced downregulation in Bax
expression translates into a corresponding decrease in Bax
protein levels as well as a decrease in ongoing rate of
apoptotic cellular death. The apoptotic process is critically
controlled by the Bcl-2/Bax ratio and Bcl-xl/Bax ratios. A
change in any one of these proteins could alter this ratio
triggering cell survival or cell death. Excess amounts of
proapoptotic Bax in its active form can also directly induce
cytochrome c release, resulting in formation of the
apoptosome complex composed of Apaf-1, caspase-9, and
ATP, triggering cell death (Korhonen et al, 2003; Roucou
and Martinou, 2001). From studies using Bax null mutant
mice, it has recently been shown that in the adult
hippocampus, programmed cell death as well as prolifera-
tion, migration, and maturation of adult-generated DG
neurons is mainly dependent on Bax (Sun et al, 2004). On
the other hand, the neuroprotective effects of fluoxetine in
the hippocampus are only recently coming to light. In a
maternal separation paradigm, fluoxetine treatment re-
versed the stress-induced increases in TUNEL immuno-
reactive cells in the hippocampus DG (Lee et al, 2001).
The reasons for these regional differences between

fluoxetine and the other drugs in regulating Bcl-xl and
Bax levels in the hippocampus are unknown. The hippo-
campus receives diffuse projections from both the NE and
5-HT neurotransmitter systems (Blier and de Montigny,
1994). It is possible that a different dose of drug may be

required. Another explanation is that the Bcl-xl responses to
fluoxetine treatment and the Bax responses to stress,
reboxetine, tranylcypromine, and ECS treatments may be
associated with translational and post-translational changes
in Bax protein or the translocation of Bax from one
membrane compartment to another. Further co-immuno-
precipitation, subcellular fractionation, and immunoblot-
ting studies will be necessary to study the effect of stress and
different ADTs on post-translational and translocation
changes in Bcl-2, Bcl-xl, and Bax proteins.
The molecular and cellular mechanisms underlying the

differential regulation of Bcl-2 and Bcl-xl mRNAs is
unknown. In vitro studies have shown that the Bcl-xl gene
promoter is regulated by NF-kB and its expression is
regulated by the MAPK signaling pathway (Marinari et al,
2004; Yu et al, 2005) The Bcl-2 promoter contains a CRE
that mediates its responsivity to the transcription factor
(CREB) (Bonni et al, 1999; Riccio et al, 1999). Withdrawal of
trophic support as well as an inhibition of CREB transcrip-
tion triggers apoptosis in neurons. Stress, glucocorticoids,
and antidepressants exert opposing effects on neurotrophic
factors such as nerve growth factor and BDNF that maintain
the survival and function of brain cells by suppressing
cellular apoptotic signaling (Manji and Duman, 2001).
Exposure to stress downregulates BDNF levels in the
amygdala, hippocampus, and cortex (Pizarro et al, 2004;
Smith et al, 1995). The known signaling pathways that
mediate the effects of the neurotrophic factors on Bcl-2 and
Bcl-xl are the Rsk/MAP pathway, JNK pathway, and the PI-
3K/AKT pathway (Manji and Duman, 2001; Bonni et al,
1999; Riccio et al, 1999). Stressors such as forced-swim and
restraint stress induce activation of the MKK4-JNK signal-
ing pathway in the hippocampus, amygdala, and hypotha-
lamus (Liu et al, 2004). Although stimulation of this
signaling pathway acutely influences the phosphorylation
states and membrane translocations of the apoptotic
proteins, it is possible that long-term sustained stimulation
of this pathway as well as circulating glucocorticoids caused
by chronic stress downregulates Bcl-2 and Bcl-xl gene
expression as a compensatory response. ADT on the other
hand, increases BNDF levels and blocks the downregulation
of this factor by stress (Nibuya et al, 1995). Chronic ADT
upregulates the cAMP-CREB cascade and CRE-mediated
gene transcription in the cortex, amygdala, hypothalamus,
and hippocampus (Frechilla et al, 1998; Thome et al, 2000).
These are the same areas where we observed an increase in
Bcl-2 and Bcl-xl/mRNAs. The long-term sustained upregu-
lation of CREB and BDNF could increase Bcl-2 gene
transcription in the cortex, hypothalamus, and amygdala
and account for the increased expression observed in our
study.
In summary, the results of the present study provide

evidence that stress and antidepressant drugs exert oppos-
ing actions on the expression of Bcl-2, Bcl-xl, and Bax in a
region-specific manner in limbic brain structures. We
acknowledge that the modest changes in mRNA levels
observed in our study do leave open the question of whether
the changes in Bcl-2 family genes mRNA are essential and/
or sufficient for opposing behavioral changes caused by
RUS and antidepressants. We understand that the juxtapo-
sition of RUS and antidepressants in this study is based on
the underlying assumption that RUS is, at least in part, a
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valid animal model of depression (Henn and Vollmayr,
2005). Our data suggest that there may be a relationship
between stress and ADT through their opposing effects on
the apoptotic gene expression.
A major goal of future work will be to examine whether

ADT reverses the effects of stress on pro- and antiapoptotic
gene expression in this RUS model as well as in other
animal models of depression. Another critical question in
future studies would be to examine the cell types in which
these mRNA changes take place, the functional conse-
quences of apoptotic gene regulation in particular brain
areas, and whether these mRNA changes actually corre-
spond with alterations in apoptotic cell death. Besides the
TUNEL staining currently used, more precise staining
techniques such as activated caspase assays would be
needed to address this issue. Finally, it would be important
to determine whether equivalent changes occur in apoptotic
protein levels and if translocation and post-translation
modifications of these proteins take place. It is possible that
the alterations in levels of mRNA for anti- and proapoptotic
factors observed in the present study reflect early stages of
cell survival and/or apoptosis, and that there may not be
corresponding changes in cell death until much longer
periods of stress or ADT.
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