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Abstract
Deficiencies in brain orexins and components of mitogen activated protein kinase (MAPK)
signaling pathway have been reported in either human depression or animal model of depression.
Brain administration of orexins affects behaviors toward improvement of depressive symptoms.
However, the documentation of endogenous linkage between orexin receptor activation and
MAPK signaling pathway remains to be insufficient. In this study, we report the effects of orexin
2 receptor (OX2R) activation on cell signaling in CHO cells over-expressing OX2R and in mouse
hypothalamus cell line CLU172. Short-term extracellular signal-regulated kinase (ERK)
phosphorylation and long-term cyclic adenosine monophosphate (cAMP) response element
binding protein (CREB) phosphorylation were subsequently observed in CHO cells that over-
express OX2R while 20 min of ERK phosphorylation was significantly detected in mouse adult
hypothalamus neuron cell line CLU172. Orexin A, which can also activate OX2R, mediated ERK
phosphorylation was as the same as orexin B in CHO cells. A MAPK inhibitor eliminated ERK
phosphorylation but not CREB phosphorylation in CHO cells. Also, ERK and CREB
phosphorylation was not mediated by protein kinase A (PKA) or calmodulin kinase (CaMK).
However, inhibition of protein kinase C (PKC) by GF 109203X eliminated the phosphorylation of
ERK and CREB in CHO cells. A significant decrease in ERK and CREB phosphorylation was
observed with 1 μM GF 109203X pre-treatment indicating that the conventional and novel
isoforms of PKC are responsible for CREB phosphorylation after OX2R activation. In contrast,
ERK phosphorylation induced by orexin B in CLU172 cells cannot be inhibited by 1 μM of
protein kinase C inhibitor.

From above observation we conclude that OX2R activation by orexin B induces ERK and CREB
phosphorylation and orexin A played the same role as orexin B. Several isoforms of PKC may be
involved in prolonged CREB phosphorylation. Orexin B induced ERK phosphorylation in mouse
hypothalamus neuron cells differs from CHO cell line and cannot be inhibited by PKC inhibitor
GF 109203X. And hypothalamus neuron cells may use different downsteam pathway for orexin B
induced ERK phosphorylation. This result supports findings that orexins might have anti-
depressive roles.
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Introduction
Orexins, including orexin A and orexin B (also called hypocretin 1 and hypocretin 2), are
peptides found in the hypothalamus that contain 33 and 28 amino acids [1]. While the
orexinergic neuronal system is important in wake/sleep regulation [2–4], eating behavior [5],
energy metabolism [6,7], and the pathology of narcolepsy [8–11], evidence also implicates
the orexinergic system in the pathology of depression. Our previous studies showed a
significant reduction of orexins in a rat model of depression at the younger stage and an
increase of orexins in mature rats [12]. Allard et al. reported that the number and size of
orexin A-immunostained neurons were decreased in a genetic rat model of depression [13].
Orexin 2 receptor (OX2R) knockout mice displayed an increase in behavioral despair [14].
Furthermore, decreased levels of orexin were found in the cerebrospinal fluid of human
patients diagnosed with depression [15,16]. Additionally, intracerebroventricular
administration of orexin A induced an antidepressive effect in a rodent model [17]. Evidence
that orexins promote wakefulness and that orexin levels are lower in human depression and
animal models of depression provide biological support to the findings that sleep deprivation
improves the symptoms of depression [18–23].

Orexins activate MAPK signaling pathway [24], which has been demonstrated as deficiency
in suicide victim of human depression [25] and animal model of depression [26]. Both total
extracellular signal-regulated kinases (ERK) and phosphorylated ERK (p-ERK) are
significantly decreased in the frontal cortex and hippocampus in a rat model of depression
compared to the controls [26]. In human studies, samples from victims of depression- related
suicide had impaired signaling pathways, including significantly decreased phosphorylation
of cyclic adenosine monophosphate (cAMP) response element binding protein (CREB)
[27,28]. Also, antidepressive treatment increased the expression of CREB [29–31]. This
evidence prompted interest in how orexins affect cell signaling.

Like most of GPCR signaling, orexin binds on orexin receptors to activate G proteins
[32,33]. Orexin A and orexin B induces a phospholipase C (PLC)-mediated release of
calcium from intracellular storages in different cell lines over expressing orexin 1 receptor
(OX1R) and OX2R [32,34]. The OX1R linked to the influx of Ca2+ may go through
receptor-operated calcium channels and conventional phospholipase C (PLC)-Ca2+ release-
store-operated Ca2+ channel (SOC) pathways [35] and involves diacylglycerol-activated
transient receptor potential canonical (TRPC) channels in neuronal cells [36]. Orexins had
different effects on cAMP in different type of sources. Orexins may not stimulate cAMP
accumulation [34] or inhibit the PACAP-induced increase in the cAMP level in PC12 cells
[37]. Conversely, orexin significantly increased the cAMP level in human adrencortical cells
[38]. Orexins induce a rapid, dose and time dependent increase in activation of ERK1/2 and
p38 MAPK in variable type of cell lines and tissues [24,39]. This activation is through
multiple G-proteins and different intracellular signaling pathways. ERK1/2 activation
involves Gq/PLC/protein kinase C (PKC), but not PKA [40]. Inhibition of PKC and, in part,
PKA prevents orexin induced ERK1/2 phosphorylation [41].

Although evidence has demonstrated that orexin induces ERK phosphorylation, how orexin
induced ERK phosphorylation link to CREB phosphorylation is not known. Furthermore,
systemic information regarding orexin induced cell signaling remains to be demonstrated. In
the following, we report the result regarding orexins induced cell signaling in a CHO cell
line over expressing OX2R and in mouse hypothalamus neuron cell line.
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Material and methods
Materials

[Ala11, D-Leu15]-Orexin B (OBDL), orexin B and orexin A (Cat# 2142, 1457 and 1455)
was purchased from TOCRIS Bioscience (Missouri, USA). The HCRTR2-Gα15-NFAT-bla
CHO-K1 (CHO-OX2R) cell line was purchased from Invitrogen (Cat# K1246, California,
USA). Mouse hypothalamus neuron cell line CLU172 was purchased from Cellutions
Biosystems Inc. Antibodies were purchased from sources as shown in the figure legends.
The thawing media used for cell restoration was 10% dialyzed FBS-DMEM supplemented
with penicillin (100 U/mL), streptomycin (100 μg/mL), non-essential amino acids (0.1
mM), and HEPES buffer (25 mM). The cell growth medium was 10% dialyzed FBS-DMEM
supplemented with penicillin (100 U/mL), streptomycin (100 μg/mL), zeocin (100 μg/mL),
blasticidin (5 μg/mL), hygromycin (600 μg/mL), non-essential amino acids (0.1 mM), and
HEPES buffer (25 mM). The assay medium was 1% dialyzed FBS-DMEM supplemented
with penicillin (100 U/mL), streptomycin (100 μg/mL), non-essential amino acids (0.1
mM), and HEPES buffer (25 mM). The FACE assay kit was purchased from Active Motif
(California, USA). SuperSignal West Femto reagent was purchased from Pierce
Biotechnology Inc (Cat# 34096, Illinois, USA).

Cell culture
The CHO-OX2R cell line was restored with thawing medium for 2–3 days. Once the cells
began growing, they were passaged with growth medium twice a week. For the Fast-
Activation Cell-based ELISA (FACE) assay, 30,000 CHO-OX2R cells were seeded into 96-
well plates. For Western blotting, 500,000 cells were seeded into 6-well plates for treatment
with protein kinase inhibitors and orexin B as indicated. Mouse hypothalamus neuron cell
line CLU172 was restored and cultured in DMEM medium with 10% FBS. 500,000
CLU172 cells were seeded into 6-well plates for orexin B treatment and protein kinase C
inhibitor treatment.

Immunofluorescence staining of monolayer cells
Phosphorylation of ERK and expression of OX2R were observed using immunofluorescence
staining [42]. About 300,000 to 500,000 CHO-OX2R cells were seeded into 35-mm plates
containing a cover slip and allowed to adhere overnight. After treatment, cells were fixed
with 100% ice-cold methanol at room temperature for 15 min. The cells were rinsed twice
with PBS for 5 min. For OX2R staining, the cells were blocked with 1% BSA-1% horse
serum-PBS at room temperature for 1 h. For p-ERK staining, the cells were blocked with
5% non-fat milk-PBS at room temperature for 1 h. After blocking, the cells were rinsed
twice for 5 min and incubated with primary antibody diluted in 1% BSA-PBS at 4 °C
overnight. Secondary antibody incubation was performed at room temperature for 2 h after
rinsing three times with 0.1% Triton X100-PBS for 5 min. Nuclei were counterstained with
DAPI, and the cover slips were mounted with 50% glycerol in PBS.

FACE assay
A modified FACE assay [43] was used to measure the levels of total ERK and p-ERK in
cells treated with OBDL. CHO-OX2R cells (30,000) were seeded in each well of a 96-well
plate with 80 μL of serum-free medium for 24 h. Then, 20 μL of OBDL (0–1000 nM) in
PBS was added into each well and incubated at 37 °C for 5 min. The cells were fixed with
100 μL of 4% cold formaldehyde in PBS for 20 min and washed three times with 200 μL of
washing buffer (0.1% Triton X-100-PBS). The endogenous peroxidase activity was
quenched by incubating with 100 μL of quenching buffer (washing buffer with 1% H2O2
and 0.1% sodium azide) at room temperature for 20 min. Then, the cells were rinsed twice
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with 200 μL of washing buffer for 5 min. The wells were blocked with 100 μL of antibody
blocking buffer (5% non-fat milk in washing buffer) at room temperature for 1 h, rinsed
twice with washing buffer for 5 min, and incubated with either rabbit anti-p-ERK (Cat#
9101S, Cell Signaling, Massachusetts, USA) monoclonal antibody (190 ng/mL) or rabbit
anti-ERK (Cat# 9102, Cell Signaling, Massachusetts, USA) monoclonal antibody (38 ng/
mL) in parallel experiments at 4 °C overnight. The cells were rinsed three times with
washing buffer for 5 min and then incubated with a goat anti-rabbit secondary antibody
coupled with peroxidase (5 ng/mL) in washing buffer at room temperature for 1 h with
shaking. The cells were rinsed three times with washing buffer for 5 min and twice with
PBS for 5 min. SuperSignal West Femto reagent (50 μL) was added to each well on ice. The
plate was warmed to room temperature, and chemiluminescence was detected using a
luminescence plate reader (FLUOstar OPTIMA, BMG Labtechnologies, Offenburg,
Germany). The protein concentration was determined by staining cells with 100 μL of
crystal violet solution. The cells were washed three times with PBS for 5 min and incubated
with 1% SDS for 1 h. The 600 nm absorbance of crystal violet staining was measured.

Western blotting
p-ERK, p-CREB, ERK, and CREB were detected by Western blotting. CHO-OX2R cells
(500,000) were seeded in each well of a 6-well plate overnight (about 90% confluence) and
serum-starved with assay medium for 48 h. The cells were treated with different
concentrations of OBDL (diluted in PBS) for various time periods. After treatment, the cells
were rinsed once with PBS, and then 100 μL of lysis buffer (25 mM Tris–HCl, pH 7.6, 150
mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS, protease inhibitor cocktail
(Cat# S8820, Sigma-Aldrich, Missouri, USA), 1 mM sodium orthovanadate, 1 mM
dithiothreitol) was added to each well. The cell lysate was collected and incubated on ice for
15–30 min. The cell lysates were centrifuged at 25,000g and 4 °C for 15 min. The
supernatant was transferred into a new tube and stored at −20 °C for protein SDS-PAGE.
Lysate protein (~5 μg) was loaded into each well of a 10% SDS-PAGE gel, and the gel was
run at 150 V for about 1 h or until the phenol blue dye ran out of the gel. The gel transfer
was performed at 100 V for about 1 h. The nitrocellulose membrane was rinsed once with
0.1% Triton X-100-PBS and blocked with 5% non-fat milk in 0.1% Triton X-100-PBS.
Primary antibody was diluted with 5% non-fat milk in 0.1% Triton X-100-PBS and
incubated with the membrane at 4 °C overnight with shaking. The membrane was rinsed
three times with 0.1% Triton X-100-PBS for 10 min, and the secondary antibody coupled
with peroxidase was diluted 1:2500 in PBS (Pierce Biotechnology, Illinois USA) and
incubated with membrane with shaking. The membrane was rinsed three times with 0.1%
Triton X-100-PBS for 10 min. Chemiluminescence substrate (2 mL SuperSignal West
Femto) was applied to the membrane and incubated at room temperature for 1–2 min.
Finally, the membrane was scanned using a ChemiDoc-It imaging system (UVP, California,
USA).

Results
Over-expression of OX2R in CHO-OX2R cells

To confirm the over-expression of OX2R, we performed immunofluorescence staining for
OX2R in CHO-OX2R cells using an antibody that recognizes the C-terminus of OX2R and
DAPI counterstaining of the nuclei. Permeabilization by methanol fixation was used to
expose the C-terminus of OX2R to the primary antibody. Compared to the goat serum
control staining, the anti-OX2R fluorescence was much stronger and was localized to the
cytoplasm. All of the OX2R over-expressing cells were positive for OX2R staining (Fig.
1A).
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Comparison of ERK phosphorylation induced by orexin B and modified orexin B
To confirm that ERK phosphorylation had a similar pattern as orexin B and modified orexin
B (OBDL)-induced OX2R activation, OX2R-CHO cells were treated with 500 nM of either
orexin B or OBDL for different time. p-ERK and ERK levels were determined by Western
Blot. The band densities of p-ERK and ERK were converted into the ratio of p-ERK/ERK.
p-ERK/ERK ratios increased from 2.5 to 5 min and declined after 10 min in both orexin B
and OBDL treatments (Fig. 1B). A linear regression between orexin B- and OBDL- induced
ERK phosphorylation time courses was run to determine the correlation of ERK
phosphorylation induced by orexin B and OBDL. The r2 value was 0.9651, and the P-value
was 0.0005. The slope of the linear regression (0.8327) revealed that orexin B induced ERK
phosphorylation slightly more efficiently than OBDL. Thus, OBDL has the same function in
OX2R activation and ERK phosphorylation as orexin B.

OBDL-induced ERK phosphorylation
To address whether orexin B induces ERK phosphorylation, CHO-OX2R cells were treated
with different concentrations of OBDL for 5 min, and Western blotting was performed to
quantify p-ERK levels. The level of p-ERK increased with 10 nM OBDL treatment and
continued to increase linearly with OBDL concentration up to 100 nM (Fig. 1C). Total ERK
remained unchanged with increasing OBDL concentrations. Also, fast-activation cell-based
ELISA (FACE) assays were used to determine the dose response curve of ERK
phosphorylation. CHO-OX2R cells were treated with different concentrations of OBDL (0–
1000 nM) for 5 min. OBDL induced maximal ERK phosphorylation at the concentration of
250 nM, and the EC50 of OBDL was 98 nM (Fig. 1C). To determine how long ERK
phosphorylation was maintained after OBDL treatment, cells were treated with 500 nM of
OBDL from 2.5 to 40 min. ERK phosphorylation increased starting at 2.5 min, reached its
maximal level at 5 min, and declined to the basal level at 10 min (Fig. 1D). Thus, OBDL
induced transient ERK phosphorylation.

Orexin A induced ERK phosphorylation
Orexin A, as orexin B agonist, also binds on OX2R to activate G-protein [44]. To test
whether orexin A induces ERK phosphorylation CHO-OX2R cells were treated with 500
nM of orexin A for different times (2.5 to 40 min). p-ERK and ERK were determined by
Western blot. Relative p-ERK level (ratio of p-ERK/ERK) was induced by orexin A at 2.5
and 5 min then declined to basal level after 10 min like orexin B treatment (Fig. 1E). This
result might reveal that orexin A played the same role as orexin B in OX2R activation
mediated ERK phosphorylation.

OBDL-induced CREB phosphorylation
CREB is a transcription factor found in the central nervous system (CNS) [45,46]. To
determine whether OBDL could induce CREB phosphorylation, CHO-OX2R cells were
treated with different concentrations of OBDL (0–500 nM) for 5 min. OBDL-induced CREB
phosphorylation was significantly increased at concentrations of 100 nM and 500 nM (Fig.
2A). Unlike ERK phosphorylation, lower concentrations of OBDL (10 and 50 nM) did not
induce CREB phosphorylation. To determine the timing of CREB phosphorylation, OX2R
cells were treated with 500 nM of OBDL from 2.5 to 40 min. CREB phosphorylation
doubled at 2.5 min and maintained a high level at 40 min while total CREB remained
constant (Fig. 2B).

CREB phosphorylation is independent of the MAP kinase pathway
In earlier results, OBDL-induced ERK phosphorylation was transient but OBDL-induced
CREB phosphorylation was extended. Since CREB phosphorylation is inhibited by MAP
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kinase inhibitors [47,48], we hypothesized that OBDL-induced CREB phosphorylation was
mediated by MAP kinase. To suppress MAP kinase activity, 10 μM of UO126 (a MAP
kinase inhibitor) or DMSO (a vehicle control) were used to treat the cells for 1 h. The cells
were then stimulated with OBDL for 5 min. Levels of p-ERK and p-CREB were determined
by Western blot and normalized by total ERK and CREB. ERK phosphorylation was
completely abolished in cells treated with UO126, while CREB phosphorylation in treated
cells remained unchanged (Fig. 3A). Thus, ERK and CREB are parallel downstream targets
of orexin B-induced signal transduction but do not share MAP kinase as an upstream
mediator.

PKA and CaMK inhibitors do not inhibit CREB phosphorylation
PKA was reported to be an upstream kinase of CREB phosphorylation [49], and CaMKIV is
involved in CREB phosphorylation [50]. To investigate the effects of PKA and CaMK on
CREB phosphorylation, specific inhibitors of PKA and CaMKs (KT 5720 and KN-62, Toris,
Missouri, USA) were used. After 1 h of inhibitor treatment, the CHO-OX2R cells were
stimulated with 500 nM of OBDL for 5 min. CREB and ERK phosphorylation was
determined by Western blotting with antibodies against p-CREB and p-ERK. The result
showed that PKA and CaMK inhibitors did not suppress the phosphorylation of CREB or
ERK (Fig. 3B and C). Therefore, PKA and CaMK appear not to be the upstream kinases.

Phosphorylation of CREB and ERK is dependent on PKC in CHO cell line
To assess the effect of PKC on OX2R activation-induced ERK and CREB phosphorylation,
cells were treated with 10 μM of the PKC inhibitor GF 109203X for 1 h followed by OBDL
treatment for 5 to 40 min. As expected, OBDL stimulation in DMSO-treated control cells
resulted in a 2.5-fold increase in relative p-ERK levels. In contrast, p-ERK levels in the PKC
inhibitor-treated cells decreased below basal levels (Fig. 4A). Immunofluorescence staining
also was used to observed ERK phosphorylation. p-ERK positive and negative cells were
counted from 10 views, and 15% of cells were p-ERK positive without OBDL treatment.
OBDL treatment (500 nM) resulted in transient ERK phosphorylation as indicated by 55% p-
ERK positive cells. The transient ERK phosphorylation was attenuated by the PKC
inhibitor, which also suppressed the basal level of ERK phosphorylation (Fig. 4B).

Orexin B-induced CREB phosphorylation has been reported but the upstream kinase has not
been identified. PKC, a downstream molecule in GPCR signaling, has not been well-linked
to CREB phosphorylation. GF 109203X is a broad-spectrum PKC inhibitor that inhibits
different isoforms of PKC, MLCK, PKG, and PKA. Since the IC50 of GF 109203X was
determined by calcium influx, the IC50 for ERK phosphorylation in living cells may vary. A
broad range of concentrations (0.01, 0.1, 1, and 10 μM) of GF 109203X were used to treat
cells for 1 h followed by 500 nM OBDL stimulation for 5 min. Inhibition of ERK and CREB
phosphorylation was significant at 1 μM GF 109203F indicating that most conventional and
novel isoforms of PKCs can be inhibited. Furthermore, since 0.01 μM of GF 109203F did
not significantly eliminate CREB phosphorylation induced by OBDL, PKCα is not excluded
as a putative upstream kinase. Thus, PKC conventional and novel isoforms α, β1, δ, and ε
remain upstream candidate kinases in orexin B-induced ERK and CREB phosphorylations
(Fig. 4C).

Orexin B induced ERK phosphorylation is prolonged and independent on PKC in
hypothalamus neuron cell line CLU172

Due to functional difference of CHO-OX2R and neuron cells, neuron cells may have
different orexin receptor and G-protein from CHO-OX2R cells. To investigate orexin B
induced signal transduction in neuron cells mouse adult hypothalamus neuron cell line
CLU172 was used to observe OBDL induced ERK phosphorylation. ERK phosphorylation
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was dramatically increased after 2.5 min treatment of OBDL like CHO-OX2R cells. The
ERK phosphorylation induced by OBDL in CLU172 cells was significantly sustained up to
20 min (Fig. 5A) unlike CHO-OX2R cells. Since protein kinase C was major upstream
kinase of ERK and CREB phosphorylation in CHO-OX2R cells, whether PKC is upstream
kinase of ERK phosphorylation in CLU172 cells was observed with the PKC inhibitor
GF109203X. The result showed that up to 5 μM of GF109203X could not significantly
inhibit ERK phosphorylation in CLU172 cells unlike CHO-OX2R cells. 10 μM of GF
109203 partially inhibited ERK phosphorylation in CLU172 cells (Fig. 5B).

Discussion
OX2R activation may induce multiple changes in gene expression. Major findings in this
study include the short time course of ERK phosphorylation and prolonged CREB
phosphorylation in CHO-OX2R cells. Additionally, PKC was identified as an upstream
kinase of ERK and CREB phosphorylation in OX2R signal transduction in CHO-OX2R
cells. Unlike most studies, performed in CHO cells, on orexin-induced ERK
phosphorylation that last 60 min, we observed that this phosphorylation was sustained for
less than 10 min in CHO-OX2R cells. Our novel finding was that OX2R activation induced
CREB phosphorylation. The OBDL-induced dose response and time course of CREB
phosphorylation were tested in the CHO-OX2R cell line. In contrast to ERK
phosphorylation, a much higher concentration of OBDL was required to induce CREB
phosphorylation. The CREB phosphorylation induced by OX2R activation persisted up to
40 min, which was very different from the time course of ERK phosphorylation. Inhibition
of PKC, but not PKA, CaMK, or MAPK, suppressed OX2R-induced CREB
phosphorylation. Using mouse adult hypothalamus neuron cells (CLU172) we found that
OBDL induced ERK phosphorylatioin was extended to 20 min and the phosphorylation was
not affected by protein kinase C inhibitor GF 109203X.

ERK phosphorylation induced by both OX2R and OX1R activation has been investigated in
several studies [24,40,41,51]. Early studies also reported that ERK phosphorylation induced
by orexin A or B was sustained up to 60 min [24,40]. Our results show that ERK
phosphorylation induced by OX2R activation was transient and lasted for less than 10 min
in CHO-OX2R cells. This discrepancy could be resulted from the difference in host cell line
or ligand–receptor interaction. However, in a study using a related cell line (CHO cells
overexpressing OX1R), ERK phosphorylation was seen for up to 60 min [24]. Therefore, the
effect of cell line on the time period of ERK phosphorylation can be excluded. Another
possibility for the transient ERK phosphorylation found in our study could be the modified
orexin B, OBDL, which is more specific for OX2R activation than endogenous orexin B
[52]. Comparing ERK phosphorylation time courses induced by orexin B and OBDL, both
types of orexin B function very similarly (Fig. 1B). Meanwhile, we also found that the
neuron cells (CLU172) had a prolonged ERK phosphorylation followed orexin B treatment.
Therefore, orexin B induced ERK phosphorylation varies upon cell types.

MAP kinase pathway signaling plays an important role in the CNS [53], a rat model of
depression, and human depression subjects [25,54–56]. Using isolated neuronal cells,
Ammoun et al. reported that ERK phosphorylation induced by OX1R activation may be
protective from cell death [39]. Our previous study also found that levels of ERK and p-
ERK were reduced in the frontal cortex in a rat model of depression [26]. Our current results
on OX2R-induced ERK phosphorylation imply that transient ERK phosphorylation is a
potential downstream signal transduction target and orexin B induced ERK phosphorylation
was sustained for longer period in neuron cells, which further supports hypotheses that
orexin may play a beneficial role in depression.
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CREB, a cAMP-activated transcription factor, has been studied for its important role in
neurogenesis and anti-depressive function [57,58]. CREB phosphorylation, induced by
orexin A, in neurons from brain tissue has been reported [51]. Since orexin A binds both
OX1R and OX2R, orexin A-induced CREB phosphorylation could occur via either type of
orexin receptors. In this study, CREB phosphorylation was systematically investigated in
CHO-OX2R cells using modified orexin B. OX2R-mediated CREB phosphorylation lasted
up to 40 min. In addition, OX2R-mediated CREB phosphorylation required a higher
concentration of orexin B than was required to induce ERK phosphorylation. As a
transcription factor, CREB regulates many gene expression processes, such as brain-derived
neurotrophic factor (BDNF) [59], corticotropin-release factor (CRF) [60], and several K+

channels [61], which all regulate mood, stress, and anxiety. The level of CREB was reduced
in brain tissue from human patients with depression [62–65]. CREB was upregulated by
chronic antidepressant treatment, and increased CREB levels in rodent models resulted in
antidepressant-like behaviors [30]. Taking our results, along with the evidence of decreased
CREB expression in tissues from human major depression patients, OX2R activation-
induced CREB phosphorylation seems to be beneficial for depression treatment.

Orexin induced signal transduction involves phospholipase C (PLC) [66,67], PKC [67–69],
and PKA [38,70,71]. Orexin induces Gq activation, and then Gq activates PLC. PLC, via
PKC, leads to ERK phosphorylation [40]. In our study, inhibition of PKC, but not PKA or
CaMK, suppressed OX2R-induced ERK and CREB phosphorylation in CHO-OX2R cells.
Furthermore, MAP kinase inhibitors did not suppress CREB phosphorylation, which
suggests that MAP kinase is not upstream of CREB phosphorylation. Thus, CREB
phosphorylation is mediated by kinases other than MAPK, but both ERK and CREB use
PKC as an upstream kinase in CHO-OX2R cells. In adult mouse hypothalamus neuron cells,
we observed only high concentration of PKC inhibitor (10 μM) can partially inhibit ERK
phosphorylation induced by orexin B. This result requires further experiments by using
different kinase inhibitors to identify the upstream kinases of orexin B induced ERK
phosphorylation in neuron cells.

PKC is an upstream kinase of ERK phosphorylation in orexin A- and B-stimulated cells
[40,41]. Using different concentrations of the PKC inhibitor, GF 109203X, we found that
CREB and ERK phosphorylation was significantly suppressed by 1 μM but not 0.01 μM GF
109203X in CHO-OX2R cells. Earlier studies showed that GF 109203X had similar IC50
values for the conventional isoforms of PKC tested in a cell-free system [72]. Since novel
isoforms of PKC are also inhibited by GF 109203X [73], both conventional and novel
isoforms of PKC may still be the upstream kinases of ERK and CREB phosphorylation in
CHO-OX2R cells. Since the neuron cells used in our experiment was not sensitive to PKC
inhibitor GF 109203X in orexin B induced ERK phosphorylation, other PKC inhibitors will
be used in a further study.

Conclusion
In conclusion, OX2R activation induces brief ERK phosphorylation and relatively long-
lasting CREB phosphorylation in CHO-OX2R cells. PKC isoforms β1, δ, and ε are
candidate upstream kinases in CHO-OX2R cells. Neuron cells had a long lasting ERK
phosphorylation. The finding that ERK and CREB are downregulated in depression models
and human major depression patients highlights the potential importance of ERK and CREB
phosphorylation. Our results provide evidence that orexin B, a wakefulness regulator, may
also benefit depression therapy by activating ERK and CREB phosphorylation.
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Fig. 1.
ERK phosphorylation induced by OBDL in OX2R-CHO cells. (A) Immunofluorescence
staining of OX2R in CHO-OX2R cells. OX2R in methanol fixed CHO cells was stained
with goat anti-OX2R antibody (SC-8074 Santa Cruz Biotech) and DNA was counterstained
with DAPI. (B) Comparison of ERK phosphorylation induced by orexin B and OBDL. Time
courses of ERK phosphorylation induced by 500 nM of orexin B and OBDL were used to
compare the function difference of orexin B and OBDL. (C) Orexin B dose-dependent
phosphorylation of ERK by Western blot and FACE assay. ERK phosphorylation was
detected by anti-p-ERK and –ERK antibodies (9101 and 9102, Cell Signaling) at 1:1000
dilution. ERK phosphorylation at each orexin B concentration in FACE is the mean value of
four repeat measurements. (D) Time course of ERK phosphorylation induced by orexin B.
OBDL (500 nM) was used to treat cells for different times. p-ERK was normalized by total
detected ERK. (E) Time course of ERK phosphorylation induced by orexin A. 500 nM of
orexin A was used to treat CHO-OX2R cells for up to 40min. p-ERK was normalized by
total ERK. The mean and P-value were calculated from three independent repeated
experiments. Significance of p-value is less than 0.05.
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Fig. 2.
CREB phosphorylation induced by orexin B in OX2R-CHO cells. The level of p-CREB and
total CREB were determined by Western blot with anti-p-CREB and CREB antibodies
(9198 and 9197, Cell Signaling). The percentage of ratio p-CREB/CREB was used for the
generation of an OBDL dose curve and time course response. (A) OBDL dose-dependent
phosphorylation of CREB. The different concentrations of OBDL were used to treat OX2R
cells for 5 min. The level of CREB phosphorylation was normalized by total CREB. (B)
Time course of CREB phosphorylation induced by 500 nM OBDL. OX2R cells were
stimulated by 500 nM OBDL for different times as indicated in the figure. The mean of p-
CREB/CREB was calculated from three independent experiments and P-value was
calculated by comparing with non-OBDL treatment. Significance of p-value is less than 0.05.
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Fig. 3.
Effects of inhibitors of MAP kinase, PKA, and CaM kinase on phosphorylation of ERK and
CREB by Western blot. (A) UO126 (10 μM, U-400, Alamone Labs), a MAP kinase
inhibitor, was used to treat the cells for 1 h before cells were treated with 500 nM OBDL for
5 min. (B) CaM kinase inhibitor (1 μM, 1277, Tocris), KN-62, was used to treat the cells for
1 h before cells were treated with 500 nM of OBDL for 5 min. (C) PKA inhibitor (0.1 μM,
1288, Tocris), KT 5720, was used to treat the cells for 1 h before cells were treated with 500
nM of OBDL for 5 min. Antibodies used in detecting p-ERK, ERK, p-CREB and CREB
were used as previous experiments.
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Fig. 4.
Inhibition of p-ERK and p-CREB by PKC inhibitor GF 109203X. (A) Inhibition of ERK
phosphorylation. GF 109203X (10 μM), a PKC inhibitor, was used to treat the cells for 1 h
before cells were stimulated with 500 nM OBDL for up to 40 min. ERK phosphorylation was
determined by Western blotting and normalized by total ERK (9101 and 9102, Cell
Signaling). Three independent experiments were used for calculating the mean, and a p-
value was generated by comparing non-inhibitor treated and inhibitor treated samples using
a t-test. Significance of p-value is less than 0.05. (B) Immunofluorescence staining of ERK
phosphorylation. ERK phosphorylation was detected using the immunofluorescence staining
protocol described in Methods. The cells were treated as shown in the figure. The
fluorescence positive cells in 10 views of each treatment were counted. The different groups
of cells indicated in the figure were compared using a t-test. Significance of p-value is less
than 0.05. (C) PKC inhibitor completely inhibited orexin B-induced ERK and CREB
phosphorylation. Different concentrations of GF 109203X, a PKC inhibitor, were used to
treat the cells for 1 h before the 5 min OBDL treatment. Three independent experiments were
used to calculate the mean value of pERK/ERK or pCREB/CREB. A p-value was generated
by comparing PKC inhibitor treatment and non-PKC inhibitor treatment using a t-test.
Significance of p-value is less than 0.05.
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Fig. 5.
Orexin B induced ERK phosphorylation in adult mouse hypothalamus neuron cells and the
inhibition of ERK phosphorylation by PKC inhibitor GF 109203X. (A) ERK
phosphorylation was induced by 500 nM of OBDL in CLU172 cells for up to 40 min. p-ERK
and ERK were detected by the antibodies (9101 and 9102, Cell Signaling). The mean of p-
ERK/ERK (ERK phosphorylation) and p-value were calculated from three independent
experiments by comparing with non OBDL treatment using a t-test. Significance of p-value
is less than 0.05. (B) The inhibition of pretreatment with various doses of PKC inhibitor
GF109203X on OBDL induced ERK phosphorylation in CLU172 cells. GF109203X was
treated for 1 h before 5 min treatment of OBDL. The mean of ERK phosphorylation (p-ERK/
ERK) was calculated from three independent experiment results. The different groups of
cells indicated in the figure were compared using a t-test. Significance of p-value is less than
0.05.
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