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Purpose: Stress has a deteriorating effect on hippocampal function. It also contributes to symptom exacerbation in many disease
states, including overactive bladder and interstitial cystitis/bladder pain syndrome. We investigated the effects of various types of
stresses (restraint, noise, and cold) on short-term memory and apoptosis in relation with corticotropin-releasing factor (CRF) ex-
pression.

Methods: Rats in the restraint stress group were restrained in a transparent Plexiglas cylinder for 60 minutes twice daily. Rats in
the noise stress group were exposed to the 120 dB supersonic machine sound for 60 minutes twice daily. Rats in the cold stress
group were placed in a cold chamber at 4°C for 60 minutes twice daily. Each stress was applied for 10 days. A step-down avoid-
ance test for short-term memory, immunohistochemistry for caspase-3 expression, and western blot analysis for Bax and Bcl-2
expressions were conducted.

Results: Latency time was decreased and CRF expression in the hippocampal dentate gyrus and hypothalamic paraventricular
nucleus were increased in all of the stress groups. The number of caspase-3-positive cells in the hippocampal dentate gyrus was
increased and the expressions of Bax and Bcl2 in the hippocampus were decreased in all of the stress groups.

Conclusions: All of the stress groups experienced short-term memory impairment induced by apoptosis in the hippocampus.
The present results suggest the possibility that these stresses affecting the impairment of short-term memory may also induce

functional lower urinary tract disorders.
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INTRODUCTION

Stress exerts a deteriorating effect on hippocampal function [1],
and stress-induced structural changes and neuronal damage in
the hippocampus impair learning ability and memory function
[2,3]. Stress during pregnancy resulted in anxiety-like behaviors
in the delivered offspring [4]. Stress also contributes to symp-
tom exacerbation in many disease states, including overactive
bladder and interstitial cystitis/bladder pain syndrome [5-7].
Stress induces the release of corticotropin-releasing factor (CRF)
and then activates neurons, including hippocampal pyramidal

cells, and modulates brain neurotransmitter system activity [8].
CRF is a 41-amino-acid peptide that is synthesized in the hypo-
thalamic paraventricular nucleus (PVN) in response to stress [9].

Apoptosis, programmed cell death, is a form of cell death
that serves to eliminate dying cells in proliferating or differenti-
ating cell populations; thus, it plays a crucial role in normal de-
velopment and tissue homeostasis. Nevertheless, inappropriate
or excessive apoptosis has been implicated in several neuropsy-
chiatric disorders [10,11]. Two important groups of proteins in-
volved in apoptotic cell death are the members of the Bcl-2
family [12] and a class of cysteine proteases known as caspases
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[13]. The Bcl-2 family is classified into two functionally distinct
groups: antiapoptotic proteins and proapoptotic proteins [12,14].
Bcl-2, an antiapoptotic protein, is known to regulate the apop-
totic pathways and protect against cell death. Bax, a proapop-
totic protein in this family, is expressed during apoptosis and
promotes cell death. Caspase-3, one of the most widely studied
members of the caspase family, is one of the key executors of
apoptosis [15].

Neuronal apoptosis in the cortex and hippocampus disturbs
learning ability and memory function, and excessive neuronal
apoptosis in the hippocampus contributes to memory dysfunc-
tion [16,17]. In particular, stress is thought to induce neuronal
death, possibly through apoptosis [18,19].

However, the effects of various types of stresses on short-term
memory and apoptosis have not been well examined. In the
present study, we investigated the effects of various types of
stresses (restraint, noise, and cold) on short-term memory and
apoptosis in relation to CRF expression. For this study, a step-
down avoidance test for short-term memory, immunohisto-
chemistry for caspase-3 expression, and western blot analysis
for Bax and Bcl-2 expressions were conducted.

MATERIALS AND METHODS

Animals

The experimental procedures were performed in accordance
with the guidelines of the National Institutes of Health and the
Korean Academy of Medical Sciences. Male Sprague-Dawley
rats weighing 200+ 10 g each were used for the experiment.
Food and water were made available ad libitum. The rats were
randomly divided into four groups (n=8 in each group): con-
trol, restraint stress, noise stress, and cold stress. The animals
were sacrificed immediately after completion of the step-down
avoidance test.

Stress Exposure

The rats in the restraint stress group were restrained in a trans-
parent Plexiglas cylinder (length, 21 cm; diameter, 6 cm) for 60
minutes twice daily. The rats in the noise stress group were ex-
posed to a 120 dB supersonic machine sound for 60 minutes
twice daily. The rats in the cold stress group were placed in a
cold chamber at 4°C for 60 minutes twice daily. The rats in the
control group were left undisturbed. Each stress was applied for
10 days.
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Step-Down Avoidance Test

The latency time in the step-down avoidance test was deter-
mined to evaluate short-term memory as described previously
[10]. The rats were trained in a step-down avoidance test on the
tenth day after each stress exposure. Two hours after training,
the latency time(s) in each group was measured. The rats were
placed on a 7 cm x 25 cm x 2.5 cm platform. The platform faced
a42 cmx 25 cm grid of parallel stainless steel bars that were 0.1
cm in caliber and spaced 1 cm apart. In the training sessions,
the animals received a 0.5 mA scramble foot shock for 2 seconds
immediately upon stepping down. The interval of time that
elapsed between the rats stepping down and placing all four
paws on the grid was defined as the latency time. A latency time
>300 seconds was counted as 300 seconds.

Tissue Preparation

Brain tissue preparation was performed as previously described
[20]. The animals were fully anesthetized with Zoletil 50 (10 mg/
kg intraperitoneally; Vibac Laboratories, Carros, France), trans-
cardially perfused with 50 mM phosphate-buftered saline, and
fixed with a freshly prepared solution consisting of 4% parafor-
maldehyde in 100 mM phosphate buffer (pH 7.4). The brains
were then removed, postfixed in the same fixative overnight,
and transferred into a 30% sucrose solution for cryoprotection.
Coronal sections of 40-pm thickness were prepared using a
freezing microtome (Leica, Nussloch, Germany).

CRF Immunohistochemistry

To visualize the CRF expression, CRF immunohistochemistry
was conducted as previously described [21]. Sections were se-
lected from each brain and incubated overnight with goat anti-
CRF antibody (1:500; Santa Cruz Biotechnology, Santa Cruz,
CA, USA) followed by incubation with biotinylated goat sec-
ondary antibody (1:200; Vector Laboratories, Burlingame, CA,
USA) for another hour. The secondary antibody was amplified
using a Vector Elite ABC kit (1:100; Vector Laboratories). The
antibody-biotin-avidin—peroxidase complexes were visualized
using 0.03% 3,3'-diaminobenzidine tetrahydrochloride (DAB),
and the sections were mounted onto gelatin-coated slides. The
slides were air dried overnight at room temperature and the
coverslips were mounted using Permount (Fisher scientific,
Pitts burg, PA, USA).

Caspase-3 Immunohistochemistry
To visualize caspase-3 expression, caspase-3 immunohisto-
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chemistry was conducted as previously described [22]. Sections
were selected from each brain and incubated overnight with
mouse anti-caspase-3 antibody (1:500; Santa Cruz Biotechnol-
ogy) followed by incubation with biotinylated mouse secondary
antibody (1:200; Vector Laboratories) for another hour. The
secondary antibody was amplified using the Vector Elite ABC
kit (1:100; Vector Laboratories). The antibody-biotin-avidin-
peroxidase complexes were visualized using 0.03% DAB, and
the sections were mounted onto gelatin-coated slides. The slides
were air dried overnight at room temperature and the cover-
slips were mounted using Permount.

Western Blot Analysis

To detect the Bax and Bcl-2 expressions, western blot was per-
formed as previously described [22]. The hippocampal tissues
were collected and then immediately frozen at —70°C. The hip-
pocampal tissues were homogenized on ice and lysed in a lysis
buffer containing 50 mM HEPES (pH 7.5), 150 mM NaCl, 10%
glycerol, 1% Triton X-100, 1 mM phenylmethylsulfonyl fluoride,
1 mM ethylene glycol-bis(B-aminoethyl ether)-N,N,N'-N'-tet-
raacetic acid, 1.5 mM MgCp-6H,O, 1 mM sodium orthovana-
date, and 100 mM sodium flouride. The protein content was
measured using a colorimetric protein assay kit (Bio-Rad Labo-
ratories Inc., Hercules, CA, USA). Protein (30 pg) was separat-
ed on sodium dodecyl sulfate—polyacrylamide gels and trans-
ferred onto a nitrocellulose membrane. Mouse p-actin antibody
(1:500; Santa Cruz Biotechnology), rabbit brain-derived neuro-
trophic factor (BDNF) antibody (1:1,000; Santa Cruz Biotech-
nology), mouse Bax antibody (1:1,000; Santa Cruz Biotechnol-
ogy), and mouse Bcl-2 antibody (1:1,000; Santa Cruz Biotech-
nology) were used as the primary antibodies. Horseradish per-
oxidase (HRP)-conjugated antirabbit antibody for BDNF and
TrkB (1:3,000; Vector Laboratories), and HRP-conjugated anti-
mouse antibody for Bax and Bcl-2 (1:2,000; Vector Laborato-
ries) were used as the secondary antibodies. The experiments
were performed under normal laboratory conditions and at
room temperature except those for the transferred membranes,
which were performed at 4°C with a cold pack and prechilled
buffer. Band detection was performed using an enhanced che-
miluminescence detection kit (Santa Cruz Biotechnology).

Data Analysis

The area in the selected region of the hippocampus was mea-
sured using Image-Pro Plus software (Media Cybernetics, Silver
Spring, MD, USA). The number of CRF-positive cells in the
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Fig. 1. The effects of various types of stresses on short-term
memory. The data are presented as the mean + standard error of
the mean. (A) Control group, (B) restraint stress group, (C)
noise stress group, (D) cold stress group. *P <0.05 compared to
the control group.

Step-down latency time (sec)

hippocampal dentate gyrus and hypothalamic PVN was count-
ed hemilaterally. The number of caspase-3-positive cells in the
hippocampal dentate gyrus was also counted hemilaterally. To
compare the relative expressions of Bax and Bcl-2, the detected
bands were calculated densitometrically using Image-Pro Plus
software. The statistical analysis was performed using one-way
analysis of variance followed by the Duncan post hoc test. The
results are presented as the mean + standard error of the mean.
Values of P <0.05 were considered statistically significant.

RESULTS

Effects of Various Types of Stresses on Short-term Memory
A step-down avoidance test was performed to evaluate the ef-
fects of the various stress types on short-term memory. The re-
sults of the step-down avoidance test are shown in Fig. 1. The
latency time was 291.95+7.19 seconds in the control group,
170.33 +34.15 seconds in the restraint stress group, 216.87 +
21.74 seconds in the noise stress group, and 208.75+ 18.16 sec-
onds in the cold stress group. The latency time was decreased in
all the stress groups compared to that in the normal group (P <
0.05), suggesting that these stresses caused a deterioration in
short-term memory.

Effects of Various Types of Stresses on CRF Expression in
the Hippocampal Dentate Gyrus and Hypothalamic PVN

Photomicrographs of CRF-positive cells in the hippocampal
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dentate gyrus are presented in Fig. 2 (left). The number of CRF-
positive cells was 1.15+0.64/mm” in the control group, 29.84 +
2.32/mm’ in the restraint stress group, 27.65+2.23/mm’ in the
noise stress group, and 2.54 +0.70/mm?’ in the cold stress group.
Photomicrographs of CRF-positive cells in the hypothalamic
PVN are presented in Fig. 2 (right). The number of CRF-posi-
tive cells was 7.02+0.47/section in the control group, 69.95+
5.50/section in the restraint stress group, 61.66 + 1.40/section in
the noise stress group, and 32.58 +2.23/section in the cold stress
group. Results indicated that CRF expression in the hippocam-
pal dentate gyrus and the hypothalamic PVN increased in all
the stress groups compared to that in the control group (P <0.05).
However, cold stress had a lesser enhancing effect on CRF ex-
pression than restraint or noise stress (P <0.05).

Effects of Various Stress Types on Caspase-3 Expression in
the Hippocampal Dentate Gyrus

Photomicrographs of caspase-3-positive cells in the hippocam-
pal dentate gyrus are shown in Fig. 3. The number of caspase-
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3-positive cells was 3.59 + 1.10/mm?” in the control group, 64.00 +
6.91/mm” in the restraint stress group, 60.38 +8.58/mm” in the
noise stress group, and 20.77 +2.88/mm” in the cold stress group.
In the present results, the number of caspase-3-positive cells in
the hippocampal dentate gyrus was increased in all the stress
groups compared to that in the normal group (P <0.05). How-
ever, cold stress had a lesser enhancing effect on caspase-3 ex-
pression than restraint and noise stress (P <0.05).

Effects of Various Types of Stresses on Bax and Bcl-2
Expressions in the Hippocampus

Next, we determined the relative expressions of Bax and Bcl-2.
When the Bax level (24 kDa) in the control group was set to
1.00, it was 7.65+0.41 in the restraint stress group, 1.80£0.10
in the noise stress group, and 2.45+0.26 in the cold stress group
(Fig. 4, left). When the Bcl-2 level (26-29 kDa) in the normal
group was set at 1.00, it was 8.91+0.89 in the restraint stress
group, 6.14+0.44 in the noise stress group, and 7.08 +0.63 in
the cold stress group (Fig. 4, right). In the present study, the ex-

Number of CRF-positive cells in the
paraventricular nucleus/section

Fig. 2. The effects of various types of stresses on corticotropin-releasing factor (CRF) expression. (Left) Hippocampal dentate gyrus.
Upper: Photomicrographs of the CRF-positive cells in the hippocampal dentate gyrus. The scale bar represents 50 pm. Lower: Num-
ber of CRF-positive cells in the hippocampal dentate gyrus. (Right) Hypothalamic paraventricular nucleus (PVN). Upper: Photomi-
crographs of the CRF-positive cells in the dentate gyrus of the PVN. The scale bar represents 50 um. Lower: Number of CRE-positive
cells in the PVN. The data are presented as the mean * standard error of the mean. (A) Control group, (B) restraint stress group, (C)
noise stress group, (D) cold stress group. *P <0.05 compared to the control group. P <0.05 compared to the restraint stress group.
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Fig. 3. The effects of various stress types on caspase-3 expression
in the hippocampal dentate gyrus. Upper: Photomicrographs of
the caspase-3-positive cells in the hippocampal dentate gyrus.
The scale bar represents 50 um. Lower: Number of caspase-
3-positive cells in the hippocampal dentate gyrus. The data are
presented as the mean + standard error of the mean. (A) Normal
group, (B) restraint stress group, (C) noise stress group, (D) cold
stress group. *P <0.05 compared to the normal group. P <0.05
compared to the restraint stress group.

pressions of Bax and Bcl-2 in the hippocampus were increased
in all the stress groups compared to those in the normal group
(P<0.05). However, the restraint stress exerted a more potent
enhancing effect on Bax and Bcl2 expression than noise or cold
stress (P <0.05).

DISCUSSION

Memory impairment is closely associated with stress in humans
and animal models [1-3,23]. Exposure to chronic stress induces
dendrite atrophy and neuronal cell death, which causes memo-
ry impairment and behavioral abnormalities [24,25]. In the
present study, a step-down avoidance test was performed to de-
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Fig. 4. The effects of various stress types on the expressions of
Bax and Bcl-2 in the hippocampus. The data are presented as
the mean + standard error of the mean. (A) Control group, (B)
restraint stress group, (C) noise stress group, (D) cold stress
group. *P <0.05 compared to the control group. "P <0.05 com-
pared to the restraint stress group.

termine the effects of various types of stresses on short-term
memory. All three types of stresses (restraint, noise, and cold)
decreased the latency in the step-down avoidance test, showing
that these stresses induced short-term memory impairment.
The cold stress showed the least deteriorative effect on spatial
memory among the three stress types.

The hippocampus is a brain area vulnerable to repeated stress
[23]. The hippocampus and hypothalamus have been recog-
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nized as targets of glucocorticoids following stress exposure [2].
Expressions of CRF neurons in the hippocampus and hypotha-
lamic PVN are increased in response to stress exposure [26,27].
Increased activity of CRF neurons in the hippocampus and hy-
pothalamic PVN contributes to the release of corticotropin
[28]. We determined the effects of three types of stresses on
CRF expression in the hippocampal dentate gyrus and hypo-
thalamic PVN. In the present study, all three types of stresses
increased CRF expression in the hippocampus and PVN, indi-
cating that these stresses induced the release of the stress-re-
sponse hormone, CRE. Of these stresses, cold stress had the
least enhancing effect on CRF expression.

The elevated glucocorticoid levels following stress exert dele-
terious changes on hippocampal excitability, long-term potenti-
ation, cerebral blood flow, and spatial learning memory [29,30].
Severe and prolonged stress causes neuronal death through
apoptosis [31-33]. Caspases are a family of cysteine proteases
that play an important role in regulating cell apoptosis. As one
of the key effectors, caspase-3 is involved in the mitochondria-
mediated apoptotic pathway [22]. To confirm the involvement
of caspases in stress-induced apoptosis, we examined its expres-
sion in the hippocampus. In the present study, all three types of
stresses increased caspase-3 expression in the hippocampus,
suggesting that these stresses enhanced apoptosis in the hippo-
campus. Of these stresses, cold stress had the least effect on
apoptosis.

The Bcl-2 gene family plays important roles in apoptosis-reg-
ulating genes [14]. Of these genes, Bax promotes cell death,
whereas Bcl-2 inhibits apoptosis and promotes cell survival [11].
Thus, we investigated the Bax and Bcl-2 expressions in the hip-
pocampal dentate gyrus after exposure to the different stresses.
In the present study, all three stress types increased the expres-
sions of Bcl-2, the antiapoptotic protein, and Bax, the proapop-
totic protein, in the hippocampus. Increased Bax expression
suggests that the neuronal apoptosis in the hippocampus was
facilitated by exposure to theses stresses. However, Bcl-2 expres-
sion was also increased after exposure to these stresses in the
present study. These results suggest that increase in Bcl-2 expres-
sion in the hippocampus may provide compensatory protection
for the neural cells following exposure to theses stresses.

Zhang et al. [34] demonstrated that occupational stress
might be a contributing factor for overactive bladder and other
lower urinary tract symptoms. Stress induces changes in blad-
der function and somatic sensitivity, resulting in increased void-
ing frequency [35]. In the present study, cold stress showed the
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least deteriorating effect on memory; meanwhile, restraint stress
showed the most potent deteriorating effect on memory. We
showed here that the impairment of memory function by stress
is due to accelerated apoptosis in the hippocampus. The present
results suggest the possibility that these stresses that impair short-
term memory may also induce functional lower urinary tract
disorders.
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