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Treadmill Exercise Alleviates Circadian Rhythm DisruptionInduced Memory Deficits by Activation of Glucocorticoid Receptor
and Brain-Derived Neurotrophic Factor-Dependent Pathway
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Purpose: Circadian rhythm affects learning process, memory consolidation, and long-term memory. In this study, the alleviating effect of exercise on circadian rhythm disruption-induced memory deficits was investigated.
Methods: BMAL1 knockdown transgenic mice (BMAL1 TG) were used as the BMAL1-TG group and the BMAL1-TG with
treadmill exercise group. Female C57BL/6J mice of the same age were used as the wildtype group and the wildtype with treadmill
exercise group. The mice in the treadmill exercise groups performed running on a motorized treadmill under the dark-dark conditions for 8 weeks. Short-term memory, nonspatial object memory, and spatial learning memory were determined using stepdown avoidance test, novel object-recognition test, and radial 8-arm maze test. Immunohistochemistry for doublecortin and
5-bromo-2’-deoxyuridine was conducted for the determination of hippocampal neurogenesis. Using the western blot analysis, we
determined the expressions of glucocorticoid receptor (GR) and factors related to the neurogenesis and memory consolidation,
such as brain-derived neurotrophic factor, tyrosine kinase B, p44/42 mitogen-activated protein kinase, cyclic AMP-responsive element binding protein, phosphatidylinositol 3-kinase, protein kinas B, protein kinase C alpha, early-growth-response gene 1.
Results: Circadian rhythm disruption impaired memory function through inhibiting the expressions of GR and the factors
related to neurogenesis and memory consolidation. Treadmill exercise improved memory function via enhancing the expressions of GR and above-mentioned factors.
Conclusions: Treadmill exercise acts as the zeitgeber that improves memory function under the circadian rhythm disrupted
conditions.
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INTRODUCTION

MATERIALS AND METHODS

In mammals, circadian rhythm depends on the integrity of the
master circadian oscillator placed in the suprachiasmatic nucleus (SCN) of hypothalamus, which synchronizes peripheral oscillators present in the cells of most organs and tissues [1]. Circadian rhythm affects various physiological functions, such as
feeding behavior, regulation of body temperature, and secretion
of hormone, thus disruption of circadian rhythm is related to
many diseases [1].
Circadian rhythm affects learning process, memory consolidation, and long-term potentiation (LTP) at CA1 in the hippocampal slices [2,3]. Hippocampus exhibits rhythms in clock
genes affecting and being affected by central cell signaling pathways, such as mitogen-activated protein kinase (MAPK) and
cyclic AMP (cAMP) [4]. The hippocampus gains circadian information via adrenal glucocorticoid [4].
Glucocorticoid is biosynthesized in the adrenal gland and
regulates homeostasis, ion transport, glycogenolysis, and immune response [5]. Glucocorticoid modulates synaptic plasticity, neurogenesis, and memory formation in the hippocampus
[3,6]. Glucocorticoid binds to following 2 main receptors: one
is glucocorticoid receptor (GR) and the other is mineralocorticoid receptor (MR). These MR and GR are expressed throughout the brain, at highest level in the hippocampus, however, the
functions of these receptors are different. MR modulates the
initial phase of memory encoding, whereas, GR is involved in
the memory consolidation [5].
Memory consolidation is regulated by a brain-derived neurotrophic factor (BDNF)-dependent autoregulatory loop [7]. BDNF
plays an important regulatory role in the survival and differentiation of neurons, and then BDNF is an ideal candidate mediating
the process of learning and memory [8]. Aging and exercise affect
the expression of BDNF in the hippocampus, leading to promotion or impairment of learning and memory function [9,10]. In
particular, exercise is known to improve learning and memory
function by enhancing BDNF expression in the hippocampus
[11,12]. CLOCK mutant mice exhibited exercise intolerance and
reduced mitochondrial content in skeletal muscle, whereas, endurance exercise increased exercise tolerance and mitochondrial
level, suggesting that exercise controls circadian rhythm [13].
Circadian rhythm influences memory acquisition and recall
[4]. In the present study, we investigated the alleviating effect of
exercise on circadian rhythm disruption-induced memory deficits using BMAL1 knockdown transgenic mice.

Animals and Treatments
BMAL1 knockdown transgenic mice (BMAL1 TG, 9–12 weeks
of age) strains were used as the BMAL1-TG group (TG, n=10)
[14] and the BMAL1-TG with treadmill exercise group (TG-EX,
n=10). Other female C57BL/6J mice of the same age were used
as the wildtype group (WT, n=10) and the wildtype with treadmill exercise group (WT-EX, n =10). The mice were kept in
constant darkness for 8 weeks. The mice in the treadmill exercise groups performed running on a motorized treadmill for 30
minutes daily, 5 days per a week, for 8 consecutive weeks, under
the dark-dark conditions. The exercise load was running at a 3
m/min for 5 minutes, 5 m/min for 5 minutes, and 8 m/min for
20 minutes, with 0o inclination.
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Step-Down Avoidance Test
According to the previously described method [15], the latency
of the step-down avoidance test was measured for the evaluation of short-term memory. The mice were trained in a stepdown avoidance test, and then, the latency (second) was measured at 2 hours after training session. The mice were placed on
a platform with width, length, and height of 25 cm×7 cm×2.5
cm. The platform has a parallel stainless steel bars measuring 25
cm ×42 cm with a diameter of 0.1 cm and a spacing of 1 cm.
During the training session, 0.5 mA scramble foot shock was
applied to the mice for 2 seconds immediately after stepping
down. We defined the time interval as the latency until the
mouse came down and reached four feet on the grid. The latency of 300 seconds or longer was calculated as 300 seconds.
Novel Object Recognition Test
For the assessment of non-spatial object memory, we conducted
the novel object-recognition test using an open field box with
width, length, and height of 45 cm×45 cm×30 cm, as previously
described method [16]. Before to test, the mice were accustomed
to the box for 15 minutes without objects. On the object trial, the
mice were placed into the test box with 2 identical objects (approximately 30 cm apart from each other), and then allowed to
explore for 10 minutes. After 1 hour waiting time, the mice were
put back into the test box and allowed to explore the objects. One
object was the same as that used in the previous training session,
and the other one was a novel object. We measured the time
spent for exploring novel object and familiar object. They were
considered to be exploring when they were facing, sniffing, or bitwww.einj.org
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ing the object within a 1.5-cm radius. This test was conducted
under the dark conditions, and the test box and objects were
washed using 70% ethanol between tests. The percentage of novel
object recognition time and the discrimination ratio were obtained by the following formula. Novel object recognition time
(%)=(novel object time/[novel object time+familiar object time]
)×100. Discrimination ratio=(novel object time–familiar object
time)/(novel object time+familiar object time).

Radial 8-Arm Maze Test
As the previously described method [17], we performed radial
8-arm maze test for the determination of spatial learning memory, using a radial 8-arm maze apparatus. This apparatus is
seated 1 m above the floor and it has a central octagonal plate
(30 cm in diameter) with 8 radiating arms (50 cm in length, 10
cm in width). At the end of the arm, there was a small dish
filled with water (3 cm in diameter, 1 cm in depth). Before the
spatial learning memory test, the mice were trained 3 times. For
training sessions, the water supply to the mice was stopped for
24 hours. After each training session, water was supplied to the
mice for 5 minutes. During the radial 8-arm maze test, the
spending time for seeking water was calculated as the latency.
This test was stopped when the mice drink water in all 8 arms
or experiment time was over 8 minutes. When the mice entered
arm that was already visited, it was counted as the error number. The continuous number of correct choices before the first
error occurred was counted as the correct number.
Tissue Preparation for Immunohistochemistry
Immediately after finishing the behavior testing, the mice were
fully anesthetized by Zoletil 50 (10 mg/kg, intraperitoneally;
Vibac Laboratories, Carros, France). Then, 50mM phosphatebuffered saline (PBS) was transcardially perfused, and the mice
were fixed using 4% paraformaldehyde in 100mM phosphate
buffer (pH, 7.4). After dissecting the brains, we made 5-μmthick coronal sections using a freezing microtome (Leica, Nussloch, Germany).
Doublecortin Immunohistochemistry
We conducted doublecortin (DCX) immunohistochemistry, as
the previously described method [18]. After washing the sections by 0.1M PBS (pH, 7.4), the sections were treated with a 3%
H2O2 and 20% methanol. The sections were treated with anti-αdoublecortin antibody (1 μg/mL; Santa Cruz Biotechnology,
Santa Cruz, CA, USA) at 4°C for 48 hours, then the sections
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were incubated with donkey α-goat biotinylated antibody for 1
hour at room temperature (Chemicon Inc., Temecula, CA,
USA). The sections were treated with ABC Elite kit (Vector
Laboratories, Burlingame, CA, USA) for 1 hour. After that,
0.02% diaminobenzidine (DAB) with 0.03% H2O2 was treated
to the sections for 5 minutes. And then, gelatin-coated slides
were used for the mounting of the sections.

5-Bromo-2’-Deoxyuridine Immunohistochemistry
The mice received 50 mg/kg 5-Bromo-2’-Deoxyuridine (BrdU)
(Sigma Chemical Co., St. Louis, MO, USA) intraperitoneally at
the third, fourth, tenth, and eleventh day after onset of exercise.
We conducted BrdU-specific immunohistochemistry, as the
previously described method [18]. After permeabiliztion of the
sections with 0.5% Triton X-100 in PBS for 20 minutes, the section was treated with 50% formamide-2 x standard saline citrate at 65°C for 2 hours. The sections were denatured using 2
N HCl at 37°C for 30 minutes, and then washed 2 times by
100mM sodium borate (pH, 8.5). BrdU-specific mouse monoclonal antibody (1:600) (Roche, Mannheim, Germany) was
treated to the sections during overnight at 4°C. After incubating
the sections with biotinylated mouse secondary antibody
(1:200) (Vector Laboratories) for 1 hour, an avidin-peroxidase
complex (1:100) (Vector Laboratories) was treated to the sections for next 1 hour. After that, the sections were treated with
50mM Tris-HCl (pH, 7.6) including 0.03% DAB, 40-mg/mL
nickel chloride, and 0.03% H2O2 for 5 minutes.
Mouse antineuronal nuclei antibody (Chemicon Inc.) was
used to detect the differentiation of BrdU-positive cells in the
same sections. After incubation of the sections with a biotinylated anti-mouse secondary antibody for 1 hour, reaction mixture composing of 0.03% DAB and 0.03% H2O2 was treated to
the sections for 5 minutes. And then, gelatin-coated slides were
used for the mounting of the sections.
Western Blot Analysis
We performed western blot analysis, as the previously described
method [15,17]. After homogenizing hippocampal tissues on
ice, hippocampal tissues were lysed using a lysis buffer including 1mM sodium orthovanadate, 50mM HEPES (pH, 7.5), 10%
glycerol, 1% Triton X-100, 100mM sodium fluoride, 150mM
NaCl, 1.5mM MgCl26H2O, 1mM phenylmethylsulfonyl fluoride, and 1mM ethylene glycol tetraacetic acid. After separating
protein (20 μg) from the sodium dodecyl sulfate-polyacrylamide gels, the protein was transferred to the nitrocellulose
Int Neurourol J February 28, 2019

Kim, et al. • Exercise Alleviates Circadian Rhythm Disruption-Induced Memory Deficits



Latency of step down test (sec)

membrane. For the primary antibodies, we used rabbit GAPDH
antibody (AbFrontier, Seoul, Korea; 1:5,000), rabbit GR antibody
(Santa Cruz Biotechnology; 1:1,000), rabbit BDNF antibody
(Santa Cruz Biotechnology; 1:1,000), rabbit tyrosine kinase B
(TrkB) antibody (Santa Cruz Biotechnology; 1:1,000), rabbit
cAMP-responsive element binding protein (CREB) antibody
(Santa Cruz Biotechnology; 1:1,000), rabbit phospho-CREB (pCREB) (Ser133) antibody (Santa Cruz Biotechnology; 1:1,000),
mouse phosphatidylinositol 3-kinase (PI 3-kinase) p85α (Santa
Cruz Biotechnology; 1:1,000), rabbit phospho-PI 3-kinase p85α
(p-PI 3-kinase p85α) (Tyr467) antibody (Santa Cruz Biotechnology; 1:1,000), rabbit protein kinase C alpha (PKCα) antibody
(Santa Cruz Biotechnology; 1:1,000), rabbit phospho-PKCα
(p-PKCα) (Ser657) antibody (Merck Millipore Corp., Darmstadt, Germany; 1:1,000), rabbit protein kinas B (Akt) antibody
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antibody (Santa Cruz Biotechnology; 1:1,000), rabbit total
p44/42 MAPK (Erk1/2) antibody (Cell Signaling Technology;
1:1,000), rabbit phospho-p44/42 MAPK (p-Erk1/2) antibody
(Cell Signaling Technology; 1:1,000). For the secondary antibodies, we used horseradish peroxidase-conjugated anti-rabbit antibody (Vector Laboratories; 1:2,000) for GAPDH, GR, BDNF,
TrkB, Akt, p-Akt, CREB, p-CREB, p-PI 3-kinase p85α, PKCα,
p-PKCα, Egr-1, ERK1/2, p-ERK1/2, and horseradish peroxidaseconjugated anti-mouse antibody for PI 3-kinase p85α (Amersham Pharmacia Biothech GmbH, Freiburg, Germany; 1:2,000).
An enhanced chemiluminescence detection kit (Santa Cruz Biotechnology) was used to calculate the detected bands.
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Fig. 1. Effects of treadmill exercise on the performance of behavior tests. (A) Step-down avoidance test. (B) Novel object recognition
test. (C) Radial 8-arm maze test. WT, wildtype group; WT-EX, wildtype with treadmill exercise group; TG, BMAL1-transgenic group;
TG-EX, BMAL1-transgenic with treadmill exercise group. Data are represented as mean±standard error of the mean. *P<0.05 compared to the WT. #P<0.05 compared to the TG.
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mice (P<0.05) (Fig. 1B). For the radial arm maze test, disruption of circadian rhythm showed longer time, more error, and
less correct during the task (P<0.05). However, treadmill exercise showed no significant effect on latency, number of error,
and number of correct (Fig. 1C).

Data Analysis
Molecular AnalystTM, version 1.4.1 (Bio-Rad, Hercules, CA,
USA) was used for the densitometrical calculation of these
bands. The numbers of DCX-positive and BrdU-positive cells
in the hippocampal dentate gyrus were hemilaterally counted,
and the results were expressed as the number of DCX-positive
or BrdU-positive cells per mm2 in the hippocampal dentate gyrus. We used the Image-Pro Plus image analysis system (Media
Cyberbetics Inc., Silver Spring, MD, USA) to measure the total
area of the hippocampal dentate gyrus.
The results were statistically analyzed by Duncan post hoc
test following 1-way analysis of variance. Data are presented as
the mean ±standard error of the mean. Statistical significance
was considered when P-value was less than 0.05.

GR Expression in Circadian Rhythm Disturbed Mice
Disruption of circadian rhythm inhibited the expression of GR
in the hippocampus (P<0.05). On the contrary, treadmill exercise improved the expression of GR both in TG mice and WT
mice (P<0.05) (Fig. 2A).
BDNF and TrkB Expressions in Circadian Disturbed Mice
Disruption of circadian rhythm reduced the expressions of
BDNF and TrkB in the hippocampus (P <0.05). On the contrary, treadmill exercise improved the expressions of BDNF and
TrkB both in TG mice and WT mice (P<0.05) (Fig. 2B).

RESULTS
Memory Function in Circadian Rhythm Disturbed Mice
For the step-down avoidance test, disruption of circadian
rhythm showed shorter latency (P <0.05). On the contrary,
treadmill exercise lengthened this latency in TG mice (P<0.05)
(Fig. 1A). For the novel object recognition test, disruption of
circadian rhythm showed lower recognition time percentage
and discrimination ratio (P <0.05). On the contrary, treadmill
exercise increased the percentage of recognition time in TG

p-Erk1/2 Expression in Circadian Rhythm Disturbed Mice
Disruption of circadian rhythm reduced the ratio of p-Erk1/2 to
Erk1/2 in the hippocampus (P <0.05). On the contrary, treadmill exercise improved the expression of p-Erk1/2 adjusted by
Erk1/2 both in TG mice and WT mice (P<0.05) (Fig. 3A).
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Fig. 2. Effects of treadmill exercise on the expressions of glucocorticoid receptor (GR), brain-derived neurotrophic factor (BDNF),
and tyrosine kinase B (TrkB). (A) GR expression in the hippocampus. (B) BDNF and TrkB expressions in the hippocampus. WT,
wildtype group; WT-EX, wildtype with treadmill exercise group; TG, BMAL1-transgenic group; TG-EX, BMAL1-transgenic with
treadmill exercise group. Data are represented as mean±standard error of the mean. *P<0.05 compared to the WT. #P<0.05 compared to the TG.
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p-CREB Expression in Circadian Rhythm Disturbed Mice
Disruption of circadian rhythm reduced the ratio of p-CREB to
CREB in the hippocampus (P <0.05). On the contrary, treadmill exercise improved the expression of p-CREB adjusted by
CREB both in TG mice and WT mice (P<0.05) (Fig. 3B).
p-PI 3-Kinase p85α Expression in Circadian Rhythm
Disturbed Mice
Disruption of circadian rhythm reduced the ratio of p-PI 3 kinase p85α to PI 3 kinase p85α in the hippocampus (P <0.05).

On the contrary, treadmill exercise improved the expression of
p-PI 3 kinase p85α adjusted by PI 3 kinase p85α in TG mice
(P<0.05) (Fig. 3C).

p-Akt Expression in Circadian Rhythm Disturbed Mice
Disruption of circadian rhythm reduced the ratio of p-Akt to
Akt in the hippocampus (P < 0.05). On the contrary, treadmill
exercise improved the expression of p-Akt adjusted by Akt both
in TG mice and WT mice (P<0.05) (Fig. 3D).
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Fig. 3. Effects of treadmill exercise on the expressions of mitogen-activated protein kinase (MAPK), cAMP-responsive element binding protein (CREB), phosphatidylinositol 3-kinase (PI 3-kinase), and protein kinas B (Akt). (A) p-p44/42 MAPK (p-Erk1/2) expression in the hippocampus. (B) p-CREB expression in the hippocampus. (C) p-PI 3-kinase p85α expression in the hippocampus. (D) pAkt expression in the hippocampus. WT, wildtype group; WT-EX, wildtype with treadmill exercise group; TG, BMAL1-transgenic
group; TG-EX, BMAL1-transgenic with treadmill exercise group. Data are represented as mean ±standard error of the mean.
*P<0.05 compared to the WT. #P<0.05 compared to the TG.
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Fig. 4. Effects of treadmill exercise on the expressions of protein kinase C (PKC) and Egr-1. (A) p-PKCα expression in the hippocampus. (B) Egr-1 expression in the hippocampus. WT, wildtype group; WT-EX, wildtype with treadmill exercise group; TG, BMAL1transgenic group; TG-EX, BMAL1-transgenic with treadmill exercise group. Data are represented as mean ±standard error of the
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p-PKCα Expression in Circadian Rhythm Disturbed Mice
Disruption of circadian rhythm reduced the ratio of p-PKCα to
PKCα in the hippocampus (P <0.05). On the contrary, treadmill exercise improved the expression of p-PKCα adjusted by
PKCα both in TG mice and WT mice (P<0.05) (Fig. 4A).
Egr-1 Expression in Circadian Rhythm Disturbed Mice
Disruption of circadian rhythm inhibited the expression of Egr1 in the hippocampus (P<0.05). On the contrary, treadmill exercise improved Egr-1 expression both in TG mice and WT
mice (P<0.05) (Fig. 4B).
Neurogenesis in Circadian Rhythm Disturbed Mice
Disruption of circadian rhythm reduced the number of DCXpositive cells in the hippocampal dentate gyrus (P <0.05). On
the contrary, treadmill exercise enhanced the number of DCXpositive cells both in TG mice and WT mice (P<0.05) (Fig. 5A).
Disruption of circadian rhythm reduced the number of BrdUpositive cells in the hippocampal dentate gyrus (P<0.05). On the
contrary, treadmill exercise enhanced the number of BrdU-positive cells both in TG mice and WT mice (P<0.05) (Fig. 5B).

DISCUSSION
As SCN is the anatomical center for generation of circadian
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rhythm, SCN lesions interfere with hippocampus-dependent
memory [19]. Mice lacking forebrain BMAL1 showed deficits
in the spatial and novel object location memory [20]. In this
study, BMAL1-knockdown mice displayed deficits of shortterm, non-spatial object, and spatial learning memory. In contrast, treadmill exercise showed alleviating effect on deficits of
short-term and non-spatial object memory (Fig. 1).
BMAL1-knockout mice exhibited impairment of spatial
learning memory with suppressed MAPK activation [21].
MAPK activation stimulates CREB pathway necessary for spatial and social learning [19]. CREB plays a critical role in memory formation and integration through modulating adult hippocampal neurogenesis [22]. In this study, Erk1/2 phosphorylation in the hippocampus of circadian rhythm disturbed mice
was weakened compared with wildtype mice (Fig. 3A). CREB
activation induced by phosphorylation at a serine residue (Ser
133) was also decreased in the hippocampus of circadian
rhythm disturbed mice (Fig. 3B).
BMAL1-/- mice show reduced glucocorticoid level under the
both light-dark and dark-dark conditions without change of
ACTH secretion [23]. GR expression in BMAL1-/- mouse embryonic fibroblasts was reduced compared to the wildtype
mouse embryonic fibroblasts [1]. In this study, GR expression
in the hippocampus of BMAL1-knockdown mice under the
constant darkness was decreased compared with WT mice.
Int Neurourol J February 28, 2019
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Fig. 5. Effects of treadmill exercise on cell proliferation and neurogenesis in the hippocampal dentate gyrus. (A) Doublecortin (DCX)positive cells in the hippocampal dentate gyrus. Upper panel: Photomicrographs of DCX-positive cells. The scale bar represents 50
μm. Lower panel: The number of DCX-positive cells in each group. (B) 5-Bromo-2’-deoxyuridine (BrdU)-positive cells in the hippocampal dentate gyrus. Upper panel: Photomicrographs of BrdU-positive cells. The scale bar represents 50 μm. Lower panel: The number of BrdU-positive cells in each group. WT, wildtype group; WT-EX, wildtype with treadmill exercise group; TG, BMAL1-transgenic group; TG-EX, BMAL1-transgenic with treadmill exercise group. The data are represented as mean ±standard error of the
mean. *P<0.05 compared to the WT. #P<0.05 compared to the TG.
Treadmill exercise enhanced the expression of GR in the hippocampus of circadian rhythm disturbed mice (Fig. 2A).
GR is activated by binding to glucocorticoid hormone, and
translocated to cell nuclei, then affects transcription through
binding to glucocorticoid responsive element (GRE) in the promoter region of the target genes. During period of inactivity of
the circadian cycle, low level of glucocorticoid results in a marked
decrease in nuclear GR and GRE binding level [24]. Injection of
GR antagonist into the dorsal hippocampus impaired long-term
avoidance memory in rats through suppressing phospho-calcium calmodulin kinase II α, p-Akt, p-CREB, p-TrkB, p-ERK,
and phospho-phospholipase Cγ [7]. For the memory consolidation, BDNF-dependent pathway is an important downstream
Int Neurourol J February 28, 2019

effector of GR activation [5]. In this study, circadian rhythm disturbed mice showed reduced expressions of p-CREB, BDNF,
TrkB, p-PI3 kinase p-85α, p-Akt, and p-Erk1/2 in the hippocampus with impaired memory function. Treadmill exercise increased the expressions of BDNF, TrkB, and facilitated the phosphorylation of CREB, PI3 kinase p85α, Akt, Erk1/2 in the hippocampus of circadian rhythm disturbed mice, contributing to
improvement of memory function (Figs. 1-3).
Hippocampal BDNF mediates the exercise-induced enhancing
effect on synaptic plasticity and cognition [11,12]. CREB potentiates consolidation and performance of memory through regulation of BDNF expression [25]. The beneficial effect of exercise on
learning ability and memory function is due to activation of
www.einj.org
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CREB and Akt in the hippocampus by exercise, which in turn
culminates in the increase of BDNF [9]. Treadmill exercise improves spatial learning memory via increased phosphorylation of
PI3K, Akt, and Erk1/2 in the hippocampus of autistic rats [26].
TrkB activates the PLCγ, which in turn, produces diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP3) [27]. In particular, DAG activates PKC, and PKC activity plays a crucial
role in diverse memories and cognitive function [27]. Especially, PKCα modulates the process of differentiation and regeneration of neurons, and PKCα is associated with the acquisition of
learning [28]. Lin et al. [29] also suggested that running exercise improves learning ability and memory function against Alzheimer disease through enhancing expressions of p-PKC, pTrkB, and p-Akt. In this study, treadmill exercise activated
PKCα in the hippocampus of circadian rhythm disturbed mice,
showing that decreased PKCα activity is associated with impaired memory function (Figs. 1, 4A).
Activation of hippocampal GR increases Egr-1 expression
through enhancing enzymatic activity in the MAPK signaling
pathway including phosphorylation of CREB [30]. Since Egr-1
is required for late LTP and long-term memory [31], Egr1-knockout mice showed impairment of long-term memory
[32]. In this study, treadmill exercise enhanced Egr-1 expression in the hippocampus of both TG mice and wildtype mice
(Fig. 4B), which is consistent with increased expressions of
BDNF, p-CREB, and p-Erk1/2 (Figs. 2B, 3A, and 3B).
BDNF and phosphorylated CREB promote new cell formation in the hippocampal dentate gyrus, and then contribute to
memory consolidation and memory improvement [22,33].
BDNF promotes birth, survival, and maturation of new neurons in the hippocampus [33]. Phosphorylated CREB is associated with newly born neurons, such areas as hippocampal dentate gyrus or subventricular zone [22]. Treadmill exercise is
known to increase the production of new neurons by increasing
BDNF expression in the hippocampus, as a result, it achieves
learning and memory enhancement [10,11]. In this study, consistent with reduced expressions of BDNF, TrkB, p-CREB, and
p-Erk1/2 in the hippocampus of BMAL1-knockdown mice,
circadian rhythm disturbed mice showed decreased neurogenesis. Treadmill exercise enhanced neurogenesis in the circadian
rhythm disturbed mice (Fig. 5).
In the present results, circadian rhythm disruption impaired
memory function through inhibiting the expressions of GR and
various factors related to neurogenesis and memory consolidation, such as BDNF, p-CREB, p-Erk1/2, PI3K, p-Akt, p-PKC,
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and Egr-1in the hippocampus. Treadmill exercise effectively
improved memory function via enhancing the expressions of
GR and above-mentioned factors. Zeitgeber is a cue to reset the
internal body clock, such as a change in light or temperature,
given by the environment. Treadmill exercise acts as the zeitgeber that improves memory function under the circadian
rhythm disrupted conditions.
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