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Abstract
This study examined the role of protein kinase C (PKC) isozymes in methamphetamine (MA)-
induced dopaminergic toxicity. Multiple-dose administration of MA did not significantly alter
PKCα, PKCβI, PKCβII, or PKCζ expression in the striatum, but did significantly increase PKCδ
expression. Gö6976 (a co-inhibitor of PKCα and -β), hispidin (PKCβ inhibitor), and PKCζ
pseudosubstrate inhibitor (PKCζ inhibitor) did not significantly alter MA-induced behavioral
impairments. However, rottlerin (PKCδ inhibitor) significantly attenuated behavioral impairments
in a dose-dependent manner. In addition, MA-induced behavioral impairments were not apparent
in PKCδ knockout (–/–) mice. MA-induced oxidative stress (i.e., lipid peroxidation and protein
oxidation) was significantly attenuated in rottlerin-treated mice and was not apparent in PKCδ
(–/–) mice. Consistent with this, MA-induced apoptosis (i.e., terminal deoxynucleotidyl
transferase-mediated dUTP nick-end labeling-positive apoptotic cells) was significantly attenuated
in rottlerin-treated mice. Furthermore, MA-induced increases in the dopamine (DA) turnover rate
and decreases in tyrosine hydroxylase (TH) activity and the expression of TH, dopamine
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transporter (DAT), and vesicular monoamine transporter 2 (VMAT2) were not significantly
observed in rottlerin-treated or PKCδ (–/–) mice. Our results suggest that PKCδ gene expression is
a key mediator of oxidative stress and dopaminergic damage induced by MA. Thus, inhibition of
PKCδ may be a useful target for protection against MA-induced neurotoxicity.
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1. Introduction
Abuse of the illegal psychostimulant methamphetamine (MA) has become an international
public health problem with an estimated 15 to 16 million users worldwide [1, 2]. MA abuse
is associated with numerous negative effects, including acute toxicity, altered behavioral and
cognitive function, and neurological damage [3, 4]. Ingestion of large doses of the drug can
cause more serious consequences, including life-threatening hyperthermia, renal and hepatic
failure, heart attacks, cerebrovascular hemorrhage, strokes, and seizures [3, 5, 6]. There is
compelling evidence to suggest that the negative neuropsychiatric consequences of MA
abuse are caused, at least in part, by drug-induced neuropathological changes in the brains of
MA-exposed individuals [4].

The 4 × 7–10 mg/kg paradigm of methamphetamine (MA) administration in naïve animals is
currently the most frequently used model that mimics acute toxic dosing of MA [1, 7-9].
This paradigm provides excellent relevance to intravenous and smoked routes of MA
exposure in humans. In addition, it demonstrates the toxic effects of MA in non-tolerant
users [8, 10]. Conversely, Cadet et al. [11] used a regimen that involved gradual increases in
MA administration to rats to mimic progressively larger doses of drug used by some human
MA addicts. They found that this MA preconditioning was associated with significant
protection against dopamine depletion caused by acute MA challenges. However, MA
pretreatment does not completely abrogate the degenerative effects of the drug on dopamine
terminals, as evidence still exists regarding MA challenge-induced decreases in DA levels in
the rat striatum. Free radical formation and microglial activation are thought to be involved
in the long-term toxic effects of MA [12, 13]; therefore, the cellular and molecular
mechanisms underlying MA pretreatment-mediated attenuation of MA challenge-induced
toxic responses on the striatal DA system remain to be further explored.

Indeed, increased levels of the lipid peroxidation products 4-hydroxynonenal (4-HNE) and
malondialdehyde (MDA) have been reported in the caudate nuclei and prefrontal cortices of
chronic MA users [14-16]. LaVoie and Hastings [17] found that administration of
neurotoxic doses of MA to rats caused DA oxidation of DA quinones that bind to cysteinyl
residues on proteins, leading to an increase in protein cysteinyl-DA levels in the striatum.
These findings suggest that DA oxidation may contribute to MA-induced damage to DA
terminals [17]. Furthermore, accumulated evidence indicates that MA can also cause
oxidative stress by shifting the balance between reactive oxygen species (ROS) production
and the capacity of antioxidant systems to scavenge ROS [7, 18–21].

The protein kinase C (PKC) family consists of serine/threonine kinases, broadly classified
into three subgroups based on their sensitivity to important cofactors, which include
phospholipids and Ca2+ [22, 23]. The conventional PKC isoforms (α, βI, βII, and γ) are
sensitive to Ca2+ and diacylglycerol, whereas the novel isoforms (δ, ε, η, θ, and μ) are Ca2+-
independent, but require diacylglycerol for activation. The atypical isoforms (ζ and ι/λ)
require neither Ca2+ nor diacylglycerol for activation. PKC isoforms are differentially
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distributed in tissues and play key roles in various cellular biological processes, including
cell differentiation, cell growth, cellular redox status, apoptosis, tumor suppression, and
carcinogenesis.

Earlier evidence has indicated that PKC-mediated signaling is activated by oxidants
(peroxide) that selectively react with the PKC regulatory domain; signaling is inhibited by
antioxidants reacting with the catalytic domain [24-25]. Previous reports showed that
pathophysiological concentrations of 4-HNE specifically activated PKC-β isoforms in
different cell systems modulating protein transport and secretion [26, 27]. Domencotti et al.
[28] found that a decrease in cellular glutathione was accompanied by the inactivation of
classic isoforms and increased activity of novel PKCs.

Interestingly, Pubill et al. [29] demonstrated that a specific PKC inhibitor, NPC 15437,
completely inhibited MA-induced ROS formation in rat striatal synaptosomes, corroborating
a key role for PKC in this process. Moreover, evidence has shown that PKC contributes to
amphetamine-stimulated DA release. A PKC activator, phorbol ester 12-O-
tetradecanoylphorbol-13-acetate (TPA), mimics the effect of amphetamine by increasing
DA release in striatal slices and synaptosomes [30]. Conversely, a nonspecific PKC
inhibitor, Ro31-8220, blocks Ca2+-independent amphetamine-induced dopamine release in
rat striatal slices [31]. Similarly, the selective PKC inhibitor chelerythrine completely
inhibits endogenous DA release induced by amphetamine [32].

However, little is known regarding the role of individual PKC isozymes in in vivo da
DAergic alterations induced by an amphetamine analog. Thus, we sought to examine, in
advance, whether the PKC gene is also involved in oxidative stress and dopaminergic
toxicity induced by acute toxic dosing of MA. We examined the role of various PKC
isozymes in MA neurotoxicity (including behavioral impairments) in mice. We observed
that, of the PKC isozymes examined, PKCδ was primarily involved in MA-induced DAergic
toxicity. We corroborated these results by demonstrating that both PKCδ inhibition (using
rottlerin, a PKCδ inhibitor) and PKCδ gene knockout attenuate oxidative stress and DAergic
damage induced by acute toxic dosing of MA.

2. Materials and Methods
2.1. Animals

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

2.2. Development and characterization of PKCδ (−/−) mice
A breeding pair of PKCδ (+/−) mice, originally bred into a C57BL/6 background, was a gift
from Dr. K. I. Nakayama (Dept. of Molecular Genetics, Medical Institute of Bioregulation,
Kyushu University, Fukuoka, Japan) [33]. These mice were subsequently maintained and
bred into the C57BL/6 background for 3 to 6 generations in a specific pathogen-free (SPF)
facility before use with wild-type mice from the same litter in our experiments. Tail DNA
was evaluated and typed using polymerase chain reaction (PCR) and primers for PKCδ
obtained from Bioneer Corporation (Daejeon, South Korea). PCR Primers for genotyping
were as follows; 5’-GGAAGAATAAGAAACTGCATCACC-5’ and 5’-
GAAGGAGCCAGAACCGAAAG-3’ for endogenous detection, and 5’-
GGAAGAATAAGAAACTGCATCACC-3’ and 5’-TGGGGTGGGATTAGATAAATG-3’
for mutant detection. Brain tissue from PKCδ (−/−) mice was examined by Western blot
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analyses using antibodies for PKCδ and other isoforms (α, βI, βII, ζ; Santa Cruz
Biotechnology, Inc., Santa Cruz, CA, USA) to confirm that PKCδ protein was selectively
absent in PKCδ (−/−) mice and that expression of the other isoforms was normal.

2.3. Guide cannula implantation and intracerebroventricular (i.c.v.) infusion
Mice were anesthetized with pentobarbital (40 mg/kg, i.p.) and placed in a stereotaxic
apparatus (David Kopf Instruments, Tujunga, CA, USA). A stainless steel guide cannula
(AG-4; Eicom, Kyoto, Japan) was implanted into the right lateral ventricle (stereotaxic
coordinates: 0.5 mm posterior to bregma, 1 mm right to the midline, and 2 mm ventral to the
dura, according to the atlas of Paxinos [34]) [35]. No histological or mechanical disruption
was produced by implantation of the infusion cannula (data not shown). Microinfusion into
the lateral ventricle was performed through a microinfusion cannula (AMI-4, Eicom, Kyoto,
Japan) at a rate of 1 μL/min using a microinjection pump (CMA/100, CMA, Solna,
Sweden). The microinfusion cannula was kept in place for 1 min after infusion to avoid
backflow. Guide cannula implantation did not affect the behaviour of the subjects.
Subsequent to guide cannula implantation, each animal was housed in a single cage in order
to safely maintain the integrity of the implantation during the experimental period.

2.4. Intracerebroventricular infusion of PKC inhibitors and treatment with
methamphetamine (MA)

Gö6976 (co-inhibitor of PKC α and β; Calbiochem, La Jolla, CA, USA), hispidin (PKCβ
inhibitor; Calbiochem, La Jolla, CA, USA), rottlerin (PKCδ inhibitor; Biomol Research
Laboratories Inc., Plymouth, PA, USA), or PKCζ pseudosubstrate (PKCζ inhibitor; Tocris
Bioscience, Ellisville, MO, USA) was dissolved in DMSO as a stock solution, and then
stored at −20°C. Each PKC inhibitor was diluted in sterile saline immediately before use at a
concentration of 1.0 μg/μl. The final DMSO concentration was 10 % (v/v). After two days
of recovery from the guide cannula implantation, mice were microinfused into the lateral
ventricle with Gö6976 (1.0 or 2.0 μg), hispidin (1.5 or 3.0 μg), rottlerin (1.5 or 3.0 μg), or
PKCζ pseudosubstrate inhibitor (1.5 or 3.0 μg) once a day for 5 days. On next day, mice
received four times of MA (8 mg/kg, i.p.) or saline as a 2 hr-time interval. Additional
microinfusion of each PKC inhibitor was performed 4-h and 0.5-h before the 1st MA
injection (Fig. 1A). The doses of PKC inhibitors used in this study were determined based
on previous studies [36, 37] and our pilot study [38].

2.5. Locomotor activity
Locomotor activity was measured for 30 min 3 days after the last MA administration 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 during locomotion in each test box, where
they were adapted for 5 min before starting the experiment. A printout for each session
showed the pattern of the ambulatory movements of the test box. The distance traveled in
cm by the animals in horizontal locomotor activity was analyzed. Data were collected and
analyzed between 09:00 and 17:00 h [39].

2.6. Rota-rod test
Rota-rod test was performed 1 hour after locomotor activity measurement. 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 motor performance, the mice first
trained on the apparatus for 2 minutes at a constant rate of 4 r.p.m. The test was performed
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30 minutes after training and an accelerating paradigm was applied, starting from a rate of 4
r.p.m. to a maximum speed of 40 r.p.m., then the rotation speed was kept constant at 40
r.p.m. for a maximum of 300 s. The duration for which the animal could maintain balance
on the rotating drum was measured as the latency to fall, with a maximal cut-off time of 300
s [39].

2.7. Immunocytochemistry for tyrosine hydroxylase (TH)
Animals were sacrificed at 4 hours and 3 days after the last MA injection. They were
anesthetized with 60% urethane and perfused transcardially with 50 ml of 50 mM phosphate
buffered saline (PBS), followed by 50 ml of a mixture of 4% paraformaldehyde in PBS. The
rate of perfusion was 10 ml/min. The brains were removed, post-fixed at 4°C for 24h in the
same fixative and then cryoprotected in 30% sucrose in PBS. The brains were cut on a
horizontal sliding microtome into 30 μm transverse free-floating sections [40-43].

The immunocytochemistry was performed as described previously [39]. Every sixth section
throughout the entire extent of the striatum was collected for TH immunostaining. Briefly,
prior to incubation with the primary antibodies, sections were preincubated with 0.3 %
hydrogen peroxide in PBS for 30 min (to block endogenous peroxidase activity), then in
PBS containing 0.4 % Triton X-100 and 1 % normal serum for 20 min. The sections were
then incubated for 48 h at 4°C in primary antibody against TH (1:500, Chemicon, Temecula,
CA, USA). The sections were further incubated with secondary biotinylated antisera (1:1000
dilution; Vector, Burlingame, CA) for 1 h, and immersed in avidin-biotin-peroxidase
complex (ABC Elite kit, Vector) for 1 h. Sections were always washed three times with PBS
(pH 7.4) between each incubation step. 3,3’-diaminobenzidine (DAB) was used as a
chromogen.

Digital images were acquired on an Olympus microscope (BX51, Olympus®, Tokyo, Japan)
using digital microscope camera (DP72, Olympus®, Tokyo, Japan), and IBM PC. A region
of interest (ROI) was created and the immunoreactive density of striatal TH was measured
by Optimas® version 6.51 software (Media Cybernetics, Inc. Silver Spring, MD, USA).

2.8. Synaptosome preparation
Striatal tissue was homogenized in 10 volume of ice-cold 0.32 mol/L sucrose and
centrifuged at low speed (800 × g, 12 min, 4°C). This resulted in supernatant (S1) that was
removed and centrifuged at high speed (22, 000 × g, 20 min, 4°C) in order to yield pelleted
synaptosomes. An aliquot of the re-suspended (P2) synaptosomal fraction was used for
western analysis [44, 45].

2.9. Western blot analysis
The Western blot assay was performed as described previously [39, 43, 46]. For evaluating
tyrosine hydroxylase (TH) expression, striatal tissues were homogenized in lysis buffer
containing 200 mM Tris HCl (pH 6.8), 1% sodium dodecyl sulfate (SDS), 5 mM ethylene
glycol-bis(2-aminoethyl ether)-N,N,N′,N′-tetraacetic acid (EGTA), 5 mM
ethylenediaminetetraacetic acid (EDTA), 10% glycerol, 1× phosphatase inhibitor cocktail I
(Sigma-Aldrich, St. Louis, MO, USA), and 1× protease inhibitor cocktail (Sigma). The
lysate was centrifuged at 12,000 × g for 30 min and the supernatant fraction was used. The
synaptosomal fraction or lysate (20–50 μg protein/lane) was separated by 8% or 10% SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto polyvinylidene
(PVDF) membranes. Following transfer, the membranes were preincubated with 5% non-fat
milk for 30 min and incubated overnight at 4°C with a primary antibody against TH
(1:5000), dopamine transporter (DAT) (1:5000; Chemicon International, Inc., Temecula,
CA, USA), vesicular monoamine transporter 2 (VMAT2) (1:500; Novus Biologicals,
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Littleton, CO, USA), or β-actin (1:50000; Sigma). Membranes were then incubated with
horseradish peroxidase (HRP)-conjugated secondary anti-rabbit IgG (1:1000; GE
Healthcare, Piscataway, NJ, USA), anti-mouse IgG (1:1000; Sigma), or anti-goat IgG
(1:1000; Sigma) for 2 h. Subsequent visualization was performed using the ECL plus®
enhanced chemiluminescence system (GE Healthcare). Relative band intensities were
quantified using PhotoCapt MW (version 10.01 for Windows; Vilber Lourmat, Marne la
Vallée, France), and the intensity of TH, DAT, or VMAT2 was then normalized to β-actin
intensity.

2.10. Measurement of dopamine (DA), 3,4-dihydroxyphenylacetic acid (DOPAC) and
homovanillic acid (HVA)

Mice were sacrificed 3 days after the last MA injection. 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, ultrasonicated in 10 % perchloric acid containing 10 ng/mg
of the internal standard dihydroxybenzylamine, and centrifuged at 20,000 × g for 10 min.
The levels of DA and its metabolites 3,4-dihydroxyphenylacetic acid (DOPAC) and
homovanillic acid (HVA) were determined by HPLC coupled with electrochemical
detection as described [39,47,48]. The 20 μl aliquot of the supernatant was injected into the
HPLC equipped with a 3 μm C18 column. The mobile phase was comprised of 26 ml of
acetonitrile, 21 ml of tetrahydrofuran and 960 ml of 0.15 M monochloroacetic acid (pH 3.0)
containing 50 mg/l of EDTA and 200 mg/l of sodium octyl sulfate. The amount of DA,
DOPAC and HVA were determined by comparison of peak area of tissue sample with
standard, and were expressed in micrograms per gram of wet tissue.

2.11. Measurement of Tyrosine Hydroxylase (TH) Activity
TH activity was measured according to the method of Nagatsu et al. [49] with slight
modification [38]. Briefly, the striatum was homogenized in ice-cold 0.05 M sodium acetate
buffer (pH 6.0), and the homogenate was centrifuged (3,000×g, 10 min). The supernatant
was added to reaction mixture containing 100 mM acetate buffer (pH 6.0), 200 μM L-
tyrosine, 1.25 mM m-hydroxybenzylhydrazine (NSD-1015), 1.0 mM 6-
methyltetrahydropterine, 19.5 × 103 U/mL catalase, 3.8 mU/mL dihydropteridine reductase,
1 mM NADPH, and 0.2 M glycerol. Reactions were incubated for 10 min at 37°C and were
terminated by the addition of 0.4 M perchloric acid. Then, the reaction mixture was passed
through an alumina cartridge using 0.5 M HCl, and the eluent was injected into a HPLC
apparatus equipped with electrochemical detector (ECD-300, Eicom, Kyoto, Japan).
Chromatographic separation was conducted using a 5-μm C18 reverse-phase ODS column
(Axxiom Chromatography, Moonpark, CA, USA). The mobile phase (pH 3.35) consisted of
0.1 M NaH2PO4, 0.13 mM EDTA, 0.22 mM octane sulfonate, and 2.5 % acetonitrile. TH
activity was expressed as pmole of DOPA formation per mg wet tissue per minute.

2.12. Determination of malondialdehyde by HPLC
The amount of lipid peroxidation was determined by measuring the accumulation of
thiobarbituric acid-reactive substances in homogenates of the striatum and is expressed in
terms of malondialdehyde (MDA) content. The amount of MDA in homogenates of striatum
was determined by the methods of Jareno et al. [50] with some modification [7, 51]. In brief,
0.1 ml of the homogenate diluted 10 times with phosphate buffered saline (PBS) was mixed
with 0.75 ml working solution (thiobarbituric acid 0.37% and perchloric acid 6.4%, 2:1, v/v)
and heated to 95 °C for 1 h. After cooling (10 min in ice water bath), the flocculent
precipitate was removed by centrifugation at 3200×g for 10 min. The supernatant was
neutralized and filtered prior to injection on an octadecylsilane 5 μm column. Mobile phase
consisted of 50 mM PBS (pH 6.0): methanol (58:42, v/v). Isocratic separation was
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performed with 1.0 ml/min flow rate and detection at 532 nm using a UV/VIS high-
performance liquid chromatography detector (HPLC)-Detector (Model 486, Waters
Associates, Milford, MA, USA).

2.13. Determination of protein carbonyl by biochemical assay
The extent of protein oxidation in the striatum was assessed by measuring the content of
protein carbonyl groups, which was determined spectrophotometrically with the 2,4-
dinitrophenylhydrazine (DNPH)-labeling procedure as described by Oliver et al. [52]. The
results are expressed as nmol of DNPH incorporated/mg protein [51] based on the extinction
coefficient for aliphatic hydrazones of 21 mM−1 cm−1.

2.14. Determination of 4-hydroxy-2-nonenal (4-HNE) and protein carbonyl by slot blot
analysis

4-Hydroxy-2-nonenal (4-HNE) is major product of the lipid peroxidation process [53].
Determining of 4-HNE was performed as slot blot analysis [41]. Tissue lysates were
prepared as described in the western blot analysis. Two hundred μg of protein was loaded
into each well and adsorbed onto the PVDF membrane using a slot blot apparatus (Hoefer
Scientific Instruments, Model PR648, San Francisco, CA, USA). Following adsorption, the
PVDF membranes were preincubated with 5% non-fat milk and incubated overnight at 4 °C
with anti-4-HNE (1:2000, Calbiochem). After incubation with primary antibody, membranes
were incubated with a HRP-conjugated secondary antibody. Subsequent visualization was
performed using enhanced chemiluminescence system (ECL plus®, GE healthcare).

The amount of oxidized proteins was measured using the Oxyblot kit (Chemicon) according
to the instruction provided by manufacturer. Briefly, the protein carbonyl content was
labeled by protein hydrazone derivatives using 2,4-dinitrophenylhydrazide (DNP). Fifty μg
of DNP-derivatized protein sample was loaded in each well and adsorbed onto PVDF
membrane by slot blot apparatus (Hoefer Scientific Instruments). Each blot was
preincubated with 5% non-fat milk then incubated with primary antibody (1:100) specific to
the DNP moiety, which is provided in the kit. After incubation with a HRP-conjugated
secondary antibody, subsequent visualization was performed using enhanced
chemiluminescence system (ECL plus®, GE healthcare) [41].

2.15. Terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL)
staining

TUNEL staining was performed using the FragEL DNA fragmentation detection kit
(QIA33; Calbiochem, La Jolla, CA, USA) according to the manufacturer's protocol. Briefly,
sections were permeabilized by incubation with 20 mg/ml proteinase K, and then incubated
with 3% hydrogen peroxide to block endogenous peroxidase activity. After immersion in the
terminal deoxynucleotidyl transferase (TdT) equilibration buffer, sections were incubated
with biotinylated deoxynucleotides and TdT enzyme. Sections were then immersed in
streptavidin-peroxidase complex with diaminobenzidine tetrahydrochloride as the
chromogen. Counterstaining was performed using methyl green, which was provided in the
kit. Digital images were acquired at 40× or 200× magnification using an Olympus
microscope (BX51; Olympus, Center Valley, PA, USA) and a digital microscope camera
(DP72; Olympus) [54].

2.14. Statistical analyses
Data were analyzed using a one-way ANOVA followed by Fischer's PLSD test. P-values of
less than 0.05 were deemed to indicate statistical significance.
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3. Results
3.1. Effects of MA on the expression of PKC isozymes

It is known that PKC modulates the release of DA in the nigrostriatal pathway. This is
supported by the fact that injections of drugs that affect DA release in vivo result in changes
in PKC activity in the striatum [55, 56]. We examined the striatal expression of PKC
isozymes after the final MA dose. Expression of striatal PKCα, βI, βII, ζ, and δ was
examined 4 h, 3 d and 14 d after the final MA administration in C57BL/6 mice. The effect
of PKC inhibitors on MA-induced PKCα, βI, βII, ζ, and δ expression was also examined.

No significant difference in PKCα expression was observed between saline/vehicle and MA
treatments. Furthermore, Gö6976 (1.0 or 2.0 μg, i.c.v.), a coinhibitor of PKCα and -β, did
not significantly alter PKC α expression at 4 h, 3d or 14 d after the final MA dose (Fig. 2A).

Treatment with MA appeared to increase PKCβI and PKCβII expression, although this
change was not statistically significant. Neither Gö6976 (2.0 μg, i.c.v.) nor hispidin (3.0 μg,
i.c.v.) significantly altered PKCβI or PKCβII expression at 4 h, 3d or 14 d after the final MA
dose (Fig. 2B, C). Treatment with MA did not significantly induce PKCζ. Furthermore,
PKCζ pseudosubstrate inhibitor (1.5. or 3.0 μg, i.c.v.) did not affect PKCζ expression at 4 h,
3d or14 d after the final MA dose (Fig. 2D).

The duration of the significant MA-induced increase in PKCδ expression was at least 14
days (P < 0.01). Vehicle or rottlerin treatment did not affect PKCδ expression. Rottlerin [1.5
or 3.0 μg, intracerebroventricularly (i.c.v.)] significantly attenuated MA-induced PKCδ
expression in a dose- and time-dependent manner (4 h, 3 d, and 14 d post-MA; Veh + MA
vs. 1.5 μg rottlerin + MA or 3.0 μg rottlerin + MA; P < 0.05 or P < 0.01, respectively; Fig.
2E).

3.2. PKCδ is involved in MA-induced behavioral impairments in mice
Because MA-induced behavioral impairment is, at least in part, related to the dopaminergic
degenerative effects of the drug, we measured locomotor activity and rota-rod performance
in animals treated with various drug combinations (Fig. 3).

Significant decreases in locomotor activity (P < 0.01) and rota-rod performance (P < 0.01)
were observed 3 d after the final MA administration. These decreases persisted [locomotor
activity (P < 0.05) and rota-rod performance (P < 0.05)] for 14 d after the final MA
administration. No significant changes in locomotor activity and rota-rod performance were
observed in the absence of MA. Vehicle treatment did not affect behavioral impairments
induced by MA.

The locomotor activity profile consistently paralleled that of rota-rod performance.
Treatment with rottlerin, a PKCδ inhibitor, blocked these changes in both locomotor activity
and rota-rod performance (3 d after the final MA; Veh + MA vs. 1.5 or 3.0 μg rottlerin +
MA, P < 0.05 or P < 0.01, respectively; 14 d after the final MA; Veh + MA vs. 3.0 μg
rottlerin + MA, P < 0.05).

Because the intracerebroventricular (i.c.v.) route is more effective than the oral (p.o.) route
in obtaining the neuroprotective effects of rottlerin [38], we used an i.c.v. infusion (Fig. 3A,
B). Results were comparable to those in MA-treated PKCδ (–/–) mice (data not shown).
However, treatment with Gö6976 (a PKCα and PKCβ inhibitor), hispidin (a PKCβ
inhibitor), and PKCζ pseudosubstrate inhibitor showed no significant effect on MA-induced
behavioral impairment in mice.
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3.3. Effects of rottlerin on MA-induced increases in DA turnover in the striata of PKCδ (+/+)
mice: comparison with MA-treated PKCδ (–/–) mice

Having shown that MA causes marked changes in PKCδ expression, we then examined the
potential involvement of this isozyme in MA toxicity. MA treatment significantly decreased
striatal DA levels [both at 3 d and 14 d post-MA: P < 0.01 vs. saline-treated PKCδ (+/+)
mice; Fig. 4A]. MA also significantly decreased 3,4-dihydroxyphenylacetic acid (DOPAC;
both at 3 d and 14 d post-MA: P < 0.05 vs. saline-treated PKCδ (+/+) mice; Fig. 4C) and
homovanillic acid (HVA; both at 3 d and 14 d post-MA: P < 0.05 vs. saline-treated PKCδ
(+/+) mice; Fig. 4E). Furthermore, MA induced increases in the striatal DA turnover rate
[(DOPAC + HVA)/DA; both at 3 d and 14 d post-MA: P < 0.01 vs. saline-treated PKCδ (+/
+) mice; Fig. 3G]. Rottlerin or vehicle treatment did not alter DA levels or the DA turnover
rate. Additionally, vehicle treatment did not affect MA-induced dopaminergic (DAergic)
changes. Rottlerin (1.5 or 3.0 μg, i.c.v.) significantly attenuated the MA-induced decrease in
DA and increase in the DA turnover rate in a dose-dependent manner (3 d post-MA; DA:
Veh + MA vs. 1.5 or 3.0 μg rottlerin + MA; P < 0.05 or P < 0.01, respectively; DA turnover
rate: Veh + MA vs. 1.5 or 3.0 μg rottlerin + MA; P < 0.05 or P < 0.01, respectively; 14 d
post-MA; DA: Veh + MA vs. 1.5 or 3.0 μg rottlerin + MA; P < 0.05 or P < 0.01,
respectively; DA turnover rate: Veh + MA vs. 1.5 or 3.0 μg rottlerin + MA; P < 0.05 or P <
0.05, respectively. Fig. 4A, G).

We also used PKCδ knockout (–/–) mice to test whether elimination of the PKCδ gene
protects against the toxic effects of MA. Knockout mice showed a smaller decrease in
striatal DA levels as compared with MA-treated PKCδ (+/+) mice. DA levels in MA-treated
PKCδ (–/–) mice were significantly higher as compared with MA-treated PKCδ (+/+) mice
[both 3 d and 14 d post-MA: MA-treated PKCδ (+/+) vs. MA-treated PKCδ (–/–); P < 0.01;
Fig. 4B]. The MA-induced changes in DA turnover were also attenuated in PKCδ (–/–) mice
[both at 3 d and 14 d post-MA: MA-treated PKCδ (+/+) vs. MA-treated PKCδ (–/–); P <
0.01; Fig. 4H].

3.4. Effects of rottlerin on MA-induced decreases in TH-immunoreactivity (TH-IR), TH
expression, and TH activity in the striata of PKCδ (+/+) mice: comparison with MA-treated
PKCδ (–/–) mice

Having demonstrated that PKCδ inhibition protects against striatal DA depletion, we
examined whether PKCδ inhibition was similarly effective against the effects of MA on TH
protein expression in the mouse striatum. In addition, we examined striatal TH activity using
high-performance liquid chromatography (HPLC).

Figure 5A shows that MA significantly decreased striatal TH immunoreactivity (TH-IR) in
PKCδ (+/+) mice (3 d and 14 d post-MA: Sal + Sal vs. Sal + MA; P < 0.01). The vehicle per
se did not affect the MA-induced significant reduction in TH-IR. Pretreatment with rottlerin
(1.5 or 3.0 μg, i.c.v.) significantly attenuated this MA-induced reduction in TH-IR dose-
dependently (3 d post-MA: Veh + MA vs. 1.5 or 3.0 μg rottlerin + MA; P < 0.05 or P <
0.01, respectively; 14 d post-MA: Veh + MA vs. 1.5 or 3.0 μg rottlerin + MA; P < 0.05 or P
< 0.05, respectively; Fig. 5A). MA-induced reductions in TH-IR in the striatum were
consistently less pronounced in PKCδ (–/–) mice [3 d or 14 d post-MA: MA-treated PKCδ
(+/+) vs. MA-treated PKCδ (–/–); P < 0.01 or P < 0.05; Fig. 5B].

Western blot analyses were used to further evaluate the effects of MA on TH protein
expression. The reduction in TH expression caused by MA was attenuated by rottlerin
treatment (Fig. 5C) and in PKCδ (–/–) mice (Fig. 5D).
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As previously reported [57], MA injections markedly reduced TH activity (Fig. 5E, F). In
terms of striatal TH activity, inhibition of PKC by rottlerin (Fig. 5E) and decreased PKCδ
expression in PKCδ (–/–) mice (Fig. 5F) both provided protection against MA-induced
decreases in TH activity.

3.5. Effects of rottlerin on MA-induced decreases in the expression of dopamine
transporter (DAT) and vesicular monoamine transporter2 (VMAT2) in the striata of PKCδ
(+/+) mice: comparison with MA-treated PKCδ (–/–) mice

DAT, a transmembrane protein, is involved in clearing dopamine from the synapse and
returning it to the presynaptic terminals. VMAT2 transports dopamine, serotonin, and
norepinephrine from the cytoplasm into specialized secretory vesicles. Using Western
blotting, a previous study demonstrated that chronic MA users exhibited deficits in
dopaminergic terminal markers [58]. Another study demonstrated the essential role that DA
terminal markers play in MA-induced neurotoxicity [59], suggesting the importance of the
balance between DAT- and VMAT2-mediated transport as a determinant of cell
vulnerability to MA.

The MA-induced change in DAT and VMAT2 expression in the synaptosomal fraction of
the striatum is shown in Figure 6. Treatment with MA resulted in a significant decrease in
DAT expression. This decrease lasted at least 14 d after the final MA (4 h, 3 d, or 14 d post-
MA: Sal + Sal vs. Sal + MA; P < 0.05, P < 0.01, or P < 0.01, respectively). Neither vehicle
nor rottlerin significantly altered DAT expression in the absence of MA. Vehicle treatment
did not alter MA-induced inhibition of DAT expression. Treatment with rottlerin
significantly attenuated MA-induced inhibition of DAT expression (4 h post-MA: Veh +
MA vs. 3.0 μg rottlerin + MA; P < 0.05; 3 d and 14 d post-MA: 1.5 or 3.0 μg rottlerin +
MA; P < 0.05 or P < 0.01, respectively, Fig. 6A). MA-induced reduction in DAT expression
was consistently less pronounced in PKCδ (–/–) mice [4 h, 3 d, or 14 d post-MA: MA-
treated PKCδ (+/+) vs. MA-treated PKCδ (–/–); P < 0.05, P < 0.01 or P < 0.01, respectively;
Fig. 6B]. The profile of the DAT results consistently paralleled that of the VMAT2 results
(Fig. 6 C and D).

3.6. Effects of rottlerin on MA-induced increases in TUNEL-positive apoptotic cells in the
striata of mice

Earlier reports demonstrated that MA induces apoptotic cell death in striatal neurons. In the
present study, we chose TUNEL staining (labeling by TUNEL marks the occurrence of
DNA fragmentation, which occurs late in the apoptosis process) because some apoptosis
was recognized to occur independently of caspase-3 activation, an early marker of apoptosis
[60, 61]. Unexpectedly, we failed to observe MA-induced TUNEL-positive cells in the
striatum of PKCδ (+/+) mice. Few PKCδ (+/+) mice exhibited TUNEL-positive cells at 12
h, 1 d, or 3 d after the final MA administration [i.e., four injections of 8 mg/kg MA,
intraperitoneally (i.p.), at 2-h intervals or a single injection of MA (ranging from 20–40 mg/
kg)]. Thus, according to Zhu et al. [62, 63], we used 10-week-old male ICR mice (Taconic
Farms, Inc., Samtako Bio Korea, O-San, South Korea). Because apoptotic cell death became
detectable at a dose of 20 mg/kg of MA and reached a significant level at 35 mg/kg in our
pilot study, a 35-mg/kg dose of MA was chosen for the present study. We also sacrificed
animals 1 d after MA administration [62, 63]. Two animals out of 15 died within 1 d after
receiving MA. Figure 7 shows representative photomicrographs of TUNEL-positive cells
from the striatum of MA-treated mice with or without rottlerin. Weak TUNEL staining was
observed in the absence of MA. Vehicle treatment did not significantly affect MA-induced
TUNEL-positive cells. Treatment with MA resulted in a significant increase in TUNEL-
positive cells (P < 0.01). No MA-treated animal died in the presence of rottlerin. Treatment
with rottlerin significantly decreased TUNEL-positive cells dose-dependently (Veh + MA
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vs. 1.5 or 3.0 μg rottlerin + MA; P < 0.05 or P < 0.01, respectively; 1.5 μg rottlerin + MA
vs. 3.0 μg rottlerin + MA; P < 0.05; Fig. 7).

3.7. Effects of rottlerin on MA-induced oxidative stress in the striata of PKCδ (+/+) mice:
comparison with MA-treated PKCδ (–/–) mice

Figure 8 shows the changes in lipid peroxidation (as shown by 4-HNE expression and MDA
level) and protein oxidation (as shown by protein carbonyl expression and protein carbonyl
content). The levels of the lipid peroxidation and protein oxidation did not alter without MA
treatment.

MDA and protein carbonyl content increased significantly in PKCδ (+/+) mice at 4 h after
the final MA dose (both MDA and carbonyl; Sal + Sal vs. Sal + MA; P < 0.01). These
increases remained apparent 3 days later (both MDA and carbonyl; Sal + Sal vs. Sal + MA;
P < 0.05). Pretreatment with rottlerin (1.5 or 3.0 μg, i.c.v.) significantly attenuated MA-
induced oxidative stress in a dose-dependent manner (both time points in the levels of MDA
and carbonyl; 4 h post-MA: Sal + MA vs. rottlerin 1.5 or 3.0 μg + MA, P < 0.05 or P < 0.01,
respectively; 3 days post-MA: Sal + MA vs. rottlerin 1.5 or 3.0 μg + MA, P < 0.05 or P <
0.05). MA-induced increases in oxidative damage in the striatum were consistently less
pronounced in PKCδ knockout mice [4 h post-MA: MA-treated PKCδ (+/+) vs. MA-treated
PKCδ (–/–), P < 0.01; 3 days post-MA: MA-treated PKCδ (+/+) vs. MA-treated PKCδ (–/–),
P < 0.05]. The attenuation of oxidative damage in rottlerin-treated PKCδ (+/+) mice was
comparable to that observed in knockout mice (Fig. 8A–D). Slot blot analyses were used to
further evaluate the effects of MA on 4-HNE and protein carbonyl expression. MA-induced
increases in the expression of these markers were attenuated by rottlerin treatment and in
PKCδ (–/–) mice (Fig. 8E–H). Thus, the biochemical assessment of MDA and protein
oxidation consistently paralleled our slot blot analysis of HNE and protein carbonyl content.
Furthermore, both rottlerin and PKCδ gene knockout attenuated ROS formation induced by
MA (data not shown). All values of lipid peroxidation [as shown by 4-hydroxynonenal (4-
HNE) expression and the malondialdehyde level] and protein oxidation (as shown by protein
carbonyl expression and protein carbonyl content) returned to near control levels 14 d after
the final MA administration.

Discussion
The present study demonstrates that treatment with high doses of MA resulted in selective
increases in PKCδ expression in the striatum as compared with other isozymes, including
PKCα, βI, βII, or PKCζ. Genetic inhibition (gene knockout) of PKCδ or use of the
pharmacological inhibitor of PKCδ rottlerin significantly attenuated MA-induced increases
in striatal DA turnover, behavioral impairments (as shown by reductions in locomotor
activity and rota-rod performance), and decreases in striatal DA terminal markers (i.e., TH,
DAT, and VMAT2). Moreover, PKCδ inhibition effectively blocks oxidative stress and
apoptosis (as shown by TUNEL staining) induced by high doses of MA. Our results are
highly significant in that they provide insight into the roles of oxidative stress and DA
terminal loss in the poorly understood mechanism underlying MA-mediated
neurodegeneration. Our findings also suggest that PKCδ may be an attractive target for the
development of neuroprotective strategies against MA-induced DAergic degeneration.

Interestingly, in mice, the neurotoxic effect of MA appears to be specifically against the
nigrostriatal DAergic system [51, 64, 65]. The influence of MA-induced neurochemical and
histopathological changes on the motor behavior of animals has not yet been systemically
studied, although we recently demonstrated MA-induced behavioral deficits in mice [39].
Because of similarities between the neuropathological profiles of high-dose MA treatment in
rodents and Parkinson's disease in humans, it was hypothesized that neurotoxic doses of MA
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may lead to behavioral deficits in rodents. The present study showed that MA treatment
significantly altered behavioral activity in wild-type mice, but not in rottlerin-treated or
PKCδ knockout (–/–) mice. Several investigators have demonstrated a significant correlation
between the reduction in behavioral activity and degree of striatal DA loss [39, 66, 67].
Typically, these studies demonstrated that pronounced impairments in behavioral responses
occur after reducing the striatal DA content by 85% or more. In the present study, overt
impairment of behavioral activity was noted after a reduction of only 68% in wild-type
mice. Our data suggest that MA treatment produced a moderate behavioral deficit, although
its intensity was less than that induced by treatment with 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) [51, 65]. Thus, our results suggest that MA may be useful as a
laboratory tool for modeling basal ganglia dysfunction in rodents and that overexpression of
PKCδ may contribute to MA-induced behavioral deficits by an unknown mechanism.

Accumulating evidence has suggested that PKCs are sensitive targets for redox modification
and functional alterations that mediate oxidant-induced cellular responses [24, 25, 68].
Similar to those studies, Nitti et al. [27] confirmed the relationship between PKCδ activation
and ROS generation in an in vitro model. Domenicotti et al. [69] demonstrated that rottlerin
acts as a free radical scavenger in glutathione-depleted neuroblastoma cells, protecting them
from ROS-mediated apoptosis [69]. Nitti et al. [27] also demonstrated that rottlerin exerts
protective effects comparable to those induced by α-tocoperol, counteracting apoptotic
commitment and completely preventing alterations in the intracellular redox balance.

An earlier report demonstrated that DA-dependent oxidative stress may be the initial event
in MA neurotoxicity [70]. DA oxidation has been implicated in MA toxicity by experiments
showing that in vivo administration of antioxidants, such as ascorbate and vitamin E, inhibit
MA-induced reduction in brain levels of DA [71]. DA auto-oxidation leads to the formation
of reactive quinone derivatives, hydrogen peroxide, and free radicals [72, 73]. Thus,
intracellular DA-dependent oxidative stress may be sufficient to explain the selective MA
toxicity for DA terminals.

DAergic signaling involves a delicate balance between DA release and re-uptake by the pre-
synaptic nerve terminal. Normally, neuronal activation promotes vesicular release of DA
into the synapse. DAT removes DA from the synapse and VMAT2 transports cytoplasmic
DA into vesicles for storage, release, and protection from oxidation and reactive
consequences. Accordingly, DAT and/or VMAT2 dysfunction may have neurotoxic
consequences that result in damage to DAergic neurons [74]. Possible structural changes
causing the present DAT effects may be the result of MA-induced ROS, because DATs are
among the neuronal components that are especially susceptible to oxidative damage and
ROS are formed after MA administration [75]. Increasing VMAT2 expression has been
reported to reduce apoptosis after MA exposure and decreasing VMAT2 rendered cultured
midbrain neurons more vulnerable to DAergic toxicity [76]. Additionally, increasing the
expression of VMAT2 in vivo can mitigate the oxidative stress and gliosis caused by MA
[77].

At 7 d after high doses of MA, Granado et al. [78] observed a significant decrease in DAT
expression in mice, while another report [45] at the same time point demonstrated a
significant decrease in VMAT2 expression in rats. In our study, DAT- and VMAT2-
expression remained lowered until 14 d after the final MA administration. PKCδ inhibition
consistently and significantly attenuated the reductions in DAT and VMAT2 expression
induced by MA. Although MA treatment produced an early stage of oxidative stress, ROS
returned to near control levels 14 days later. Thus, these results may reflect an early stage of
oxidative stress precipitating a cascade of events leading to PKCδ-activated DA terminal
damage following MA toxicity. However, the underlying mechanism remains to be
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determined, although we cannot exclude the possibility of certain positive effects modulated
by astrocytic antioxidant potentials or unknown neurotrophic substances [79, 80].

In addition to its toxic effects on monoaminergic terminals, MA can also cause cell death via
both apoptotic and necrotic mechanisms [8, 81-83]. In earlier work, brain regions were
evaluated for the presence of cytoskeletal structural protein proteolysis as markers for
necrotic and apoptotic cell death after MA injections [84]. Significant increases were
observed in the breakdown product levels of αII-spectrin and MAP-τ, which are thought to
indicate neuronal cell death processes [85, 86]. These breakdown products suggest that MA
causes activation of pro-apoptotic caspase-3 and pro-necrotic calpain-1 [10, 84].

Several studies have demonstrated the induction of TUNEL-positive apoptotic cells in the
cortex and striatum of rodents by MA [62, 87-91]. A previous study demonstrated that MA-
induced apoptosis (TUNEL) peaks at 24 h, while we showed here that depletion of DA
terminal markers (TH, DAT, and VMAT2) was more pronounced at 3 d after the final MA
administration; that is, MA-induced apoptosis (and oxidative stress) precedes DA terminal
toxicities. It is well recognized that reactive oxygen species directly modulate PKCδ activity
and that caspase-3-dependent proteolytic activation of PKCδ mediates as well as regulates
apoptotic cell death in DAergic cells. Thus, a positive feedback amplification loop exists
between PKCδ-mediated oxidative/apoptotic responses and altered circumstances of the DA
terminal, which may enhance DAergic toxicity induced by MA. Conversely, as
demonstrated by others [83], we observed in some cases (data not shown) the peak of MA-
induced apoptosis of some striatal neurons at 3 d after MA administration. One plausible
explanation for this discrepancy may be related to age, the species of mice, as well as MA
doses [63].

Several reports have suggested a direct correlation between MA-induced hyperthermia and
the severity of DAergic neurotoxicity in mice [92-94]. Similarly, our recent report showed
that PKCδ activation may be, at least in part, a factor in MA-induced hyperthermia [9].
However, pretreatment with reserpine, a drug known to produce hypothermia, does not
prevent MA-induced neurotoxicity [95, 96]. Moreover, reserpine-stimulated elevations in
striatal cytoplasmic DA levels produce an increase in cytoplasmic levels of highly reactive
5-S- cysteinyldopamine, a product of DA oxidation [97], and potentiate MA-induced
dopaminergic degeneration [96], suggesting that hyperthermia cannot be the sole mediator
of MA toxicity, and that factors other than thermal responses can contribute to its neurotoxic
effects [98].

Similar to our data, Zhang et al. [99] provided evidence that rottlerin treatment rescues TH+

neurons from 1-methyl-4-phenylpyridinium (MPP+)-induced neurotoxicity in vitro. Further
studies in animal models revealed that rottlerin effectively attenuates MPTP-induced
increases in PKCδ kinase activity in mice. Furthermore, rottlerin administration (20 mg/kg,
p.o.) attenuated neurochemical depletion and locomotor activity in MPTP-treated animals,
demonstrating protection against both behavioral and neurochemical deficits. Rottlerin
treatment (20 mg/kg, p.o.) also protected against MPTP-induced nigral loss of TH neurons,
revealing a neuroprotective effect. These results are, at least in part, in line with ours,
reflecting a role for PKCδ in MA-induced dopaminergic toxicity, although it is
acknowledged that pharmacological differences may exist with regard to DAergic toxicity
caused by MPTP vs. MA [51, 65, 100].

Although many earlier studies have used rottlerin as a PKCδ-selective inhibitor [23, 99,
101-104], recent studies have demonstrated that rottlerin might not act directly on PKCδ, but
rather induce cellular changes that mimic those produced by the direct inhibition of PKCδ
[105–107]. However, the effects of rottlerin were comparable to those of PKCδ gene
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knockout in our study. Thus, it is possible that rottlerin mimicked the inhibition of PKCδ
activity in our experimental circumstances. However, the additional neuropharmacological
effects of rottlerin remain to be elucidated.

In conclusion, we suggest that MA-induced PKCδ overexpression impairs the striatal
dopaminergic system as well as behavioral activity, and that genetic or pharmacological
inhibition of PKCδ blocks oxidative stresses (i.e., lipid peroxidation and protein oxidation),
apoptosis and DA terminal damage induced by MA. Finally, we propose that genetic
depletion or pharmacological inhibition of PKCδ may offer novel therapeutic strategies
against striatal toxicity induced by DAergic neurotoxins such as MA.
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Fig. 1.
Experimental schedule to evaluate the effect of PKC inhibitors (A) or PKCδ gene knockout
(B) on dopaminergic toxicity induced by methamphetamine (MA) in mice and to evaluate
the effect of rottlerin, a PKCδ inhibitor (C), on apoptosis induced by MA. PKCδ (+/+) or
PKCδ (−/−) mice received four injections of MA hydrochloride [8 mg/kg, intraperitoneally
(i.p.), at 2-h intervals] or saline. Behavioral assessments were performed 3 d and 14 d after
the final MA injection. Mice were sacrificed immediately for neurochemical evaluations
after behavioral assessments. Additional mice were sacrificed 4 h after the final MA
injection to evaluate the expression of PKC isozymes as well as DA terminal and oxidative
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stress markers. (A and B). ICR mice received a single injection of MA (35 mg/kg, i.p.) and
were sacrificed 1 d after the treatment to determine the effect of rottlerin on apoptosis
induced by MA (C).
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Fig. 2.
Changes in protein expression of PKCα (A), PKCβI (B), PKCβII (C), PKCζ (D), and PKCδ
(E) in the mouse striatum at 4 h, 3 d, and 14 d after the final methamphetamine (MA)
administration. Sal + Sal = saline, intracerebroventricularly (i.c.v.) + saline (i.p.). Vehicle
(10% DMSO) = Veh. Veh + Sal = vehicle (i.c.v.) + saline (i.p.); Sal + MA = saline (i.c.v.) +
MA (i.p.). Veh + MA = vehicle (i.c.v.) + MA (i.p.). Gö 1.0 or Gö 2.0 = Gö6976 at a dose of
1.0 or 2.0 μg, i.c.v.; His 3.0 = hispidin at a dose of 3.0 μg, i.c.v.; PKCζ PS 1.5 or PKCζ PS
3.0 = PKCζ pseudosubstrate inhibitor at a dose of 1.5 or 3.0 μg, i.c.v.; Rott 1.5 or Rott 3.0 =
rottlerin at a dose of 1.5 or 3.0 μg, i.c.v.. Each value is the mean ± standard error of the
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mean (S.E.M.) of 6 to 10 animals. *P < 0.01 vs. Sal + Sal. #P < 0.05, ##P < 0.01 vs. Veh +
MA (one-way ANOVA followed by Fisher's PLSD test).
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Fig. 3.
Effects of Gö6976 (a co-inhibitor of PKCα and -β), hispidin (a PKCβ inhibitor), PKCζ
pseudosubstrate inhibitor (a PKCζ inhibitor), and rottlerin (a PKCδ inhibitor) on locomotor
activity (A) and rota-rod performance (B) 3 d and 14 d after the final methamphetamine
(MA) treatment. Sal + Sal = saline (i.c.v.) + saline (i.p.); Vehicle (10% DMSO) = Veh. Veh
+ Sal = vehicle (i.c.v.) + saline (i.p.). Sal + MA = saline (i.c.v.) + MA (i.p.). Veh + MA =
vehicle (i.c.v.) + MA (i.p.). Gö 1.0 or Gö 2.0 = Gö6976 at a dose of 1.0 or 2.0 μg, i.c.v.; His
3.0 = hispidin at a dose of 3.0 μg, i.c.v.; PKCζ PS 1.5 or PKCζ PS 3.0 = PKCζ
pseudosubstrate inhibitor at a dose of 1.5 or 3.0 μg, i.c.v.; Rott 1.5 or Rott 3.0 = rottlerin at a
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dose of 1.5 or 3.0 μg, i.c.v.. Each value is the mean ± S.E.M. of 12–18 animals. *P < 0.01
vs. Sal + Sal. #P < 0.05, ##P < 0.01 vs. Veh + MA (one-way ANOVA followed by Fisher's
PLSD test).
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Fig. 4.
Effect of rottlerin (A, C, E, and G) or PKCδ gene knockout (B, D, F, and H) on changes in
dopamine (A and B), 3,4-dihydroxyphenylacetic acid (DOPAC; C and D), homovanillic
acid (HVA; E and F), and the dopamine turnover rate (G and H) in the mouse striatum 3 d
and 14 d after the final methamphetamine (MA) administration. Sal = Saline. Vehicle (10%
DMSO) = Veh. Rott 1.5 or Rott 3.0 = rottlerin, a PKCδ inhibitor at a dose of 1.5 or 3.0 μg,
i.c.v.. Each value is the mean ± standard error of the mean (S.E.M.) of six animals. *P <
0.05, **P < 0.01 vs. corresponding saline-treated mice. #P < 0.05, ##P < 0.01 vs. Veh + MA-
or MA-treated PKCδ (+/+) mice (one-way ANOVA followed by Fisher's PLSD test).
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Fig. 5.
Effect of rottlerin (1.5 or 3.0 μg, i.c.v.; A, C, and E) or PKCδ gene knockout (B, D, and F)
on the decrease in tyrosine hydroxylase (TH) immunoreactivity (IR; A and B), TH protein
expression (C and D), and TH activity (E and F) in the mouse striatum 3 d and 14 d after the
final methamphetamine (MA) administration. Sal = Saline. Vehicle (10% DMSO) = Veh.
Rott 1.5 or Rott 3.0 = rottlerin, a PKCδ inhibitor at a dose of 1.5 or 3.0 μg, i.c.v.. Each value
is the mean ± standard error of the mean (S.E.M.) of 6 to 10 animals. *P < 0.05, **P < 0.01
vs. corresponding saline-treated mice. #P < 0.05, ##P < 0.01 vs. Veh + MA- or MA-treated
PKCδ (+/+) mice (one-way ANOVA followed by Fisher's PLSD test).
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Fig. 6.
Effect of rottlerin (1.5 or 3.0 μg, i.c.v.; A and C) or PKCδ gene knockout (B and D) on the
decrease in dopamine transporter (DAT) (A and B) and vesicular monoamine transporter 2
(VMAT2) (C and D) protein expression in the synaptosomal fraction of the mouse striatum
at 4 h, 3 d, and 14 d after the final methamphetamine (MA) administration. Sal = Saline.
Vehicle (10% DMSO) = Veh. Rott 1.5 or Rott 3.0 = rottlerin, a PKCδ inhibitor at a dose of
1.5 or 3.0 μg, i.c.v.. Each value is the mean ± standard error of the mean (S.E.M.) of 6 to 10
animals. *P < 0.05, **P < 0.01 vs. corresponding saline-treated mice. #P < 0.05, ##P < 0.01
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vs. Veh + MA- or MA-treated PKCδ (+/+) mice (one-way ANOVA followed by Fisher's
PLSD test).
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Fig. 7.
Effect of rottlerin (1.5 or 3.0 μg, i.c.v.) on methamphetamine (MA)-induced apoptosis in
mice. Mice received a single injection of MA at 35 mg/kg (i.p.) and were sacrificed at 1 d
after methamphetamine (MA) treatment. Representative photomicrographs of terminal
deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL)-positive neurons
in the striatum of mice treated with MA. M = magnification. Scale bar = 200 μm (A).
TUNEL-positive cells were counted as described (54) (B). Sal = Saline. Vehicle (10%
DMSO) = Veh. Rott 1.5 or Rott 3.0 = rottlerin, a PKCδ inhibitor at a dose of 1.5 or 3.0 μg,
i.c.v.. Each value is the mean ± standard error of the mean (S.E.M.) of six animals. **P <
0.01 vs. corresponding saline-treated mice. #P < 0.05, ##P < 0.01 vs. Veh + MA-treated
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PKCδ (+/+) mice, &P < 0.05 vs. 1.5 μg rottlerin + MA-treated PKCδ (+/+) mice (one-way
ANOVA followed by Fisher's PLSD test).
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Fig. 8.
Effect of rottlerin (1.5 or 3.0 μg, i.c.v.; A, C, E, and G) or PKCδ gene knockout (B, D, F,
and H) on changes in lipid peroxidation [as shown by the malondialdehyde level (A and B)
and 4-HNE expression (E and F)] and protein oxidation [as shown by protein carbonyl
content (C and D) and protein carbonyl expression (G and H)] in the mouse striatum at 4 h,
3 d, and 14 d after the final methamphetamine (MA) administration. Sal = Saline. Vehicle
(10% DMSO) = Veh. Rott 1.5 or Rott 3.0 = rottlerin, a PKCδ inhibitor at a dose of 1.5 or 3.0
μg, i.c.v.. Each value is the mean ± standard error of the mean (S.E.M.) of 6 to 10 animals.
*P < 0.05, **P < 0.01 vs. corresponding saline-treated mice. #P < 0.05, ##P < 0.01 vs. Veh +
MA- or MA-treated PKCδ (+/+) mice (one-way ANOVA followed by Fisher's PLSD test).
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