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Maternal separation during early life causes psychiatric and neurological disorders such as anxiety and depression. Depression or anxiety is
closely associated with memory impairment. The purpose of this study
was to investigate the effect of treadmill exercise on activity, short-term
memory, vascular dysfunction using maternal separation-induced depression model. Maternal separation started on 15-day-old rats. The
rats in the maternal separation and fluoxetine injection group received
intraperitoneal injection of 5 mg/kg of fluoxetine one time daily for 15
days from 21 to 35 days. The rats performed treadmill exercise once a
day during 15 days from 21 to 35 days. There was low activity and shortterm memory was decreased in the maternal separation rats. Treadmill
exercise and fluoxetine injection increased activity and ameliorated
memory impairment. The number of rat endothelial cells antigen-1
(RECA-1) of microvessels was decreased in the maternal separation

rats. The number of RECA-1was increased by treadmill exercise and
fluoxetine injection. Expression of matrix metalloproteinase-9 (MMP-9)
was increased and expressions of zonula occludens-2 (ZO-2) and occludin were decreased in the maternal separation rats. Treadmill exercise and fluoxetine injection suppressed MMP-9 expression and enhanced ZO-2 and occludin expressions in the maternal separation rats.
The present study shows treadmill exercise and antidepressant treatment ameliorates depressive symptom and short-term memory impairment by protecting from blood-brain barrier damage.
Keywords: Maternal separation, Short-term memory, Treadmill exercise,
Rat endothelial cells antigen-1, Matrix metalloproteinase-9, Zonula occludens-2

INTRODUCTION

sels and prevents certain substances from entering the brain through
the blood vessels. The BBB is critical for brain homeostasis and
located at the cerebral microvessel endothelial cells. There are two
types antibodies against rat endothelial cells antigen (RECA):
monoclonal antibodies to RECA-1 and RECA-2. Antibody to
RECA-1 is a promising antibody for rat endothelial cell studies,
and in particular for further defining nature and function of endothelial cell-specific antigens. These endothelial cells maintain their
barrier characteristics via cell-cell contacts made up of adherens
and tight junctions. Adherens junctions are calcium dependent,
and recent evidence suggests that calcium also affects tight junctions (Brown and Davis, 2002).
The BBB is composed of membrane proteins, including tight

Maternal separation during early life causes psychiatric and neurological disorders, such as anxiety and depression (Kalinichev et al.,
2002). Patients with vascular dementia have a significantly higher
incidence of depression than patients with Alzheimer disease (Srikanth et al., 2005). The relationship between vascular disease and
depression has multifactorial etiologies, such as homocysteine, cytokines, and endothelial dysfunction (Teper and O’Brien, 2008).
Depression or anxiety is closely associated with memory impairment (Park et al., 2019).
Vascular dementia is associated with dysfunction of the bloodbrain barrier (BBB). BBB exists between the brain and blood ves*Corresponding author: Young-Pyo Kim https://orcid.org/0000-0001-6662-1393
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junction proteins such as occludin, claudin, and junctional adhesion molecules, and auxiliary proteins, such as zonula occludens
(ZO) (Hawkins and Davis, 2005). ZO-1 and ZO-2 are cytosolic
scaffolds that regulate the assembly of cellular junctions. Occludin
is an enzyme that oxidizes nicotinamide adenine dinucleotide phosphate (Castro et al., 2016). Occludin is important in tight junction
stability and barrier function.
Vascular disease results in the destruction of the basement membrane of the cerebrovascular vesels, a component of BBB (Zlokovic,
2010). The increase of BBB permeability due to vascular dysfunction is caused by increased activity of the matrix metalloproteinase-9 (MMP-9), a degradation protein present in the extracellular
matrix. Increase in the MMP-9 level causes increased permeability
and destruction of BBB (Yang and Rosenberg, 2011).
Selective serotonin reuptakes in inhibitors (SSRIs) have been
used to alleviate depressive symptom. SSRIs enhance neurotransmission by allowing serotonin to act longer by blocking presynaptic reuptake mechanisms (Pittenger et al., 2008). Exercise is
known to have a neuroprotective effect on various brain injuries
(Cotman and Engesser-Cesar, 2002). Physical activity exerts protective effect on depression (Strawbridge et al., 2002). The purpose of this study was to investigate the effect of treadmill exercise
on activity, short-term memory, vascular dysfunction using maternal separation-induced depression model.

MATERIALS AND METHODS

5 m/min, and cool down during 5 min at 2 m/min with a 0 inclination.
Open field test
To determine the activity of the rats, open field test was conducted, as a previously described method (Park et al., 2019). The
rats were randomly assigned to an order of testing and placed in a
white square open field arena (100 cm × 100 cm) made of wood,
enclosed by 40-cm-high walls and exposed to strong illumination
(200 lux). The arena was divided into 16 squares (20 cm × 20 cm),
consisting of 4 central and 12 peripheral squares. The rats were
placed in the center of the arena and were allowed to explore the
environment for 1 min. Following this time, the number of squares
crossed was recorded for 5 min.
Step-down avoidance test
Short-term memory was determined using the step-down avoidance test, according to the previously study (Park et al., 2019). On
the 15 days after starting exercise, the rats were trained. In the training session, the rats were placed on a 7 × 25-cm platform, 2.5 cm
in height. The platform faced a 42 × 25-cm grid of parallel, 0.1 cmcaliber stainless steel bars spaced 1 cm apart. The rats received
electrical foot shock (0.2 mA) for 2 sec immediately upon stepping
down. One day after training session, the latency (sec) of the rats
was determined. Latency was the time interval of rats stepping
down from platform and placing all four paws on the grid. Over
300 sec in latency was counted as 300 sec.

Experiment animals
This study obtained approval by the Institutional Animal Care
and Use Committee of Kyung Hee University (KHUASP [SE]16-108). Sprague-Dawley rats were randomly divided into five
groups (n=8 per group): control group, control and exercise group,
maternal separation group, maternal separation and exercise group,
and maternal separation and fluoxetine injection group.
Maternal separation started on 15-day-old rats. The rats in the
control group and in the control and exercise group were lived with
their mothers. The rats in the maternal separation and fluoxetine
injection group received intraperitoneal injection of 5 mg/kg of
fluoxetine one time daily for 15 days from 21 to 35 days.

Tissue preparation
The rats were sacrificed immediately after determination of
step-down avoidance test. To prepare the brain slices, the rats were
fully anesthetized with ethyl ether after which the rats were transcardially perfused with 50 mM phosphate-buffered saline and
then fixed with freshly prepared 4% paraformaldehyde in 100 mM
phosphate buffer (pH, 7.4). After the brains were removed, postfixed in the same fixative overnight, and transferred into a 30%
sucrose solution for cryoprotection. Coronal sections with thicknesses of 40 μm were made using a freezing microtome (Leica,
Nussloch, Germany).

Exercise protocol
According to the previous study (Lee et al., 2017), the animals
in exercise groups were made to run on treadmill once a day during
15 days from 21 to 35 days. The exercise load composed of warm
up during 5 min at 2 m/min, main exercise during 30 min at

Immunohistochemistry for RECA-1
To visualize endothelial microvessels expression, immunohistochemistry for RECA-1 in the hippocampal dentate gyrus was performed, as a previously described method (Lee et al., 2017). After
being blocked with 10% hr and rabbit serum for 1 hr 30 min, the
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Fig. 1. Activity in open field test and short-term memory in step-down avoidance test. A, control group; B, control and exercise group; C, maternal separation group; D,
maternal separation and exercise group; E, maternal separation and fluoxetine treatment group. The data are presented as the mean± standard error of the mean.
*P< 0.05 compared to the control group. #P< 0.05 compared to the maternal separation group.

sections were incubated overnight at 4°C with RECA-1 antibody
(1:1,000; Abcam, Cambridge, UK). The sections were then incubated for 2 hr with the biotinylated mouse secondary antibody
(1:200; Vector Laboratories, Burlingame, CA, USA). The secondary antibody was then amplified using a Vector Elite ABC kit (1:
100; Vector Laboratories). The antibody–biotin–avidin-peroxidase
complex was visualized using 0.02% diaminobenzidine. The slides
were air-dried overnight at room temperature, and the coverslips
were mounted using Permount (Fisher Scientific, Pittsburgh, PA,
USA).
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Western blotting for MMP-9, ZO-2, and occludin
Western blotting was performed, as a previously described method (Lee et al., 2017). The hippocampus tissues were homogenized
on ice and lysed in a lysis buffer containing 50 mM Tris-HCl (pH,
7.5), 150 mM NaCl, 0.5% deoxycholic acid, 1% Nonidet P40,
0.1% sodium dodecyl sulfate (SDS), 1 mM phenylmethylsulfonyl
fluoride, and 100-mg/mL leupeptin. Protein content was measured
using a Bio-Rad colorimetric protein assay kit (Bio-Rad, Hercules,
CA, USA). Protein of 40 μg was separated on SDS-polyacrylamide
gels and transferred onto a nitrocellulose membrane, which was
incubated with mouse β-actin antibody (1:1,000; Santa Cruz Biotechnology, Santa Cruz, CA, USA), rabbit MMP-9 antibody (1:
1,000; Santa Cruz Biotechnology), ZO-2 antibody (1:1,000; Santa
Cruz Biotechnology) and occludin antibody (1:1,000, Santa Cruz
Biotechnology). Horseradish peroxidase-conjugated anti-mouse
for β-actin, and anti-rabbit for MMP-9, ZO-2, and occludin were
used as secondary antibodies.
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Fig. 2. Endothelial microvessels in the hippocampal dentate gyrus. Upper panel: Photomicrographs of rat endothelial cell antigen-1 (RECA-1)-positive endothelial microvessels. Lower panel: The number of RECA-1-positive endothelial
microvessels in each group. The scale bar represents 500 µm in each group. A,
control group; B, control and exercise group; C, maternal separation group; D,
maternal separation and exercise group; E, maternal separation and fluoxetine
treatment group. The data are presented as the mean± standard error of the
mean. *P< 0.05 compared to the control group. #P< 0.05 compared to the maternal separation group.
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Data analysis
The number of REAC-1-positive cells in hippocampal dentate
gyrus was counted hemilaterally under a light microscope (Olympus, Tokyo, Japan). For confirming the expressions of MMP-9,
ZO-2, and occludin, the detected bands were calculated densitometrically using Image-Pro Plus software (Media Cybernetics,
Silver Spring, MD, USA). The data were analyzed with one-way
analysis of variance by Tukey post hoc test. All results were expressed
as the mean ± standard error of the mean, and P-value of <0.05
was considered significant.

alleviated short-term memory impairment in the maternal separation rats.
Endothelial microvessels in the hippocampal dentate
gyrus
Photomicrographs of RECA-1 of microvessels in hippocampal
dentate gyrus are presented in Fig. 2. The number of RECA-1-positive microvessels was decreased in the maternal separation group
compared to the control group. In contrast, treadmill exercise and
fluoxetine injection increased the number of RECA-1-positive in
the maternal separation rats.

RESULTS

Expressions MMP-9, ZO-2, and occludin in the
hippocampus
Expressions of MMP-9, ZO-2, and occludin in the hippocampus
are presented in Fig. 3. MMP-9 expression was increased in in the
maternal separation group compared to the control group. In contrast, treadmill exercise and fluoxetine injection decreased MMP-9
expression in the maternal separation rats (Fig. 3, lower left panel).
ZO-2 expression was decreased in in the maternal separation
group compared to the control group. In contrast, treadmill exercise and fluoxetine injection increased ZO-2 expression in the maternal separation rats (Fig. 3, lower middle panel).

Activity and short-term memory
The average distance in center on the open field test is presented
in Fig. 1 (left panel). The rats in the maternal separation group
showed decreased activity compared to the control group. In contrast, treadmill exercise and fluoxetine injection increased activity
in the maternal separation rats.
The latency time in the step-down avoidance test is presented
in Fig. 1 (right panel). The rats in the maternal separation group
showed impairment of short-term memory compared to the control group. In contrast, treadmill exercise and fluoxetine injection
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Fig. 3. Expressions matrix metalloproteinase-9 (MMP-9), zonula occludens-2 (ZO-2), and occludin in the hippocampus. Upper panel: Representative expressions of
MMP-9, ZO-2, and occludin. Lower panel: Relative expressions of MMP-9, ZO-2, and occluding in each group. A, control group; B, control and exercise group; C, maternal separation group; D, maternal separation and exercise group; E, maternal separation and fluoxetine treatment group. The data are presented as the mean±
standard error of the mean. *P< 0.05 compared to the control group. #P< 0.05 compared to the maternal separation group.
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Occludin expression was decreased in in the maternal separation group compared to the control group. In contrast, treadmill
exercise and fluoxetine injection increased occludin expression in
the maternal separation rats (Fig. 3, lower right panel).
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Rats that experienced maternal separation showed depressivelike behavior and cognitive impairment (Aisa et al., 2008). Desbonnet et al. (2010) reported that a long-term separation from the
mother caused a significant amount of stress. In this study, open
field test was conducted to determine the degree of activity. There
was low activity in the rats of the maternal separation group, demonstrating that maternal separation-induced depressive symptom.
Step-down avoidance test was performed to measure short-term
memory. Short-term memory was decreased in the maternal separation rats. Treadmill exercise and fluoxetine injection increased
activity and ameliorated memory impairment.
There is a growing list of brain pathologies showing BBB dysfunction, with strong evidence that BBB dysfunction plays a major role in certain disease etiology (Abbott, 2012). Dysfunction of
the vascular unit with BBB and permeability are caused by major
depressive disorders (Najjar et al., 2013). In this study, the number of RECA-1 of microvessels was decreased in the maternal separation rats. The number of RECA-1was increased by treadmill
exercise and fluoxetine injection.
Proteins that made up tight junctions include ZO-2 and occludin (Hawkins and Davis, 2005). Chronic cerebral hypoperfusion
induced disruption of BBB. Degradation of occludin, ZO-1, and
up-regulation of MMP-9 were appeared in disruption of BBB (Lee
et al., 2017). Treadmill exercise exerted protective effects on BBB
disruption from degradation of occludin, ZO-1, and overexpression of MMP-9 after chronic cerebral hypoperfusion. These findings suggest that treadmill exercise ameliorated cognitive impairment and white matter injury from BBB disruption (Lee et al.,
2017). In this study, expression of MMP-9 was increased and expressions of ZO-2 and occluding were decreased in the maternal
separation rats. Treadmill exercise and fluoxetine injection suppressed MMP-9 expression and enhanced ZO-2 and occluding expression in the maternal separation rats.
The present study shows treadmill exercise and antidepressant
treatment ameliorates depressive symptom and short-term memory impairment by protecting from BBB damage. There was no
difference in treatment effectiveness between treadmill exercise
and antidepressant.
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