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A B S T R A C T

Serotonin syndrome is an adverse reaction due to increased serotonin (5-hydroxytryptophan: 5-HT) con-
centrations in the central nervous system (CNS). The full 5-HT1A receptor (5-HT1AR) agonist (± )-8-hydroxy-
dipropylaminotetralin (8-OH-DPAT) has been recognized to elicit traditional serotonergic behaviors. Treatment
with 8-OH-DPAT selectively increased PKCδ expression out of PKC isoforms and 5-HT turnover rate in the
hypothalamus of wild-type mice. Treatment with 8-OH-DPAT resulted in oxidative burdens, co-im-
munoprecipitation of 5-HT1AR and PKCδ, and phosphorylation and membrane translocation of p47phox.
Importantly, p47phox also interacted with 5-HT1AR or PKCδ in the presence of 8-OH-DPAT. Consistently, the
interaction and oxidative burdens were attenuated by 5-HT1AR antagonism (i.e., WAY100635), PKCδ inhibition
(i.e., rottlerin and genetic depletion of PKCδ), or NADPH oxidase/p47phox inhibition (i.e., apocynin and genetic
depletion of p47phox). However, WAY100635, apocynin, or rottlerin did not exhibit any additive effects against
the protective effect by inhibition of PKCδ or p47phox. Furthermore, apocynin, rottlerin, or WAY100635 also
significantly protected from pro-inflammatory/pro-apoptotic changes induced by 8-OH-DPAT. Therefore, we
suggest that 8-OH-DPAT-induced serotonergic behaviors requires oxidative stress, pro-inflammatory, and pro-
apoptotic changes, that PKCδ or p47phox mediates the serotonergic behaviors induced by 8-OH-DPAT, and that
the inhibition of PKCδ-dependent p47phox activation is critical for protecting against serotonergic behaviors.

1. Introduction

Serotonin syndrome, or serotonin toxicity, is a serious disorder at-
tributable to exaggerated serotonergic function in the brain, most
commonly after antidepressant overdose or after combining several
psychotropic medications (Boyer and Shannon, 2005). It has been
suggested that the serotonin syndrome has become an increasingly
common clinical problem, reflecting the rising use of drugs that en-
hance serotonergic transmission (Graudins et al., 1998; Isbister et al.,
2004; Thanacoody, 2012). Serotonergic behaviors can be induced by
the excess of serotonin (5-hydroxytryptophan: 5-HT) precursor or re-
ceptor agonists, increased release of 5-HT, and reduced 5-HT reuptake

or metabolism (Bijl, 2004; Birmes et al., 2003; Gillman, 2004; Kalueff
et al., 2008).

It has been currently elusive whether the serotonin syndrome in-
duces overall 5-HT receptor (5-HTR) activation or whether it can be
attributable to stimulation of the specific 5-HTR. Serotonergic beha-
viors, such as backward walking, flat body posture, forepaw treading,
head weaving, hind-limb abduction, Straub tail, and tremor, as well as
the autonomous response hypothermia have been demonstrated fol-
lowing administration of 5-HT1AR agonist (Bert et al., 2006; Blanchard
et al., 1997; Fox et al., 2007; Yamada et al., 1988). In particular, the full
5-HT1AR agonist (± )-8-hydroxy-dipropylaminotetralin (8-OH-DPAT)
has been demonstrated to elicit “traditional serotonin syndrome
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behaviors” (Fox et al., 2007; Haberzettl et al., 2013; Smith and
Peroutka, 1986; Yamada et al., 1988).

The 5-HTRs are shown to activate several different protein kinases,
such as serin-threonine, tyrosine, and lipid kinases (Raymond et al.,
2001). Earlier reports suggested that 5-HT1AR activates protein kinase C
(PKC) (Liu and Albert, 1991; Middleton et al., 1990; Raymond et al.,
2001, 1989). PKC family is a group of serine/threonine kinases, and it
plays a key role in the regulation of diverse cellular functions, including
proliferation, differentiation, proinflammation, and tumorigenesis
(Giorgi et al., 2010). Recently, we have reported that the up-regulation
of 5-HT1AR induced by dextromethorphan facilitates the specific in-
duction of PKCδ (Tran et al., 2018), indicating the potential role of
PKCδ in the serotonergic behaviors mediated by 5-HT1AR.

NADPH oxidase (PHOX) is a multi-unit enzyme complex responsible
for the production of both extracellular and intracellular reactive
oxygen species (ROS) by phagocytic cells. PHOX is comprised of cyto-
plasmic subunits (p47phox, p67phox, p40phox and Rac2), which upon
phosphorylation by specific kinases, can form a complex and translo-
cate to the membrane to dock with the membrane subunits (gp91, and
p22phox) (Babior, 1999). It is well-recognized that p47phox acts as a
connector between the components of the membrane and the cytoplasm
(Reeves et al., 1999). PHOX emerged as a novel class of molecular
targets for the treatment of neurodegenerative disorders due to its role
of oxidant generation (Sorce et al., 2017). Moreover, we (Tran et al.,
2018) and others (Mukhin et al., 2000) demonstrated that the activa-
tion of 5-HT1AR facilitates oxidant generation. These reports prompted
us to investigate whether oxidant generation is contributable to the
activation of PHOX by the 5-HT1AR.

In view of increasing clinical problems due to an introduction of
novel serotonergic drugs, the incorporation of animal models of the
serotonin syndrome into the preclinical evaluation phase of a drug's
toxicity profile is helpful, and will be essential for risk assessment in the
future. Toxic responses of the serotonin syndrome can only be experi-
mentally evaluated in humans with caution, and evidence for toxic
effects is generally based on case studies of the serotonin syndrome,
which are inconsistently reported (Boyer and Shannon, 2005). How-
ever, animal studies do allow experimental examinations of ser-
otonergic responses following administration of direct and indirect 5-
HTR agonists, and can serve as a method to assess drugs suspected in
cases of the serotonin syndrome in humans. Moreover, it is recognized
that more and more atypical antipsychotics possess 5-HT1AR agonist
properties (Kaneda et al., 2001). Therefore, we selected 8-OH-DPAT in
order to achieve a better understanding of the role of 5-HT1AR in ser-
otonin syndrome behaviors.

Because 8-OH-DPAT-induced 5-HT turnover rate was most pro-
nounced in the hypothalamus among prefrontal cortex, hippocampus
and hypothalamus (Supplementary Fig. S2), we have focused on the
hypothalamus for the neurochemical study. In addition, we observed
that 8-OH-DPAT selectively induces PKCδ. Thus, we investigated
whether genetic inhibition of PKCδ or p47phox positively modulates 8-
OH-DPAT-induced serotonin syndrome behaviors. We observed here for
the first time that PKC -dependent p47phox activation (i.e., phos-
phorylation and membrane translocation), as well as interactive mod-
ulation between 5-HT1AR and PKC /p47phox, are important for indu-
cing 8-OH-DPAT-induced serotonergic behaviors in mice.

2. Experimental procedures

2.1. Animals

All animals were treated in strict accordance with the National
Institutes of Health (NIH) Guide for the Humane Care and Use of
Laboratory Animals (NIH Publication No. 85–23, 1985; www.dels.nas.
edu/ila). The present study was performed in accordance with the
Institute for Laboratory Research (ILAR) Guidelines for the Care and
Use of Laboratory Animals. Mice were maintained on a 12:12 h light/

dark cycle and fed ad libitum. The room temperature was kept constant.
They were adapted for 2 weeks to the above conditions prior to the
experiments.

Wild-type (WT) C57BL/6 and p47phox knockout (KO) mice were
purchased from Jackson Laboratories (Bar harbor, Maine, U.S.A.) (Dang
et al., 2018, 2016). The PKCδ KO mice have been previously described
(Shin et al., 2016, 2014, 2012, 2011). A breeding pair of PKCδ (± )
mice, originally bred into a C57BL/6/J background, was a gift from Dr.
K. I. Nakayama (Deptment of Molecular Genetics, Medical Institute of
Bioregulation, Kyushu University, Fukuoka, Japan) (Miyamoto et al.,
2002). These mice were subsequently maintained and bred into the
C57BL/6/J background for six generations in a specific pathogen-free
(SPF) mice facility before use with WT mice from the same litter in our
experiments. Tail DNA was evaluated to genotype WT and PKCδ KO
mice. Polymerase chain reaction (PCR) primers for genotyping were as
follows: 5′-GGAAGAATAAGAAACTGCAT CACC-3′ and 5′-GAAGGAGC
CAGAACCGAAAG-3′ for endogenous detection, and 5′-GGAAGAATAA
GAAA CTGCATCACC-3′ and 5′-TGGGGTGGGATTAGATAAAT G-3′ for
mutant detection (Bioneer Corporation, Daejeon, Republic of Korea).

2.2. Drug treatment

(± )-8-Hydroxy-dipropylaminotetralin (8-OH-DPAT; Sigma–Aldrich,
St. Louis, MO, USA) and WAY100635 (Sigma-Aldrich, St. Louis, MO,
USA), a 5-HT1AR antagonist, were dissolved in 0.9% sterile saline im-
mediately prior to use. Rottlerin (Biomol Research Laboratories Inc.,
Plymouth, PA, U.S.A.), a PKCδ inhibitor, was dissolved in dimethyl
sulfoxide (DMSO) as a stock solution and then stored at −20 °C. Rottlerin
was diluted in sterile saline immediately before use at a concentration of
1 μg/μL. Apocynin (Sigma-Aldrich, St. Louis, MO, USA) was dissolved in
DMSO and then diluted in sterile saline immediately prior to use at a
concentration of 50mg/ml. The final DMSO concentration was 10% (v/
v).

Male C57BL/6/J background wild-type (WT) mice, weighing ap-
proximately 23 ± 2 g, were treated with a single dose of 8-OH-DPAT
(2mg/kg, i.p.) or saline. The dose of 8-OH-DPAT was determined based
on a previous study (Fox et al., 2007).

To clarify the role of PKCδ and p47phox in 8-OH-DPAT-induced
serotonin syndrome-like behaviors, rottlerin (3 μg, i.c.v./brain) was
given 6 h and 2 h before 8-OH-DPAT treatment, and apocynin (50mg/
kg, i.p.) or WAY100635 (1mg/kg, i.p.) was given 30min prior to 8-OH-
DPAT administration. The doses of rottlerin and WAY100635 were
determined based on our previous study (Tran et al., 2018). Adminis-
tration of apocynin (50mg/kg, i.p.) was conducted once daily for seven
consecutive days. The last dose of apocynin was given 30min before 8-
OH-DPAT injection. The dose of apocynin was determined based on our
previous study. It was reported that 8-OH-DPAT concentration rapidly
peaks in brain at 15min after the drug administration (Yu and
Lewander, 1997). In addition, the serotonergic behavioral syndrome
induced by 8-OH-DPAT occurred rapidly 5min after the drug admin-
istration, and disappeared 30min later (Yu and Lewander, 1997).
Moreover, the hypothermic and biological responses were maximal
45–60min post-8-OH-DPAT administration (Yu and Lewander, 1997).
In addition, consistent results were observed that the most significant
behavioral changes induced by 8-OH-DPAT occurred within a short
time after the drug administration (Fox et al., 2007; Haberzettl et al.,
2013, 2014). Therefore, mice were sacrificed 15min, 30min, 1 h, 2 h,
6 h, 12 h, and 24 h after the 8-OH-DPAT treatment in our study. To
ensure preservation of the neurochemical environment, and to mini-
mize degradation during tissue dissection, decapitation was rapidly
conducted. For Western blot analysis and other neurochemical assay,
the brains were quickly removed; the hypothalamic, hippocampal, and
prefrontal cortical tissues from both hemispheres were collected, and
the tissues were instantly frozen in liquid nitrogen and kept at −70 °C
within an estimated time of 30 s from sacrifice.
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2.3. Serotonergic behaviors

On test days, mice were moved to the testing room in their home
cage 2 h prior to testing to allow for habituation to the environment. All
experiments were conducted between 10:00 and 13:00 in a sound at-
tenuated chamber. For each 60min trial, four mice were tested at the
same time. Each mouse was placed in the center of a black painted cage
(260mm×200mm x 140mm) immediately after drug or vehicle ad-
ministration. Between each trial, the cages were cleaned with 70%
ethanol and paper towels.

Serotonergic behaviors induced by 8-OH-DPAT (2mg/kg, i.p.) were
evaluated in male WT, p47phox KO, and PKCδ KO mice. In our study, 8-
OH-DPAT was administered after 15min of habituation in a large
Plexiglass cylinder. Behavioral assessments were made based on pre-
vious methods (Fox et al., 2007; Izumi et al., 2006; Tran et al., 2018).
Behaviors associated with the rodent serotonin syndrome were re-
corded for five 1-min periods starting 5min after drug administration.
In each assessment period, the following behaviors were recorded: in-
termittent behaviors including head weaving, forepaw treading and
backward movement (scored on a scale of 0–4; 0= absent, 1= present
once, 2= present several times, 3= present frequently, 4= present
continuously); continuous behaviors included hind limb abduction,
Straub tail, tremor, and low body posture (scored on a scale of 0–4;
0= absent, 1= perceptible, 2=weak, 3=medium, 4=maximal).
The scores from the five 1-min periods were summed together for each
behavior. Overall serotonergic behavior scores were calculated for each
5-min assessment (Fox et al., 2007; Jacobs, 1976; Tran et al., 2018).
Assessments were performed by observers blind to the genotype of the
mice.

2.4. Rectal temperature

Rectal temperature under ambient temperature (21 ± 1 °C), was
measured by inserting a thermometer probe lubricated with oil at least
3 cm into mice rectums. To prevent sudden movements of mice treated
with 8-OH-DPAT, they were gently handled with a wool glove while
their tail was moved to allow probe insertion. This was done to reduce
any effect of restraint stress on rectal temperature. When the attempt to
insert the probe was not successful (i.e., sudden movements of the
animal or the need to restrain the mouse), the animal was excluded
from the group (Tran et al., 2018).

2.5. Preparation of cytosolic and membrane fractions for Western blot
analysis

Cytosolic and membrane fractions were prepared as described pre-
viously with minor modifications (Zhang et al., 2008). Animal tissues
were collected and homogenized in ice-cold lysis buffer (pH 7.4) con-
taining 25mmol/L Tris, 250mmol/L NaCl, 3 mmol/L ethylenediami-
netetraacetic acid (EDTA), and protease inhibitor cocktail (Sigma-Al-
drich, St. Louis, MO, U.S.A.) using Dounce homogenizer. The lysates
were loaded onto sucrose in lysis buffer and centrifuged at 1600×g for
15min; the supernatant above the sucrose gradient was utilized as the
cytosolic fraction after centrifugation at 150,000×g for 30min at 4 °C.
The resulting pellets were resuspended with lysis buffer containing 1%
Triton X-100 and used as the membrane fraction (Dang et al., 2016).

2.6. Western blot analysis

Hypothalamic tissues were lysed in buffer containing a 200mM
Tris–HCl (pH 6.8), 1% SDS, 5mM EGTA, 5mM EDTA, 10% glycerol,
1× phosphatase inhibitor cocktail I (Sigma-Aldrich, St. Louis, MO,
U.S.A.), and 1× protease inhibitor cocktail (Sigma-Aldrich, St. Louis,
MO, U.S.A.). Lysate was centrifuged at 12,000×g for 30min, and the
supernatant fraction was used for Western blot analysis as described
previously (Shin et al., 2014, 2012). Proteins (20 μg/lane) were

separated by 8% or 10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (PAGE) and transferred onto PVDF membranes. Fol-
lowing transfer, the membranes were preincubated with 5% non-fat
milk for 30min, and incubated overnight at 4 °C with primary antibody
against 5-HT1AR (1:2000; Abcam, Cambridge, UK), PKCα (1:70,000;
Santa Cruz Biotechnology), PKCβI (1:70,000; Santa Cruz Bio-
technology), PKCβII (1:5000; Santa Cruz Biotechnology), PKCζ
(1:10,000; Santa Cruz Biotechnology), PKCδ (1:10,000; Santa Cruz
Biotechnology), p-PKCδ at Tyr311 (1:500; Santa Cruz Biotechnology),
p47phox (1:500; EMD Millipore, Temecula, MA, U.S.A.), p-p47phox at
Ser345 (1:1000; Sigma-Aldrich, St. Louis, MO, U.S.A.), Bcl-2 (1:1000;
Santa Cruz Biotechnology), Bcl-xL (1:1000; Cell Signaling Technology),
Bax (1:1000; Santa Cruz Biotechnology), cleaved caspase-3 (1:1000;
Cell Signaling Technology), caspase-3 (1:5000; Cell Signaling Tech-
nology), ionized calcium binding adaptor molecule 1 (Iba-1, 1:500;
Abcam, Cambridge, UK), glial fibrillary acidic protein (GFAP, 1:500;
Santa Cruz Biotechnology), interleukine-6 (IL-6, 1:1000; Abcam, Cam-
bridge, UK), interferon gamma (IFN-γ, 1:5000; Bio-Rad laboratories,
CA, U.S.A), tumor necrosis factor alpha (TNF-α, 1:500; R&D Systems,
Mineapolis, MN, U.S.A), cyclooxygenase-2 (COX-2, 1:2000; Santa Cruz
Biotechnology), Na+/K+-ATPase α1 subunit (1:1000; Abcam, Cam-
bridge, UK), or β-actin (1:50,000; Sigma-Aldrich, St. Louis, MO, U.S.A.).
Membranes were then incubated with HRP-conjugated secondary anti-
rabbit IgG (1:1000, GE healthcare, Piscataway, NJ, U.S.A.) or anti-
mouse IgG (1:1000, Sigma-Aldrich) for 2 h. Subsequent visualization
was performed using an enhanced chemiluminescence system (ECL
plus®, GE Healthcare, Arlington Heights, IL, U.S.A.). Relative intensities
of the bands were quantified by PhotoCapt MW (version 10.01 for
Windows; Vilber Lourmat, Marne la Vallée, France), and then normal-
ized to the intensity of β-actin (whole lysate or cytosolic fraction) or
Na+/K+-ATPase α1 subunit (membrane fraction) (Shin et al., 2014;
Tran et al., 2017).

2.7. Immunoprecipitation

Immunoprecipitation was performed as described previously (Dang
et al., 2017a) using protein G-sepharose (GE Healthcare, Piscataway,
NJ, U.S.A.). Hypothalamic tissues were homogenized in lysis buffer for
1min on ice and centrifuged at 12,000×g for 20min at 4 °C to remove
particulate matter. The supernatant fractions were transferred to new
tubes in 1-ml aliquots and pre-cleared by the addition of 50 μl of protein
G-sepharose suspension (GE Healthcare) to each tube, gentle mixing for
1 h at 4 °C, and centrifugation at 12,000×g for 20 s. Five hundred mi-
croliter portions of the pre-cleared supernatant fractions were then
removed to new tubes and incubated with 5 μg of an antibody specific
for PKCδ (1:1000; Santa Cruz Biotechnology, Santa Cruz, CA, U.S.A) or
p47phox (1:500; EMD Millipore, Temecula, MA, U.S.A.) for 1 h at 4 °C
to allow the formation of immune complexes.

To precipitate the immune complexes, 50 μl of protein G-sepharose
suspension was added to each tube, and the tubes were incubated for
5 h at 4 °C. The immune complexes bound to sepharose beads were
recovered by centrifugation and washed three times with wash buffer to
remove the excess cytosolic fraction.

For analysis, the precipitated beads were mixed with SDS-PAGE
sample buffer and heated for 10min at 95 °C. The dissociated proteins
were then resolved by 10% SDS-PAGE and detected by immunoblotting
with an antibody specific for 5-HT1AR (1:1000; Abcam, Cambridge, UK)
or PKCδ (1:1000; Santa Cruz Biotechnology, Santa Cruz, CA, U.S.A).

2.8. Reverse transcription and polymerase chain reaction (RT-PCR)

Expressions of the 5-HT1A was assessed using quantitative RT–PCR to
analyze mRNA levels, as described previously (Dang et al., 2017a). Total
RNA was isolated from hypothalamic tissues using an RNeasy Mini Kit
(Qiagen, Valencia, CA, U.S.A.) according to the manufacturer's instruc-
tions. Reverse transcription reactions were carried out using the RNA to
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cDNA EcoDry Premix (Clontech, Palo Alto, CA, U.S.A.) with a 1-h in-
cubation at 42 °C. PCR amplification was performed using 25 cycles of
denaturation at 94 °C for 1min, annealing at 60 °C for 2min, and ex-
tension at 72 °C for 1min. The primer sequences, predicted product sizes,
and GenBank accession numbers (where available) for the amplified
genes were as follows: mouse 5-HT1AR (196 bp), 5′-GAC TGC CAC CCT
CTG CCC TAT ATC-3′ (forward) and 5′-TCA GCA AGG CAA ACA ATT
CCA G-3′ (reverse); and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH; 450 bp), 5′-ACC ACA GTC CAT GCC ATC-3′ (forward) and 5′-
TCC ACC ACC CTG TTG CTG TA-3′ (reverse). PCR products were sepa-
rated on 2% agarose gels containing ethidium bromide and visualized
under ultraviolet light. Quantitative analysis of RNA was performed
using PhotoCapt MW (version 10.01 for Windows; Vilber Lourmat).

2.9. Determination of serotonin (5-HT) and 5-hydroxyindoleacetic acid (5-
HIAA) by HPLC

Mice were sacrificed by cervical dislocation, and the brains were
removed. The hypothalamus was dissected, immediately frozen on dry
ice, and stored at −70 °C before assays were performed. Tissues were
weighed, ultrasonicated in 10% perchloric acid, and centrifuged at
20,000×g for 10min. The levels of 5-HT and its metabolite 5-HIAA
were determined by HPLC coupled with an electrochemical detector, as
described previously (Shin et al., 2014; Wang et al., 2012). Supernatant
aliquots (20 μl) were injected into an HPLC equipped with a C18
column with 3 μm particle size (Waters). The mobile phase was com-
prised of 26ml of acetonitrile, 21ml of tetrahydrofuran, and 960ml of
0.15M monochloroacetic acid (pH 3.0) containing 50mg/l of EDTA
and 200mg/ml of sodium octyl sulfate. The amount of 5-HT was de-
termined by comparison of peak areas of tissue samples with standard,
and was expressed in ng/g of wet tissue.

2.10. Determination of reactive oxygen species (ROS)

ROS formation in the hypothalamus was assessed by measuring the
conversion from 2′,7′-dichlorofluorescin diacetate (DCFH-DA) to di-
chlorofluorescin (DCF) (Nguyen et al., 2015). Tissue homogenates were
added to a tube containing 2ml of phosphate-buffered saline (PBS) with
10 nmol of DCFH-DA, dissolved in methanol. The mixture was in-
cubated at 37 °C for 3 h, and then fluorescence was measured at 480 nm
excitation and 525 nm emission. DCF was used as a standard.

2.11. Determination of 4-hydroxynonenal (4-HNE)

The amount of lipid peroxidation was determined by measuring the
level of 4-hydroxynonenal (4-HNE) using the OxiSelect™ HNE adduct
ELISA kit (Cell Biolabs, Inc., San Diego, CA, U.S.A.) according to the
manufacturer's instructions. 100 μl of hypothalamic homogenate at a
protein concentration of 10 μg/ml was incubated in 96-well protein
binding plates at 4 °C overnight. After protein adsorption, 4-HNE ad-
ducts in each well were labeled with HNE antibody, followed by HRP-
conjugated secondary antibody. Colorimetric development was then
performed with substrate solution. Absorbance was recorded at 450 nm
using a microplate reader (Molecular Devices Inc., Sunnyvale, CA,
U.S.A.), and an amount of 4-HNE adduct in each sample was calculated
from the standard curve for 4-HNE-BSA (Shin et al., 2014).

2.12. Determination of protein carbonyl

The extent of protein oxidation was assessed by measuring the
content of protein carbonyl groups, which was determined spectro-
photometrically with the 2,4-dinitrophenylhydrazine (DNPH)-labeling
procedure (Shin et al., 2012) as described by Oliver et al. (1987). The

Fig. 1. 8-OH-DPAT (2 mg/kg, i.p.)-induced serotonergic behaviors (A) and hypothermia (B) in mice. Each value is the mean ± SEM of six animals. *P < 0.05,
**P < 0.01 vs. mice treated with saline (ANOVA with repeated measures).
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results are expressed as nmol of DNPH incorporated/mg protein based
on the extinction coefficient for aliphatic hydrazones of
21mM−1 cm−1. Protein was measured using the Pierce 660 nm Protein
Assay™ reagent (Thermo Scientific, Rockford, IL, U.S.A.).

2.13. Statistical analyses

Data were analyzed using IBM SPSS ver. 21.0 (IBM, Chicago, IL,

U.S.A.). One-way analysis of variance (ANOVA) was employed for
statistical analyses. Post-hoc Fisher's least significant difference (LSD)
pairwise comparison tests were then conducted. Time-dependent
changes in serotonergic behavioral scores were analyzed by ANOVA
with repeated measures. P-values< 0.05 were considered to be sig-
nificant.

Fig. 2. Changes in the expression of PKC isoforms, and PKCδ phosphorylation 15 min, 30 min, 1 h, 2 h, 6 h, 12 h and 24 h after the 8-OH-DPAT treatment in the
hypothalamus of mice. Sal = Saline. 8-OH-DPAT-induced changes in PKCα (A), PKCβI (B), PKCβII (C), PKCξ (D), PKCδ (E), and PKCδ phosphorylation (F). Each
value is the mean ± SEM of six animals. *P < 0.05, **P < 0.01 vs. mice treated with saline (one-way ANOVA followed by Fisher's LSD pairwise comparisons).
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3. Results

3.1. Overall serotonergic behaviors and hypothermia induced by 8-OH-
DPAT in mice

As shown in Supplementary Fig. S1, 8-OH-DPAT induced a broad
spectrum of serotonergic behavioral response. The onset of overall ser-
otonergic behaviors occurred within 6min of 8-OH-DPAT administration
and lasted for about 60min. Importantly, 8-OH-DPAT-induced ser-
otonergic behaviors mainly occurred within the first 30min (P < 0.05
vs. the second 30min) after the 8-OH-DPAT treatment (Fig. 1A).

Changes in body-core temperature were used to estimate autonomic
dysfunction in the serotonin syndrome. As shown in Fig. 1B, initial
hypothermia was observed 15min post-8-OH-DPAT (P < 0.05), while
maximal hypothermia was noted 30min post-8-OH-DPAT (P< 0.01).
8-OH-DPAT-induced hypothermia lasted for at least 105min.

3.2. Treatment with 8-OH-DPAT resulted in a selective increase in PKCδ
expression over other PKC isoforms, and a significant phosphorylation of
PKCδ in the hypothalamus of mice

As shown in Fig. 2A–Ehttp://link.springer.com/article/10.1007%
2Fs00204-015-1516-7 - Fig. 1, PKCα, βI, βII, ζ, and δ expressions were
examined 15min, 30min, 1 h, 2 h, 6 h, 12 h and 24 h after the 8-OH-

DPAT treatment in WT mice. Treatment with 8-OH-DPAT resulted in a
specific induction in PKCδ in WT mice, although no significant differ-
ence was observed in the expression of other subtypes of PKC. 8-OH-
DPAT induced an initial increase in PKCδ was observed 1 h (P < 0.05)
later, and this increase lasted for 12 h (P < 0.05 vs. Saline). More
importantly, 8-OH-DPAT-induced initial phosphorylation of PKCδ was
observed 30min (P < 0.01) later, and it remains elevated for 12 h
(P < 0.05) (Fig. 2F).

3.3. 8-OH-DPAT treatment significantly facilitated phosphorylation and
membrane translocation of p47phox in the hypothalamus of wild-type mice

As shown in Fig. 3http://link.springer.com/article/10.1007%
2Fs00204-015-1516-7 - Fig. 1, we examined phosphorylation
(Fig. 3A) and membrane translocation (Fig. 3B) of p47phox 15min,
30min, 1 h, 2 h, 6 h, 12 h and 24 h after the 8-OH-DPAT treatment in
WT mice. 8-OH-DPAT-induced p47phox phosphorylation was most
pronounced 1 h later (Fig. 3A), while membrane translocation of
p47phox was most evident 2 h later (Fig. 3B).

3.4. 8-OH-DPAT treatment significantly increased PHOX activity and
oxidative parameters in the hypothalamus of mice

We investigated whether 8-OH-DPAT treatment affects PHOX

Fig. 3. Changes in the phosphorylation and membrane translocation of p47phox 15 min, 30 min, 1 h, 2 h, 6 h, 12 h and 24 h after the 8-OH-DPAT treatment in the
hypothalamus of mice. Sal = Saline. 8-OH-DPAT-induced changes in the phosphorylation (A) and membrane translocation (B) of p47phox. Each value is the
mean ± SEM of six animals. *P < 0.05, **P < 0.01 vs. mice treated with saline (one-way ANOVA followed by Fisher's LSD pairwise comparisons).
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activity. As shown in Fig. 4A, 8-OH-DPAT induced an initial increase in
PHOX activity 30min (P < 0.01) later, and this increase lasted for 6 h
(P < 0.05). The maximal increase appeared to be observed 1 h
(P < 0.01 vs. saline) after the 8-OH-DPAT administration.

Similarly, treatment with 8-OH-DPAT resulted in initial increases in
reactive oxygen species (ROS) level (P < 0.01), 4-hydroxynonenal (4-
HNE), a parameter of lipid peroxidation (P < 0.05), and protein car-
bonyl as a parameter of protein oxidation (P < 0.05) 1 h later (Fig. 4 B
– D). The maximal increases appeared to be occurred 2 h later (ROS, 4-
HNE, and protein carbonyl; P < 0.01). These increases lasted for 6 h
(ROS: P < 0.01, 4-HNE: P < 0.05, protein carbonyl: P < 0.05).

3.5. Effects of apocynin, rottlerin or WAY100635 on the 8-OH-DPAT-
induced interaction (co-immunoprecipitation) between PKCδ and 5-HT1AR
in the hypothalamus of mice

In order to assess the interaction between PKCδ and 5-HT1AR, we
conducted an immuno-precipitation study. As shown in Fig. 5A, 8-OH-
DPAT treatment significantly increased co-immunoprecipitation be-
tween PKCδ and 5-HT1AR. The association occurred rapidly 15min
(P < 0.05), maximally 30min–1 h (P < 0.01), and remained elevated
2 h (P < 0.05) later (Fig. 5A).

We next examined the effects of apocynin, rottlerin, or WAY100635
on the interaction between PKCδ and 5-HT1AR 1 h after the 8-OH-DPAT
treatment in WT mice. 8-OH-DPAT-induced interaction of PKCδ and 5-
HT1AR was significantly attenuated by apocynin (P < 0.01), rottlerin
(P < 0.01), or WAY100635 (P < 0.01) (Fig. 5B).

3.6. Effects of apocynin, rottlerin or WAY100635 on the 8-OH-DPAT-
induced interaction (co-immunoprecipitation) between p47phox and 5-
HT1AR in the hypothalamus of mice

As shown in Fig. 6A, 8-OH-DPAT treatment significantly increased
co-immunoprecipitation between p47phox and 5-HT1AR. The associa-
tion occurred rapidly 15min (P < 0.05), maximally 1 h (P < 0.01)

and remains elevated 6 h later (P < 0.05) later.
We next investigated the effects of apocynin, rottlerin, or

WAY100635 on the interaction of p47phox and 5-HT1AR induced by 8-
OH-DPAT. The interaction of p47phox and 5-HT1AR was significantly
attenuated by apocynin (P < 0.05), rottlerin (P < 0.05) or
WAY100635 (P < 0.01) (Fig. 6B).

3.7. Effects of apocynin, rottlerin or WAY100635 on the 8-OH-DPAT-
induced interaction (co-immunoprecipitation) between p47phox and PKCδ
in the hypothalamus of mice

As shown in Fig. 7A, 8-OH-DPAT treatment significantly increased
co-immunoprecipitation between p47phox and PKCδ. The association
occurred initially 30min (P < 0.05), maximally 1 h (P < 0.01) and
remained elevated 6 h later (P < 0.05).

We also examined the effects of apocynin, rottlerin, or WAY100635
on the 8-OH-DPAT-induced interaction of p47phox and PKCδ. This in-
teraction of p47phox and PKCδ was significantly attenuated by apoc-
ynin (P < 0.01), rottlerin (P < 0.01) or WAY100635 (P < 0.05)
(Fig. 7B).

3.8. Effects of apocynin, rottlerin, or WAY100635 on the 8-OH-DPAT-
induced change in pro-inflammatory parameters (i.e., Iba-1, COX-2, IFN-γ,
IL-6) in the hypothalamus of mice

Here we found for the first time that 8-OH-DPAT treatment can
induce pro-inflammatory parameters. As shown in Fig. 8, 8-OH-DPAT
treatment significantly increased in microglial parameter Iba-1, COX-2,
IFN-γ, and IL-6. Their increases were observed 1 h or 2 h through 12 h
post-8-OH-DPAT. Because the maximal induction of the pro-in-
flammatory parameters (Iba-1, COX-2, IFN-γ, and IL6: P < 0.05,
P < 0.01, P < 0.01, and P < 0.01 vs. corresponding saline, respec-
tively) appeared to be consistently observed 2 h post-8-OH-DPAT
(Fig. 8. A, C, E, and G), we investigated effects of apocynin, rottlerin,
WAY100365 in response to pro-inflammatory changes. Apocynin (Iba-

Fig. 4. Changes in NADPH oxidase (PHOX)
activity and oxidative parameters 15 min,
30 min, 1 h, 2 h, 6 h, 12 h and 24 h after the
8-OH-DPAT treatment in the hypothalamus
of mice. Sal = Saline. A. Changes in PHOX
activity. B. Changes in reactive oxygen
species (ROS) formation. C. Changes in 4-
hydrononenal (4-HNE). D. Changes in pro-
tein carbonyl. Each value is the
mean ± SEM of six animals. *P < 0.05,
**P < 0.01 vs. mice treated with saline
(one-way ANOVA followed by Fisher's LSD
pairwise comparisons).
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1, COX-2, IFN-γ, IL-6: P < 0.05, P < 0.01, P < 0.05, and P < 0.01,
respectively), rottlerin (Iba-1, COX-2, IFN-γ, IL-6: P < 0.05, P < 0.01,
P < 0.05, and P < 0.01, respectively), and WAY100365 (Iba-1, COX-
2, IFN-γ, IL-6: P < 0.05, P < 0.01, P < 0.05, and P < 0.01, respec-
tively) significantly attenuated against 8-OH-DPAT-induced increases
in Iba-1, COX-2, IFN-γ, IL-6 in the hypothalamus of mice. However,
neither astrocytic parameter GFAP nor TNF-α expression significantly
changed by 8-OH-DPAT (Fig. 8 I and J).

3.9. Effects of apocynin, rottlerin, or WAY100635 on the 8-OH-DPAT-
induced change in anti-apoptotic (i.e., Bcl-2 and Bcl-xL) and pro-apoptotic
(i.e., Bax and cleaved caspase- 3) factors in the hypothalamus of mice

We observed that 8-OH-DPAT treatment down-regulates anti-
apoptotic parameters, while it up-regulates pro-apoptotic parameters.
As shown in Fig. 9, Bcl-2 (P < 0.05), Bcl-xL (P < 0.05), Bax
(P < 0.05), and cleaved caspase-3 (P < 0.05) were initially changed
1 h post-8-OH-DPAT. Maximal changes in Bcl-2 (P < 0.01), Bcl-xL

(P < 0.01), Bax (P < 0.01), and cleaved caspase-3 (P < 0.01) were
consistently occurred 2 h post-8-OH-DPAT. The change of these para-
meters were still observed 6–12 h post-8-OH-DPAT (Fig. 9A, C, E, and
G). We then applied apocynin, rettlerin or WAY100365 2 h post-8-OH-
DPAT to investigate whether inhibition of PHOX, PKCδ or 5-HT1AR
affects anti-apoptotic and pro-apoptotic parameters (Fig. 9B, D, F and
H). Apocynin (Bcl-2, Bcl-xL, Bax, and cleaved caspase-3: P < 0.01,
P < 0.05, P < 0.01, and P < 0.05, respectively), rottlerin (Bcl-2, Bcl-
xL, Bax, and cleaved caspase-3: P < 0.01, P < 0.05, P < 0.01, and
P < 0.05, respectively), and WAY100365 (Bcl-2, Bcl-xL, Bax, and
cleaved caspase-3: P < 0.01, P < 0.05, P < 0.01, and P < 0.05, re-
spectively) significantly attenuated against decreases in Bcl-2 and Bcl-
xL and increases in Bax and cleaved caspase-3 induced by 8-OH-DPAT.

3.10. Effects of apocynin, rottlerin, or WAY100635 on the 8-OH-DPAT-
induced change in the 5-HT turnover rate in the hypothalamus of WT,
p47phox KO, and PKCδ KO mice

As shown in Fig. 10A and B, 8-OH-DPAT treatment significantly
increased 5-HT level (P < 0.01) and 5-HT turnover rate (P < 0.01) in
WT mice. These increases were significantly attenuated by apocynin (5-
HT: P < 0.01, 5-HT turnover rate: P < 0.05), rottlerin (5-HT:

Fig. 5. Time course of changes in co-immunoprepitation of 5-HT1AR and PKCδ
induced by 8-OH-DPAT in the hypothalamus of mice, and effects of apocynin
(Apo), rottlerin (Rott), or WAY100635 (WAY) on the interaction between PKCδ
and 5-HT1AR. Interaction between PKCδ and 5-HT1AR 15min, 30min, 1 h, 2 h,
6 h, 12 h and 24 h after the 8-OH-DPAT treatment (A). Effects of apocynin
(50mg/kg, i.p.), rottlerin (3 μg, i.c.v/brain) or WAY100635 (1mg/kg, i.p.) on
the interaction between PKCδ and 5-HT1AR (B). Sal= Saline. Each value is the
mean ± SEM of six animals. ∗P < 0.05, ∗∗P < 0.01 vs. corresponding saline.
#P < 0.01 vs. saline with 8-OH-DPAT (one-way ANOVA followed by Fisher's
LSD pairwise comparisons).

Fig. 6. Time course of changes in co-immunoprepitation of 5-HT1AR and
p47phox induced by 8-OH-DPAT in the hypothalamus of mice, and effects of
apocynin (Apo), rottlerin (Rott), or WAY100635 (WAY) on the interaction be-
tween 5-HT1AR and p47phox. Interaction between 5-HT1AR and p47phox
15min, 30min, 1 h, 2 h, 6 h, 12 h and 24 h after the 8-OH-DPAT treatment (A).
Effects of apocynin (50mg/kg, i.p.), rottlerin (3 μg, i.c.v/brain) or WAY100635
(1mg/kg, i.p.) on the interaction between 5-HT1AR and p47phox (B).
Sal= Saline. Each value is the mean ± SEM of six animals. ∗P < 0.05,
∗∗P < 0.01 vs. corresponding saline. #P < 0.05, ##P < 0.01 vs. saline with 8-
OH-DPAT (one-way ANOVA followed by Fisher's LSD pairwise comparisons).
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P < 0.01, 5-HT turnover rate: P < 0.05), or WAY100635 (5-HT and 5-
HT turnover rate: P < 0.05, respectively) (Fig. 10A and B). Con-
sistently, p47phox knockout (5-HT: P < 0.01, 5-HT turnover rate:
P < 0.05) or PKCδ knockout (5-HT and 5-HT turnover rate: P < 0.05,
respectively) significantly attenuated serotonergic impairment induced
by 8-OH-DPAT. The effects of apocynin were comparable to those of
genetic inhibition of p47phox against serotonergic impairment in mice.
Rottlerin or WAY100635 treatment did not show any additive effects
against the pharmacological activity by p47phox knockout in mice.
Similarly, the effects of rottlerin were comparable to those of PKCδ
knockout in response to serotonergic impairment. Apocynin or
WAY100635 did not affect against the attenuation by PKCδ knockout in
mice (Fig. 10A and B).

3.11. Effects of apocynin, rottlerin, or WAY100635 on the 8-OH-DPAT-
induced changes in 5-HT1AR gene expression, and p47phox phosphorylation
and p47phox membrane translocation in the hypothalamus of WT, p47phox
KO, or PKCδ KO mice

As shown in Fig. 11A and B, 5-HT1AR mRNA (P < 0.01) and

Fig. 7. Time course of changes in co-immunoprepitation of PKCδ and p47phox
induced by 8-OH-DPAT in the hypothalamus of mice, and effects of apocynin
(Apo), rottlerin (Rott), or WAY100635 (WAY) on the interaction between PKCδ
and p47phox. Interaction between PKCδ and p47phox 15min, 30min, 1 h, 2 h,
6 h, 12 h and 24 h after the 8-OH-DPAT treatment (A). Effects of apocynin
(50mg/kg, i.p.), rottlerin (3 μg, i.c.v/brain) or WAY100635 (1mg/kg, i.p.) on
the interaction between PKCδ and p47phox (B). Sal= Saline. Each value is the
mean ± SEM of six animals. ∗P < 0.05, ∗∗P < 0.01 vs. corresponding saline.
#P < 0.05, ##P < 0.01 vs. saline with 8-OH-DPAT (one-way ANOVA followed
by Fisher's LSD pairwise comparisons).

Fig. 8. Time course of changes in the expression of Iba-1, COX-2, IFN-γ, IL-6,
GFAP, and TNF-α induced by 8-OH-DPAT in the hypothalamus of mice, and
effect of apocynin (Apo), rottlerin (Rott), or WAY100635 (WAY) on the Iba-1,
COX-2, IFN-γ, and IL-6 levels. Expressions of Iba-1 (A), COX-2 (C), IFN-γ (E), IL-
6 (G), GFAP (I) and TNF-α (J) 15min, 30min, 1 h, 2 h, 6 h, 12 h and 24 h after
the 8-OH-DPAT treatment. Effect of apocynin (50mg/kg, i.p.), rottlerin (3 μg,
i.c.v/brain) or WAY100635 (1mg/kg, i.p.) on the Iba-1 (B), COX-2 (D), IFN-γ
(F), and IL-6 (H) levels. Sal= Saline. Each value is the mean ± SEM of six
animals. ∗P < 0.05, ∗∗P < 0.01 vs. corresponding saline. #P < 0.05,
##P < 0.01 vs. saline with 8-OH-DPAT (one-way ANOVA followed by Fisher's
LSD pairwise comparisons).
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protein (P < 0.01) expressions were significantly increased 15min
after the 8-OH-DPAT treatment. The increase in 5-HT1AR expression
was significantly attenuated by apocynin (mRNA: P < 0.01, protein:
P < 0.05), rottlerin (mRNA: P < 0.01, protein: P < 0.05), or

WAY100635 (mRNA and protein: P < 0.01, respectively) (Fig. 11A
and B). Consistently, p47phox knockout (mRNA and protein: P < 0.01,
respectively) or PKCδ knockout (mRNA and protein: P < 0.01, re-
spectively) significantly attenuated 5-HT1AR gene expression induced

Fig. 9. Time course of changes in the expression of
Bcl-2, Bcl-xL, Bax, and cleaved caspase-3 induced by
8-OH-DPAT in the hypothalamus of mice, and effect
of apocynin (Apo), rottlerin (Rott), or WAY100635
(WAY) on the Bcl-2, Bcl-xL, Bax, and cleaved cas-
pase-3 levels. Expressions of Bcl-2 (A), Bcl-xL (C),
Bax (E), and cleaved caspase-3 (G) 15min, 30min,
1 h, 2 h, 6 h, 12 h and 24 h after the 8-OH-DPAT
treatment. Effect of apocynin (50mg/kg, i.p.), rot-
tlerin (3 μg, i.c.v/brain) or WAY100635 (1mg/kg,
i.p.) on the Bcl-2 (B), Bcl-xL (D), Bax (F), and cleaved
caspase-3 (H) levels. Sal= Saline. Each value is the
mean ± SEM of six animals. ∗P < 0.05, ∗∗P < 0.01
vs. corresponding saline. #P < 0.05, ##P < 0.01
vs. saline with 8-OH-DPAT (one-way ANOVA fol-
lowed by Fisher's LSD pairwise comparisons).
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by 8-OH-DPAT. The effects of apocynin were comparable to those of
p47phox knockout. Rottlerin or WAY100635 treatment did not show
any additive effects against the pharmacological activity by p47phox
knockout in mice. Similarly, the effects of rottlerin were comparable to
those of PKCδ knockout. Apocynin or WAY100635 did not affect
against the attenuation by PKCδ knockout in mice (Fig. 11A and B).

As shown in Fig. 11C, 8-OH-DPAT treatment significantly increased
p47phox phosphorylation (P < 0.01). The p47phox phosphorylation
was significantly attenuated by rottlerin (P < 0.01) or WAY100635
(P < 0.01). Consistently, genetic inhibition of PKCδ significantly at-
tenuated the p47phox phosphorylation (P < 0.01) induced by 8-OH-
DPAT. The effects of rottlerin were comparable to those of PKCδ
knockout. WAY100635 did not affect against the attenuation by PKCδ
knockout (Fig. 11C).

As shown in Fig. 11D, treatment with 8-OH-DPAT resulted in a sig-
nificant decrease in cytosolic p47phox expression (P < 0.01), while
resulted in a significant increase in p47phox membrane translocation
(P < 0.01). Rottlerin (P < 0.01) or WAY100635 (P < 0.01) treatment
significantly attenuated against the membrane translocation of p47phox
induced by 8-OH-DPAT. The effects of rottlerin were comparable to those
of PKCδ knockout. WAY100635 treatment did not show any additional
effects against the attenuation by PKCδ knockout in mice (Fig. 11D).

3.12. Effects of apocynin, rottlerin, or WAY100635 on the 8-OH-DPAT-
induced changes in PHOX activity and oxidative parameters in the
hypothalamus of WT, p47phox KO, and PKCδ KO mice

As shown in Fig. 12A, treatment with 8-OH-DPAT resulted in a
significant increase in PHOX activity (P < 0.01) 1 h after the 8-OH-
DPAT treatment. The increase in PHOX activity was significantly atte-
nuated by apocynin (P < 0.05), rottlerin (P < 0.05), or WAY100635
(P < 0.05). Consistently, p47phox knockout (P < 0.05) or PKCδ
knockout (P < 0.05) significantly attenuated PHOX activity induced
by 8-OH-DPAT. The effects of apocynin were comparable to those of
p47phox knockout. Rottlerin or WAY100635 treatment did not show
any additive effects against the pharmacological activity by p47phox
knockout in mice. Similarly, the effects of rottlerin were comparable to
those of PKCδ knockout in mice. Apocynin or WAY100635 did not af-
fect against the attenuation by PKCδ knockout in mice (Fig. 12A).

Apocynin, rottlerin or WAY100635 significantly attenuated 8-OH-
DPAT-induced increases in ROS (apocynin, rottlerin, and WAY100635:
P < 0.05, respectively), 4-HNE (apocynin, rottlerin, and WAY100635:
P < 0.05, respectively) and protein carbonyl (apocynin, rottlerin, and
WAY100635: P < 0.05, respectively) (Fig. 4B–D and Fig. 12B–D).
Consistently, p47phox knockout (ROS, 4-HNE, and protein carbonyl:

Fig. 10. Effects of apocynin (Apo), rottlerin (Rott), or WAY100635 (WAY) on the changes in 5-HT level (A) and 5-HT turnover rate (B) induced by 8-OH-DPAT in the
hypothalamus of wild type (WT), p47phox KO, and PKCδ KO mice. Sal= Saline. PKCδ KO = PKCδ knockout mice. p47phox KO=p47phox knockout mice. Each
value is the mean ± SEM of six animals. ∗P < 0.01 vs. corresponding saline. #P < 0.05, ##P < 0.01 vs. saline with 8-OH-DPAT. §P < 0.05, §§P < 0.01 vs. saline
with 8-OH-DPAT/WT (one-way ANOVA followed by Fisher's LSD pairwise comparisons).
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P < 0.05, respectively) or PKCδ knockout (ROS, 4-HNE, and protein
carbonyl: P < 0.05, respectively) significantly attenuated oxidative
burdens induced by 8-OH-DPAT. The attenuation by apocynin was
comparable to that by p47phox knockout. Rottlerin or WAY100635 did
not show any additive effects against the attenuation by p47phox
knockout. In addition, the attenuation by rottlerin was comparable to
that by PKCδ knockout. WAY100635 or apocynin treatment did not
show any additive effects against the attenuation by PKCδ knockout in
mice (Fig. 12B–D).

3.13. Effects of WAY100635 on 8-OH-DPAT-induced changes in
serotonergic behaviors and hypothermia in WT, p47phox KO, and PKCδ KO
mice

Because the change in serotonergic behaviors was more pronounced

in the first 30min than the second 30min post-8-OH-DPAT (Fig. 1A),
we have focused on the first 30min period. As presented in Fig. 13A,
treatment with 8-OH-DPAT resulted in a significant increase in overall
serotonergic behavioral score (P < 0.01). Treatment with apocynin
(P < 0.01), rottlerin (P < 0.01), or WAY100635 (P < 0.01) sig-
nificantly attenuated overall serotonergic behavioral score induced by
8-OH-DPAT. Consistently, p47phox knockout (P < 0.01) or PKCδ
knockout (P < 0.01) significantly attenuated overall serotonergic be-
havioral score induced by 8-OH-DPAT. The effects of apocynin were
comparable to those of genetic depletion of p47phox. Rottlerin or
WAY100635 treatment did not show any additive effects against the
pharmacological activity by p47phox knockout in mice. Similarly, the
effects of rottlerin were comparable to those of PKCδ knockout. Apoc-
ynin or WAY100635 did not affect against the attenuation by PKCδ
knockout in mice (Fig. 13A).

Fig. 11. Effects of apocynin (Apo), rottlerin (Rott), or WAY100635 (WAY) on the changes in 5-HT1AR mRNA (A) and 5-HT1AR protein expression (B), p47phox
phosphorylation (C), and p47phox cytosolic and membrane expression (D) induced by 8-OH-DPAT in the hypothalamus of wild type mice (WT), p47phox KO, or
PKCδ KO mice. Sal= Saline. PKCδ KO= PKCδ knockout mice. p47phox KO=p47phox knockout mice. Each value is the mean ± SEM of six animals. ∗P < 0.01 vs.
corresponding saline. #P < 0.05, ##P < 0.01 vs. saline with 8-OH-DPAT. §P < 0.01 vs. saline with 8-OH-DPAT/WT (one-way ANOVA followed by Fisher's LSD
pairwise comparisons).
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Since changes in rectal temperature was also more pronounced in
the first 30min than the second 30 min-post 8-OH-DPAT (Fig. 1B), we
have focused on the first 30min period. As shown in Fig. 13B, treatment
with 8-OH-DPAT resulted in a significant hypothermia (P < 0.01).
Treatment with apocynin (P < 0.01), rottlerin (P < 0.01), or
WAY100635 (P < 0.01) significantly attenuated hypothermia induced
by 8-OH-DPAT. Consistently, p47phox knockout (P < 0.01) or PKCδ
knockout (P < 0.01) significantly attenuated hypothermia induced by
8-OH-DPAT. The effects of apocynin were comparable to those of
p47phox knockout. Rottlerin or WAY100635 treatment did not show
any additive effects against the pharmacological activity offered by
p47phox knockout in mice. Similarly, the effects of rottlerin were
comparable to those of PKCδ knockout. Apocynin or WAY100635 did
not affect against the attenuation by PKCδ knockout in mice (Fig. 13 B).

4. Discussion

Here, we observed that 8-OH-DPAT (2mg/kg, i.p.) initially induces
phosphorylation of PKCδ. Simultaneously, PKCδ-dependent 5-HT1AR
activation was occurred rapidly. These initial cascades led to the acti-
vation of p47phox and resulted in PKCδ-dependent p47phox activation.
In addition, 8-OH-DPAT facilitated the interaction between 5-HT1AR
and p47phox. These up-stream cascades possibly contribute to ser-
otonergic behaviors in mice. Thereafter, the initial membrane translo-
cation of p47phox occurred. Therefore, this signaling process could
facilitate the oxidative, pro-inflammatory, and pro-apoptotic changes.
5-HT1AR antagonist WAY100635 did not exhibit any responses against
the attenuation offered by genetic inhibition of PKCδ or p47phox. 8-
OH-DPAT-induced altered parameters (i.e., 5-HT turnover rate, 5-
HT1AR gene expression, PKCδ phosphorylation, interaction of 5-HT1AR
and PKCδ, p47phox phosphorylation and membrane translocation, and
pro-inflammatory/pro-apoptotic changes) returned near control level
within 24 h. Therefore, we suggest that initial phosphorylation of PKCδ
mediates 8-OH-DPAT-induced serotonergic behaviors via 5-HT1AR ac-
tivation, and that inhibition of PKCδ-dependent p47phox activation
(i.e., phosphorylation and membrane translocation) is important for

attenuating 8-OH-DPAT-induced serotonergic behaviors (Fig. 14).
Multiple clinical and in vivo studies have proposed the importance of

hypothalamic dysfunction in serotonin syndrome (Nisijima et al., 2000;
Shioda et al., 2004; Tran et al., 2018). The abnormality in vital phy-
siological homeostasis of serotonin syndrome might contribute to sti-
mulation of catecholamine release in the adrenal gland and hypotha-
lamus (Shioda et al., 2004; Watts et al., 2012). It is recognized that
many symptoms of the serotonin syndrome are centrally mediated by 5-
HT1AR and 5-HT2AR (Boyer and Shannon, 2005; Haberzettl et al.,
2013), although excess serotonergic activity in the peripheral system
(including adrenal gland) may also contribute to the spectrum of
symptoms (e.g. vomiting, diarrhea, etc.) (Brown et al., 1996; Haberzettl
et al., 2013). Although it is well-established that 5-HT cannot cross the
blood-brain barrier, previous in vivo studies showed that central ad-
ministration of 5-HT induces head shaking, forepaw treading, head
weaving, hind limb abduction, tremor, hyperactivity, and backward
walking (Haberzettl et al., 2013; Shimomura et al., 1981; Sloviter et al.,
1978). In particular, Haberzettl et al. (2013) suggested that central
mechanism is mainly involved in the induction of serotonergic beha-
vioral responses in vivo. In addition, several lines of evidence suggest
that the hypothalamic 5-HT level and its major metabolite, 5-HIAA,
selectively increased in various models of serotonin syndrome
(Nisijima, 2000; Nisijima et al., 2000; Squires et al., 2006). Recently,
we have reported that dextromethorphan-induced serotonergic im-
pairment in the hypothalamus is much more sensitive than in the hip-
pocampus or in the prefrontal cortex (Tran et al., 2018). Furthermore,
here we observed that serotonergic activity (i.e., 5-HT level and 5-HT
turnover rate) in the hypothalamus is much more sensitive than in the
hippocampus or in the prefrontal cortex (Supplementary Fig. S2).
Therefore, we propose that the hypothalamus is a specific region for
serotonergic signaling by 8-OH-DPAT.

Serotonin syndrome is a toxic state caused mainly by excess ser-
otonin within the central nervous system, and this excess serotonin can
easily be metabolized by several metabolic pathways. The majority of
serotonin is catabolized by monoamine oxidase (MAO). MAO-A has the
highest affinity for serotonin (Billett, 2004)http://onlinelibrary.wiley.

Fig. 12. Effects of apocynin (Apo), rottlerin (Rott), or WAY100635 (WAY) on the changes in 8-OH-DPAT-induced PHOX activity and oxidative parameter in the
hypothalamus of wild type mice (WT), p47phox KO, and PKCδ KO mice. Changes of PHOX activity (A). Changes of reactive oxygen species (ROS) (B). Changes of 4-
hydrononenal (4-HNE) (C). Changes of protein carbonyl (D). Sal= Saline. PKCδ KO = PKCδ knockout mice. p47phox KO=p47phox knockout mice. Each value is
the mean ± SEM of six animals. ∗P < 0.01 vs. corresponding saline. #P < 0.05 vs. saline with 8-OH-DPAT. §P < 0.05 vs. saline with 8-OH-DPAT/WT (one-way
ANOVA followed by Fisher's LSD pairwise comparisons).
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com/doi/10.1111/j.1365-2982.2009.01370.x/full - b18. This enzyme
is located in mitochondria of a wide range of cells and catalyzes oxi-
dative deamination of several biogenic amines (Squires et al., 2006).
During this process, H2O2 and reactive aldehydes as by-products can be
generated (Squires et al., 2006). Therefore, the excess 5-HT released by
8-OH-DPAT can be a relevant source of oxidative products, and con-
tribute to the development of oxidative damage. We observed here that
8-OH-DPAT treatment facilitates oxidative burdens in the hypotha-
lamus, as shown by formation of HNE, protein carbonyl, and ROS. In
the line with the current study, earlier investigations have also in-
dicated that the 5-HT1AR activation stimulate production of at least two
oxidative parameters, such as superoxide and hydrogen peroxide
(Mukhin et al., 2000). In addition, PHOX might be involved in the 5-
HT1AR-mediated generation of superoxide and hydrogen peroxide
(Mukhin et al., 2000).

It was demonstrated that PKC is among a group of cell-signaling
molecules that are sensitive targets for redox modification
(Gopalakrishna and Jaken, 2000). In terms of redox-stimulated sig-
naling, it is important to note that there is a significant overlap exists
between PKC-mediated and oxidant-induced signaling responses
(Gopalakrishna and Jaken, 2000). Accumulating evidence has sug-
gested the relationship between PKCδ activation and oxidative products

in in vitro and in vivo model (Dang et al., 2017b; Nitti et al., 2005; Shin
et al., 2012). Domenicotti et al. (2003) demonstrated that rottlerin acts
as a free radical scavenger in glutathione-depleted neuroblastoma cells,
protecting them from ROS-mediated apoptosis. In this study, we de-
monstrated that 8-OH-DPAT-induced oxidant generation is attenuated
by rottlerin or genetic inhibition of PKCδ, suggesting that PKCδ gene is
a key mediator of oxidative damage induced by 8-OH-DPAT.

Earlier studies showed that 5-HT1AR activates several different
protein kinases. Earlier in vitro studies suggested that 5-HT1AR activates
PKC (Liu and Albert, 1991; Middleton et al., 1990; Raymond et al.,
1989). It is recognized that PKC is involved in regulation of 5-HTR
activity (Anji et al., 2001; Ramamoorthy et al., 1998). Recently, we
have reported that up-regulation of 5-HT1AR via activation of PKCδ
mediates dextromethorphan-induced serotonergic behaviors (Tran
et al., 2018). Consistently, the current study demonstrates that inter-
action between PKCδ and 5-HT1AR is required for 8-OH-DPAT-induced
serotonergic behaviors. Consequently, we also showed that inhibition
of PKCδ attenuates serotonergic behaviors, hypothermia, and increased
serotonin turnover rate induced by 8-OH-DPAT, indicating that PKCδ
plays a critical role in mediating 8-OH-DPAT-induced serotonergic
impairments.

Previous studies have demonstrated that activation of PHOX

Fig. 13. Effects of apocynin (Apo), rottlerin (Rott), or WAY100635 (WAY) on the changes in 8-OH-DPAT-induced overall serotonergic behaviors (A) and hy-
pothermia (B) in wild type mice (WT), p47phox KO, and PKCδ KO mice. Sal= Saline. PKCδ KO = PKCδ knockout mice. p47phox KO=p47phox knockout mice.
Each value is the mean ± SEM of six animals. ∗P < 0.01 vs. corresponding saline. #P < 0.01 vs. saline with 8-OH-DPAT. §P < 0.01 vs. saline with 8-OH-DPAT/
WT (one-way ANOVA followed by Fisher's LSD pairwise comparisons).
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requires p47phox phosphorylation, which plays an important role in
the translocation of cytosolic components to cytochrome b558, as well
as in the assembly and activation of PHOX (Dang et al., 2006; El-Benna
et al., 2008; Groemping and Rittinger, 2005; Qian et al., 2008).
Therefore, it is plausible that phosphorylation of p47phox constitutes
one of the key intracellular events associated with PHOX activation. We
have shown that PHOX inhibitor apocynin prevents against metham-
phetamine insults via inhibition of extracellular signal-regulated ki-
nases (ERK) 1/2-dependent of p47phox activation in mice (Dang et al.,
2016). Thus, we raise the possibility that inhibition of PHOX/p47phox
would be a possible therapeutic target for neuropsychotoxic disorders.

In addition, Reeves et al. (1999) reported that interaction occurs at
the catalytic site of PKC and the C-terminus of p47phox, and is specific
for p47phox (Reeves et al., 1999). Other earlier in vitro studies with
phorbol 12-myristate 13-acetate (PMA)-stimulated neutrophils or B
lymphocytes have also indicated that activation of PHOX requires
phosphorylation of p47phox, which occurs prior to its translocation
(DeLeo and Quinn, 1996; Johnson et al., 1998; Park and Ahn, 1995).
Moreover, we recently suggested that PKCδ specifically regulates the
function of PHOX in MA-induced neurotoxicty (Dang et al., 2018). Here
we show that PKCδ co-immunoprecipitates with p47phox in the hy-
pothalamus of mice, and that this interaction was inhibited by

antagonism of 5-HT1AR. Therefore, it is plausible that PKCδ is required
for hypothalamic activation of PHOX by the phosphorylation and
membrane translocation of p47phox.

It has been demonstrated that 5-HT alters the redox circumstances
in a PHOX-dependent manner in Chinese hamster ovary (CHO) fibro-
blasts (Mukhin et al., 2000). Here we observed for the first time that 8-
OH-DPAT significantly phosphorylates and translocates p47phox, and
that 8-OH-DPAT induces oxidative burdens in the hypothalamus of
mice, suggesting that 8-OH-DPAT-induced 5-HT release is via PHOX-
dependent oxidative stress in the hypothalamus of mice. It was also
demonstrated that the 5-HT is the main inducer of ROS in the hy-
pothalamus (Fang et al., 2013). Therefore, we cannot rule out the
possibility that the intracellular 5-HT-induced ROS formation might
function directly via the 5-HT1AR signaling pathway by PHOX.

In addition, it is possible that the functional regulation of PHOX
activity by PKCδ is corroborated by our results showing that inhibition
of PKCδ also blocks ROS formation, as well as serotonergic impair-
ments. We also indicated that inhibition of PKCδ/p47phox or PKCδ-
dependent p47phox activation provides significant protection against
pro-apoptotic degeneration through a mechanism involving activation
of Nrf2-dependent GSH induction (Dang et al., 2018). In addition, we
reported that inhibition of PKCδ or p47phox markedly increased levels

Fig. 14. A schematic depiction of the interaction
between 5-HT1AR and PKCδ/p47phox in 8-OH-
DPAT-induced serotonergic behaviors in mice.
Treatment with 8-OH-DPAT (2mg/kg, i.p.) re-
sulted in significant increases in the 5-HT1A re-
ceptor gene expression and 5-HT turnover rate,
followed by a significant phosphorylation of
PKCδ in the hypothalamus of WT mice. PKCδ-
dependent 5-HT1AR activation occurred rapidly
(15min post-8-OH-DPAT). These initial cas-
cades led to the activation of p47phox (30min
post 8-OH-DPAT), and resulted in PKCδ-depen-
dent p47phox activation. Moreover, 8-OH-DPAT
treatment resulted in the interaction between 5-
HT1AR and p47phox (30min post-8-OH-DPAT).
This phenomenon possibly contributes to ser-
otonergic behaviors in mice. Thereafter, mem-
brane translocation of p47phox, PHOX activity
including oxidative parameters, and pro-in-
flammatory/pro-apoptotic changes occurred.
Importantly, WAY100635 did not exhibit any
additive effects against the attenuation offered
by genetic inhibition of PKCδ or p47phox. 8-OH-
DPAT-induced altered parameters (i.e., 5-HT
turnover rate, 5-HT1AR mRNA and protein ex-
pression, PKCδ phosphorylation, interaction be-
tween 5-HT1AR and PKCδ, p47phox phosphor-
ylation and p47phox membrane translocation,
pro-inflammatory, and pro-apoptotic signalings)
returned near control level within 24 h.
Therefore, we propose that PKCδ initially med-
iates 8-OH-DPAT-induced serotonergic beha-
viors via 5-HT1AR activation, and that inhibition
of PKCδ-dependent p47phox activation (i.e.,
phosphorylation and membrane translocation)
is critical for protecting against 8-OH-DPAT-in-
duced serotonergic behaviors.
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of p-Akt, p-Bad, 14-3-3 protein-associated p-Bad, and Bcl-xL (Bcl-2),
and decreased levels of Bax and cleaved caspase-3 (Dang et al., 2018).

In the line with our previous findings, we observed that 8-OH-DPAT
treatment up-regulates pro-inflammatory parameters (i.e., Iba-1, COX-
2, IFN-γ and IL-6) (Fig. 8), suggesting that activation of 5-HT1AR leads
to a pro-inflammation stage. However, because 8-OH-DPAT treatment
did not significantly alter astrocytic parameter GFAP and TNF-α, this
phenomenon remains to be further elucidated. In addition, 8-OH-DPAT
also facilitated pro-apoptotic message by activating pro-apoptotic fac-
tors (i.e., Bax and cleaved caspase-3) and inhibiting anti-apoptotic
factors (i.e., Bcl-2 and Bcl-xL) (Fig. 9). Consistently, it was demon-
strated that 8-OH-DPAT promotes apoptosis in CHO cells by stimulating
c-JUN N-terminal kinse-dependent pro-apoptotic pathways (Turner
et al., 2007), and that 5-HT1AR antagonist WAY100635 attenuates
apoptosis induced by post-traumatic stress (Liu et al., 2011), suggesting
that 5-HT1AR activation facilitates pro-apoptosis. Therefore, our results
suggest that neuroprotection by inhibition of PKCδ-dependent p47 phox
activation is, at least in part, mediated by its anti-inflammatory/anti-
apoptotic properties. However, precise molecular mechanism for the
interaction between 5-HT1AR and PKCδ/p47phox remains to be further
elucidated.

In conclusion, our results suggest that 5-HT1AR gene expression,
p47phox activation, oxidants generation, and pro-inflammatory/pro-
apoptotic changes via PKCδ activation are involved in 8-OH-DPAT-in-
duced serotonergic behaviors. We also propose that interaction between
the 5-HT1AR/PKCδ and p47phox is critical for serotonergic behaviors
induced by 8-OH-DPAT, and that the potential neuroprotective me-
chanism mediated by PKCδ/PHOX (p47phox) inhibition may provide a
novel therapeutic intervention in response to serotonergic behaviors.
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