
Dexmedetomidine ameliorates memory impairment in sleep-deprived mice
Lakkyong Hwang a*, Il-Gyu Ko a*, Jun-Jang Jina, Sang-Hoon Kima, Chang-Ju Kima, Boksoon Changb,
Jeong Ho Rhoc, Eun-Jin Moond and Jae-Woo Yid

aDepartment of Physiology, College of Medicine, Kyung Hee University, Seoul, Republic of Korea; bDepartment of Pulmonary and Critical Care
Medicine, Kyung Hee University Hospital at Gangdong, College of Medicine, Kyung Hee University, Seoul, Republic of Korea; cDepartment of
Medicine, Graduate School, Kyung Hee University, Seoul, Republic of Korea; dDepartment of Anesthesiology and Pain Medicine, Kyung Hee
University Hospital at Gangdong, College of Medicine, Kyung Hee University, Seoul, Republic of Korea

ABSTRACT
The selective α2-adrenergic receptor agonist dexmedetomidine acts as an analgesic, sedative, and
anesthetic adjuvant. The most common consequence of sleep deprivation is memory impairment.
We investigated whether dexmedetomidine can counteract memory impairment caused by sleep
deprivation and suppress the production of inflammatory factors. For inducing sleep deprivation,
adult male mice were placed inside a water cage containing 15 platforms immersed in water up
to 1 cm for 7 days. One day after sleep deprivation, dexmedetomidine at the respective dosage
(5, 10, and 20 μg/kg) and α2-adrenoceptor antagonist atipamezole (250 μg/kg) were
intraperitoneally injected into the mice, once per day for six days. The step-down avoidance task
and the Morris water maze test were performed. Western blot analysis was performed to
determine the levels of tumor necrosis factor-α (TNF-α), interleukin (IL)-6, brain-derived
neurotrophic factor (BDNF), tyrosine kinase B (TrkB), nuclear transcription factor-κB (NF-κB),
inhibitor of κBα (IκBα), and ionized calcium binding adapter molecule I (Iba-1) in the
hippocampus. Immunohistochemistry was performed for the determination of Ki-67 and glial
fibrillary acidic protein (GFAP) expression in the hippocampal dentate gyrus. Dexmedetomidine
ameliorated sleep deprivation-induced deterioration of short-term memory and spatial learning
ability. Dexmedetomidine inhibited production of inflammatory mediators caused by sleep
deprivation. Dexmedetomidine also prevented the decrease in BDNF, TrkB expression, and cell
proliferation induced by sleep deprivation. Dexmedetomidine could be used to counteract the
neuropathological effects of sleep deprivation.
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Introduction

Sleep deprivation causes anxiety, depressive symptoms,
cognitive decline, and various pathological disorders,
which affect the normal functioning of a daily routine.
The most common consequence of sleep deprivation is
memory impairment (Sterniczuk et al. 2013). The other
common consequences of sleep loss include sleepiness,
fatigue, and poor cognition.

Sleep loss leads to an increase in the circulating level
of tumor necrosis factor-α (TNF-α) and interleukin-1β (IL-
1β) (Clinton et al. 2011). Sleep loss increases the pro-
duction and release of sleep regulatory pro-inflammatory
molecules (Zielinski and Krueger 2011). Sleep loss can
lead to a decline in spatial memory, neuronal cell prolifer-
ation and differentiation, and in brain-derived neuro-
trophic factor (BDNF) levels (Wadhwa et al. 2017).

The selective α2-adrenergic receptor agonist dexme-
detomidine has been used as an analgesic, sedative,

and an anesthetic adjuvant (Han et al. 2014; Moon
et al. 2018). It has also been reported to exert neuropro-
tective effects against various brain injuries by inhibiting
neuronal cell damage, inflammatory response, and neur-
onal apoptosis (Hwang et al. 2013; Moon et al. 2018). It
induces sedation similar to natural sleep, and is relatively
a safe drug that does not induce apoptosis under normal
conditions (Han et al. 2014; Park et al. 2017).

The aim of the present study was to investigate
whether dexmedetomidine counteracts memory impair-
ment and suppresses the production of inflammatory
factors caused by sleep deprivation. In this study, the
step-down avoidance task for testing short-term
memory and the Morris water maze test for testing
spatial learning memory were performed on mice.
Western blot analysis for determination of levels of
TNF-α, interleukin-6 (IL-6), BDNF, tyrosine kinase B
(TrkB), nuclear transcription factor-κB (NF-κB), inhibitor
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of κBα (IκBα), ionized calcium-binding adapter molecule
1 (Iba-1) and immunohistochemical staining for Ki-67,
glial fibrillary acidic protein (GFAP) were conducted.

Materials and methods

Experimental animals and treatments

Adult male ICR mice (Orient Co., Seongnam, Korea)
weighing 30 ± 2 g (age-15 weeks) were purchased for
this research. Animal experimental procedures were
approved by the Institutional Animal Care and Use Com-
mittee of Kyung Hee University (KHUASP [SE]-16-021).

In the first experiment, to determine the efficacy of
dexmedetomidine at various concentrations, the mice
were divided into the following five groups (n = 8 in
each group): control group, sleep deprivation group,
sleep deprivation and 5 μg/kg dexmedetomidine-
treated group, sleep deprivation and 10 μg/kg dexmede-
tomidine-treated group, and sleep deprivation and
20 μg/kg-dexmedetomidine treated group.

In the second experiment, after the optimal concen-
tration was selected, a selective α2-adrenergic receptor
antagonist was used to evaluate the effect of dexmede-
tomidine. Mice were divided into the following five
groups (n = 8 in each group): control group, sleep depri-
vation group, sleep deprivation and 250 μg/kg atipame-
zole-treated group, sleep deprivation and 20 μg/kg
dexmedetomidine-treated group, and sleep deprivation
and 250 μg/kg atipamezole- and 20 μg/kg dexmedeto-
midine-treated group.

After one day of sleep deprivation, dexmedetomidine
(Precedex, Pfizer, NY, USA) and α2-adrenoceptor antag-
onist atipamezole (Antisedan, Orion Pharma, Espoo,
Finland) were injected intraperitoneally into the mice,
once a day for six days. Previous studies were considered
for determining the required dosages of dexmedetomi-
dine (Hwang et al. 2013; Choi et al. 2017; Moon et al.
2018). Structural formula of dexmedetomidine was
shown in Figure 1.

Induction of sleep deprivation

Sleep deprivation was induced by placing the animals on
a customized platform in an acryl cage for seven

consecutive days (Moon et al. 2018). Time schedule of
experiment is presented in Figure 2. The acryl cage
(90 cm width × 60 cm length × 40 cm height) consisted
of 15 platforms (3 cm diameter and 15 cm height). The
platform surfaces were immersed in water up to 1 cm
and the mice were able to move from one platform to
another. Food and water were provided on the grid
placed on top of the acryl cage during sleep deprivation.

Step-down avoidance task

The step-down avoidance task was performed to evalu-
ate short-term memory according to a previously
described method (Lee et al. 2018). Six days after sleep
deprivation, the mice were trained in a step-down avoid-
ance task. A mouse was placed on a 7 × 25 cm platform
that was 2.5 cm in height. The platform faced a grid
(45 × 25 cm) of parallel steel bars, 0.1 cm in caliber and
spaced 1 cm apart. In the training session, the animal
was immediately shocked by a 0.3 mA scrambling foot
for 2 sec as it stepped down the grid. After 4 h of training,
latency in each group was examined. In the test session,
the mouse was again placed on the platform. The time,
as determined by the test, elapsed until the mouse
stepped down and placed all the four paws on the grid
was defined as latency. The maximum latency was
counted as 180 sec.

Morris water maze test

To evaluate spatial learning memory in mice, the Morris
water maze test was performed according to a previously
described method (Lee et al. 2018). The water maze
apparatus was composed of a circular pool (170 cm
diameter, 50 cm height) filled with opaque water (black
water). Water was filled up to a height of 37 cm and
was maintained at a temperature of 22°C. In the water
maze, a platform (15 cm diameter, 35 cm height) was
located 2 cm below the water surface in one of the
four regions in the pool. Clearly visible cues outside the
maze were provided for orientation. Training sessions
were conducted for three days from the third day of
sleep deprivation and were conducted from 1 pm to 5
pm to evaluate the spatial learning memory. In the acqui-
sition phase, the mouse practiced in each zone once a
day for three consecutive days to find the platform sub-
merged 2 cm below the water surface. For each trial, the
mouse was placed in water, facing the wall of the tank, in
one of the four start locations. The mouse was allowed to
search for the platform for 60 s. If the mouse found the
platform, it was allowed to stay on the platform for 10
s. If the mouse did not find the platform within 60 s,
the mouse was guided and allowed to stay on theFigure 1. Structural formula of dexmedetomidine.
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platform for 10 s. Seven days after sleep deprivation, to
assess spatial learning memory, the animals were sub-
jected to the 60 s probe trial, and then the platform
was removed from the pool. The mouse was placed in
water at the diagonal position on the platform, and the
time required to reach the platform was measured. The
timings of occupancy on the quadrant platform, swim-
ming speed, and swimming distance were recorded
automatically by a video tracking system (SMART; Pan-
Lab, Barcelona, Spain).

Tissue preparation

According to a previously described method (Ko et al.
2018), the mice were sacrificed immediately after the
completion of the Morris water maze test. The mice
were completely anesthetized by Zoletil 50® (10 mg/kg,
intraperitoneally; Vibac Laboratories, Carros, France).
Subsequently, 50 mM phosphate-buffered saline (PBS;
Duksan General Science, Seoul, Korea) was transcardially
perfused, and the mice were fixed using 4% paraformal-
dehyde in 100 mM phosphate buffer (pH 7.4; Duksan
General Science). After dissecting the brains, 40 μm
thick coronal sections were fabricated using a freezing
microtome (Leica, Nussloch, Germany). On an average,
ten sections were selected from the Bregma −1.82 to
−2.30 mm in size from each mouse.

Immunohistochemistry

Immunohistochemistry was performed to visualize the
Ki-67 and GFAP expression, as previously described
(Park et al. 2017; Lee et al. 2018). After washing the sec-
tions using 0.05 M PBS (Duksan General Science), the sec-
tions were treated with a 3% H2O2 (Sigma-Aldrich Inc.,
St. Louis, MO, USA) and 20% methanol (Duksan General
Science). The sections were subsequently treated with

anti-mouse Ki-67 antibody (1:500; Novocastra Labora-
tories, Newcastle, UK) and anti-rabbit GFAP antibody
(1:500; Santa Cruz Biotechnology, CA, USA) at 4°C for
48 h, after which they were incubated with biotinylated
mouse secondary antibody (1:200; Vector Laboratories,
Burlingame, CA, USA) for 2 h at room temperature. The
sections were treated with ABC Elite kit (Vector Labora-
tories) for 2 h followed by treatment with 0.02% diami-
nobenzidine (Sigma-Aldrich Inc.) and 0.03% H2O2

(Sigma-Aldrich Inc.) for 5 min. Finally, the coverslips
were mounted using Permount® (Thermo Fisher Scien-
tific, New Jersey, NJ, USA).

Western blot analysis

Protein lysates were extracted according to a previously
described method (Hwang et al. 2018; Kim et al. 2018).
Dissected hippocampal tissues were homogenized in
400 μl per 1 g concentration of RIPA buffer (Cell Signal-
ing Technology, Beverly, MA, USA) with 1 mM PMSF
(Sigma-Aldrich Inc.) on ice. The homogenized sample
was incubated on ice for 20 min. Incubated sample was
centrifuged at 14,000 g for 10 min at 4°C, and super-
natants were collected. Protein content was measured
using a micro-drop plate reader (Thermo Fisher Scien-
tific). NF-кB and IкBα in the hippocampus were detected
using nuclear/cytosol fractionation kit (BioVision Inc, Mil-
pitas, CA, USA) according to the manufacturer’s instruc-
tions. The following primary antibodies (1:1000
dilution) were selected to react overnight at 4°C:
mouse anti-β-actin, anti-TNF-α, anti-interleukin-6 (IL-6),
anti-proBDNF, anti-BDNF, anti-Iba-1, rabbit anti-TrkB,
anti-NF-κB, and anti-IκBα (Santa Cruz Biotechnology).
Subsequently, membranes were incubated for 1 h with
attempt secondary antibodies (1:2000; Vector Labora-
tories). Blot membrane was detected using the HRP-con-
jugated IgG (Vector Laboratories) and the enhanced

Figure 2. Experimental schedule. (A) Induction of sleep deprivation, (B) step-down avoidance task, (C) Morris water maze test, (D)
experimental time line.
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chemiluminescence detection kit (Bio-Rad, Hercules, CA,
USA). Detected bands were quantified by Image-Pro®
plus image analysis system (ver. 6.0, Media Cybernetics
Inc., Silver Spring, MD, USA).

Data analysis

The number of Ki-67-positive cells in each area of the
hippocampal dentate gyrus was counted according to
a stereological method (Kempermann et al. 1997; Kim
et al. 2007). The number of Ki-67-positive cells in the
hippocampal dentate gyrus was counted according
to a stereological method hemilaterally under a light
microscope (Olympus, Tokyo, Japan). The total
number of Ki-67-positive cells in the granular layer,
N, was calculated by multiplying the numerical
density of Ki-67-positive cells, Nv, with the reference
volume (mm3), Vref, as N = Nv × Vref. Vref was estimated
according to the Cavalieri’s method (Kempermann
et al. 1997; Kim et al. 2007) as Vref = a × t × s, where
a represents the mean area of the granular cell layer,
t the mean thickness of the microtome section
(40 μm), and s is the total number of sections in the
reference volume.

The optical densities of GFAP immunoreactive fibers
were measured on 100 × 100 μm2 images in the hippo-
campal dentate gyrus using an image analyzer (Multi-
scan, Fullerton, CA, USA). The GFAP-positive fiber
densities were calculated as follows: optical density of
the lesion side/optical density of the intact side.

Statistical analysis was performed using one-way
analysis of variance and Duncan’s post-hoc test using
SPSS software (ver. 23, IBM Co., Armonk, NY, USA), and
the values were expressed as mean ± standard error
(SEM). P value < 0.05 was considered to indicate a statisti-
cally significant difference.

Results

Effect of dexmedetomidine on short-termmemory

The efficacy of dexmedetomidine concentration in the
step-down avoidance task is shown in Figure 3A. Sleep-
deprived mice showed a shorter latency period com-
pared to mice in the control group (P < 0.05). However,
dexmedetomidine treatment increased the latency
period in a dose-dependent manner (P < 0.05). The
mice in 20 μg/kg dexmedetomidine-treated group
showed a significant increase in latency period com-
pared to all other groups (P < 0.05).

The results of the step-down avoidance task in mice
treated with α2-adrenoceptor antagonist are shown in
Figure 3B. Sleep deprivation significantly disturbed

short-term memory (P < 0.05), whereas dexmedetomi-
dine treatment alleviated sleep deprivation-induced
short-term memory impairment (P < 0.05). On treatment
with dexmedetomidine antagonist atipamezole, the dex-
medetomidine-induced improvement in short-term
memory was reversed (P < 0.05).

Effect of dexmedetomidine on spatial learning
memory

The efficacy of dexmedetomidine concentration
assessed by the Morris water maze test is shown in
Figure 4A. Sleep-deprived mice showed a longer
latency period and distance, slow swimming speed,

Figure 3. Effect of dexmedetomidine on short-term memory. A:
Evaluation of dose-dependent effects of dexmedetomidine on
short-term memory (n = 8). (a) Control group, (b) sleep depri-
vation group, (c) sleep deprivation and 5 μg/kg dexmedetomi-
dine-treated group, (d) sleep deprivation and 10 μg/kg
dexmedetomidine-treated group, (e) sleep deprivation and
20 μg/kg dexmedetomidine-treated group. B: Evaluation of
effect of dexmedetomedine antagonist on short-term memory
(n = 8). (f) Control group, (g) sleep deprivation group, (h) sleep
deprivation 250 μg/kg atipamezole-treated group, (i) sleep
deprivation and 20 μg/kg dexmedetomidine-treated group, (j)
sleep deprivation and 250 μg/kg atipamezole-treated with
20 μg/kg dexmedetomidine-treated group. * represents P <
0.05 compared to the control group. # represents P < 0.05 com-
pared to sleep deprivation group.
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and shorter duration of occupancy in the target zone
compared to the mice in the control group (P < 0.05).
However, dexmedetomidine treatment shortened
latency period and distance and led to an increased
swimming speed and longer duration of occupancy in
the target zone in a dose-dependent manner (P < 0.05).
The mice in the 20 μg/kg dexmedetomidine-treated
group showed a significantly shortened latency period
and distance and led to an increased swimming speed
and longer duration of occupancy in the target zone
compared to that in all other groups (P < 0.05).

The results of the Morris water maze test in mice
treated with α2-adrenoceptor antagonist are shown in
Figure 4B. Sleep deprivation significantly disturbed
spatial learning memory (P < 0.05), whereas dexmedeto-
midine treatment alleviated sleep deprivation-induced
spatial learning memory impairment (P < 0.05). On treat-
ment with atipamezole, the dexmedetomidine-induced
improvement in spatial learning memory was reversed
(P < 0.05).

Effect of dexmedetomidine on inflammatory
mediators in hippocampus

The efficacy of dexmedetomidine concentration on
inflammatory mediators is shown in Figure 5A. Sleep-
deprived mice showed increased levels of TNF-α, IL-6,

Iba-1, and NF-κB and decreased levels of IκBα compared
to mice in the control group (P < 0.05). However, dexme-
detomidine treatment suppressed the levels of TNF-α, IL-
6, Iba-1, and NF-κB (P < 0.05) and increased the level of
IκBα in a dose-dependent manner (P < 0.05). The mice
in the 20 μg/kg dexmedetomidine-treated group
showed significantly altered levels of TNF-α, IL-6, Iba-1,
NF-κB, and IκBα compared to that in all other groups
(P < 0.05).

The effects of α2-adrenoceptor antagonist on inflam-
matory mediators are shown in Figure 5B. Sleep depri-
vation increased TNF-α, IL-6, Iba-1, and NF-κB
expression (P < 0.05) and decreased IκBα expression (P
< 0.05). However, dexmedetomidine treatment reduced
TNF-α, IL-6, Iba-1, and NF-κB expression (P < 0.05) and
increased IκBα expression (P < 0.05). On treatment with
atipamezole, the decreased levels of TNF-α, IL-6, Iba-1,
and NF-κB and increased levels of IκBα caused by dexme-
detomidine were reversed (P < 0.05).

Effect of dexmedetomidine on BDNF and TrkB
expression in the hippocampus

The efficacy of dexmedetomidine concentration on
BDNF and TrkB expression is shown in Figure 6A.
Sleep-deprived mice showed decreased expression of
BDNF and TrkB compared to mice in the control group

Figure 4. Effect of dexmedetomidine on the spatial learning ability. A: Evaluation of dose-dependent effects of dexmedetomidine on
spatial learning ability (n = 8). (a) Control group, (b) Sleep deprivation (SD)-induced group, (c) SD-induced and 5 μg/kg dexmedetomi-
dine-treated group, (d) SD-induced and 10 μg/kg dexmedetomidine-treated group, (e) SD-induced and 20 μg/kg dexmedetomidine-
treated group. B: Evaluation of effect of dexmedetomidine antagonist on spatial learning ability (n = 8). (f) Control group, (g) sleep
deprivation group, (h) sleep deprivation 250 μg/kg atipamezole-treated group, (i) sleep deprivation and 20 μg/kg dexmedetomi-
dine-treated group, (j) sleep deprivation and 250 μg/kg atipamezole-treated with 20 μg/kg dexmedetomidine-treated group. * rep-
resents P < 0.05 compared to the control group. # represents P < 0.05 compared to sleep deprivation group.
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(P < 0.05). However, dexmedetomidine treatment
enhanced the expression of BDNF and TrkB in a dose-
dependent manner (P < 0.05). The mice in the 20 μg/kg
dexmedetomidine-treated group showed significantly
enhanced BDNF and TrkB expression compared to that
in all other groups (P < 0.05).

The effects of α2-adrenoceptor antagonist on
expression of BDNF and TrkB are shown in Figure 6B.
Sleep deprivation decreased the expression of BDNF
and TrkB (P < 0.05), whereas dexmedetomidine treat-
ment enhanced the expression of BDNF and TrkB (P <
0.05). On treatment with atipamezole, the increased
BDNF and TrkB expression caused by dexmedetomidine
was reversed (P < 0.05).

Effect of dexmedetomidine on Ki-67 and GFAP
expressions in the hippocampal dentate gyrus

The efficacy of dexmedetomidine concentration on Ki-67
and GFAP expression in the hippocampal dentate gyrus
is shown in Figure 7A. Sleep-deprived mice showed
decreased Ki-67 expression and increased GFAP
expression compared to mice in the control group (P <
0.05). However, dexmedetomidine treatment increased

Ki-67 expression and decreased GFAP expression in a
dose-dependent manner (P < 0.05). The mice in 20 μg/
kg dexmedetomidine-treated group showed signifi-
cantly increased expression of Ki-67 and decreased
expression of GFAP compared to that in all other
groups (P < 0.05).

The effects of α2-adrenoceptor antagonist on
expression of Ki-67 and GFAP are shown in Figure 7B.
Sleep deprivation decreased Ki-67 expression and
increased GFAP expression (P < 0.05), whereas dexmede-
tomidine treatment enhanced Ki-67 expression and
decreased GFAP expression (P < 0.05). On treatment
with atipamezole, the increased Ki-67 and decreased
GFAP expression caused by dexmedetomidine were
reversed (P < 0.05).

Discussion

Dexmedetomidine provides sedation without increasing
the risk of respiratory depression unlike other commonly
used sedatives, such as propofol, fentanyl, and midazo-
lam. Dexmedetomidine decreases the activity of nor-
adrenergic neurons in the locus ceruleus of the brain
stem, inducing sedation, thereby increasing the activity

Figure 5. Effect of dexmedetomidine on inflammatory mediators and Iba-1 expression in the hippocampus. A: Evaluation of dose-
dependent effects of dexmedetomidine on inflammatory mediators (n = 8). (a) Control group, (b) sleep deprivation group, (c) sleep
deprivation and 5 μg/kg dexmedetomidine-treated group, (d) sleep deprivation and 10 μg/kg dexmedetomidine-treated group, (e)
sleep deprivation and 20 μg/kg dexmedetomidine-treated group. B: Evaluation of effect of dexmedetomidine antagonist on inflamma-
tory mediators (n = 8). (f) Control group, (g) sleep deprivation group, (h) sleep deprivation 250 μg/kg atipamezole-treated group, (i)
sleep deprivation and 20 μg/kg dexmedetomidine-treated group, (j) sleep deprivation and 250 μg/kg atipamezole-treated with
20 μg/kg dexmedetomidine-treated group. * represents P < 0.05 compared to the control group. # represents P < 0.05 compared to
sleep deprivation group.
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of gamma-aminobutyric acid neurons in the pre-optic
nerve nucleus of the brain (Nelson et al. 2003). In con-
trast, other sedatives such as propofol and

benzodiazepines directly increase the activity of
gamma-amino butyric acid neurons (Panzer et al.
2009). Sedation caused by dexmedetomidine is similar

Figure 6. Effect of dexmedetomidine on BDNF and TrkB expression in the hippocampus. A: Evaluation of dose-dependent effects of
dexmedetomidine on BDNF and TrkB expression (n = 8). (a) Control group, (b) sleep deprivation group, (c) sleep deprivation and 5 μg/
kg dexmedetomidine-treated group, (d) sleep deprivation and 10 μg/kg dexmedetomidine-treated group, (e) sleep deprivation and
20 μg/kg dexmedetomidine-treated group. B: Evaluation of effect of dexmedetomidine antagonist on BDNF and TrkB expression (n
= 8). (f) Control group, (g) sleep deprivation group, (h) sleep deprivation 250 μg/kg atipamezole-treated group, (i) sleep deprivation
and 20 μg/kg dexmedetomidine-treated group, (j) sleep deprivation and 250 μg/kg atipamezole-treated with 20 μg/kg dexmedetomi-
dine-treated group. * represents P < 0.05 compared to the control group. # represents P < 0.05 compared to sleep deprivation group.

Figure 7. Effect of dexmedetomidine on Ki-67 and GFAP expression in the hippocampal dentate gyrus. A: Evaluation of dose-depen-
dent effects of dexmedetomidine on GFAP and Ki-67 expression (n = 8). (a) Control group, (b) sleep deprivation group, (c) sleep depri-
vation and 5 μg/kg dexmedetomidine-treated group, (d) sleep deprivation and 10 μg/kg dexmedetomidine-treated group, (e) sleep
deprivation and 20 μg/kg dexmedetomidine-treated group. B: Evaluation of effect of dexmedetomidine antagonist on GFAP expression
and Ki-67 (n = 8). (f) Control group, (g) sleep deprivation group, (h) sleep deprivation 250 μg/kg atipamezole-treated group, (i) sleep
deprivation and 20 μg/kg dexmedetomidine-treated group, (j) sleep deprivation and 250 μg/kg atipamezole-treated with 20 μg/kg
dexmedetomidine-treated group. Insets show Ki-67 and GFAP-positive expression. The scale bars represent 150 μm. Insets are
higher magnification (scale bar: 50 μm). * represents P < 0.05 compared to the control group. # represents P < 0.05 compared to
sleep deprivation group.
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to that caused by natural sleep. Therefore, dexmedeto-
midine shows limited loss of memory than benzo-
diazepines (Panzer et al. 2009).

Sleep deprivation can cause a decline in spatial
memory, in neuronal cell proliferation and differen-
tiation, and in BDNF level accompanied by an upregula-
tion of neuroinflammatory molecules (Wadhwa et al.
2017). Sleep deprivation can induce impairment of
spatial learning ability and memory function (Li et al.
2019). In this study, dexmedetomidine ameliorated
sleep deprivation-induced deterioration of short-term
memory and spatial learning memory.

Sleep-deprived mice exhibited increased IL-1β and
TNF-α pro-inflammatory gene expression in brain as
well as in peripheral tissues (Ashley et al. 2016). The
level of Iba-1 was increased in both the cerebral cortex
and the hippocampus in the lipopolysaccharide-injected
group compared to that in control group (Hu et al. 2011).
Enhanced Iba-1 expression represents microglial acti-
vation in sleep deprivation (Wadhwa et al. 2018). NF-κB
is present in the neurons and glial cells, and its activation
leads to the transcription of many inflammatory mol-
ecules such as IL-1β and TNF-α (Faraut et al. 2012). IκBα
is inversely related to NF-κB. IκBα plays an important
role in regulating NF-κB activity in the brain and a
robust NF-κB/IκBα-mediated neuroinflammatory
response (Lian et al. 2012). Dexmedetomidine inhibits
the IL-1β-induced IL-6 synthesis mediated by the α2-
adrenergic receptors (Tanabe et al. 2014). Dexmedetomi-
dine exerts a neuroprotective effect through NF-κB in
lipopolysaccharide-induced cognitive dysfunction
(Zhang et al. 2018). Dexmedetomidine can suppress hip-
pocampal inflammation caused by surgical trauma and
can effectively improve cognitive function after surgery
in rats. (Chen et al. 2019). In this study, dexmedetomidine
inhibited sleep deprivation-induced production of
inflammatory mediators.

Stressful situations such as sleep deprivation suppress
BDNF and TrkB expression in the hippocampus, resulting
in inhibition of neurogenesis (Sompol et al. 2011). BDNF
expression was decreased by sleep deprivation (Sahu
et al. 2013). The upregulation of BDNF and TrkB
expression is associated with increased cell proliferation
in the hippocampus (Jin et al. 2017). In this study, dexme-
detomidine prevented the decrease in level of BDNF and
TrkB caused by sleep deprivation.

Ki-67 is a marker for cell proliferation in the hippo-
campus (Kee et al. 2002). New cell formation in the
dentate gyrus was decreased by sleep deprivation
(Sahu et al. 2013). Prolonged sleep deprivation decreases
hippocampal cell proliferation and neurogenesis (Murata
et al. 2018). In this study, dexmedetomidine increased
cell proliferation inhibited by sleep deprivation.

Dexmedetomidine exerts neuroprotective effect
against intracerebral hemorrhage (Hwang et al. 2013)
and cerebral ischemia (Choi et al. 2017). Treatment
with dexmedetomidine suppresses the expression of
apoptosis-related factors released due to brain insults,
resulting in improvements in short-term memory and
spatial learning memory (Hwang et al. 2013; Choi et al.
2017).

The results of present study showed that dexmedeto-
midine inhibited production of sleep deprivation-
induced inflammatory mediators in the hippocampus.
Dexmedetomidine also increases new cell formation in
the hippocampus through enhancing BDNF production
in sleep deprivation mice. These effects of dexmedetomi-
dine ameliorated sleep deprivation-induced impairment
of short-term memory and spatial learning memory. In
particular, the efficacy was excellent at high concen-
tration. Based on the present results, dexmedetomidine
can be used to counter the neuropathological effects
of sleep deprivation.
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