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Abstract

Stress occurs in everyday life, but the relationship between stress and the onset or development of

depression/anxiety remains unknown. Increasing evidence suggests that the impairment of

antioxidant defense and the neuronal cell death are important in the process of emotional

disorders. Chronic stress impairs the homeostasis of antioxidants/oxidation, which results in the

aberrant stimulation of the cell cycle proteins where cGMP-PKG signaling is thought to have an

inhibitory role. Phosphodiesterase 2 (PDE2) is linked to cGMP-PKG signaling and highly

expressed in the limbic brain regions including hippocampus and amygdala, which may play

important roles in the treatment of depression and anxiety. To address the possible effects of

PDE2 inhibitors on depression-/anxiety-like behaviors and the underlying mechanisms, Bay

60-7550 (0.75, 1.5 and 3 mg/kg, i.p.) was administered 30 min before chronic stress. The results

suggested that Bay 60-7550 not only restored the behavioral changes but also regulated Cu/Zn

superoxide dismutase (SOD) levels differentially in hippocampus and amygdala, which were

increased in the hippocampus while decreased in the amygdala. It was also significant that Bay

60-7550 regulated the abnormalities of pro- and anti-apoptotic components, such as Bax, Caspase

3 and Bcl-2, and the indicator of PKG signaling characterized by pVASPser239, in these two brain
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regions. The results suggested that Bay 60-7550 is able to alleviate oxidative stress and mediate

part of the apoptotic machinery in neuronal cells possibly through SOD-cGMP/PKG-anti-

apoptosis signaling and that inhibition of PDE2 may represent a novel therapeutic target for

psychiatric disorders, such as depression and anxiety.
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1. Introduction

Modern humans experience different stressors from their daily activities, which once

become excessive and prolonged, can cause psychiatric disorders. Depression and anxiety

are such illnesses that are chronic, recurring and potentially life-threatening, and have been

estimated to affect 31% of the US population [1]. Extensive research has been conducted to

reveal multiple neural substrates and mechanisms that contribute to the etiology of

depression and anxiety, among which the imbalance between oxidation and antioxidant

defense system, as well as apoptotic events that occur among neuronal cells have gained

attention.

It is well known that chronic stress induces oxidative stress, possibly through activation of

HPA axis followed by overproduction of stress hormones such as glucocorticoids and

glutamate, and several inflammatory reactions involving TNF-α and IL-1β [2,3]. Among the

various organs, the brain is the most susceptible to oxidative stress due to its relatively high

consumption of oxygen, high iron content, fatty acids peroxidation, and low antioxidant

capacity [2]. Therefore brain oxidative stress is now known as a key mechanism in the

pathology of brain disorders such as depression and anxiety. In fact, several studies have

shown that chronic restraint stress was able to remarkably induce oxidative damage to the

brain, as evidenced by the increased levels of reactive oxygen species (ROS) and lowered

levels of antioxidant components [4,5].

Apoptosis has also been proposed to be a mechanism contributing to stress-related mood

disorders both in humans and animal models [6]. Cell death often occurs among certain

populations of neurons as a result of chronic stress, in which case antidepressants show the

ability to oppose the effects and promote neuroprotection. The apoptotic process is generally

controlled by proapoptotic (Bax) and antiapoptotic (Bcl-2) proteins [7]. However, the data

concerning the level of antiapoptotic protein Bcl-2 so far are contradictory: some reported a

decrease [8] while others reported an increase [9] of Bcl-2 expression after chronic stress.

Increasing evidence indicates that cyclic adenosine monophosphate (cAMP)- or cyclic

guanosine monophosphate (cGMP)-mediated signaling appears to participate in neuronal

modulation related to depression and anxiety [10,11]. As an enzyme family that mainly

hydrolyzes these cyclic nucleotides, phosphodiesterases (PDEs) have been pointed out in

several reviews regarding their possible involvement in stress-related emotional/cognitive

disorders [11,12], but detailed mechanisms remain to be investigated. Indeed, chronic stress

impairs the homeostasis of antioxidants/oxidation, which results in the aberrant stimulation
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of the cell cycle proteins on which cAMP/cGMP-dependent signaling is thought to have an

inhibitory role. Inhibition of PDEs can increase intracellular cAMP and/or cGMP and affect

the downstream signaling [12,13]. Some PDE inhibitors, such as those of PDE4 and PDE5,

have been known for their neuroprotective effects against emotion and cognitive disorders,

but are also known for their side effects [10,14]. PDE2, as a relatively new player in this

field, catalyzes both cGMP and cAMP and is found in brain regions such as hippocampus

and amygdala that are essential components of the neural circuitry mediating psychiatric

disorders [15]. Moreover, PDE2 is also found in the adrenal glands [16], which is an integral

part of the HPA axis, thereby making PDE2 a likely candidate in controlling stress-induced

emotionality and depressive behaviors [17].

The present study was designed to evaluate the long-term effects of a specific PDE2

inhibitor Bay 60-7550 on chronic unpredictable stress (CUS)-induced depression- and

anxiety-like behaviors. To further examine underlying mechanism, possible antioxidant and

anti-apoptotic actions of Bay 60-7550 were also investigated.

2. Materials and Methods

2.1 Animals

Male ICR mice, 12-16 weeks of age and weighing 25-30 g were used (Harlan, Indianapolis,

IN) for all the experiments. Rodent chow and tap water were freely available. Mice were

kept in a temperature-controlled room under standard laboratory conditions, with a 12 h

light/12 h dark cycle (lights on at 6:00 a.m.). All experiments were carried out according to

the “NIH Guide for the Care and Use of Laboratory Animals” (revised 2011) and were

approved by the Institutional Animal Care and Use Committee.

2.2 Drugs and treatments

Bay 60-7550 (97% purity) was purchased from Cayman Chemical Company Inc (Chicago,

IL), and dissolved in 10% DMSO (Fisher Scientific, Fair Lawn, NJ). The positive control

drugs desipramine and diazepam were purchased from Sigma Aldrich (St. Louis, MO). Mice

were given Bay 60-7550 at 0.75, 1.5 and 3 mg/kg, desipramine at 10 mg/kg, or diazepam at

1.5 mg/kg, once daily via intraperitoneal injections (i.p.) in a volume of 10 ml/kg body

weight 30 min before stress every day. Selection of Bay 60-7550’s working dose was based

on our previous studies with minor modifications [17,18]. Control animals received vehicle

only. Behavioral testing was done 24 hrs after the last stress event. Hippocampus and

amygdala were dissected from brains immediately after behavioral testing and stored at

-80°C until analyses were carried out.

2.3 Chronic unpredictable stress (CUS) procedure

The CUS paradigm exposed mice to two of eight different stressors daily (forced swim,

restraint stress, overnight lights, cage tilting, cold stress, food/water deprivation etc., as

shown in Tab. 1) for ten consecutive days as described previously [19-21]. This protocol has

been shown to cause significant changes characteristic of depressive/anxiogenic behavior, as

well as a number of associated cellular and neurochemical changes. Control groups also

were handled every day but not subjected to the stressors. 24 h after the last stress, each
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animal was subjected to two behavioral tests in two consecutive days, one each for

depression and anxiety behaviors (as shown in Tab 1). Brain samples from each mouse were

collected after behavioral tests for mRNA or protein level analyses to achieve n=10.

2.5 Tail suspension test

The tail-suspension test (TST) for depressive behavior in mice was carried out as described

previously [22]. Mice were suspended from a stand arm by a 1.9 × 15 cm with masking tape

loop attached to the end of their tail, leaving the last 1 cm of tail exposed. Mice were

observed over a 6-min duration and the time spent immobile during the last 4-min period

was recorded.

2.4 Forced swimming test

The forced swimming test (FST) was carried out similarly to that described elsewhere [23].

Briefly, mice were individually placed in glass cylinders (height: 25 cm; diameter: 10 cm;

containing 10 cm depth of water at 24 ± 1 °C) for 6 min. A mouse was determined to be

immobile when there were only small movements necessary to keep its head above water.

The duration of immobility was recorded during the last 4 min of the 6-min testing period.

2.6 Elevated plus-maze test

Behavior in the elevated plus-maze test (EPM) was assessed as described previously

[17,24]. The EPM (San Diego Instruments, San Diego, CA) consisted of two open arms (30

cm × 5 cm) and two closed arms (30 ×5 × 15 cm) that extended from a central platform (5

cm × 5 cm). The entire maze was elevated 40 cm above the floor. During the 5-min of free

exploration, the number of entries into and the time spent in open and closed arms were

recorded. An entry was defined as all four paws in an arm.

2.7 Marble burying test

Behavior in the Marble burying test (MBT) was assessed as described previously [25].

Briefly, group-housed mice were individually placed in transparent propylene cages that

were identical to their home cages (28 cm × 16 cm × 12 cm) containing 5 cm layer of

sawdust and 24 clean glass marbles (1.5 cm in diameter) equally spaced along the wall. No

food or water was present. 30 min later, animals were removed, and the number of marbles

at least two-third buried in the sawdust was recorded [26,27].

2.8 Real-time PCR for Blcl-2, Bax and Caspase 3

Total RNA was isolated from the hippocampus and amygdala using the TRiZOL reagent

(TriZOL®Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s protocol. This

was followed by the reverse transcription of 0.5 μg total RNA into cDNA using High

Capacity cDNA archive kit (Applied Biosystems, Foster City, CA). PCR reactions were

performed in duplicate wells, using iCycler Real-Time PCR machine (Bio-Rad, Hercules,

CA, USA). After cDNA synthesis, a PCR mixture containing 50% v/v per sample of SYBR

Green (iQ SYBR Green Supermix reagent, Bio-Rad, Hercules, CA, USA) was tested with

specific primers for Bcl-2, Bax, Caspase 3 and β-actin. PCR products were amplified
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followed by melt curve analysis and gel electrophoresis to verify specificity and purity of

product. All the data were normalized to the housekeeping gene β-actin.

2.9 Immuno-blot analyses for Cu/Zn SOD, p-VASPser239 and apoptotic markers

Aliquots of supernatant from hippocampus and amygdala (40 μg protein/well) were

separated using 10% SDS-PAGE as described previously [17]; prestained protein molecular

markers were run in parallel according to the specific molecular weight of the detected

protein. Proteins from the gels were then transferred to PVDF membranes and incubated

with primary antibodies overnight at 4 °C (anti-Cu/Zn SOD, anti-pVASPser239, anti-Bcl-2,

anti-Bax, anti-Caspase 3 and anti-β-actin, all diluted 1:1,000). After 3 washes with TBST,

the blots were incubated with the secondary goat anti-mouse or anti-rabbit antibodies (LI-

COR Biosciences, Lincoln, NE) for 1 h at room temperature, and detected for bands using

LI-COR infrared imaging system. Labeled protein bands were compared within individual

gels/blots and expressed as percent of control density.

2.10 Statistical analysis

The data are expressed as means ± SEM. Comparisons among different groups were

analyzed by Student’s t test between vehicle-treated non-stressed controls and vehicle-

treated stressed groups or one-way analysis of variance (ANOVA) followed by Tukey’s

multiple comparison tests among vehicle-treated stressed and drug-treated stressed groups.

A p value of less than 0.05 was considered significant.

3. Results

3.1 CUS-induced depression- and anxiety-like behaviors were prevented by PDE2
inhibition

The antidepressant-like effects of Bay 60-7550 were investigated by the TST (Fig. 1A) and

FST (Fig. 1B). CUS induced significant increases of immobility time of mice in both tests

(p<0.001 and p<0.01, respectively), which were prevented by pretreatment with high doses

of Bay 60-7550, i.e. 1.5 and 3 mg/kg in the TST (F(4,45)=15.05, p<0.01 and p<0.001 v.s.

vehicle-treated non-stressed groups) and 3 mg/kg in the FST (F(4,45)=8.304, p<0.05); The

classical antidepressant desipramine exhibited similar antidepressant-like effects at 10

mg/kg (F(4,45)=15.05, p<0.001 in TST and F(4,45)=8.304, p<0.01 in FST).

The role of PDE2 in regulation of anxiety-like behaviors was assessed using EPM and MBT.

In the EPM, CUS decreased both percent of entries and time spent in open arms (p<0.01 and

p<0.05, respectively), and mice treated with Bay 60-7550 at 3 mg/kg (F(4,45)=9.013,

p<0.05 in % open arm entries and F(4,45)=7.29, p<0.05 in % open arm time) or diazepam at

1.5 mg/kg (F(4,45)=9.013, p<0.05 in % open arm entries and F(4,45)=7.29, p<0.05 in %

open arm time) prior to CUS exhibited a significant increase in these parameters compared

to the stressed group (Fig. 2A & 2B). Numbers of total entries into both closed and open

arms do not differ significantly among any of the groups. Consistently, in the MBT, CUS

significantly increased the number of marbles buried (p<0.05), and this increase was

prevented by treatment with Bay 60-7550 at 1.5 and 3 mg/kg (F (4,45)=20.35, p<0.05 and

p<0.01, respectively) or diazepam at 1.5 mg/kg (F (4,45)=20.35, p<0.001) (Fig. 2C).
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3.2 Effects of CUS and Bay 60-7550 on the expression of Cu/Zn SOD in the hippocampus
and amygdala

In order to determine whether CUS-induced depression- and anxiety-like behaviors were

associated with oxidative stress in hippocampus and amygdala, two brain regions that are

considered to play critical roles in regulating such behaviors, Cu/Zn SOD levels were

measured in different groups of mice, i.e. the non-stressed controls and the CUS mice that

were pretreated with vehicle, Bay 60-7550 (0.75, 1.5 and 3 mg/kg), the classical

antidepressant desipramine (10 mg/kg) and anxiolytic diazepam (1.5 mg/kg). In the

hippocampus, CUS induced about a 25% decrease in the Cu/Zn SOD level, compared to

non-stressed control mice (p<0.01). This change was reversed in mice pretreated with 3

mg/kg Bay 60-7550 (F(5,54)=2.719, p<0.05), but not with desipramine or diazepam (Fig.

3A). By contrast, mice exposed to CUS exhibited a significant increase in the expression of

Cu/Zn SOD in the amygdala (p<0.01); this also was prevented by pretreatment with the

highest dose of Bay 60-7550 at 3 mg/kg (F(5,54)=5.078, p<0.01), but still not with

desipramine or diazepam (Fig. 3B).

3.3 Effects of CUS and Bay 60-7550 on the expression of p-VASPser239 in the hippocampus
and amygdala

Bay 60-7550 is known to increase cGMP signaling in primary neurons in our previous study

[28]. In order to confirm the findings in vivo, expression of p-VASPser239, an indicator of

cGMP-PKG signaling, was measured in the present study. In the hippocampus, expression

of p-VASPser239 was reduced in the CUS-exposed mice (p<0.01); this was reversed by the

pretreatment with Bay 60-7550 at 1.5 and 3 mg/kg in the hippocampus (F(5,54)=11.074,

p<0.05 and p<0.01, respectively), desipramine and diazepam (F(5,54)=11.074, p<0.01 and

p<0.05, respectively) (Fig. 4A). Similarly, in the amygdala, CUS led to a decreased

expression of p-VASPser239 (p<0.01) and this change was completely prevented by Bay

60-7550 at 3 mg/kg (F(5,54)=9.684, p<0.05), desipramine and diazepam (F(5,54)=9.684,

p<0.05 and p<0.05, respectively) (Fig. 4B).

3.4 Effects of CUS and Bay 60-7550 on the expression of apoptotic markers in the
hippocampus and amygdala

Since depressive- and anxiety-like behaviors induced by CUS are often accompanied by

neuronal cell death, which is indicated by changes of series of anti- and pro-apoptotic

markers, the expression of Bcl-2, Bax, and Caspase 3 at both the transcriptional and

translational levels (mRNAs and proteins) were measured in the absence or presence of Bay

60-7550. Surprisingly in the hippocampus, mRNA and protein expressions of Bcl-2, a

known anti-apoptotic marker was significantly increased after CUS exposure (p<0.01 for

mRNA levels and p<0.001 for protein levels) (Fig 5A and 5B). In the amygdala, on the other

hand, both mRNA expression and protein levels of Bcl-2 were significantly decreased

following CUS exposure (p<0.05 for mRNA levels and p<0.01 for protein levels) (Fig. 5C

and 5D). Pretreatment with 1.5 and 3 mg/kg of Bay 60-7550 prevented the mRNA changes,

and 3 mg/kg of Bay 60-7550 prevented the protein changes in the hippocampus

(F(5,54)=9.156, p<0.05 and p<0.01 for mRNA levels and F(5,54))=3.118, p<0.05 for

protein levels). In the amygdala, 3 mg/kg of Bay 60-7550 prevented the mRNA changes,
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and 1.5 and 3 mg/kg of Bay 60-7550 prevented the protein changes (F(5,54)=5.237, p<0.05

for mRNA levels and F(5,54))=6.094, p<0.05 and p<0.05 for protein levels). The

expressions of the 2 pro-apoptotic markers, Bax and Caspase 3, were significantly elevated

in both hippocampus and amygdala after CUS exposure, at the mRNA and protein levels

(p<0.01 for Bax mRNA and p<0.001 for Bax protein in the hippocampus; p<0.01 for Bax

mRNA and p<0.01 for Bax protein in the amygdala; p<0.01 for Caspase 3 mRNA and

p<0.001 for Caspase 3 protein in the hippocampus; p<0.001 for Caspase 3 mRNA and

p<0.01 for Caspase 3 protein in the amygdala) (Fig. 6 and 7). These changes were also

reversed by treatment with Bay 60-7550 at 1.5 and/or 3 mg/kg (F(5,54)=10.198 for Bax

mRNA and F(5,54)=11.963 for Bax protein in the hippocampus; F(5,54)=12.356 for Bax

mRNA and F(5,54)=7.985 for Bax protein in the amygdala; F(5,54)=13.014 for Caspase 3

mRNA and F(5,54)=5.906 for Caspase protein in the hippocampus; F(5,54)=8.174 for

Caspase 3 mRNA and F(5,54)=5.665 for Caspase 3 protein in the amygdala). However, out

of the two positive drugs, only desipramine was able to reverse the changes in mRNA level

of Bcl-2 in the amygdala, and both mRNA and protein levels of Bax and Caspase 3 in the

hippocampus and amygdala.

4. Discussion

In the present study, chronic treatment with Bay 60-7550 at 0.75, 1.5 and 3 mg/kg dose-

dependently produced antidepressant- and anxiolytic-like effects that were comparable to

the classical antidepressant and anxiolytic, desipramine and diazepam, respectively. These

effects may be due to Bay 60-7550’s ability to regulate the parameters involving oxidative/

antioxidant defense and pro-/anti-apoptosis processes, as characterized by superoxide

dismutase (Cu/Zn SOD), Bcl-2, Bax and Caspase 3 expression in the hippocampus and

amygdala. Bay 60-7550 also reversed the reduced phospho-VASPser239, an indicator of

PKG signaling, induced by chronic stress, suggesting the involvement of cGMP/PKG

signaling in Bay 60-7550’s actions.

Disruption of the Hypothalamus-Pituitary-Adrenal (HPA) axis, as well as structural and

pathological alterations in the limbic brain regions caused by chronic stress, may contribute

to depressive symptoms including state of despair and loss of coping behaviors [29]. As an

important element in the development of depression, anxiety is often characterized by

excessive fear and reluctance to explore a novel environment. These behavioral deficits can

be reversed by antidepressant treatments [30]. Previous studies suggested that inhibitors of

PDEs, such as PDE4 and PDE5, ameliorate stress-related depression- and anxiety-like

behaviors through regulating the cAMP or cGMP signaling [31,32]. PDE2 is enriched in the

limbic brain regions and adrenal cortex, which play important roles in regulating the

negative feedback inhibition of HPA axis in stress-induced disorders [33]. In the current

study, the effects of Bay 60-7550 on stress-induced depressive-like behaviors were

measured in 2 behavioral assays, the TST and the FST. Both tests present non-escapable

stressful situation to the animals, and are sensitive to antidepressant treatment thus providing

validation for drug efficacy. Similar to desipramine, pretreatment with Bay 60-7550 prior to

CUS reduced the immobility time in the tail suspension test and forced swim test. The

anxiolytic-like effects of Bay 60-7550 were investigated using the EPM and MBT, which

showed that Bay 60-7550, as well as diazepam, prevented the onset of anxious behaviors
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that were seen in the stressed animals, such as decreased open arm entries in the EPM and

increased numbers of marbles buried in the MBT.

Given that the brain has one of the highest mass-specific oxygen consumption rates in the

body, small imbalances in oxidative damage and antioxidant defense mechanisms during

CUS may contribute to the above-mentioned behavioral deficits. Cu/Zn SOD is a key

antioxidant enzyme involved in superoxide detoxification in cellular metabolism [34]. Many

brain regions, especially those in the limbic system, such as hippocampus and amygdala, act

in concert to mediate the symptoms of depression and anxiety [35], and are thus good

locations for observations of these antioxidant factors. Indeed, insufficient expression of

Cu/Zn SOD in the hippocampus are often seen in stressed animals [36-38]. A similar

decrease in Cu/Zn SOD expression was observed in the hippocampus of the present stressed

mice, which was reversed by pretreatment with Bay 60-7550, but not by desipramine or

diazepam. Due to the anatomical and functional connections between the hippocampus and

the amygdala, the neural activity of hippocampus is largely modulated by the amygdala,

which plays a key role in anxiety and emotional responses to stress [39], therefore Cu/Zn

SOD expression in the amygdala was also examined in the current study. Surprisingly, a

significant increase in Cu/Zn SOD in the amygdala was found after stress in the present

study, which was also prevented by Bay 60-7550. It was possible that compensatory

adaptation was triggered when physiological conditions are disturbed by oxidative stress,

and Bay 60-7550 restores such a disturbance. Whittle and the co-authors reported a similar

elevation of Mn SOD in mouse amygdala, in response to chronic Mg-restricted diet, which

is used to generate depression-like behaviors [40]. Indeed, increasing evidence also supports

the differential response of hippocampus and amygdala toward stress. For example, in

patients suffering from multiple depression episodes, hippocampal volume decreases from

the first episode while the amygdala is enlarged in the beginning and shrinks in recurrent

episodes [41]. Therefore, our findings may suggest compensatory adaptation in mouse

amygdala toward stress, and its regulation of hippocampal functions.

Previous studies suggested that inhibition of a cGMP specific PDE, i.e. PDE5, protects

against reactive oxygen species-induced toxicity in cultured neurons [42,43]. The effects are

blocked by several inhibitors of cGMP-dependent protein kinase (PKG), such as KT5823

and GKIP [42,44,45], confirming the role of the cGMP-PKG pathway in alleviating

oxidative stress. Bay 60-7550, a highly selective PDE2 inhibitor, was shown to protect

neurons against glucocorticoids and oxidative stress exposure through the regulation of

cGMP/PKG signaling [17,46]. This led us to examine whether this neuronal protective

effect of Bay 60-7550 also had effect against CUS-induced depression- and anxiety-like

behaviors. The present study confirmed that Bay 60-7550 regulated the hippocampal and

amygdaloid SOD expression, which were accompanied by elevation of p-VASPser239, an

index of cGMP-PKG signaling. Desipramien and diazepam were also able to reverse the

changes of p-VASPser239 induced by CUS, agreeing with several previous findings stating

that neuroprotective effects of desipramine and diazepam involved NO-cGMP signaling

[47,48].

Although Bay 60-7550 may mediate its long-term therapeutic effects by increasing cGMP

signaling to counteract oxidative stress, research has shown that apoptotic machinery also
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plays a role in the effects of PDE inhibitors on stress-related disorders [49]. Generally, CUS-

induced oxidative damage to the brain is characterized by neuronal apoptosis, a programmed

cell death that is critically controlled by the balance between pro- and anti-apoptotic proteins

[7]. Bcl-2 and Bax are both from the Bcl-2 family, the former belonging to the pro-survival

subfamily and the latter belonging to the pro-apoptotic family. Upon translocation from

cytosol to mitochondria, Bax promotes the release of apoptogenic factors such as

cytochrome c, which in turn stimulates initiator caspases, leading to the activation of

effector caspases such as Caspase 3, a main executor of the apoptotic process [8,50].

Possible neuronal apoptosis in both hippocampus and amygdala in the study were suggested

by increased expression of Bax and Caspase 3 after CUS. However, the results also revealed

a clear regional specificity in the regulation of Bcl-2 levels by stress, i.e., a significant

increase in the hippocampus and decrease in the amygdala, both of which were prevented by

pretreatment with Bay 60-7550. While previous work has suggested stress-induced decrease

in Bcl-2 expression in human and rodent brains due to different stress protocols and

conditions [51], the increase of hippocampal Bcl-2 in this study may be explained by the

triggering of a neuroprotective pathway that aimed to promote neuroregeneration [52].

Similar increases in Bcl-2 expression in hippocampus from aged rats, or after chronic

isolation have been reported [53,54]. Another explanation may be that the concomitant

increase of the anti-apoptotic Bcl-2 and the pro-apoptotic Bax and Caspase 3, which are

usually inhibited by Bcl-2, indicates that factors other than Bcl-2, such as p53 that target the

mitochondrial pathway for inducing apoptosis, might be playing a predominant role in

activating Bax and subsequently Caspase 3 in the hippocampus [55]. Indeed, our present

discovery revealed adaptive changes of Bcl-2 directed toward protecting hippocampal

neurons against oxidative stress [56]. The increased expression of Bcl-2 in the hippocampus

can be seen as another form of self-defense during stress, which is comparable to the

increase of SOD in the amygdala. Since these abnormalities of apoptotic proteins were all

prevented by pretreatment with Bay 60-7550, it is possible that the antidepressant- and

anxiolytic-like effects of this PDE2 inhibitor are, at least in part, through inhibition of the

neuronal cell apoptosis.

In conclusion, the present study demonstrated that chronic stress induces oxidative damage

to the brain, which may contribute to neuronal apoptosis, as well as depressive- and anxiety-

like behaviors. Bay 60-7550 exhibited neuroprotective effects by restoring the antioxidative

status, apoptotic protein expression, and cGMP-PKG signaling close to normal levels. The

alterations for oxidative/antioxidant and subsequent pro- and anti-apoptotic factors observed

in the presence of PDE2 inhibition could open new avenues for the development of

innovative treatment of stress-related disorders.
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Highlights

• Bay60-7550 exhibits antidepressant- and anxiolytic-like effects in mouse

behaviors.

• Increased cGMP signaling may contribute to the protective effects of

Bay60-7550.

• Bay60-7550 is able to antagonize the oxidative damage produced by chronic

stress.

• Another possible mechanism of Bay60-7550’s function is its anti-apoptotic

effects.
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Fig. 1.
CUS-induced depressive behaviors. Mice were subjected to CUS or not, and stressed

animals were administered vehicle, Bay 60-7550 (0.75, 1.5 and 3 mg/kg), or desipramine

(10mg/kg). A) The immobility time in mouse tail suspension test (TST). B) The immobility

time in mouse forced swim test (FST). Values are means ± S.E.M. with 10 mice in each

group. **p<0.01 vs. non-stressed control group and ***p<0.001 vs. non-stressed control

group. #p<0.05, ##p<0.01 and ###p<0.001 vs. vehicle-treated CUS group.
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Figure 2.
CUS-induced anxious behaviors. Mice were subjected to CUS or not, and stressed animals

were administered vehicle, Bay 60-7550 (0.75, 1.5 and 3 mg/kg), or diazepam (1.5 mg/kg).

A) % open arm entries in the elevated plus maze test (EPM). B) % time spent in open arms

in the elevated plus maze test (EPM). C) Numbers of marbles buried in the marble burying

test (MBT). Values are means ± S.E.M. with 10 mice in each group. *p<0.05, **p<0.01 and

***p<0.001 vs. non-stressed control group. #p<0.05, ##p<0.01 and ###p<0.001 vs. vehicle-

treated CUS group.
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Figure 3.
Effects of Bay 60-7550 on Cu/Zn SOD protein expression in control and CUS-exposed

mice, in hippocampus and amygdala. Mice were subjected to CUS or not, and stressed

animals were administered vehicle, Bay 60-7550 (0.75, 1.5 and 3 mg/kg), desipramine

(10mg/kg) or diazepam (1.5 mg/kg). A) Expression of Cu/Zn SOD in hippocampus. B)
Expression of Cu/Zn SOD in amygdala. Values are means ± S.E.M. with 10 mice in each

group. **p<0.01 vs. non-stressed control group. #p<0.05 and ##p<0.01 vs. vehicle-treated

CUS group.
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Figure 4.
Effects of Bay 60-7550 on p-VASPSer239 protein expression in control and CUS-exposed

mice, in hippocampus and amygdala. Mice were subjected to CUS or not, and stressed

animals were administered vehicle, Bay 60-7550 (0.75, 1.5 and 3 mg/kg), desipramine

(10mg/kg) or diazepam (1.5 mg/kg). A) Expression of p-VASPSer239 in hippocampus. B)
Expression of p-VASPSer239 in amygdala. Values are means ± S.E.M. with 10 mice in each

group. **p<0.01 vs. non-stressed control group. #p<0.05 and ##p<0.01 vs. vehicle-treated

CUS group.
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Figure 5.
Effects of Bay 60-7550 on Bcl-2 mRNA and protein expression in control and CUS-exposed

mice, in hippocampus and amygdala. Mice were subjected to CUS or not, and stressed

animals were administered vehicle, Bay 60-7550 (0.75, 1.5 and 3 mg/kg), desipramine

(10mg/kg) or diazepam (1.5 mg/kg). A) mRNA expression of Bcl-2 in hippocampus. B)
Protein expression of Bcl-2 in hippocampus. C) mRNA expression of Bcl-2 in amygdala. D)
Protein expression of Bcl-2 in amygdala. Values are means ± S.E.M. with 10 mice in each

group. *p<0.05, **p<0.01 and ***p<0.001 vs. non-stressed control group. #p<0.05

and ##p<0.01 vs. vehicle-treated CUS group.
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Figure 6.
Effects of Bay 60-7550 on Bax mRNA and protein expression in control and CUS-exposed

mice, in hippocampus and amygdala. Mice were subjected to CUS or not, and stressed

animals were administered vehicle, Bay 60-7550 (0.75, 1.5 and 3 mg/kg), desipramine

(10mg/kg) or diazepam (1.5 mg/kg). A) mRNA expression of Bax in hippocampus. B)
Protein expression of Bax in hippocampus. C) mRNA expression of Bax in amygdala. D)
Protein expression of Bax in amygdala. Values are means ± S.E.M. with 10 mice in each

group. **p<0.01 and ***p<0.001 vs. non-stressed control group. #p<0.05 and ##p<0.01 vs.

vehicle-treated CUS group.
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Figure 7.
Effects of Bay 60-7550 on Caspase 3 mRNA and protein expression in control and CUS-

exposed mice, in hippocampus and amygdala. Mice were subjected to CUS or not, and

stressed animals were administered vehicle, Bay 60-7550 (0.75, 1.5 and 3 mg/kg),

desipramine (10mg/kg) or diazepam (1.5 mg/kg). A) mRNA expression of Caspase 3 in

hippocampus. B) Protein expression of Caspase 3 in hippocampus. C) mRNA expression of

Caspase 3 in amygdala. D) Protein expression of Caspase 3 in amygdala. Values are means

± S.E.M. with 10 mice in each group. **p<0.01 and ***p<0.001 vs. non-stressed control

group. #p<0.05 and ##p<0.01 vs. vehicle-treated CUS group.
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