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A B S T R A C T

We previously demonstrated that activation of protein kinase Cδ (PKCδ) is critical for methamphetamine (MA)-
induced dopaminergic toxicity. It was recognized that microsomal epoxide hydrolase (mEH) also induces do-
paminergic neurotoxicity. It was demonstrated that inhibition of PKC modulates the expression of mEH. We
investigated whether MA-induced PKCδ activation requires mEH induction in mice. MA treatment (8 mg/kg,
i.p., × 4; 2 h interval) significantly enhanced the level of phosphorylated PKCδ in the striatum of wild type (WT)
mice. Subsequently, treatment with MA resulted in significant increases in the expression of cleaved PKCδ and
mEH. Treatment with MA resulted in enhanced interaction between PKCδ and mEH. PKCδ knockout mice ex-
hibited significant attenuation of the enhanced mEH expression induced by MA. MA-induced hyperthermia,
oxidative stress, proapoptotic potentials, and dopaminergic impairments were attenuated by PKCδ knockout or
mEH knockout in mice. However, treating mEH knockout in mice with PKCδ inhibitor, rottlerin did not show
any additive beneficial effects, indicating that mEH is a critical mediator of neurotoxic potential of PKCδ. Our
results suggest that MA-induced PKCδ activation requires mEH induction as a downstream signaling pathway
and that the modulation of the PKCδ and mEH interaction is important for the pharmacological intervention
against MA-induced dopaminergic neurotoxicity.

1. Introduction

Protein kinase C (PKC) is a superfamily of isozymes that play diverse
roles in the regulation of cellular processes, such as proliferation, pro-
inflammation, and differentiation (Giorgi et al., 2010). Among the PKC
family members PKCδ is known to plays a critical role in regulating the
inflammation, oxidative stress, and proapoptosis (Yoshida, 2007; Mai
et al., 2018a, 2018b; Shin et al., 2018a, 2019). As PKCδ is highly ex-
pressed in the brain (Naik et al., 2000), it has been implicated in various
physiological and pathophysiological processes of the central nervous
system. Previously, we demonstrated that treatment with MA does not
significantly alter the expression of PKCα, PKCβI, PKCβII, or PKCζ in
the striatum, but significantly enhances the expression of PKCδ (Shin

et al., 2012, 2017). We also reported that gene knockout or pharma-
cological inhibition of PKCδ attenuates the MA-induced hyperthermia,
oxidative stress, and dopaminergic impairments (Nguyen et al., 2015;
Shin et al., 2011, 2012, 2014, 2017, 2018a).

Further, we suggested that PKCδ promotes MA-induced dopami-
nergic neurodegeneration by inhibiting the phosphorylation of tyrosine
hydroxylase (TH) (Shin et al., 2011, 2012). It is recognized that phos-
phorylation of TH can be regulated by dephosphorylation reaction,
such as, protein phosphatase 2A (PP2A), a major serine/threonine
phosphatase that dephosphorylates TH, resulting in reduced TH activity
(Haavik et al., 1989; Zhang et al., 2007b). We demonstrated that MA
treatment promotes dephosphorylation of TH-Ser40 via inducing striatal
PP2A activity (Dang et al., 2015). In addition, genetic or
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pharmacological inhibition of PKCδ attenuated the MA-induced in-
crease in PP2A activity, resulting in increased phosphorylation of TH-
Ser40 and TH activity (Dang et al., 2015), suggesting that induction of
TH activity requires the phosphorylation.

The central nervous system (CNS) can be a potential target for xe-
nobiotics. Hence, xenobiotic detoxification mechanisms are required
for the protection of the CNS. The cytochrome P450 (CYP) system and
microsomal epoxide hydrolase (mEH) are important for the bio-
transformation of xenobiotics. The CYP system and mEH are expressed
in multiple organs, including brain (Fretland and Omiecinski, 2000;
Omiecinski et al., 2000). The CYP can generate unstable and chemically
reactive endogenous epoxides. A recent study suggested a functional
interaction between mEH and CYP system (Orjuela Leon et al., 2017).
CYP isozyme is known to participate in MA metabolism (Cherner et al.,
2010). MA is thermally degraded to trans-phenylpropene, which may
follow CYP-catalyzed biotransformation pathway, to yield an epoxide
intermediate (Melnick, 2002). Although mEH plays an important role in
the detoxification of epoxide intermediate, it may also result in the
generation of toxic by-products. However, very little is known about the
role of mEH in dopaminergic neurotoxicity induced by MA. In this
study, we used PKCδ knockout and mEH knockout mice to investigate
the modulation of the PKCδ and mEH interaction in the dopaminergic
neurotoxicity induced by MA. Finally, we propose that the interaction
between PKCδ and mEH is critical for promoting MA-induced dopa-
minergic neurotoxicity.

2. Materials and methods

2.1. Experimental design

The experimental design of this study is shown in Fig. 1. All mice
were treated in accordance with the NIH Guide for the Humane Care
and Use of Laboratory Animals. All mice were maintained on a 12/12-h
light/dark cycle and fed ad libitum. The mice were allowed to adapt to
these conditions for 2 weeks before the experiment.

2.2. Development and characterization of PKCδ knockout and mEH
knockout mice

The PKCδ knockout mice have been previously described (Dang
et al., 2018b; Mai et al., 2018a, 2019a; Shin et al., 2016; Tran et al.,
2018b). A breeding pair of PKCδ heterozygous mice, originally bred
into a C57BL/6 J background, was a gift from Dr. K. I. Nakayama (Dept.
of Molecular Genetics, Medical Institute of Bioregulation, Kyushu
University, Fukuoka, Japan) (Miyamoto et al., 2002). All the mice were
subsequently maintained and bred into the C57BL6/J background for at
least nine generations in a specific pathogen-free (SPF) facility before
use with wild-type (WT) mice from the same litter in our experiments.
The tail DNA was evaluated to genotype WT and PKCδ knockout mice.
Further details on the genetic characterization are described in the
Supplementary materials and methods.

The mEH knockout mice have been previously described (Liu et al.,
2008). The mEH knockout mice were derived from a breeding stock
provided by Frank J. Gonzalez at the National Institutes of Health
(Miyata et al., 1999). The strain was back crossed at least nine times to
the C57BL/6 J background. For studies with mEH knockout, WT lit-
termates were used as controls. The tail DNA was evaluated to genotype
WT and mEH knockout mice. Further details on the genetic char-
acterization of mice are described in the Supplementary materials and
methods.

2.3. Drug treatment

Eight-week-old WT, PKCδ knockout, and mEH knockout mice re-
ceived four doses of MA (8mg/kg, i.p.) or saline at 2 h intervals (Fig. 1A
and B), because binge MA injection is traditional tool for inducing

dopaminergic toxicity (Omonijo et al., 2014; Beauvais et al., 2011; Liu
et al., 2013; Shin et al., 2012; Dang et al., 2017a; Nguyen et al., 2015).

It was demonstrated that the lack of endogenous melatonin in
C57BL/6 J mice is based on very low enzymatic activity of arylalk-
ylamine N-acetyltransferase (AANAT) (Ebihara et al., 1986; Goto et al.,
1994), due to a severely truncated AANAT protein (Roseboom et al.,
1998). Our previous results (Nguyen et al., 2015) are in agreement with
those obtained by Yu et al. (2002), who reported that C57BL/6 J mice
treated with MA during the light cycle and dark cycle show comparable
striatal dopamine levels. Similarly, we previously demonstrated that the
circadian cycle (i.e., light or dark phase) does not significantly affect
MA-induced dopaminergic changes and locomotor activity in both WT
and PKCδ knockout mice (Nguyen et al., 2015). Thus, we raise the
possibility that a negligible effect of endogenous melatonin of MA-in-
duced dopaminergic neurotoxicity may be due to the fact that C57BL/
6 J mouse shows an extremely low level of melatonin secretion
(Roseboom et al., 1998). Therefore, it is plausible that PKCδ knockout
and mEH knockout mice are not sensitive to circadian cycle, because
their background is derived from C57BL/6 J.

The PKCδ inhibitor rottlerin (Biomol Research Laboratories Inc.,
Plymouth, PA, USA) was dissolved in dimethyl sulfoxide (DMSO) as a
stock solution, and stored at −20 °C. Rottlerin was diluted in sterile
saline immediately before use. The mEH knockout mice were pretreated
with rottlerin (10mg/kg, i.p.) once a day for 5 days. On day 6, mEH
knockout mice received four doses of MA (8mg/kg, i.p.) or saline at 2 h
intervals (Fig. 1C). Two additional treatments with rottlerin (10mg/kg,
i.p.) were performed at 4 h and 0.5 h before the first MA injection. The
dose of rottlerin was determined based on a previous study (Zhang
et al., 2007a). Mice were euthanized over a period of time after final
MA treatment to examine biochemical and histological changes in the
brain of mice. Mice were anesthetized with sodium pentobarbital
(60mg/kg, i.p.; Sigma-Aldrich, St. Louis, MO, USA) and euthanized by
cervical dislocation and brain was removed (Mai et al., 2018c).

2.4. Measuring rectal temperature

The rectal temperature (under ambient temperature: 21 ± 1 °C)
was measured by inserting a thermometer probe lubricated with oil at
least 3 cm into the rectum of mice. To prevent sudden movements,
animals were gently handled with a woolen glove while their tail was
moved to allow probe insertion. This was done to reduce any effect of
restraint stress on the rectal temperature. When the attempt to insert
the probe was not successful (due to sudden movement of the animal or
the need to restrain the mouse), the animal was excluded from the
group (Nguyen et al., 2018; Shin et al., 2011; Tran et al., 2019).

2.5. Western blot analysis

Striatal tissues were lysed in buffer containing a 200mM Tris–HCl
(pH 6.8), 1% SDS, 5mM ethylene glycol-bis (2-aminoethyl ether)-N, N,
N′, N′-tetraacetic acid (EGTA), 5 mM EDTA, 10% glycerol, 1× phos-
phatase inhibitor cocktail I (Sigma-Aldrich, St. Louis, MO, USA), and
1×protease inhibitor cocktail (Sigma-Aldrich). Lysate was centrifuged
at 12,000×g for 30min, and the supernatant fraction was utilized for
western blot analysis as described previously. The protein was quanti-
fied using the BCA protein assay reagent (Thermo Scientific, Rockford,
IL, USA). Biotechnology). The proteins (20 μg/lane) were resolved by
SDS polyacrylamide gel electrophoresis (SDS-PAGE) using 8 or 10% gel.
The proteins were then transferred onto a polyvinylidene fluoride
(PVDF) membranes. The membrane was pre-incubated with 5% non-fat
milk for 30min followed by incubation overnight at 4 °C with primary
antibody against PKCδ (1:1000; Santa Cruz Biotechnology), cleaved-
PKCδ (1:1000; Santa Cruz Biotechnology), phospho-PKCδ (p-PKCδ) at
Tyr311 (1:500; Santa Cruz Biotechnology), mEH (1:1000; Santa Cruz
Biotechnology), Bax (1:1000; Santa Cruz), cleaved caspase-3 (1:1000;
Cell Signaling Technology, Inc., Danvers, MA, USA), caspase-3 (1:5000;
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Cell Signaling Technology, Inc.), Bcl-2 (1:1000; Santa Cruz
Biotechnology), Bcl-xL (1:1000; Cell Signaling Technology, Inc.), TH
(1:5000; Chemicon, EMD Millipore), or β-actin (1:50000; Sigma-
Aldrich). Western blot assay was performed as described previously
(Mai et al., 2019a; Nguyen et al., 2018). The PVDF membranes were
then incubated with horseradish peroxidase (HRP)-conjugated sec-
ondary anti-rabbit IgG (1:1000; GE Healthcare, Piscataway, NJ, USA),
anti-mouse IgG (1:1000; Sigma), or anti-goat IgG (1:1000; Sigma) an-
tibody for 2 h. The membrane was visualized using the ECL plus® en-
hanced chemiluminescence system (GE Healthcare). The relative band
intensities were quantified using PhotoCapt MW (version 10.01 for
Windows; Vilber Lourmat, Marne la Vallée, France), and then normal-
ized to β-actin intensity.

2.6. Immunoprecipitation

Immunoprecipitation was performed as described previously (Dang
et al., 2017a; Tran et al., 2018a, 2019) using protein G-sepharose (GE
Healthcare, Piscataway, NJ, U.S.A.). The striatal tissue were homo-
genized in lysis buffer for 1min on ice and centrifuged at 12,000×g for

20min at 4 °C to remove the particulate matter. The supernatant frac-
tion was transferred to fresh tubes in 1mL aliquots and pre-cleared by
the addition of 50 μL of protein G-sepharose suspension (GE Health-
care) to each tube. The tubes were gently mixed for 1 h at 4 °C, and
centrifuged at 12,000×g for 20 s. Five hundred microliter aliquot of the
pre-cleared supernatant fraction was then transferred to fresh tubes and
incubated with 2 μg of an antibody specific for mEH (1:1000; Santa
Cruz Biotechnology) for 1 h at 4 °C to allow the formation of immune
complexes. To precipitate the immune complex, 50 μL of protein G-
Sepharose suspension was added to each tube, and the tubes were in-
cubated for 5 h at 4 °C. The immune complexes bound to the 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 he-
ated for 10min at 95 °C. The dissociated proteins were resolved by 10%
SDS-PAGE and detected by immunoblotting with an antibody specific
for p-PKCδ at Tyr311 (1:500; Santa Cruz Biotechnology) or cleaved-
PKCδ (1:1000; Santa Cruz Biotechnology).

Fig. 1. Experimental design for elucidating the
interaction between protein kinase Cδ (PKCδ)
and microsomal epoxide hydrolase (mEH) in
methamphetamine (MA)-induced dopaminergic
toxicity in mice. Wild type (WT) mice received
MA (8mg/kg, i.p., 4 doses at 2 h interval) or
saline. Basal rectal temperature (RT) was mea-
sured 1 h before the first MA administration. In
addition, RT was measured 1 h before every MA
treatment. Behavioral changes (locomotor ac-
tivity and rotarod performance) were assessed at
4 h, 12 h, 1 d, 3 d and 7 d after the final MA in-
jection. Mice were sacrificed immediately after
the behavioral assessments to examine neuro-
chemical parameters (A). WT and PKCδ
knockout mice received MA (8mg/kg, i.p., 4
doses at 2 h interval) or saline. Behavioral
changes were measured at 4 h, 1 d, 3 d, and 7 d
after the final MA treatment. Mice were sacri-
ficed immediately after the behavioral assess-
ments days 3 and 7 after the final MA treatment
to examine neurochemical parameters (B). mEH
knockout mice received rottlerin (10mg/kg,
i.p.), once a day for five consecutive days, and at
4 h and 30min before the first MA injection.
Behavioral assessments (i.e., locomotor activity
and rotarod performance) were performed at
4 h, 1 d, 3 d, and 7 d after the final MA treat-
ment. Mice were sacrificed immediately after
the behavioral assessments at days 3 and 7 after
the final MA treatment to examine neurochem-
ical parameters (C). S= sacrifice;
LR= locomotor activity/rotarod performance.
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2.7. Determination of protein carbonyl

The extent of protein oxidation was assessed by measuring the
content of protein carbonyl groups in the striatum, which was de-
termined spectrophotometrically with the 2,4-dinitrophenylhydrazine
(DNPH)-labeling procedure (Mai et al., 2019b, 2019c; Nguyen et al.,
2018; Shin et al., 2014). The results are expressed as nanomoles of
DNPH incorporated/mg protein based on the extinction coefficient for
aliphatic hydrazones (21mM−1 cm−1).

2.8. Determination of 4-hydroxynonenal (HNE)

The amount of lipid peroxidation was determined by measuring the
level of 4-hydroxynonenal (HNE) using the OxiSelect™ HNE adduct
ELISA kit (Cell Biolabs, Inc., San Diego, CA, USA) following the man-
ufacturer's instructions. The striatal homogenate (100 μL) at a protein
concentration of 10 μg/mL was incubated in a 96-well protein binding
plate at 4 °C overnight. After the protein adsorption, HNE adducts in
each well were labeled with HNE antibody followed by incubation with
HRP-conjugated secondary antibody. The antibody was detected based
on a colorimetric assay using the substrate solution. The absorbance
was recorded at 450 nm using a microplate reader (Molecular Devices
Inc.). The amount of HNE adduct in each sample was calculated from
the standard curve of HNE-BSA (Mai et al., 2019b, 2019c; Nguyen et al.,
2018).

2.9. Determination of reactive oxygen species (ROS)

The reactive oxygen species (ROS) formation in the striatum was
assessed by measuring the conversion of 2′,7′-dichlorofluorescin dia-
cetate (DCFH-DA) to dichlorofluorescin (DCF) (Mai et al., 2019b,
2019c; Nguyen et al., 2018). The striatal homogenates were added to a
tube containing 2mL of phosphate buffer saline (PBS) with 10 nmol of
DCFH-DA, dissolved in methanol. The mixture was incubated at 37 °C
for 3 h, and the fluorescence was measured (excitation wavelength of
480 nm and emission wavelength of 525 nm). DCF was used as a
standard.

2.10. Immunocytochemistry

Immunocytochemistry was performed as described previously
(Dang et al., 2018a; Mai et al., 2019c; Shin et al., 2014). Mice were
perfused transcardially with 50mL of ice-cold PBS (10 mL/10 g body
weight) followed by perfusion with 4% paraformaldehyde (20 mL/10 g
body weight). The brain was excised and stored in 4% paraformalde-
hyde overnight. A series of every sixth section (35 μm thickness, 210 μm
apart) from the striatum was selected and subjected to im-
munocytochemistry. The sections were blocked with PBS containing
0.3% hydrogen peroxide for 30min. The sections were then incubated
in PBS containing 0.4% Triton X-100 and 1% normal serum for 20min.
The sections were incubated with a primary antibody against TH
(1:500; Chemicon, EMD Millipore) for 48 h, followed by incubation
with biotinylated secondary antibody (1:1000; Vector Laboratories,
Burlingame, CA, USA) for 1 h. The sections were then immersed in a
solution containing avidin-biotin peroxidase complex (Vector Labora-
tories) for 1 h. We used 3,3′-diaminobenzidine as the chromogen. Di-
gital images were acquired under an upright microscope (BX51;
Olympus, Tokyo, Japan) fitted with a digital microscope camera (DP72;
Olympus) and an IBM-compatible PC. The immunoreactivity of TH was
measured using ImageJ software version 1.47 (National Institutes of
Health, Bethesda, MD, USA) as described previously (Dang et al.,
2018a; Mai et al., 2019b). Briefly, the images were subjected to back-
ground subtraction to correct for uneven background. The entire
striatal region (for TH-immunoreactivity) was drawn as the region of
interest (ROI). The mean density was measured after selecting the hue,
saturation, and brightness threshold values in the “Adjust Color

Threshold” dialog box of the immunoreactive area.

2.11. Measurement of dopamine and its metabolites

Mice were sacrificed by cervical dislocation, and the brain was ex-
cised. The striatum was dissected out and immediately frozen on dry ice
and stored at −70 °C until extraction. The striatum obtained from each
animal was weighed and subjected to ultrasonication in 10% perchloric
acid containing the internal standard dihydroxybenzylamine (10 ng/mg
of the tissue). The lysate was centrifuged at 20000 g for 10min. The
level of dopamine and its metabolites, 3,4-dihydroxyphenylacetic acid
(DOPAC), and homovanillic acid (HVA) was determined by HPLC
coupled with electrochemical detection as described previously (Dang
et al., 2018a; Shin et al., 2014). The supernatant (20 μL) was injected
into the HPLC equipped with a 3 μm C18 column. The mobile phase was
comprised of 26mL acetonitrile, 21mL tetrahydrofuran and 960mL
0.15M monochloroacetic acid (pH 3.0) containing 50mg/L EDTA and
200mg/L sodium octyl sulfate. The amount of dopamine, DOPAC and
HVA was determined by comparing the peak area of tissue sample with
that of the standard. The amount was expressed as microgram per gram
of wet tissue (Dang et al., 2018a, 2018b; Nguyen et al., 2018).

2.12. Locomotor activity

Locomotor activity was measured for 30min using an automated
video-tracking system (Noldus Information Technology, Wagenin, The
Netherlands). Four test boxes (40× 40×30 cm high) were operated
simultaneously by an IBM computer. Mice were studied individually for
the locomotor activity in each test box. The mice were allowed to adapt
for 5min before starting the experiment. A printout for each session
showed the pattern of the ambulatory movements of the test box. The
distance traveled (in centimeter) by the animals in the horizontal lo-
comotor activity was analyzed. Data were collected and analyzed be-
tween 09:00 and 17:00 h (Dang et al., 2017a; Nguyen et al., 2015,
2018; Tran et al., 2018b).

2.13. Rotarod test

Rotarod test was performed 1 h after the locomotor activity mea-
surement. The apparatus (Ugo Basile model 7650, Comerio, VA, Italy)
consisted of a base platform and a rotating rod with a non-slippery
surface. The rod was placed at a height of 15 cm from the base. The rod
(30 cm in length) was divided into 5 equal sections by 6 opaque disks
(so that the subjects cannot be distracted by one another). To assess the
motor performance, the mice were first trained on the apparatus for
2min at a constant rotation of 4 rpm. The test was performed 30min
after training and an accelerating paradigm was applied, starting from a
rotation speed of 4 rpm up to a maximum speed of 40 rpm. The rotation
speed was then kept constant at 40 rpm for a maximum period of 300 s.
The duration for which the animal could maintain the balance on the
rotating drum was measured as the latency to fall, with a maximal cut-
off time of 300 s (Dang et al., 2017a; Nguyen et al., 2018; Shin et al.,
2014).

2.14. Statistical analyses

The data were analyzed using IBM SPSS ver. 21.0 (IBM, Chicago, IL,
USA). Repeated-measures analysis of variance (ANOVA) was employed
to analyze the rectal temperature data. One-way ANOVA or two-way
ANOVA was employed for statistical analyses followed by post-hoc test,
Fisher's least significant difference pairwise comparison. The data were
considered statistically significant when the p value was less than 0.05.
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Fig. 2. Time-course of change in phosphorylated
protein kinase Cδ (p-PKCδ) and cleaved-PKCδ ex-
pression (A), microsomal epoxide hydrolase (mEH)
expression (B), interaction between p-PKCδ and mEH
(C), and interaction between cleaved-PKCδ and mEH
(D) in the striatum of WT mice after the final me-
thamphetamine (MA) treatment, and the effect of
gene knockout of PKCδ on MA-induced mEH ex-
pression (E) in mice. Sal = saline. WT = wild-type
mice. Data are represented as the mean ± SEM of
six mice. *p < 0.05, **p < 0.01 vs. corresponding
saline, #p < 0.01 vs. corresponding MA/WT (A-D;
one-way ANOVA, and E; two-way ANOVA for re-
peated measures followed by Fisher's LSD pairwise
comparison).

E.-J. Shin, et al. Food and Chemical Toxicology 133 (2019) 110761

5



3. Results

3.1. MA induces enhanced interaction between p-PKCδ/cleaved-PKCδ and
mEH and effect of genetic inhibition of PKCδ on MA-induced mEH
expression in mice

We examined the time-course of MA-induced change in the striatal
expression of p-PKCδ, cleaved-PKCδ, and mEH (Fig. 1). We observed a
significant increase in p-PKCδ expression at 4 h (p < 0.01 vs. saline
treatment), 12 h (p < 0.01 vs. saline treatment), and day 1 (p < 0.01
vs. saline treatment) post-MA treatment. The enhanced expression ap-
peared to be prominent at 4 h post-MA treatment. The expression of
cleaved-PKCδ was significantly enhanced at 12 h (p < 0.05 vs. saline
treatment), day 1 (p < 0.01 vs. saline treatment), and day 3 (p < 0.01
vs. saline treatment) post-MA treatment. The enhanced expression was
most prominent at day 3 post-MA treatment (Fig. 2A). Additionally, the
enhanced expression of mEH was observed at 12 h (p < 0.05 vs. saline
treatment), day 1 (p < 0.05 vs. saline treatment), and day 3 (p < 0.01
vs. saline treatment) post-MA treatment (Fig. 2B). The enhanced ex-
pression of mEH induced by MA appeared to be maximal at day 3 post-
MA treatment. We used immunoprecipitation to investigate the inter-
action between p-PKCδ/cleaved-PKCδ and mEH. We observed a sig-
nificant increase in the interaction between p-PKCδ and mEH at 4 h
(p < 0.01 vs. saline treatment), 12 h (p < 0.01 vs. saline treatment),
day 1 (p < 0.01 vs. saline treatment), and day 3 (p < 0.05 vs. saline
treatment) post-MA treatment (Fig. 2C). The maximal interaction was
observed at 4 h post-MA treatment. In contrast, the interaction between
cleaved-PKCδ and mEH significantly increased at day 1 (p < 0.05 vs.
saline treatment), and day 3 (p < 0.01 vs. saline treatment) post-MA
treatment. The maximal interaction was observed at day 3 post-MA
treatment (Fig. 2D). As shown in Fig. 2E, PKCδ knockout mice exhibited
significant attenuation of the enhanced expression of mEH induced by
MA (p < 0.01 vs. MA/WT). Consistently, PKCδ and mEH im-
munoreactivity was co-localized in the same cell (Supplementary Fig.
S2).

3.2. Effect of gene knockout of PKCδ and mEH on the hyperthermia induced
by MA in mice

Earlier studies have suggested that hyperthermia may be important
for the MA-induced dopaminergic neurotoxicity (Riddle et al., 2006;
Shin et al., 2011, 2018b). We examined whether gene knockout of PKCδ
or mEH affects the MA-induced hyperthermia in mice. As shown in
Fig. 3, MA treatment significantly induced hyperthermia (p < 0.01 vs.
saline treatment) in the WT mice. Further, PKCδ or mEH knockout mice
exhibited significant attenuation of the MA-induced hyperthermia

(MA/WT vs. MA/PKCδ KO; p < 0.01 or MA/WT vs. MA/mEH KO;
p < 0.01).

3.3. PKCδ knockout mice and mEH knockout mice exhibit attenuation of
enhanced oxidative stress induced by MA treatment

We investigated the effect of PKCδ inhibition on the MA-induced

Fig. 3. Effect of gene knockout of protein kinase Cδ (PKCδ) and microsomal
epoxide hydrolase (mEH) on methamphetamine (MA)-induced hyperthermia in
mice. Sal = saline. WT = wild-type mice. Data are represented as the
mean ± S.E.M of six mice. *p < 0.01 vs. corresponding saline, #p < 0.01 vs.
corresponding MA/WT (two-way ANOVA for repeated measures followed by
Fisher's LSD pairwise comparison).

Fig. 4. Time-course of change in protein carbonyl group (A), 4-hydroxynonenal
(HNE) (B), and reactive oxygen species (ROS) (C) induced by MA in the
striatum of WT mice, and the effects of protein kinase Cδ (PKCδ) gene knockout
and microsomal epoxide hydrolase (mEH) gene knockout with PKCδ inhibition
on protein carbonyl, HNE and ROS levels induced by MA in mice (A–C).
Sal = saline. WT = wild-type mice. Veh = vehicle [10% (v/v) DMSO]. Data
are represented as the mean ± S.E.M of six mice. *p < 0.05, **p < 0.01 vs.
corresponding saline, #p < 0.05 vs. corresponding MA/WT (one-way ANOVA
followed by Fisher's LSD pairwise comparison).
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oxidative stress in mEH knockout mice by measuring the levels of
protein carbonyl group, HNE, and ROS (Fig. 4A–C). We observed sig-
nificantly enhanced levels of protein carbonyl group, HNE, and ROS in
the striatum of WT mice (protein carbonyl group, p < 0.01 vs. saline
treatment; HNE, p < 0.01 vs. saline treatment; ROS, p < 0.01 vs.
saline treatment) at 4 h post-MA treatment. The elevated levels of
protein carbonyl group, HNE, and ROS persisted even at day 1 post-MA
treatment (protein carbonyl group, p < 0.05 vs. saline treatment; HNE,
p < 0.01 vs. saline treatment; ROS, p < 0.01 vs. saline treatment) in
the WT mice. However, their levels returned to near control (saline)
levels at day 3 post-MA treatment. PKCδ knockout mice exhibited sig-
nificant attenuation of enhanced oxidative stress (as measured by en-
hanced levels of protein carbonyl group, HNE, and ROS) at 4 h (protein
carbonyl group, HNE or ROS; p < 0.05 vs. MA/WT) post-MA treat-
ment. Importantly, the attenuation of enhanced oxidative stress ob-
served in the mEH knockout mice was comparable to that observed in
the PKCδ knockout mice. However, when the mEH knockout mice were
treated with rottlerin, it did not result in any additive beneficial effect
against oxidative stress. Consistently, both PKCδ knockout and mEH
knockout mice exhibited significant attenuation of the elevated levels of

protein carbonyl group, HNE, and ROS at day 1 post-MA treatment
(Supplementary Fig. S2).

3.4. The effects of PKCδ knockout and mEH knockout with PKCδ inhibitor
rottlerin on the proapoptotic potential induced by MA in mice

As shown in Fig. 5A–D, we examined time-course of changes in the
levels of Bcl-2, Bcl-xl, Bax, and cleaved caspase-3 after the final MA
treatment. MA treatment decreased the expression of anti-apoptotic
proteins Bcl-2 (12 h, p < 0.05 vs. saline; 1 d, p < 0.01 vs. saline; 3 d,
p < 0.01 vs. saline) (Fig. 5A), and Bcl-xl (12 h, p < 0.05 vs. saline; 1 d,
p < 0.01 vs. saline; 3 d, p < 0.01 vs. saline) (Fig. 5B) in WT mice. In
contrast, MA treatment increased the levels of the pro-apoptotic factors
Bax (12 h, p < 0.05 vs. saline; 1 d, p < 0.01 vs. saline; 3 d, p < 0.01
vs. saline) (Fig. 5C), and cleaved-caspase-3 (12 h, p < 0.01 vs. saline;
1 d, p < 0.01 vs. saline; 3 d, p < 0.01 vs. saline) (Fig. 5D) in the WT
mice. All the anti/pro-apoptotic factors returned to near control (saline)
level 7 d later. Because MA-induced anti-apoptotic and pro-apoptotic
changes were most evident 1 d post-MA, we examined the effects of
PKCδ knockout and mEH knockout 1 d post-MA in mice. As shown in

Fig. 5. Time-course of change in the expression of Bcl-2 (A), Bcl-xl (B), Bax (C), and cleaved caspase-3 (D) induced by methamphetamine (MA) in the striatum of WT
mice, and the effect of protein kinase Cδ (PKCδ) gene knockout and microsomal epoxide hydrolase (mEH) gene knockout with PKCδ inhibition on the expression of
Bcl-2 (E), Bcl-xl (F), Bax (G), Bax/Bcl-2 ratio (H) and cleaved caspase-3 (I) induced by MA in mice. Sal = saline. WT = wild-type mice. Veh = vehicle [10% (v/v)
DMSO]. Data are represented as the mean ± SEM of six mice. *p < 0.05, **p < 0.01 vs. corresponding saline, #p < 0.01 vs. corresponding MA/WT (one-way
ANOVA followed by Fisher's LSD pairwise comparison).
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Fig. 5E–H, PKCδ knockout significantly attenuated MA-induced changes
in Bcl-2 (p < 0.01 vs. MA/WT), Bcl-xl (p < 0.01 vs. MA/WT), Bax
(p < 0.01 vs. MA/WT), and cleaved-caspase-3 (p < 0.01 vs. MA/WT).

We examined the time-course of MA-induced change in the levels of
Bcl-2, Bcl-xl, Bax, and cleaved caspase-3 (Fig. 5A–D). Treatment with
MA significantly decreased the expression of anti-apoptotic proteins,
Bcl-2 (12 h, p < 0.05 vs. saline treatment; day 1, p < 0.01 vs. saline
treatment; day 3, p < 0.01 vs. saline treatment) (Fig. 5A), and Bcl-xl
(12 h, p < 0.05 vs. saline treatment; day 1, p < 0.01 vs. saline treat-
ment; day 3, p < 0.01 vs. saline treatment) (Fig. 5B) in the WT mice.
Contrastingly, treatment with MA significantly increased the expression
of the pro-apoptotic proteins Bax (12 h, p < 0.05 vs. saline; 1 d,
p < 0.01 vs. saline; 3 d, p < 0.01 vs. saline) (Fig. 5C), and cleaved-
caspase-3 (12 h, p < 0.01 vs. saline; 1 d, p < 0.01 vs. saline; 3 d,
p < 0.01 vs. saline) (Fig. 5D) in the WT mice. The expression level of
all anti/pro-apoptotic factors returned to near control (saline) levels at
day 7 post-MA treatment. As the MA-induced change in the expression
anti-apoptotic and pro-apoptotic genes was most evident at day 1 post-
MA, we examined the effect of PKCδ gene knockout and mEH gene
knockout in mice at this time point. As shown in Fig. 5E–I, the PKCδ
knockout mice exhibited significant attenuation of the MA-induced
changes in the expression of Bcl-2 (p < 0.01 vs. MA/WT), Bcl-xl
(p < 0.01 vs. MA/WT), Bax (p < 0.01 vs. MA/WT), Bax/Bcl-2 ratio
(p < 0.01 vs. MA/WT) and cleaved-caspase-3 (p < 0.01 vs. MA/WT).
The anti-apoptotic potential by PKCδ knockout is clearly comparable to
that by mEH knockout. When the mEH knockout mice were treated
with rottlerin we did not observe any additive effect on the expression
of apoptotic proteins (Fig. 5E–H).

3.5. PKCδ knockout and mEH knockout mice exhibit attenuation of
dopaminergic defects

We examined the time-course of MA-induced changes in TH

expression, dopamine level, and dopamine turnover rate (Fig. 6A–C).
There was a significant decrease in the expression of TH at day 1
(p < 0.05 vs. saline treatment), day 3 (p < 0.01 vs. saline treatment),
and day 7 (p < 0.05 vs. saline treatment) post-MA treatment (Fig. 6A).
Further, we observed a significant decrease in the dopamine level at
12 h (p < 0.05 vs. saline treatment), day 1 (p < 0.01 vs. saline treat-
ment), day 3 (p < 0.01 vs. saline treatment), and day 7 (p < 0.01 vs.
saline treatment) post-MA treatment (Fig. 6B). In contrast, the dopa-
mine turnover rate was significantly enhanced at 12 h (p < 0.05 vs.
saline treatment), day 1 (p < 0.05 vs. saline treatment), day 3
(p < 0.01 vs. saline treatment), and day 7 (p < 0.05 vs. saline treat-
ment) post-MA treatment (Fig. 6C). As these MA-induced dopaminergic
impairments were prominent at day 3 post-MA treatment, we focused
on this time-point for further analysis. PKCδ knockout and mEH
knockout mice exhibited significant attenuation of the MA-induced
change in TH expression/TH immunoreactivity (MA/WT vs. MA/PKCδ
KO; p < 0.01 or MA/WT vs. MA/mEH KO; p < 0.01) (Fig. 6D and E),
dopamine level (MA/WT vs. MA/PKCδ KO; p < 0.01 or MA/WT vs.
MA/mEH KO; p < 0.01) (Fig. 6F), and dopamine turnover rate (MA/
WT vs.MA/PKCδ KO; p < 0.01 or MA/WT vs.MA/mEH KO; p < 0.01)
(Fig. 6G). When mEH knockout mice were treated with rottlerin, it did
not result in any additive beneficial effect on the dopaminergic changes.

3.6. PKCδ knockout and mEH knockout mice exhibit attenuation of the
behavioral defects induced by MA treatment

As MA-induced behavioral defects (i.e., locomotor activity and ro-
tarod performance) might be related to the dopaminergic impairment,
we examined whether gene knockout of mEH and PKCδ could attenuate
the behavioral defects induced by MA in mice. We examined the time-
course of MA-induced impairment in locomotor activity and rotarod
performance (Fig. 7A and B). We observed a significant decrease in the
locomotor activity at day 1 (p < 0.05 vs. saline treatment), day 3

Fig. 5. (continued)
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(p < 0.01 vs. saline treatment), and day 7 (p < 0.05 vs. saline treat-
ment) post-MA treatment (Fig. 7A). The locomotor activity of mice was
consistently similar to their rotarod performance (Fig. 7B). As shown in
Fig. 7C and D, PKCδ knockout and mEH knockout mice exhibited sig-
nificant attenuation of hypolocomotion (MA/WT vs. MA/PKCδ KO;
p < 0.01 or MA/WT vs. MA/mEH KO; p < 0.01), and impaired ro-
tarod performance (MA/WT vs. MA/PKCδ KO; p < 0.01 or MA/WT vs.
MA/mEH KO; p < 0.01) induced by MA. When mEH knockout mice
were treated with rottlerin, it did not have any additive beneficial effect
on the behavioral defect. Consistently, PKCδ knockout and mEH
knockout mice exhibited significant attenuation of impaired locomotor
activity and rotarod performance at day 7 post-MA treatment
(Supplementary Fig. S3).

4. Discussion

Previously, we had described the significance of PKCδ in MA-in-
duced dopaminergic neurotoxicity (Dang et al., 2015, 2018b; Nguyen
et al., 2015; Shin et al., 2011, 2012, 2019). We reported that MA
treatment results in early phosphorylation of PKCδ in the striatum of
mice (Dang et al., 2018b). Further, it was also demonstrated that H2O2-
mediated phosphorylation of PKCδ at Tyr311 is implicated in the reg-
ulation of caspase-3-mediated proteolytic cleavage of PKCδ and its
proapoptotic function during dopaminergic neuronal cell death (Kaul
et al., 2005). PKCδ, a stress sensitive kinase, is identified as an effector
molecule of dopaminergic cell death in MA-induced neurodegeneration
(Dang et al., 2016; Nguyen et al., 2015; Shin et al., 2011, 2012, 2014,

2018a, 2018b, 2019).
In this study, we demonstrated for the first time that p-PKCδ co-

immunoprecipitated with mEH (maximum; 4 h post-MA treatment) and
that the cleaved-PKCδ co-immunoprecipitated with mEH (maximum;
day 3 post-MA treatment). PKCδ knockout in mice resulted in at-
tenuation of mEH induction post-MA treatment. Similarly, mEH
knockout resulted in the attenuation of dopaminergic impairment and
behavioral defect induced by MA treatment. Importantly, the PKCδ
inhibitor, rottlerin, had no further effect on the dopaminergic changes
observed in the mEH knockout mice, indicating that mEH gene is a
critical mediator for PKCδ-induced dopaminergic toxicity. Therefore, it
is plausible that mEH may be a downstream target for PKCδ-mediated
dopaminergic neurotoxicity induced by MA (Fig. 8).

It was previously reported that the pharmacological inhibition of
PKC suppresses the expression of xenobiotic-metabolizing/detoxifying
enzymes, including mEH and certain CYP450 isoforms (Kim et al.,
1998). We demonstrated that the expression of mEH was suppressed in
the PKCδ knockout mice. We previously demonstrated that treatment
with trimethyltin, an environmental neurotoxin, resulted in enhanced
mEH expression in the rat brain (Liu et al., 2006). This concurred with
the results of the current study where MA treatment resulted in en-
hanced mEH expression. It is known that the induction of mEH ex-
pression is always associated with the enhanced expression of CYP450
isoforms. mEH is a critical biotransformation enzyme that catalyzes the
trans-addition of water to the highly reactive intermediary metabolites
(i.e., epoxides), formed during CYP450-dependent oxidation of un-
saturated aliphatic and aromatic xenobiotics, to convert them into less

Fig. 6. Time-course of change in tyrosine hydro-
xylase (TH) expression (A), dopamine (DA) level (B),
and DA turnover rate (C) induced by methampheta-
mine (MA) in the striatum of WT mice, and effect of
protein kinase Cδ (PKCδ) gene knockout and micro-
somal epoxide hydrolase (mEH) gene knockout with
PKCδ inhibition on TH expression (D), TH-im-
munoreactivity (E), DA level, (F) and DA turnover
rate (G) induced by MA in mice. Sal = saline.
WT = wild-type mice. Veh = vehicle [10% (v/v)
DMSO]. Data are represented as the mean ± SEM of
six mice. *p < 0.05, **p < 0.01 vs. corresponding
saline, #p < 0.05, ##p < 0.01 vs. corresponding
MA/WT (one-way ANOVA followed by Fisher's LSD
pairwise comparison).
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reactive intermediates (Fretland and Omiecinski, 2000; Srivastava,
2016). It is plausible that these intermediates might further metabolize
into ortho-quinone that can enter into a redox cycle using NADPH to
induce oxidative stress (Bolton et al., 2000; Park et al., 2005). Oxidative
stress induces PKC signaling pathway, which plays an important role in
the induction of CYP450 isozyme (Jin et al., 2012). Indeed, it has been
suggested that CYP450 isozyme participates in the oxidative metabo-
lism of MA for generating potent neurotoxic metabolites (Cherner et al.,
2010).

Previously, we had reported that mEH gene acts as an endogenous
modulator in response to MA drug dependence. We demonstrated that
the mEH protein is localized to astrocytes, and the astrocytic mobili-
zation of mEH might play an important role in attenuating the MA drug
dependence (Shin et al., 2009). We also demonstrated that mEH im-
munoreactivity is expressed in reactive astrocytes after treatment with
trimethyltin (Liu et al., 2006), or 1-methyl-4-phenyl-1,2,3,6-tetra-
hydropyridine (MPTP) (Liu et al., 2008). Therefore, it is possible that
astrocytic modulation is also important for both neuroprotective and
neurotoxic mechanisms. However, the dual role of mEH in neurotoxic
and neuroprotective conditions has to be further elucidated.

Earlier studies reported that the enhanced expression of mEH is
associated with the enhanced expression of the proapoptotic protein,
Bax (Shahid et al., 2016; Springer et al., 1996). Previously, we (Dang
et al., 2017b; Nguyen et al., 2015), and others (Jayanthi et al., 2001)
have reported that MA treatment up-regulates the expression of pro-
apoptotic protein (Bax) and down-regulates the anti-apoptotic proteins
(Bcl-2, Bcl-xl) in the brain, which consequently induce cell death via
PKCδ-dependent pathway. Therefore, early interaction between p-PKCδ
and mEH and late interaction between cleaved-PKCδ and mEH might be
the critical signaling process for MA-induced cell death mechanism.

Hyperthermia might facilitate intracellular accumulation of MA (Xie

et al., 2000). As the attenuation of hyperthermia can be protective
against MA-induced neurotoxicity (Riddle et al., 2006), it is plausible
that hyperthermia might mediate MA-induced oxidative stress initially
(Shin et al., 2011). Thus, it is possible that the thermoregulation ob-
served in PKCδ knockout and mEH knockout mice contributes to the
attenuation of oxidative stress.

It has been suggested that mEH forms a complex with CYP450 in the
endoplasmic reticulum (Orjuela Leon et al., 2017). Importantly, it has
also been shown that CYP450 is a substrate for PKC (Vilgrain et al.,
1984), and that CYP450 phosphorylation by PKC results in enhanced
CYP450 enzymatic activity (Aguiar et al., 2005). However, the role of
CYP450 in modulating the interaction between p-PKCδ/cleaved-PKCδ
and mEH is yet to be elucidated.

MA-induced dopamine release might be responsible for the oxida-
tive stress, mitochondrial dysfunction and pro-apoptotic changes (i.e.
activation of caspases and increases in Bax expression) (Krasnova et al.,
2009; Dang et al., 2017b; Thrash-Williams et al., 2016). In our recent
study, we demonstrated that MA causes pro-apoptotic changes in the
dopaminergic terminal possibly via upregulation of dopamine D2 re-
ceptor (D2R) and CB1R in the striatum (Dang et al., 2017a). In addition,
MA facilitated dopamine-dependent caspase activation in cultured
striatal cell line with Bax expression (Deng et al., 2002).

We demonstrated that mEH mediates MPTP-induced dopaminergic
toxicity via inhibiting phosphorylation of TH at Ser31 residue (Liu et al.,
2008) and that MA-induced PKCδ impairs dopaminergic system via
inhibition of phosphorylation of TH at Ser40 residue in the striatum
(Shin et al., 2011). Moreover, it was reported that MPTP treatment
activates PKCδ signaling followed by dopaminergic degeneration
(Zhang et al., 2007a). Thus, previous findings (Liu et al., 2008; Shin
et al., 2011; Zhang et al., 2007b) may be in line with current finding.
Although the role of interaction between PKCδ and mEH in MA-induced

Fig. 7. Time-course of change in locomotor activity (A), and rotarod performance (B) induced by methamphetamine (MA) in mice, and the effect of protein kinase Cδ
(PKCδ) gene knockout and microsomal epoxide hydrolase (mEH) gene knockout with PKCδ inhibition on locomotor activity (C) and rotarod performance (E) induced
by MA in mice. Sal = saline. WT = wild-type mice. Veh = vehicle [10% (v/v) DMSO]. Data are represented as the mean ± SEM of six mice. *p < 0.05,
**p < 0.01 vs. corresponding saline, #p < 0.01 vs. corresponding MA/WT (one-way ANOVA followed by Fisher's LSD pairwise comparison).
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dopaminergic toxicity remains to be further determined, two genes
might be critical components for the pathogenesis on the dopaminergic
degeneration. In addition, the significance of PKCδ as an upstream
molecule on the mEH induction remains to be characterized. Un-
expectedly, we observed here that MA induces a very low mEH-im-
munoreactivity in the striatum, and that all the mEH-immunoreactivity
is presented in PKCδ positive cells in the striatum. It remains to be
further elucidated how and why this phenomenon can be occurred.

In summary, we propose that mEH is a downstream molecule in
PKCδ-mediated dopaminergic neurotoxicity induced by MA. We suggest
that the early induction of p-PKCδ triggers the expression of cleaved-
PKCδ and mEH, which is accompanied by neurotoxic pro-apoptotic
signals. We also suggest that the interaction between PKCδ and mEH is
integral to MA-induced dopaminergic toxicity. The elucidation of this
interaction might provide a clue for the therapeutic intervention in MA
intoxication.
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