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INTRODUCTION
Regulation of the sleep-wake cycle is important for the mainte-

nance of physical, mental, and emotional health [1,2]. The restor-
ative role of sleep is responsible for recuperation from oxidative 
stress or toxic effects that have accumulated during wakefulness 
[3]. The homeostatic process of sleep-wake cycle regulation is con-
trolled by alternating the activity of sleep- and wake-promoting 
neurons and by various neuronal networks and neurotransmit-
ters in the brain [4]. Ventrolateral preoptic area (VLPO) neurons 
of the hypothalamus release gamma-aminobutyric acid (GABA) 
and act as sleep-inducing neurons, whereas neurons of the dor-
sal raphe nucleus (DRN) reportedly promote wakefulness [5-7]. 

DRN neurons are representative wake-active neurons containing 
the highest density of 5-hydroxytryptamine (5-HT, serotonin) 
cell bodies in the brainstem raphe nuclei [8]. 5-HT induces wake-
fulness and inhibits rapid eye movement (REM) sleep [9]. The 
firing rate of DRN serotonergic neurons remains consistent dur-
ing wakefulness, decreases during slow wave sleep (SWS), and 
practically ceases during REM sleep [7,10]. SWS suppression of 
DRN neuronal firing originates in VLPO postsynaptic inhibition 
through 5-HT receptors [5,7].

DRN neuronal activity is modulated by GABAergic synaptic 
inputs [11]. The inhibitory effect of GABAergic synaptic inputs 
is altered by intracellular Cl– concentration that is regulated by 
cation-chloride co-transporters (CCC), including K+-Cl– cotrans-
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ABSTRACT The sleep-wake cycle is regulated by the alternating activity of sleep- and 
wake-promoting neurons. The dorsal raphe nucleus (DRN) secretes 5-hydroxytrypta-
mine (5-HT, serotonin), promoting wakefulness. Melatonin secreted from the pineal 
gland also promotes wakefulness in rats. Our laboratory recently demonstrated that 
daily changes in nitric oxide (NO) production regulates a signaling pathway involving 
with-no-lysine kinase (WNK), Ste20-related proline alanine rich kinase (SPAK)/oxida-
tive stress response kinase 1 (OSR1), and cation-chloride co-transporters (CCC) in rat 
DRN serotonergic neurons. This study was designed to investigate the effect of mela-
tonin on NO-regulated WNK-SPAK/OSR1-CCC signaling in wake-inducing DRN neu-
rons to elucidate the mechanism underlying melatonin’s wake-promoting actions 
in rats. Ex vivo treatment of DRN slices with melatonin suppressed neuronal nitric 
oxide synthase (nNOS) expression and increased WNK4 expression without altering 
WNK1, 2, or 3. Melatonin increased phosphorylation of OSR1 and the expression of 
sodium-potassium-chloride co-transporter 1 (NKCC1), while potassium-chloride co-
transporter 2 (KCC2) remained unchanged. Melatonin increased the expression of 
tryptophan hydroxylase 2 (TPH2, serotonin-synthesizing enzyme). The present study 
suggests that melatonin may promote its wakefulness by modulating NO-regulated 
WNK-SPAK/OSR1-KNCC1 signaling in rat DRN serotonergic neurons.
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porter 2 (KCC2) and Na+-K+-Cl– cotransporter 1 (NKCC1) [12-14]. 
With-no-lysine kinases (WNKs) regulate the activity of KCC and 
NKCC by phosphorylating them directly or through Ste20-relat-
ed proline alanine rich kinase (SPAK)/oxidative stress response 
kinase 1 (OSR1) signaling pathways [15-19].

Nitric oxide (NO) has a well-established role in the regulation 
of the sleep-wake cycle [7,20]. Neuronal nitric oxide synthase 
(nNOS) and inducible nitric oxide synthase (iNOS) regulate REM 
sleep in an opposing manner [21]. It has been shown that upregu-
lation of iNOS associated with the immune response induces non-
rapid eye movement (NREM) sleep during infections [22]. Neuro-
modulators such as NO, adenosine, growth factors, and cytokines 
have been suggested as endogenous sleep-inducing substances 
[7]. SWS and REM sleep were induced by treatment with NO do-
nors [23]. A recent study from our laboratory demonstrated that 
daily changes in NO production regulate WNK-SPAK/OSR1-
CCC signaling in DRN serotonergic neurons [24]. However, the 
mechanism regulating daily changes in NO production in DRN 
neurons during the sleep-wake cycle remain unelucidated.

Melatonin is a neurohormone that regulates the sleep-wake 
cycle [25]. Melatonin is synthesized from serotonin and is se-
creted by the pineal gland [26], a process which is controlled by 
the circadian clock in the suprachiasmatic nucleus (SCN) of the 
hypothalamus and is directly inhibited by light [27,28]. Melatonin 
release peaks at midnight and dawn, and falls during the day [26]. 
While high levels of melatonin released during the night induces 
sleep in humans [29], melatonin reduces REM and SWS sleep and 
increased wakefulness in rats [30]. The mechanisms underlying 
melatonin’s action is reportedly closely related to the circadian 
sleep regulation of SCN: the pineal gland and SCN interact have 
been shown to interact [31,32], and melatonin receptors are 
expressed in the SCN [33,34]. However, the effect of melatonin 
on homeostatic sleep regulation controlled by sleep- or wake-
inducing neurons remains unclear. The present study therefore 
investigated the hypothesis that melatonin promotes wakefulness 
through the action of wake-inducing DRN serotonergic neurons 
and that melatonin functions as an initiating regulator of NO-
regulated WNK-SPAK/OSR1-CCC signaling in DRN neurons of 
the rat.

METHODS

Animal handling

Sprague–Dawley rats (either sex, 20–21 days-old) from Orient 
Bio (Seongnam, Korea) were used for experimentation. Rats were 
housed in a temperature-controlled vivarium (22°C–24°C) with 
free access to food and water. All experiments were approved by 
the Kyung Hee University Animal Research Polices Commit-
tee (approval No. KHUASP(SE)-16-054) and conformed to the 
guidelines of the Council of the Korean Physiology Society and 

the National Institutes of Health Guide for the Care and Use of 
Laboratory Animals. Animals were adapted to a 12 h light-dark 
cycle (lights on at 8:00 am, lights off at 8:00 pm) at least a week 
before the commencement of experiments.

Preparation of brain slices and tissue collection

Brain slices including the DRN were prepared as described pre-
viously [24,35]. Briefly, animals were anesthetized with urethane 
(1.2 g/kg, i.p.; Sigma-Aldrich, St. Louis, MO, USA) [36]. Brains 
were quickly removed from the skull and immersed into an ice-
cold artificial cerebrospinal f luid (aCSF) containing 124 mM 
NaCl, 1.3 mM MgSO4, 3 mM KCl, 1.25 mM NaH2PO4, 26 mM 
NaHCO3, 2.4 mM CaCl2, and 10 mM glucose (bubbled with 95% 
O2 and 5% CO2). Whole brains were sliced coronally with a vibra-
tome (VT1200, Leica Microsystems; Nussloch GmbH, Nussloch, 
Germany), and 400-µm thick slices containing the DRN were 
prepared.

Melatonin treatment

DRN slices (400-µm) were immersed in an ice-cold aCSF solu-
tion (bubbled with 95% O2 and 5% CO2) containing 0.1, 1, and 
10 µM of melatonin (Sigma-Aldrich Korea, Seoul, Korea) for 4 
h. After the incubation, DRN-containing tissues were collected 
for western blotting. Based on our previous report, melatonin 
treatment was started at 12:00 pm when the expression of nNOS 
began to increase [24].

Western blotting

The DRN region was punched out from slices under a bin-
ocular microscope (SZ-ST; Olympus, Tokyo, Japan) according 
to the rat brain atlas [37]. Because the size of the DRN region is 
small, DRN tissues from four rats should be pooled to form a 
single sample. A single group (N) consisted of 0.1, 1, and 10 µM 
of melatonin-treated samples, including a control. Western blot-
ting was performed according to our previous report [38]. Briefly, 
each DRN sample was lysed with proprep (iNtRON Biotechnol-
ogy, Seongnam, Korea) in ice-cold conditions (4°C) for 20 min. 
The protein concentration of each sample was determined with 
Bradford assay. Samples (30 µg of protein) were resolved on an 
8% SDS-polyacrylamide gel, transferred to a nitrocellulose mem-
brane, and blocked for 1 h in 5% skimmed milk at room tempera-
ture (20°C–25°C). After 1 h of blocking, the membrane was react-
ed sequentially with primary antibody (anti-WNK1, anti-WNK2, 
anti-WNK3, anti-WNK4, anti-SPAK, anti-OSR1, anti-phospho-
SPAK/OSR1, anti-NKCC1, anti-KCC2, anti-nNOS, anti-TPH2, or 
anti-β-actin) for overnight incubation at 4°C. After washing with 
tris-buffered saline with Tween 20 (TBS-T) containing 25 mM 
Tris-Cl, 150 mM NaCl, and 0.05% Tween-20, blots were incubated 
for 2 h in HRP-conjugated secondary antibodies (anti-rabbit or 
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anti-mouse IgG). Immunoreactivity was visualized with a West-
ern Blotting Detection Reagent Kit (Abclon, Seoul, Korea). Anti-
body binding was determined with chemiluminescent detection 
system (Davinch-Chemi, Seoul, Korea). Densitometric analysis 
was performed using Image J software (developed at US National 
Institutes of Health and available at http://rsb.info.nih.gov/ij/).

Immunohistochemistry

The animals were anesthetized with urethane (1.2 g/kg, i.p.) 
and perfused transcardially with phosphate buffered saline (PBS) 
followed by 4% paraformaldehyde in 0.1 M phosphate buffer (PB, 
pH 7.4). Brains were removed from the skull, post-fixed overnight 
in the same fixative, and then immersed in 30% sucrose in 0.1 M 
PBS for 4 days at 4°C. Brains were sectioned horizontally at 30 µm 
on a freezing microtome (CM1850, Leica Microsystems; Nussloch 
GmbH, Nussloch, Germany). Tissues were attached to silane-
coated glass slides and stored at –20°C until further processing. 
Slides containing DRN neurons were selected and rinsed with 
PBS (0.01 M, pH 7.4). Slides were subsequently blocked with CAS-
block Histochemical Reagent (008120; Life Technologies, Seoul, 
Korea) for 1 h at room temperature (20°C–25°C) and incubated 
with primary antibodies (anti-THP2 for tryptophan hydroxylase 
2; anti-MEL-1A/B-R for melatonin receptor 1 & 2) overnight. 
Slides were then incubated for 2 h with anti-rabbit IgG (A21206, 
Alexa Fluor 488 H+L; Invitrogen, Rockford, IL, USA) or anti-
mouse IgG (A11032, Alexa Fluor 594 H+L; Invitrogen) and rinsed 
with PBS containing 0.2% Triton X-100. All antibodies were 
diluted in CAS-block reagent. Slides were mounted with VECTA-
SHIELD Antifade Mounting Medium with 4’,6-diamidino-
2-phenylindole (DAPI, H-1200; Vector, Burlingame, CA, USA) 
and cover-slipped. Images were acquired using a fluorescent mi-
croscope (EVOS FL Imaging System; Life Technologies).

Drugs and chemicals

Melatonin and urethane were purchased from Sigma-Aldrich 
Korea. The following reagents and chemicals were used in this 
study: anti-OSR1, anti-WNK1, anti-WNK3 (A301-579A, A301-
515A, and A301-877A, respectively; Bethyl Laboratories Inc., 
Montgomery, TX, USA), anti-WNK2, anti-WNK4 (25910002 and 
NB600-284, respectively; Novus Biologicals, Littleton, CO, USA), 
anti-TPH2, anti-SPAK (ab111828 and ab79045, respectively; Ab-
cam, Cambridge, UK), anti-KCC2, anti-NKCC1, anti-phospho-
SPAK/OSR1 (07-432, AB3660P, and 07-2273, respectively; Mil-
lipore, Darmstadt, Germany), anti-nNOS (4236; Cell Signaling 
Technology, Danvers, MA, USA), anti-MEL-1A/B-R, anti-β-actin 
(sc-398788 and sc-47778, respectively; Santa Cruz Biotechnology, 
Dallas, TX, USA), and anti-HRP-conjugated secondary antibod-
ies (SAB-100 and SAB-300; Enzo Life Science, Seoul, Korea).

Data analysis

All experiments were carried out with at least 10 sample prepa-
rations. All the data obtained from densitometry analysis were 
exported as table formatted with Microsoft Excel (Microsoft 
Corp., Seattle, WA, USA) formatted tables. All the graphs were 
drawn using Excel. The data were statistically analyzed using 
Excel macro. Unpaired Student’s t-test was used to compare the 
differences between control and melatonin-treated groups (0.1, 1, 
and 10 µM). Data are presented as the mean ± standard error of 
the mean. p < 0.05 was considered statistically significant.

RESULTS

Location of melatonin receptors and tryptophan 
hydroxylase 2 (TPH2) in the DRN

We first examined the distribution of melatonin receptors in 
rat DRN serotonergic neurons. Double-staining immunohisto-
chemistry was performed to elucidate the localization of mela-
tonin receptors in TPH2-immunopositive serotonergic neurons. 
Melatonin receptor-positive immunoreactivity was observed in 
almost all TPH2-positive neurons (Fig. 1), suggesting that DRN 
serotoninergic neurons contain melatonin receptors (MT1 and/or 
MT2).

Effect of melatonin on nNOS expression in DRN 
neurons

To elucidate the effect of melatonin on NO-regulated WNK-
SPAK/OSR1-CCC signaling, the change in nNOS expression 
after treatment of DRN slices with melatonin was measured. 
Treatment with melatonin at concentrations higher than nM and/
or for incubation times longer than 4–5 h can cause nuclear DNA 
activation [39]. To examine the effect of melatonin on the expres-
sion of nNOS protein levels without causing any additional DNA 
or RNA damage, DRN slices were treated with 0.1, 1, or 10 µM 
of melatonin for 4 h. Treatment with 10 µM of melatonin for 4 h 
decreased nNOS expression compared with that of control (p = 
0.029, Student’s t-test, n = 12, Fig. 2).

Effect of melatonin on the expression of WNKs and 
SPAK/OSR1 in DRN neurons

After DRN slices were treated with 0.1, 1, or 10 µM of mela-
tonin for 4 h, the change in protein expression of WNKs was 
measured. There were no significant changes in the expression of 
WNK1, 2, or 3 (Student’s t-test, n = 14–15, Fig. 3B–D). However, 
treatment DRN slices with 1 and 10 µM of melatonin for 4 h sig-
nificantly increased WNK4 expression (p = 0.035, Student’s t-test, 
n = 13, Fig. 3E).
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After treatment of DRN slices with 0.1, 1, or 10 µM of melato-
nin, changes in SPAK/OSR1 protein expression were measured 
by Western blot. The expression of OSR1 and its phosphorylated 
form was significantly altered with 10-µM melatonin treatment 
for 4 h. Melatonin significantly decreased the expression of OSR1 
relative to that of the control (p = 0.002, Student’s t-test, n = 14, 
Fig. 4C) and increased the expression of phosphorylated OSR1 
compared to that of the control (p = 0.016, Student’s t-test, n = 
14, Fig. 4E). The expression of phosphorylated and total form of 
SPAK was not altered with melatonin treatment (Student’s t-test, 
n = 15, Fig. 4B, D).

Effect of melatonin on NKCC1 and KCC2 expression in 
DRN neurons

WNK-SPAK/OSR1 kinase regulates CCCs via the transducer 
SPAK/OSR1 kinases [17,40]. The WNK signaling pathway acti-
vates CCCs depending on phosphorylation [17,41,42]. We exam-
ined the effect of melatonin on NKCC1 and KCC2 expressions in 

DRN neurons. NKCC1 expression was increased by the treatment 
of DRN slices with 1 and 10 µM of melatonin for 4 h (p = 0.027 
and p = 0.000, respectively; Student’s t-test, n = 10, Fig. 5B). There 
was no significant change in KCC2 expression with 0.1, 1, or 10 
µM of melatonin treatment (Student’s t-test, n = 12, Fig. 5C).

Effect of melatonin on tryptophan-hydroxylase-2 
expression in DRN neurons

Increased expression of NKCC1 with melatonin treatment may 
increase intracellular Cl– concentration and reduce GABAergic 
synaptic inhibition of DRN neurons, resulting in a net increase in 
the activity of DRN serotonergic neurons. Based on this possibil-
ity, we examined the effect of melatonin on TPH2 expression as 
an indicator of neuronal activity in DRN serotonergic neurons. 
Treatment of DRN slices with 10 µM melatonin for 4 h signifi-
cantly increased TPH2 expression (p = 0.049, Student’s t-test, n = 
15; Fig. 6).

Fig. 2. Effect of melatonin on neuronal 
nitric oxide synthase (nNOS) expres-
sion in dorsal raphe nucleus (DRN) 
neurons. (A) Western blots showing 
nNOS expression in DRN serotonergic 
neurons following melatonin treatment 
(0.1, 1, and 10 µM) for 4 h. (B) Averaged 
optical density of nNOS expressions af-
ter 4 h melatonin incubation, expressed 
relative to control. Each column repre-
sents the mean and SEM of data from 12 
experiments. *p < 0.05 compared with 
control.

BA

Fig. 1. Distribution of melatonin re-
ceptors (MT) and tryptophan hydroxy-
lase 2 (TPH2)-containing serotonergic 
neurons in the dorsal raphe nucleus 
(DRN). Fluorescent images of melatonin 
receptors (including both MT1 and MT2, 
red) and TPH2-containing neurons (TPH, 
green). The bottom right images was 
taken from the rat brain atlas. The red 
square indicates the location of DRN. 
Scale bars: 200 µm.
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DISCUSSION
The present study investigated the effect of melatonin on NO-

regulated WNK-SPAK/OSR1-CCC signaling in wake-inducing 
DRN neurons to elucidate the mechanism underlying melatonin’s 
wake-promoting action in rats. Treatment of DRN slices with 

melatonin decreased nNOS expression and increased WNK4 
expression without altering the expressions of WNK1, 2, or 3. 
Melatonin increased OSR1 phosphorylation and NKCC1 expres-
sion without altering KCC2 expression, and increased TPH2 ex-
pression. The results suggest that melatonin promotes nighttime 
wakefulness through the modulation of NO-regulated WNK-

Fig. 3. Effect of melatonin on expression of with-no-lysine kinases (WNKs) in dorsal raphe nucleus (DRN) neurons. (A) Western blots showing 
changes in WNK1, 2, 3, and 4 expression in DRN slices after melatonin treatment (0.1, 1, and 10 µM) for 4 h. (B–E) Averaged optical density of WNK 1–4 
expressions after 4 h melatonin incubation, expressed relative to control. Each column represents the mean and SEM of data from 13–15 experiments. 
*p < 0.05 compared with control.

A

B C

D E

Fig. 4. Effect of melatonin on Ste20-related proline alanine rich kinase (SPAK)/oxidative stress response kinase 1 (OSR1) expression in dorsal 
raphe nucleus (DRN) neurons. (A) Western blots showing phospho- and total SPAK and OSR1 expression in DRN slices after melatonin treatment (0.1, 
1, and 10 µM) for 4 h. (B–E) Averaged optical density of phospho- and total-forms of SPAK/OSR1 expressions after 4 h melatonin incubation, expressed 
relative to control. Each column represents the mean and SEM of data from 14–15 experiments. **p < 0.01, *p < 0.05 compared with control.

A B C

D E
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SPAK/OSR1-NKCC1 signaling in rat DRN serotonergic neurons.
In our recent report [24], we demonstrated that treatment of 

DRN neurons with a NO donor (sodium nitroprusside) for 4 h 
increases GABAergic synaptic inhibition and the expressions 
of WNK1, WNK2, WNK3, and KCC2, and decreases SPAK 
phosphorylation. In addition, experiments performed during the 
sleep-wake cycle showed that the expression of nNOS increased 
during daytime and decreased during nighttime. In this context, 
our results suggest that GABAergic synaptic inhibition of DRN 
serotonergic neurons changes daily during the sleep-wake cycle, 
which might be regulated by corresponding daily changes in 
nNOS-derived NO and WNK-SPAK/OSR1-KCC2 signaling in 
rats. However, our findings do not elucidate the mechanism that 
initiates the daily change in nNOS expression in rat DRN seroto-
nergic neurons during the sleep-wake cycle.

In the present study, immunohistochemistry showed that mela-
tonin receptor-positive immunoreactivity was observed in almost 
all TPH2-positive DRN serotonergic neurons (Fig. 1). Although 
the melatonin antibody used in this study was not selective to 
either the MT1 or MT2 receptor, our result indicates that melato-
nin can modulate the wake-inducing action of DRN serotonergic 

neurons.
Melatonin release peaks at midnight and dawn, and falls dur-

ing the day [26]. High levels of melatonin release during the night 
induce sleep in humans [29] by promoting adenosine signaling, 
which is involved in circadian and homeostatic control of sleep 
in zebrafish [25]. On the other hand, melatonin reduced REM 
and SWS sleep and increased wakefulness in rats [30]. Given that 
melatonin release changes diurnally and promotes wakefulness in 
rats, we herein hypothesized that the high level of melatonin dur-
ing the night decreases nNOS expression in rat DRN serotonergic 
neurons and that low melatonin levels during the day induces 
the reversed process. As expected, treatment of DRN slices with 
melatonin for 4 h decreased nNOS expression in rat DRN neu-
rons (Fig. 2). This result is consistent with a report showing that 
melatonin treatment for a few hours inhibits nNOS [43].

As demonstrated in our recent report [24], a change of nNOS 
expression with melatonin can modulate NO-regulated WNK-
SPAK/OSR1-CCC signaling in rat DRN serotonergic neurons. 
In this study, treatment of DRN slices with melatonin for 4 h 
increased WNK4 expression but did not alter the expressions of 
WNK1, 2, or 3 (Fig. 3). WNK kinases phosphorylate downstream 

Fig. 5. Effect of melatonin on the 
expression of sodium-potassium-
chloride co-transporter 1 (NKCC1) and 
potassium-chloride co-transporter 2 
(KCC2) in dorsal raphe nucleus (DRN) 
neurons. (A) Western blots showing 
NKCC1 and KCC2 expression in DRN 
slices with melatonin treatment (0.1, 
1, and 10 µM) for 4 h. Averaged optical 
density of NKCC1 (B) and KCC2 (C) ex-
pression after 4 h melatonin incubation, 
expressed relative to each control level. 
Each column represents the mean and 
SEM of data from 10–12 experiments. 
***p < 0.001, *p < 0.05 compared with 
control.

B

C

A

Fig. 6. Effect of melatonin on trypto-
phan hydroxylase 2 (TPH2) expression 
in dorsal raphe nucleus (DRN) neu-
rons. (A) Western blots showing TPH2 
expression in DRN neurons with mela-
tonin treatment (0.1, 1, and 10 µM) for 4 
h. (B) Averaged optical density of TPH2 
expression, at 4 h melatonin incubation, 
expressed relative to control level of 
TPH2. Each column represents the mean 
and SEM of data from 15 experiments. 
*p < 0.05 compared with control.

A
B
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SPAK/OSR1 kinases, which modulate NKCC1 or KCC2 activity 
[15-19]. Treatment of DRN slices with melatonin for 4 h increased 
the phosphorylation of OSR1 without altering SPAK phosphory-
lation (Fig. 4); this treatment also increased NKCC1 expression 
without altering KCC2 (Fig. 5). Our data indicate that WNK4 
phosphorylates OSR1, which then upregulates NKCC1 in rat 
DRN neurons. The results are consistent with previous reports 
that WNK4 phosphorylates and activates NKCC1 activity in 
Xenopus laevis oocytes [40].

WNK kinases phosphorylate KCC and decrease its activ-
ity, while WNKs phosphorylate NKCC and increase its activity 
[17,44]. NKCC1 and KCC2 regulate plasma membrane proteins 
that modulate postsynaptic actions [15,45,46] and regulate intra-
cellular Cl– concentration, which modulates the inhibitory effect 
of GABAergic synaptic inputs [12-14]. The DRN is the origin of 
the central 5-HT system [9,47], and its neuronal activity is modu-
lated by GABAergic synaptic inputs [11]. In the present study, the 
melatonin-induced upregulation of NKCC1 may increase intra-
cellular Cl– concentration and attenuate the inhibitory GABAer-
gic synaptic action in rat DRN serotonergic neurons. Decreased 
GABAergic inhibition may augment 5-HT expression in DRN 
serotonergic neurons and enhance the wake-inducing activity of 
DRN serotonergic neurons during the night. We showed that the 
treatment of DRN slices with melatonin for 4 h increased TPH2 
expression in rat DRN neurons (Fig. 6), which may suggest that 
melatonin may activate the wake-promoting action of rat DRN 
serotonergic neurons through its activation of WNK-SPK/OSR1-
NKCC1 signaling.

The results of the present study establish a possible role of 

melatonin as an initiating regulator of NO-regulated WNK-
SPAK/OSR1-CCC signaling in rat DRN serotonergic neurons. 
Meanwhile, our recent study demonstrated that nNOS expression 
in rat DRN neurons increased during the day and decreased dur-
ing the night and that treatment of DRN slices with an NO donor 
increased GABAergic synaptic inhibition and the expressions 
of nNOS, KCC2, WNK 1, WNK 2, and WNK 3, and decreased 
SPAK phosphorylation [24]. Taken together, these findings have 
contributed to a working model in which high melatonin de-
creases nNOS expression and increases WNK4 kinase expression 
during the night, thereby increasing NKCC1 levels through OSR1 
phosphorylation. The increased expression of NKCC1 might be 
suggested to attenuate the inhibitory GABAergic action, which 
enhances the wake-promoting action of DRN serotonergic neu-
rons (Fig. 7). On the other hand, suppressed melatonin levels 
during the day might be suggested to increase nNOS expression, 
which activates the WNK-SPAK/OSR1-KCC2 signaling pathway. 
Increased KCC2 expression might be suggested to enhance the 
inhibitory GABAergic action and lead to the inhibition of the 
wake-promoting action of DRN serotonergic neurons (Fig. 7). In 
conclusion, the present study suggests that melatonin exerts its 
wake-promoting actions through the activation of NO-regulated 
WNK-SPAK/OSR1-NKCC1 signaling pathway in rat DRN sero-
tonergic neurons, and that melatonin acts as an initiating regula-
tor of nNOS expression in the NO-regulated WNK-SPAK/OSR1-
CCC signaling pathway during the sleep-wake cycle.

Future studies are required to clearly elucidate the following: 
which melatonin receptor subtype is involved in the effects of 
melatonin on the NO-related WNK-SPAK/OSR1-NKCC1 signal-

Fig. 7. Schematic diagram showing a possible suggestion of the signaling pathways by which melatonin modulates NO-regulated WNK-
SPAK/OSR1-CCC signaling during the sleep-wake cycle in rat DRN serotonergic neurons. NO, nitric oxide; WNK, with-no-lysine kinase; SPAK, 
Ste20-related proline alanine rich kinase; OSR1, oxidative stress response kinase 1; CCC, cation-chloride co-transporters; DRN, dorsal raphe nucleus; 
nNOS, neuronal nitric oxide synthase; NKCC1, sodium-potassium-chloride co-transporter 1; KCC2, potassium-chloride co-transporter 2.
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ing in rat DRN serotonergic neurons, the molecular mechanisms 
underlying the effects of melatonin on the expressions of nNOS 
and WNK4, the electrical change in GABAergic synaptic inhibi-
tion of DRN serotonergic neurons, and changes in SPAK/OSR-
1phosphorylation sites on NKCC1. In addition, although we used 
both sexes of rats in all experiments of the present study, further 
studies will be helpful to elucidate a possibility of sex differences 
in the results of this study.
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