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Purpose: Sleep deprivation induces depressive symptoms. Dexmedetomidine is a a,-adrenoreceptor agonist and this drug
possesses sedative, anxiolytic, analgesic, and anesthetic-sparing effect. In this study, the action of dexmedetomidine on sleep
deprivation-induced depressive behaviors was investigated using mice.

Methods: For the inducing of sleep deprivation, the mice were placed inside a water cage containing 15 platforms and filled
with water up to 1 cm below the platform surface for 7 days. One day after sleep deprivation, dexmedetomidine at the respec-
tive dosage (0.5, 1, and 2 pg/kg) was intraperitoneally treated into the mice, one time per a day during 6 days. Then, forced
swimming test and tail suspension test were conducted. Immunohistochemistry for tyrosine hydroxylase (TH), 5-hydroxytryp-
tamine (5-HT; serotonin), tryptophan hydroxylase (TPH) and western blot for D1 dopamine receptor were also performed.
Results: Sleep deprivation increased the immobility latency in the forced swimming test and tail suspension test. The expres-
sions of TPH, 5-HT, and D1 dopamine receptor were decreased, whereas, TH expression was increased by sleep deprivation.
Dexmedetomidine decreased the immobility latency and increased the expressions of TPH, 5-HT, and D1 dopamine receptor,
whereas, HT expression was decreased by dexmedetomidine treatment.

Conclusions: In our results, dexmedetomidine alleviated sleep deprivation-induced depressive behaviors by increasing 5-HT
synthesis and by decreasing dopamine production with up-regulation of D1 dopamine receptor.
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¢ HIGHLIGHTS
- Selective a,-adrenoreceptor agonist dexmedetomidine acts as an analgesic, sedative, and anesthetic-sparing agent.
- Dexmedetomidine alleviated sleep deprivation-induced depressive behaviors.
- The effect of dexmedetomidine was achieved by increasing serotonin synthesis and by decreasing dopamine production.

INTRODUCTION night shifts, and sleep deprivation causes anxiety, depressive

symptoms, and impaired judgment [1]. Depressive symptoms
Sleep deprivation is common in health care professionals and are potent risk factor causing sleep disorders, and depression is
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also considered as one of the major complications in insomnia
patients. Serotoninergic nervous system is associated with the
modulation of sleep and wakefulness. Depression induces a
functional decrease of central serotoninergic neurotransmis-
sion and depression is associated with the specific alterations of
sleep, notably insomnia [2].

Serotonin (5-hydroxytryptamine, 5-HT) is implicated in
many physiological functions, such as mood control, feeding,
and sleep. Tryptophan hydroxylase (TPH) catalyzed 5-HT syn-
thesis from tryptophan, which initially producing 5-hydroxy-
tryptophan. Aromatic amino acid decarboxylase is involved in
the decarboxylation of 5-hydroxytryptophan into 5-HT. Be-
cause TPH is known as the rate-limiting enzyme for the 5-HT
production, the level of TPH has been used as an indicator for
5-HT synthesis. Dysfunction of 5-HT and its synthetic enzyme
TPH is closely associated with depression or anxiety [3-5].

Dopamine neurons originate from the substantia nigra (SN)
and project to the cerebral forebrain structures, such as pre-
frontal cortex (PFC) and striatum. In particular, striatum is a
part of the anatomic network that aids in the function of dorso-
lateral PFC. Tyrosine hydroxylase (TH) catalyzes the produc-
tion of L-dihydroxyphenylalanine, which is the rate-limiting
step for the dopamine synthesis [6]. Functional loss of dopami-
nergic nervous control in humans causes diverse sleep disor-
ders [7]. Pharmacologic drugs targeting to the dopaminergic
neurotransmission are clinically used for the treatment of many
neuropsychiatric diseases [8]. Acute sleep deprivation elevated
TH expression in the ventral tegmental area, nucleus accum-
bens, and hypothalamus [9].

Dopamine receptors are one of the families included in the
G-protein linked receptors. D1-like dopamine receptors (D1
dopamine receptor and D5 dopamine receptor) regulate cyclic
AMP level positively [10]. D1 dopamine receptor is exclusively
located at the postsynaptic site. On the other hand, D2-like do-
pamine receptors (D2 dopamine receptor, D3 dopamine recep-
tor, and D4 dopamine receptor) are known to inhibit adenylate
cyclase activity. D2 dopamine receptor and D3 dopamine re-
ceptor are presynaptically and postsynaptically present in both
[11]. Dopamine receptors mediate all physiological actions by
dopamine, from voluntary movement to hormonal regulation
[8]. Of these, D1 dopamine receptor is associated with the ac-
tion of antidepressants, and D1 dopamine receptor agonists have
been considered as the potential antidepressants [8,12].

Selective a,-adrenoreceptor agonist dexmedetomidine acts
as an analgesic, sedative, and anesthetic-sparing agent [13].
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Dexmedetomidine has been reported to exert neuroprotective
effects against various brain insults through inhibiting neuronal
apoptosis [14,15]. Dexmedetomidine induces sedation similar
to natural sleep, and dexmedetomidine is a safe agent that does
not induce apoptosis under the normal conditions [16,17].

In this study, we investigated whether dexmedetomidine is
effective on sleep deprivation-induced depression. For this ex-
periment, forced swimming test, tail suspension test, immuno-
histochemcal staining for 5-HT, TPH, TH, and Western blot
analysis for D1 dopamine receptor were conducted using mice.

MATERIALS AND METHODS

Animal Treatments
Male ICR mice, weighing 30+2 g (15 weeks in age), were pur-
chased for this experiment. All animal experimental procedures
were approved by the Institutional Animal Care and Use Com-
mittee of Kyung Hee University (KHUASP[SE]-16-021), and
performed in accordance with the National Institute of Health
Council for the management and use of laboratory animals.
The mice were bred at the controlled conditions (23°C+2°C
room temperature, 8:00 am to 8:00 pM lighting). The animals
were classified as the following five groups (n=10 for each
group): control, sleep deprivation, sleep deprivation and 0.5 pug/
kg dexmedetomidine-treated, sleep deprivation and 1 pg/kg
dexmedetomidine-treated, and sleep deprivation and 2 pg/kg
dexmedetomidine-treated groups. One day after sleep depriva-
tion, dexmedetomidine at the respective dose (0.5, 1, and 2 ug/
kg in 200 uL NaCl) was intraperitoneally injected to the mice,
one time per a day during 6 days.

Induction of Sleep Deprivation

Animal model of sleep deprivation was made using the method
described previously [18,19]. Sleep deprivation was induced by
placing the mice inside water cage (90 cm x 60 cm x40 cm high)
containing 15 platforms (3 cm in diameter, 15 cm in height) and
filled with water up to 1 cm beneath the platform surface, during
7 consecutive days. The mice were able to move or jump from
one platform to the other inside of the water cage. Food and wa-
ter were supplied into the grid placed on top of the water cage.

Forced Swimming Test

As the method described previously [3,20], depression-like be-
havior was determined by the forced swimming test. Six days
after sleep deprivation, a preliminary test was performed dur-
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ing 15 minutes. One day after a preliminary test, test was con-
ducted for 5 minutes. Individually, the mice were located in a
vertical plexiglass cylinder (40 cm height, 20 diameter) filled
with 30 cm water at 25°C+2°C. For the forced swimming test,
a Smart version 2.5 video tracking system (Panlab, Barcelona,
Spain) calculated immobility. Immobility defines the limb and
trunk as completely immobile. Following test, the mice were
dried using a towel and placed in a separate cage, and were
heated by a lamp until the mice were completely dry.

Tail Suspension Test

As the method described previously [21,22], the tail suspension
test is based on the action that the animal does not move if the
animal gets stress that could not be avoided in a short period of
time. Seven days after sleep deprivation, mouse was hung from
a tube by its tail for 5 minutes approximately 10 cm away from
the ground. During this time, the mouse tried to escape and
reach to the ground. The time it takes until it remains immobile
was measured.

Tissue Preparation

As the method described previously [3,20], the mice were sacri-
ficed immediately after tail suspension test. Zoletil 50 (10 mg/
kg; Vibac Laboratories, Carros, France) was used to anesthetize
the mice, and then 50mM phosphate-buftered saline was trans-
cardially perfused to the mice, and the mice were fixed by 4%
paraformaldehyde in 100mM phosphate buffer (pH, 7.4). After
that, the brains were removed, stored during overnight in the
same fixation solution, and then treated with 30% sucrose for
cryoprotection. Using a cryostat (Leica, Wetzlar, Germany), the
slices were coronal sectioned with 40-um thickness. For the im-
munohistochemical staining, region spanning from Bregma
1.98 to 1.70 mm was selected for the PFC, region spanning
from Bregma 0.74 to 0.38 mm was selected for the striatum, re-
gion spanning from Bregma -2.70 to -3.28 mm was selected for
the SN, and region spanning from Bregma -4.36 to -4.72 mm
was selected for the dorsal raphe. The 10 average sections were
selected from each mouse.

Immunohistochemistry

As the method described previously [20,23], we performed im-
munohistochemistry to detect the expression of 5-HT, TPH,
and TH. The tissue sections were treated with mouse anti-TH,
mouse anti-TPH, and rabbit anti-5-HT antibody (1:1,000; Santa
Cruz Biotechnology, Santa Cruz, CA, USA) during overnight.
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The sections were treated with biotinylated anti-mouse TH, an-
ti-mouse TPH secondary antibody and with biotinylated anti-
rabbit 5-HT secondary antibody (1:200; Vector Laboratories,
Burlingame, CA, USA) during 1 hour. Next, avidin-biotin-per-
oxidase complex (Vector Laboratories) was treated to the sec-
tion during 1 hour at 25°C. The sections were treated with a re-
action mixture consisting of 0.03% 3,3’-diaminobenzidine and
0.03% hydrogen peroxide during 5 minutes. After the slides
were dried under the room conditions, Permount (Fisher Scien-
tific, Fair Lawn, NJ, USA) was used for the coverslips mounting.

Western Blotting

As the method described previously [20,23], Western blotting
was conducted to evaluated D1 dopamine receptor expression
in the PFC, striatum, and SN. After dissecting PFC, striatum,
and SN, these tissues were collected. The tissues were treated
with the lysis buffer composing 150mM NaCl, 10% glycerol, 1%
Triton X-100, ImM phenylmethanesulfonyl fluoride, ImM
EGTA, 1.5mM MgCl,-6H,0, ImM sodium orthovanadate,
100mM sodium fluoride, and 50mM HEPES (pH, 7.5). We
used colorimetric protein assay kit (Bio-Rad, Hercules, CA,
USA) to measure protein content in each sample. After separat-
ing protein samples (30 pg) using sodium dodecyl sulfate-poly-
acrylamide gel, these samples were moved onto the nitrocellu-
lose membrane. This membrane was treated with 5% skim milk
in Tris-buffered saline with 0.1% Tween-20, and then the mem-
brane was treated with following primary antibodies during
overnight at 4°C: rabbit anti-GAPDH antibody and goat anti-
D1 dopamine receptor antibody (1:1,000; Santa Cruz Biotech-
nology). After that, the membrane was treated with secondary
antibody (1:2,000; Vector Laboratories) during 1 hour. We used
enhanced chemiluminescence detection kit (Santa Cruz Bio-
technology) for the band detection.

Data Analysis

Densitometric analysis by an Image-Pro Plus image analysis
system (Media Cybernetics Inc., Silver Spring, MD, USA) was
conducted to confirm the expression of D1 dopamine receptor.
Under the light microscope (Olympus, Tokyo, Japan), we
counted the number of TH-positive cells in the SN and the
number of TPH and 5-HT-positive cells in the dorsal raphe. By
an image analyzer (Multiscan, Fullerton, CA, USA), we calcu-
lated the optical density of TH-immunoreactive fibers in the
PFC and striatum at 100- x 100-pm area. Optical density of TH
was corrected by the nonspecific background density, in which
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was completely denervated PFC and striatum. The formulation
of optical density of TH-positive fibers in the PFC and striatum
is as follows: optical density in the lesion side/optical density in
the intact side.

One-way analysis of variance following by Duncan’s post-
hoc test was used for the data analysis. Mean + standard error of
the mean was presented for the results, and P <0.05 was consid-
ered as significance.

RESULTS

Immobility Latency in Forced Swimming Test and Tail
Suspension Test

Fig. 1 represents immobility latency of the forced swimming
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Fig. 1. Effect of dexmedetomidine on immobility latency in the
forced swimming and tail suspension test. Upper panel: Immo-
bility latency of forced swimming test. Lower panel: Immobility
latency of tail suspension test. A, control group; B, sleep depriva-
tion group; C, sleep deprivation and 0.5 pg/kg dexmedetomi-
dine-treated group; D, sleep deprivation and 1 pg/kg dexme-
detomidine-treated group; E, sleep deprivation and 2 ug/kg dex-
medetomidine-treated group. *P <0.05 compared to the control
group. “P <0.05 compared to the sleep deprivation group.
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test and tail suspension test. In our results, immobility latency
of the forced swimming test and tail suspension test was in-
creased by sleep deprivation. Dexmedetomidine treatment
shortened immobility latency in the forced swimming test
(F=10.730, P<0.001) and in the tail suspension test (F=12.490,
P <0.001) of the sleep deprived mice.

TPH and 5-HT Expression in Dorsal Raphe

Fig. 2 is photomicrographs of TPH-positive and 5-HT-positive
cells in the dorsal raphe. In our results, sleep deprivation de-
creased TPH and 5-HT expression in the dorsal raphe. Dexme-
detomidine treatment enhanced TPH (F=5.799, P<0.01) and
5-HT (F=11.861, P<0.001) expression in the dorsal raphe of
the sleep deprived mice.

TH Expression in PFC, Striatum, and SN

Fig. 3 is photomicrographs of TH expression in the PFC, stria-
tum, and SN. In our results, sleep deprivation increased the TH
expression in the PFC, striatum, and SN. Dexmedetomidine
treatment suppressed TH expression in the PFC (F=12.490,
P<0.001), striatum (F=35.878, P<0.001), and SN (F=9.952,
P <0.001) of the sleep deprived mice.

D1 Dopamine Receptor Expression in PFC, striatum, and SN
Fig. 4 is relative expression of D1 dopamine receptor in the
PFC, striatum, and SN. In our results, sleep deprivation de-
creased the D1 dopamine receptor expression in the PFC, stria-
tum, and SN. Dexmedetomidine treatment enhanced D1 dopa-
mine receptor expression in the PFC (F=8.253, P<0.001), stri-
atum (F=22.758, P<0.001), and SN (F=13.587, P<0.001) of
the sleep deprived mice.

DISCUSSION

One of the most widely known tests for determining antide-
pressant activity is the forced swimming test [3,20]. The forced
swimming test is centered on a rodent’s response to the threat
of drowning (immobility behaviors), and the results are inter-
preted according to the measured susceptibility to negative
mood. Likewise, the tail suspension test is an experimental
method used to measure depressive behavior in rodents [21,22].
Sleep deprivation increased depressive behaviors such as im-
mobility latency of the forced swimming test or tail suspension
test in animals [24,25].

In our study, the immobility latency of both forced swim-
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Fig. 2. Effect of dexmedetomidine on tryptophan hydroxylase (TPH) and 5-hydroxytryptamine (5-HT) expressions in the dorsal ra-
phe. Upper panel: Photomicrographs of THP-positive cells (left) and 5-HT-positive cells (right) in the dorsal raphe. The scale bars
represent 200 um. Lower panel: Number of TPH-positive (left) and 5-HT-positive cells (right) in each group. A, control group; B,
sleep deprivation group; C, sleep deprivation and 0.5 pug/kg dexmedetomidine-treated group; D, sleep deprivation and 1 pg/kg dex-
medetomidine-treated group; E, sleep deprivation and 2 ug/kg dexmedetomidine-treated group. *P <0.05 compared to the control

group. “P <0.05 compared to the sleep deprivation group.

ming test and tail suspension test was increased by sleep depri-
vation, indicating that sleep deprivation caused depressive be-
haviors in mice. Dexmedetomidine suppressed immobility la-
tency of the forced swimming test and tail suspension test, sug-
gesting that dexmedetomidine ameliorated sleep deprivation-
induced depressive behaviors. Dexmedetomidine exerted anti-
depressant action via a;-adrenoreceptor in mice [26].

The development of rapid eye movement (REM) sleep is
caused by a decrease of serotoninergic tone in the brain stem
structure, thus antidepressants that increase serotoninergic tone
inhibit REM sleep [2]. Sleep deprivation for 8 hours caused a
gradual decline in extracellular fluid serotonin level in the hip-
pocampus and prefrontal cortex [27]. Sleep restriction during
one week evoked a blunted pituitary adrenocorticotropin re-
sponse, and this blunted pituitary response might be associated
with the decreased sensitivity to serotonin-1A receptor [18].

Int Neurourol J October 31,2018

They concluded that chronic sleep deprivation could alter neu-
rotransmitter receptor system and neuroendocrine responses
similar to those seen in depression [18]. Repeated separation of
their pups increased immobility latency in the forced swim test
of the maternal rats, and 5-HT and TPH expressions in the dor-
sal raphe were declined in the depressive maternal rats [5]. De-
creased levels of 5-HT and TPH expression were observed in the
dorsal raphe of the depressive rat pups caused by maternal sepa-
ration [3] and depressive rats with intracerebral hemorrhage [4].
In our study, the levels of 5-HT and TPH expression in the
dorsal raphe were inhibited by sleep deprivation, indicating that
suppression of 5-HT level in the dorsal raphe by sleep depriva-
tion is closely related with depressive symptoms in mice. Dex-
medetomidine enhanced 5-HT and TPH expression in the
dorsal raphe, suggesting that dexmedetomidine restored sleep
deprivation-induced decrease in 5-HT level. Enhanced 5-HT
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Fig. 3. Effect of dexmedetomidine on tyrosine hydroxylase (TH) expressions in the pre-frontal cortex (PFC), striatum, and substantia
nigra (SN). Upper panel: Photomicrographs of TH-immunoreactivity fiber in the PFC (left), striatum (middle), and SN (right). The
scale bars represent 200 pum. Lower panel: Density of TH immunoreactivity fiber in each group. A, control group; B, sleep deprivation
group; G, sleep deprivation and 0.5 ug/kg dexmedetomidine-treated group; D, sleep deprivation and 1 pg/kg dexmedetomidine-treat-
ed group; E, sleep deprivation and 2 pg/kg dexmedetomidine-treated group. *P <0.05 compared to the control group. “P <0.05 com-
pared to the sleep deprivation group.
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Fig. 4. Effect of dexmedetomidine on D1 dopamine receptor (D1DR) in the pre-frontal cortex (PFC), striatum, and substantia nigra
(SN). Upper panel: The results of band detection using the enhanced chemiluminescence detection kit in PFC (left), striatum (mid-
dle), and SN (right). Lower panel: The relative expression of D1 dopamine receptor in each group. A, control group; B, sleep depriva-
tion group; C, sleep deprivation and 0.5 pg/kg dexmedetomidine-treated group; D, sleep deprivation and 1 pg/kg dexmedetomidine-
treated group; E, sleep deprivation and 2 pg/kg dexmedetomidine-treated group. *P <0.05 compared to the control group. “P <0.05
compared to the sleep deprivation group.

and TPH expression in the dorsal raphe suggests that depres- mental area, nucleus accumbens, and hypothalamus was en-
sive symptoms were ameliorated [4,20]. hanced by sleep deprivation [9]. Mesolimbic dopaminergic sys-
Sleep deprivation potentiated TH level in the sex reply-asso- tem is closely related with the development of neuropsychiatric

ciated dopaminergic pathways [28]. TH level in the ventral teg- disorders, including adulthood depression [12]. Increased TH
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activity means enhanced dopamine synthesis, in contrast, de-
creased TH activity is associated with the injury of dopaminer-
gic neurons and fibers [23,29].

In our study, the expression of TH in the PFC, striatum, and
SN was enhanced by sleep deprivation, indicating that sleep de-
privation increased dopamine synthesis in mice. Dexmedeto-
midine suppressed expression of TH in the PFC, striatum, and
SN, suggesting that dexmedetomidine alleviated sleep depriva-
tion-induced overproduction of dopamine. Dexmedetomidine
is known to decrease extracellular dopamine level, and this
decrement of dopamine by dexmedetomidine was mediated
through nucleus accumbens [30].

Sleep deprivation was accompanied by decrease of D1 dopa-
mine receptor immunoreactivity and increase of D2 dopamine
receptor immunoreactivity in the caudate nucleus [31]. D1 do-
pamine receptor level was decreased, in contrast, D2 dopamine
receptor level was not changed, and D3 dopamine receptor level
was increased in the striatum of mice by sleep deprivation.
They suggested that dopaminergic circuits in the brain could be
remodeled by sleep deprivation [19]. Long-term awakening in-
hibits the acquisition of short-term memory in mammals,
while D1 dopamine receptor is essential for the rescue of sleep-
deprivation-induced learning impairments [32]. D1 dopamine
receptor mediates the anti-depressant-like effect [12]. High
density level of the D1 dopamine receptor is appeared in the
striatum, nucleus accumbens, substantia nigra, olfactory bulb,
amygdala, and frontal cortex [8].

In our study, sleep deprivation decreased D1 dopamine re-
ceptor expression in the PFC, striatum, and SN, indicating that
sleep deprivation down-regulated D1 dopamine receptor in
mice. The down-regulating effect of sleep deprivation on D1
dopamine receptor might be ascribed to the overproduction of
dopamine caused by sleep deprivation. Dexmedetomidine en-
hanced this D1 dopamine receptor expression.

Dexmedetomidine showed anti-apoptotic effect in various
brain diseases without any adverse effects [14,15]. Direct injec-
tion of 40-pg/kg dexmedetomidine into the brachial plexus did
not show apoptosis and degeneration [16]. In our study, dex-
medetomidine alleviated sleep deprivation-induced depressive
behaviors by increasing 5-HT synthesis and by decreasing do-
pamine production with up-regulation of D1 dopamine recep-
tor. Based on our study, dexmedetomidine can be considered as
a safe drug for patients with depression due to insomnia.

Int Neurourol J October 31,2018
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