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Abstract
Stress-mediated loss of synaptogenesis in the hippocampus appears to play a role in depressive and
mood disorders. However, little is known about the effect of stress/depression on the plasticity and
survival of cortical neurons. In this report, we have examined whether chronic stress increases the
vulnerability of neurons in the rat cortex. We have used a chronic unpredictable mild stress (CMS)
as a rat model of depression. CMS (5 weeks treatment) produced anedonia and increased
corticosterone levels. These effects were accompanied by a detectable increase in caspase-3 positive
neurons in the cerebral cortex, suggesting apoptosis. Desipramine, a well known antidepressant,
reversed the pro-apoptotic effect of CMS. These results suggest that antidepressants may reduce the
pathological changes seen in stress-induced depressive disorders.
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Although depression has been associated with impaired neurotransmitter function, particularly
in the noradrenergic and serotonergic systems [8,20], the monoamine hypothesis no longer
provides a satisfactory explanation of the mode of action of antidepressant agents or the
underlying pathology of depression. Indeed, the last two decades have seen a proliferation of
studies examining alternative mechanisms to elucidate the therapeutic efficacy of
antidepressants. These include the effect of antidepressants on neurogenesis in adult
hippocampus of rodents [25,38] and non-human primates [35], as well as cortical synaptic
strength in vitro [3].

Postmortem brains of patients with major depression exhibit loss of neuronal and glial density
[11,19,32,34]. In addition, stress, a risk factor for depression in humans, evokes in animals
dendritic shrinkage and cell loss within the hippocampus [15,27]. Loss of neurons is seen also
in animal models of stress that mimic human depression [15]. The hippocampus appears to be
particularly sensitive to stress stimuli in both animals and humans as this brain area undergoes
selective volume reduction and dendritic retraction. Thus, it has been suggested that depression
may be associated with decreased hippocampal plasticity, and that antidepressants may prevent
the neuronal atrophy seen in depressed patients. However, relatively little is known about the
effect of stress or depression on cortical neurons. In this study, we examined whether depression
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affects neuronal survival in the cerebral cortex. To induce depression in rats, we used an animal
model of depression termed chronic unpredictable mild stress (CMS). This model, which has
already been characterized and validated by a number of investigators [29,30,37,40], relies on
the fact that rats receiving unpredictable chronic stressful stimuli develop core symptoms of
major depression, including anhedonia, decreased place preference conditioning and impaired
grooming response. We report a novel effect of CMS on cortical plasticity which is reversed
by chronic antidepressant treatments.

Adult male Sprague-Dawley rats (180–250 g; Taconic, Germantown, NY) were housed three
per cage in a temperature-controlled environment with a 12 hr light/dark cycle. All handling
procedures were in accordance with the National Institute of Health Guide for the care and use
of laboratory animals and were approved by the Georgetown University Institutional Animal
Care and Use Committee. Rats were trained to consume 1% (w/v) sucrose solution before
starting the CMS protocol. Training consisted of three 1-hr tests (Monday, Wednesday and
Friday), in which animals could select between two preweighted bottles, one with 1% sucrose
solution and one with tap water, after 20 hr food and water deprivation. Animals were then
randomly assigned to control and stressed groups. For 5 weeks, rats received no CMS or daily
stressor stimuli according to Table 1. This procedure was adapted from Moreau et al. [30].
Stressor stimuli were applied to the CMS group at a different time each day to elicit
unpredictability. Moreover, CMS rats were handled with gloves (Stainless-Steel Mesh Gloves,
A5151, Fisher Scientific) to induce an additional undesirable confinement. Both food and water
were removed the night before the sucrose test which was conducted once a week (Wednesday).
Animals were then allowed to drink 1% sucrose solution or tap water, and tested for increased
preference for the sweet solution by monitoring the amount of sucrose consumed in a 1-hr test.
Consumption of sucrose fell in the CMS group starting at 3 weeks of stress (Fig. 1). By 4 weeks
of CMS, sucrose intake was further reduced, and it remained low when the animals were tested
the following week (Fig. 1). This is not due to the inability of CMS animals to drink, because
the amount of tap water consumption did not decrease throughout the experiments (week 1=
1.9 ± 0.5 g, week 5 = 2.0 ± 0.4 g). These data confirm previous observations that CMS causes
a reduction in the consumption of palatable sucrose solution and validate the notion that CMS
is a useful animal model for the study and understanding of the pathophysiological mechanisms
underlying depressive states [5,40].

The hypothalamic pituitary adrenal axis (HPA) is an essential component of an individual’s
capacity to cope with stress. Excessive stimulation of HPA has been implicated in depression
[13,21]. Glucocorticoid secretion from the adrenal medulla is a valid measurement of HPA
activation. Therefore, we determined plasma corticosterone levels in non-CMS and CMS rats.
To provide a correlation between HPA activation and anhedonia, corticosterone levels were
measured after 1 or 5 weeks of CMS. Animals were sacrificed at 2 and 24 hr after the restrain
test on Monday afternoon of the second or sixth week treatment. CMS-treated rats exhibited
higher corticosterone levels than controls (Fig. 2). However, corticosterone levels in rats
exposed to CMS for 5 weeks (Fig. 2B) were significantly higher than those exposed to CMS
for only 1 week (Fig. 2A) at both 2 and 24 hr. These data support a previous suggestion that
CMS induces an alteration in the dynamics of HPA axis [14].

Postmortem brains of depressed patients show DNA fragmentation and neuronal apoptosis,
suggesting an enhanced neuronal vulnerability in depression [23]. Neuronal loss and reduced
neurogenesis have also been seen in animal models of mood disorders [7,15,23]. Neuronal cell
death may occur through two mechanisms, an acute form, or necrosis, that occurs rapidly, or
the delayed form, apoptosis [41]. The former cannot be prevented efficiently because it tends
to be prominent following more extreme conditions such as ischemic insults or mechanical
injury. Apoptosis in mammalian cells can be controlled by several pro-apoptotic genes. Among
others, cysteine proteases or caspases are crucial for cell death [41]. Caspases are synthesized
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as inactive pro-enzymes and are activated by proteolytic cleavage. Multiple caspases may
activate one another in a sequential cascade manner. For example, caspases such as 8 and 9
are activated early on, whereas caspase-3 is a frequent downstream effector in the cascade.
When stimuli activate caspase-3 in neurons, these cells are committed to die [41]. Thus,
activation of caspase-3 is essential in neuronal apoptosis.

These considerations prompted us to test the hypothesis that CMS may induce caspase-3
dependent apoptotic cell death. Rats received CMS for 5 weeks. At the end of the fifth week,
rats were anesthetized and prepared for histological analyses. Serial cross sections throughout
the cortex (frontal to occipital) were prepared and stained with an antibody against the activated
(cleaved) form of caspase-3, as previously described [2,33]. Moreover, to examine whether
neurons are sensitive to CMS, double labeling was carried out using Nissl staining or NeuN,
markers for neuronal cell bodies. To generate a semi quantitative analysis of apoptosis,
caspase-3 positive cells in the frontal cortex were counted in serial sections using a 20X
objective and MetaMorph® Imaging software (Universal Imaging Corporation™,
Downingtown, PA) as previously described [2,33]. Little or no caspase-3 positive cells were
detected in the cortex of control (non-CMS) rats (Figs. 3A and C). Instead, caspase-3 positive
cells were observed in CMS rats (Figs. 3B and C). These cells were mostly localized in layer
V of the cortex and were Nissl (Fig. 3B) or NeuN positive (data not shown), suggesting neurons.
We exclude that CMS evokes apoptosis only in the cortex because we also detected few
caspase-3 positive cells in a small portion of the CA1 region of the hippocampus (data not
shown). Because this investigation focuses on the effect of CMS on the cerebral cortex, and
the effect of chronic stress on the pathophysiology of the hippocampus is well documented
(reviewed in [27]), we did not quantify the extent of caspase-3 positive cells in the hippocampus
or other brain areas. Nevertheless, our data, together with those showing that chronic stress
up-regulates proapoptotic proteins in the cortex [16,24], are significant because they reveal
that the cerebral cortex can also be sensitive to the deleterious effect of stress.

The data presented here confirm that chronic stress/depression, in addition to suppressing
neurogenesis [23], may also trigger apoptosis [9,24]. At present, it is unclear why only some
populations of neurons are affected by CMS and which mechanisms are responsible for
activation of caspase-3. Caspase-3 positive neurons in CMS rats resembled, morphologically,
pyramidal cells (Fig. 3B). These neurons are glutamatergic. Low but persistent levels of
glutamate or other excitatory amino acids such as N-methyl-D-aspartate (NMDA), have been
shown to cause apoptosis [1]. NMDA receptor antagonists have antidepressant-like properties
(reviewed in [36]). Thus, NMDA receptors may play a role in the pathological findings
described here. On the other hand, the apoptotic neurons seen after CMS may express
glucocorticoid receptors. Glucocorticoids have been shown to cause neuronal damage [17].
Moreover, severe, prolonged stress has been shown to induce neuronal death through apoptosis
[9,24]. Thus, the hyperactivity of the HPA axis obtained in rats after 5 weeks CMS may be
responsible for the apoptosis seen in some cortical neurons. Apoptosis is also caused by the
pro-inflammatory cytokine interleukin 1-β[6] whose expression has been shown to increase
by CMS [14]. Exogenous administration of this cytokine produces depressive-like symptoms
[28]. Therefore, CMS-induced apoptosis may be the result of glucocorticoids working in
concert with inflammatory cytokines and excitatory amino acids. More anatomical and cellular
studies aimed at revealing the phenotype of neurons undergoing apoptosis in CMS will help
define the proapoptotic mechanisms of CMS.

Recent data have suggested that the therapeutic action of antidepressants may include their
effect on neuronal survival. In fact, antidepressants reduce tissue atrophy in depressed patients
[39], as well as in animal models of depression [7,38]. The rat CMS model has been used to
test the pharmacological properties of antidepressants (reviewed in [40]). Therefore, we
examined whether neuronal apoptosis could be reversed by a chronic treatment with
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desipramine (DMI). CMS was delivered for two weeks. On Monday of the third week, we
started DMI (10 mg/kg; Sigma, St Louis, MO) or saline treatment (daily subcutaneous
injection). DMI or saline continued for two more weeks along with CMS. Animals were
sacrificed on Monday of the sixth week and their brains prepared for analysis of caspase-3
positive neurons. We observed a decrease in apoptotic neurons in CMS rats receiving DMI
when compared to CMS rats treated with saline (Fig. 3C). Taken together, these data suggest
that antidepressant clinical efficacy may include both their anti-apoptotic property as well as
induction of neurogenesis. It remains to be established whether the anti-apoptotic property of
DMI is shared by other antidepressants.

The molecular and cellular mechanisms of neuroprotection by DMI seen in this study remain
to be characterized. Neurotrophic factors have been proposed to mediate the therapeutic effect
of antidepressants. At least two neurotrophic factors are induced by DMI, brain-derived
neurotrophic factor (BDNF) and basic fibroblast growth factor (FGF2) [26,31]. These
neurotrophic factors interfere with the fundamental mechanism of apoptotic cell death. In
addition, both neurotrophic factors exhibit properties that are relevant for the clinical efficacy
of antidepressants, namely induction of neurogenesis in the hippocampus [4,22], promotion of
neurite branching in cortical neurons and modification of excitatory synapses [12,18]. Thus,
we favor the hypothesis that DMI prevents CMS-mediated apoptosis by inducing the
expression of BDNF and FGF2. This suggestion would be in line with the notion that depression
decreases synaptic plasticity while antidepressants, by increasing the availability of
neurotrophic factors, may overcome a loss of synaptic connections seen in patients [10].

In conclusion, CMS increases the number of caspase-3 positive neurons in the cerebral cortex.
As shown previously [16,24], other proapoptotic markers were seen in the cortex of stressed
animals. Thus, cortical neuronal apoptosis should be added to a list of events that have been
proposed to explain loss of neuronal function and viability seen in depressive disorders. DMI
reduced significantly the effect of CMS, supporting the hypothesis that antidepressants could
oppose the stress-induced loss of neuronal network by increasing neuronal survival. Thus, these
findings provide additional evidence that depression may be associated with neuronal loss and
that pharmacological intervention should be sought to reverse neuronal apoptosis.
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Figure 1. CMS decreases consumption of sucrose
Rats were trained to drink a palatable solution of 1% sucrose for one week (0) and then were
assigned to receive CMS or no CMS (control) as described in Table 1 for the indicated weeks.
Sucrose consumption was measured in a 1-hr test by weighing preweighed bottles. Control
rats were not subjected to any of the stressors except for water deprivation 20 hr prior to each
sucrose intake test. Data are the mean ± standard deviation (n=10 each group). Differences in
sucrose consumption were analyzed using a two-way ANOVA test with group and time as
factors. Compared to control, CMS significantly decreases consumption of sucrose by 3 weeks
(p<0.05).
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Figure 2. Effect of CMS on plasma corticosterone levels
Rats received CMS for 1 (A) or 5 (B) weeks and were sacrificed at the indicated times after
the last stressor. Trunk blood (10 ml) was collected immediately into chilled glass tubes
containing heparin. The samples were centrifuged at 4°C at 3000 rpm. The separated plasma
was stored at −70°C until assayed for circulating corticosterone. Corticosterone levels were
determined by 125I radioimmunoassay using a commercially available reagent kit (MP
Biochemicals, LLC, Orangeburg, NY). The assay sensitivity was 21 ng/ml. Data are the mean
± standard error of 10 separate samples. Differences in corticosterone levels were analyzed
using a two-way ANOVA with group and time as two factors. Compared to control, CMS
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significantly increases levels of corticosterone (p<0.05). However, there was also a significant
difference in the CMS 1 week group between 2 and 24 hr (p<0.05).
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Figure 3. CMS promotes neuronal apoptosis
Non-CMS and CMS rats received saline or DMI starting at the third week of CMS. Rats were
tested for sucrose consumption at 5 weeks. At the beginning of the sixth week, animals were
anesthetized with ketamine/xylazine (80/10 mg/kg respectively, i.p.) and then sacrificed by
intracardiac perfusion with 4% paraformaldehyde in 0.1M PBS, pH 7.4. The brains were
removed and post-fixed in the same fixative for 2 hr, then transferred into a buffered graded
sucrose (10, 20, and 30%). Serial coronal sections (16 µm) were prepared throughout the cortex.
Sections were double-stained for NeuroTrace™ red fluorescent Nissl Stain, which recognizes
neurons, and an antibody against the activated form of caspase-3 (1:100 dilution, Chemicon,
Temecula, CA), as previously described [2,33]. All sections were then mounted using
Vectashield mounting medium (Vector Laboratories, Burlingame, CA). A and B: Examples
of sections from the frontal cortex of control (A) and CMS (B) rats double stained for Nissl
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(red) and caspase-3 (green); Yellow=red and green. Caspase-3 positivity is evident in both
nuclei and cytoplasm. Bar=100 µm. C: Sections were analyzed with a Zeiss fluorescence
microscope Axioplan2 (Carl Zeiss MicroImaging, Inc., Thornwood, NY). The number of
caspase-3 positive neurons in the frontal cortex was determined in an area of ~0.24 mm2 each
section for a total length of the frontal cortex of ~3.5 mm, using at least 15 sections per animal.
Data, expressed as average of positive cells per cerebral (frontal) cortex, are the mean ±
standard error of 4 animals per group. *p<0.01 vs control, #p<0.05 vs CMS (one way ANOVA
and Pairwise Multiple Comparison Procedures).
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Table 1
CMS schedule

Morning Afternoon
Monday Restricted movements* 1 hr Restricted movements 1 hr; overnight illumination
Tuesday Restricted movements 1 hr Restricted movements 1 hr; overnight food and water deprivation

Wednesday Access to restricted food (1 gram) for 2 hr Restricted movements 1 hr; overnight water deprivation
Thursday 1 hr exposure to empty bottle; restricted movements 1 hr Restricted movements; group-housed in soiled cage overnight

Friday Restricted movements 1 hr Reverse light-dark cycle through the weekend
*
Restricted movements consisted of placing rats into a mouse cage (24W×10L×9H cm) for 1 hr.
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