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Abstract

Methamphetamine (METH) is a central nervous system psychostimulant with a high potential for 

abuse. At high doses, METH causes a selective degeneration of dopaminergic terminals in the 

striatum, sparing other striatal terminals and cell bodies. We previously detected a deficit in parkin 

after binge METH in rat striatal synaptosomes. Parkin is an ubiquitin-protein E3 ligase capable of 

protecting dopamine neurons from diverse cellular insults. Whether the deficit in parkin mediates 

the toxicity of METH and whether parkin can protect from toxicity of the drug is unknown. The 

present study investigated whether overexpression of parkin attenuates degeneration of striatal 

dopaminergic terminals exposed to binge METH. Parkin overexpression in rat nigrostriatal 

dopamine system was achieved by microinjection of adeno-associated viral transfer vector 2/6 

encoding rat parkin (AAV2/6-parkin) into the substantia nigra pars compacta. The microinjections 

of AAV2/6-parkin dose-dependently increased parkin levels in both the substantia nigra pars 

compacta and striatum. The levels of dopamine synthesizing enzyme, tyrosine hydroxylase, 

remained at the control levels; therefore, tyrosine hydroxylase immunoreactivity was used as an 

index of dopaminergic terminal integrity. In METH-exposed rats, the increase in parkin levels 

attenuated METH-induced decreases in striatal tyrosine hydroxylase immunoreactivity in a dose-

dependent manner, indicating that parkin can protect striatal dopaminergic terminals against 

METH neurotoxicity.
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Introduction

Methamphetamine (METH) is a psychostimulant drug, which is widely abused in the United 

States and worldwide. When taken at high doses, METH has toxic effects on the 

dopaminergic (DAergic) system in the brain in experimental animals and humans. In rats, 

administration of binge high-dose METH causes persistent deficits in DAergic markers in 

striatal DAergic terminals but has little effect on other DAergic nerve endings, such as those 

terminating in the nucleus accumbens (Broening, et al., 1997, Cass, 1997, Haughey, et al., 

1999, Morgan and Gibb, 1980), and on DA cell bodies in the substantia nigra pars compacta 

(SNc) from which striatal DAergic terminals originate (Harvey, et al., 2009, Hotchkiss and 

Gibb, 1980, Ricaurte, et al., 1982). Chronic METH users do not display classic Parkinsonian 

motor impairments; however, they are at higher risk for developing Parkinson’s disease 

(PD) than non-users (Callaghan, et al., 2010, Callaghan, et al., 2011). Abuse of high doses of 

METH can cause impairment of cognitive skills, agitation, violent behavior, anxiety, 

confusion, and paranoia. Despite years of active research in the area of METH abuse and its 

related neurotoxicity, to date, there are no specific medications that counteract the damaging 

effects of METH on the brain. Thus, there is a compelling need to discover new molecular 

drug targets in order to develop novel pharmaceuticals that can protect the CNS from the 

toxic effects of acute METH overdose.

Parkin is an ubiquitin-protein E3 ligase; its primary function is to add polyubiquitin chains 

to proteins destined for degradation by the 26S proteasome (Moore, 2006, Shimura, et al., 

2000, Zhang, et al., 2000). A decrease in parkin function leads to toxic accumulation of 

unwanted proteins and has been implicated in the etiology of various neurodegenerative 

disorders, including PD (Buneeva and Medvedev, 2006, Lim, 2007, Olzmann, et al., 2008). 

Conversely, overexpression of parkin protects DA neurons against a variety of cellular 

insults in vitro and in vivo, most importantly against those involved in mediating METH 

neurotoxicity, such as DA-induced oxidative stress, inhibition of mitochondrial function, 

and impairment of the proteasome (Darios, et al., 2003, Jiang, et al., 2012, Jiang, et al., 

2004, Kirik and Bjorklund, 2005, Lo Bianco, et al., 2004, Oluwatosin-Chigbu, et al., 2003, 

Petrucelli, et al., 2002, Yang, et al., 2005, Yang, et al., 2011). These findings suggest the 

importance of parkin in the functioning and maintenance of DA neurons.

Our previous in vivo study demonstrated that binge METH was followed by a rapid decrease 

in parkin levels in rat striatal synaptosomes, which persisted for a minimum of 24 h after 

METH administration (Moszczynska and Yamamoto, 2011). Whether the deficit in parkin 

mediates the toxicity of METH is not known and no studies, to date, have examined whether 

parkin could protect DAergic terminals against neurotoxicity of the drug. Thus, the major 

aim of the present study was to determine whether overexpression of parkin in the 

nigrostriatal DA system protects DAergic terminals in the striatum against binge high-dose 

METH. In order to gain further insight into the role of parkin in METH neurotoxicity and 

potential mechanisms of parkin neuroprotection, we also investigated the effects of parkin 

overexpression on the levels of tyrosine hydroxylase (TH) (a rate-limiting enzyme in DA 

synthesis), the activity of 20S proteasome, and METH-induced hyperthermia. We are the 

first to report that the overexpression of parkin in the nigrostriatal DA system attenuates 

METH toxicity to striatal DAergic terminals in a dose-dependent manner. These results, 
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together with our previous findings, suggest that a parkin deficit mediates, in part, toxicity of 

METH to striatal DAergic terminals in vivo.

Materials and Methods

Animals

Adult male Sprague-Dawley rats (Harlan, Indianapolis, IN, USA) weighing 175-220 g at the 

time of the arrival were housed two per cage under a 12h light/dark cycle in a temperature-

controlled room (21-23°C). Food and water were available ad libitum. Temperature of the 

rats was measured via a rectal probe digital thermometer (Thremalert TH-5; Physitemp 

Instruments, Clifton, NJ, USA). All animal procedures were conducted in strict accordance 

with the NIH Guide for Care and Use of Laboratory Animals and approved by the 

Institutional Animal Care and Use Committee at Wayne State University (# A 06-03-10). 

All surgery was performed under anesthesia, and all efforts were made to minimize 

suffering of animals.

Adeno-associated viral transfer vectors

The AAV2/6 gene transfer vectors, non-coding AAV2/6 (with a DNA segment cloned 

upstream of the pgk promoter to adapt the size of vector genome to AAV packaging 

capacity) and rat parkin-encoding AAV2/6 (AAV2/6 and AAV2/6-parkin), were kindly 

gifted by Dr. Patrick Aebischer at Swiss Federal Institute of Technology Lausanne (EPFL), 

Switzerland. The cDNA encoding rat parkin was cloned into the pAAV-pgk-MCS transfer 

vector, and serotype 6 adeno-associared viral particles (AAV2/6) were produced and titered 

as described previously (Dusonchet, et al., 2009). The virus titers for AAV2/6-parkin and 

non-coding AAV2/6 were 4.7×1010 TUs/ml (transducing units/mL) and 4.4×1010 TUs/ml, 

respectively. Virus-containing suspensions of 1×107 or 2×107 TUs in 2 μL volume were 

microinjected into the brain.

Experimental Design

Following 1 week of acclimation, rats were stereotaxically injected with non-coding (1×107 

or 2×107 TUs) or parkin-coding (1×107 or 2×107 TUs) transfer vector suspensions into the 

left SNc. After 3 weeks, the rats were sacrificed by decapitation without treatment or treated 

with binge METH or saline and sacrificed by perfusion a week later. Dissected or sliced 

brains were stored at −80°C until assayed. The untreated rats were used for validation and 

evaluation of parkin overexpression in the nigrostriatal system and for evaluation of its 

effects on activity of the 20S proteasome. Saline- and METH-treated rats were used to 

assess the effects of parkin-overexpression on the extent of METH toxicity and for 

evaluation of METH-induced hyperthermia. TH levels were assessed at 3 weeks after 

microinjections (western blotting) and at 4 weeks after microinjections 

(immunohistochemistry). The experimental design is illustrated in Fig.1.

Stereotaxic surgery

Rats were anesthetized with an intraperitoneally (i.p.) administered mixture of xylazine (20 

mg/ml) and ketamine hydrochloride (100 mg/ml). When necessary, supplementary doses of 

ketamine were administered to maintain surgical levels of anesthesia. AAV2/6 vectors 
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(AAV2/6 or AAV2/6-parkin) were unilaterally injected into the left SNc with the following 

coordinates: −5.6 mm (AP), −2 mm (ML), −7.6 mm (V) from the dura according to the 

Paxinos and Watson’s rat brain atlas. Viral suspensions were injected with a 5 μl Hamilton 

syringe at a rate of 0.15 μL/min using a syringe pump (Harvard Apparatus, Holliston, MA, 

USA). The syringe was left in place for 5 minutes at −7.6 mm than withdrawn to −6.6 mm 

and −5.5 mm, staying in each location for 5 minutes, then raised slowly out of the brain over 

2 minutes.

Methamphetamine administration

Three weeks after AAV2/6 or AAV2/6-parkin microinjection, rats were randomly divided 

into two groups and injected (i.p.) with either (+)methamphetamine hydrochloride (Sigma-

Aldrich, St. Louis, MO, USA) (7.5 mg/kg × 4) or vehicle saline (1mL/kg × 4) at 2 hours 

intervals. This METH regimen produces a marked neurotoxic effect to the DAergic 

terminals in rats (Tata, et al., 2007). Each treatment group was composed of 5-7 animals. 

Rectal temperature was taken at 1 hour after each saline and METH injection.

Immunohistochemistry

One week after binge high-dose METH or saline treatment, rats were anesthetized with a 

mixture of xylazine and ketamine hydrochloride and transcardially perfused with 0.01M 

phosphate buffer solution (PBS) at pH 7.4 and 4% paraformaldehyde in 0.01M PBS. Brains 

were removed and postfixed in 4% paraformaldehyde for 2 hours and then placed in 10% 

glycerol and 20% glycerol at 4°C for overnight. Brains were frozen in isopentane and kept at 

−80°C for further immunohistochemistry procedures.

Coronal brain sections (30 μm-thick) from the entire SNc and a large part of the striatum 

were sliced on a cryostat (Thermo Fisher Scientific Inc. Waltham, MA) and collected in 6-

well plate, every 6th section per well. Sections containing the SNc and striatum were 

selected according to Paxinos & Watson’s rat brain atlas, with the rostro-caudal extent of the 

SNc being between −4.8 mm and −6.12 mm and the rostro-caudal extent of the striatum 

being between +2.16 mm and −0.24 mm with respect to Bregma. Free-floating staining 

procedures were conducted to reveal TH and/or parkin using an immunoperoxidase or 

immunofluorescence techniques. Briefly, sections were washed in PBS-Triton X-100 (0.2%) 

for 3×10 min. Brain sections were then rinsed in 0.3% hydrogen peroxide to quench the 

endogenous peroxide. Citrate buffer (1x) was used to retrieve parkin antigen during parkin 

staining process. After blocking the unspecific binding with 5% normal goat serum (NGS) 

in PBS-Triton X-100, sections were incubated in rabbit anti-TH (Ab152, 1:2000, Millipore 

Co., Billerica, MA) or rabbit anti-parkin (AB5112, 1:1000, Millipore Co.) antibodies at 4°C 

overnight. Sections were then incubated in biotinylated goat anti-rabbit antibody (BA1000, 

Vector Laboratories Inc., Burlingame, CA) diluted 1:200 in 5% NGS-PBS-Triton-X100. 

The biotinylated antibody was detected using ABC kit (PK-6100, Vector Laboratories) and 

revealed by peroxidase reaction with diaminobenzidine (DAB) as the chromagen. Sections 

were mounted onto the slides, dehydrated through a series of dilutions of ethanol (70%, 95% 

and 100%), cleared with xylene and coversliped. For the fluorescence multiple labeling, 

sections were incubated in mouse anti-TH (MAB318, 1:2000, Millipore Co., Billerica, MA) 

and rabbit anti-parkin (AB5112, 1:1000, Millipore Co.) antibodies at 4°C overnight, and 
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then incubated in Alexa Fluor 488 goat anti-mouse and Alexa Fluor 596 goat anti-rabbit 

secondary antibodies (Invitrogen Co., Carlsbad, CA) at a dilution of 1:200 in PBS-Triton-

X-100 for 2 hours at room temperature. After counterstaining in DAPI (300 nM), brain 

sections were mounted and coversliped. In the control incubation, the primary or 

biotinylated secondary antibodies were individually omitted; it demonstrated that the 

immunoreaction could not be a result of non-specific reactivity. To distinguish between 

injected and non-injected hemisphere on floating sections, small hole was made with a 

needle through the left cortex in each brain before its cryosectioning.

Every 6th section containing the SNc was immunostained with an immunoperoxidase or 

immunofluorescence method and examined for parkin immunoreactivity. Three or five 

representative sections per rat were used in quantifications. Nigral sections stained using the 

immunoperoxidase procedure were examined with EVOS xl microscope (Advanced 

Microscopy Group, Bothell, WA). Parkin-immunoreactive neurons in the SNc from 3 

representative sections per rat (n=5-6 rats) were counted in 3 equal-size non-overlapping 

10× microscopic fields per section. The numbers of parkin-immunoreactive cells from nine 

locations per rat (3 fields per section × 3 sections per rat hemisphere) were averaged and 

expressed as positive cells per field (10x). The numbers of parkin-immunoreactive neurons 

in the microinjected SNc were expressed as the percentages of parkin-immunoreactive 

neurons in the contralateral non-injected side. The staining densities of parkin-

immunoreactive cells from 30 nigral cells expressing parkin (light brown, non-injected 

hemisphere) and 30 nigral cells overexpressing parkin (medium-to dark-brown, injected 

hemisphere) (10 cells per section × 3 sections per rat hemisphere) were quantified using 

NIH Image J 1.4 imaging program, averaged and expressed as a fold change in the relation 

to the contralateral non-injected side. The number of dark brown cells (high parkin 

overexpression) within the injected SNc (1×107 and 2×107 TUs of AAV2/6-parkin) was 

estimated as following: total number and number of dark brown parkin-positive neurons 

were counted in 5 equal non-overlapping areas (40x) within SNc boundary in 5 slices per 

animal (n=6 rats/group). Numbers were expressed as sum of cells per slice; dark brown cells 

were expressed as percentage of total parkin-positive cells per slice and averaged for each 

animal. To calculate the number of DA neurons in the SNc in injected and non-injected 

hemispheres, the number of DAPI-positive nuclei of TH-positive nigral cells was counted (4 

slices per animal, 3 areas per slice, 4 equal squares per area, n=6 rats/group), expressed as 

number of nuclei per unit of area per animal.

Several areas of the striatum were analyzed at several different coronal planes along its 

rostro-caudal extent. Three methods were used to quantify TH-immunoreactive terminals in 

the striatum (4-5 sections per brain), performed independently by two experimenters. In the 

first method, the optical densities of DAB-visualized TH immunoreactivities were measured 

in 2 equal-size striatal areas per slice (2 areas encompassing almost entirely left and right 

striatum) and quantified using NIH ImageJ 1.4 program. Background staining was measured 

in the neighboring corpus callosum. After background subtraction, the optical densities were 

averaged in each animal. In the second method, 3 images per hemisphere in each striatal 

section stained for TH using immunoperoxidase method were taken. The optical densities of 

3 equal-size non-overlapping 10× microscopic fields per image were quantified using NIH 

ImageJ 1.4 program. TH-immunoreactive density was evaluated based upon the optical 

Liu et al. Page 5

Exp Neurol. Author manuscript; available in PMC 2015 February 09.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



density in the cortex of each section. The optical densities of TH-immunoreactive area in the 

striatum from 9-12 locations per animal hemisphere (3 fields per section × 3-4 sections per 

rat) were averaged to give one value per hemisphere of the animal. In the third method, 3 

different striatal sections were immunolabelled for TH using immunofluorescence method. 

As in the second method, 3 images per hemisphere from in each striatal section were taken. 

TH immunofluorescence was quantified using NIH ImageJ 1.4 program and averaged to 

give one value per hemisphere per animal. In all methods, 5-6 animals were included in each 

group. Sections stained using the immunoperoxidase procedures were examined with EVOS 

xl microscope, whereas sections stained with the immunofluorescence procedure were 

examined with EVOS fl microscope (Advanced Microscopy Group). Each of these methods 

has advantages and disadvantages. The first method quantifies TH immunoreactivity in 

almost entire striatal area on a slice whereas other two methods quantify striatal sections that 

do not cover the entire striatal area. The advantage of immunofluorescence is lack of the 

background staining, which can be a confounding factor in the immunoperoxidase 

immunostaining if the background is uneven. In addition, DAB method is not linear due to 

saturation in the color development.

Preparation of synaptosomes

Crude synaptosomal fractions were prepared from striatal tissues via differential 

centrifugation as described previously (Riddle, et al., 2002). Briefly, striata were dissected, 

homogenized with a hand glass homogenizer in 0.5 mL of ice-cold 0.32 M sucrose and 

centrifuged (800 × g for 24 min; 4°C) to remove nuclei and large debris (P1). The 

supernatant (S1) was centrifuged at high speed (22,000 × g for 17 min; 4°C), and the pellet 

(P2) retained was the crude total synaptosomal fraction. This fraction was re-suspended in 

ice-cold distilled deionized water (ddH2O). Synaptosomal preparations were analyzed for 

protein concentration by the method of Bradford (Bradford, 1976) using bovine serum 

albumin as the standard.

Western Blot Analysis

Striatal synaptosomes were prepared from rats killed by decapitation and subjected to 

sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), blocking for 1 hr 

at room temperature with 5% nonfat dried milk dissolved in TBST (10 mM Tris, 150 mM 

NaCl, and 0.5% Tween-20), and western blotting with either a primary monoclonal antibody 

against parkin (1:1,000; 1 hr at room temperature) (#4211; Cell Signaling Technology, 

Danfers, MA) or polyclonal rabbit antibody against TH (1:1,000; 1 hr at room temperature) 

(AB152, EMD Millipore Corp., Billeric, MA) followed by incubation with appropriate 

HRP-conjugated secondary antibodies. Blots were developed using ECL detection and 

LAS4000 bioimager (GE Healthcare, Piscataway, NJ). To standardize across blots, each blot 

contained all experimental groups. Actin was used as a loading control. The western blot 

data was expressed as relative optical density units on each gel normalized to saline controls. 

This approach normalized differences in the development of the blot and across blots.
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Chymotrypsin-like activity of 20S proteasome assay

Striatal synaptosomes were prepared from parkin overexpressing rats (dose: 2 × 107 TUs of 

AAV2/6-parkin) and assayed for maximal velocity (Vmax) of chymotrypsin-like activity of 

the 20S proteasome. The activity was determined in the absence of ATP in a 96-well 

fluorimetric plate reader (Synergy H4 Hybrid, BioTek, Winooski, VT) (Ex 350 nm, Em 440 

nm). The activity was monitored at 37°C for 10 min after the addition of 200 μM of the 

enzyme substrate, a fluorogenic peptide Suc-Leu-Leu-Val-Tyr-7-amido-4-methylcoumarin 

(LLVY-AMC) (P-802; Sigma-Aldrich, St. Louis, MO) (Bulteau, et al., 2001). Contribution 

of non-proteasomal proteases in each preparation was assessed by measuring the activity in 

the presence of epoxomicin (Sigma-Aldrich, St. Louis, MO), a proteasome inhibitor, and 

subsequently subtracted from the total activity. Assays were performed in a total volume of 

50 μL. The assay buffer was composed of 25 mM Tris-HCl at pH 7.5, 2 μM epoxomicin in 

DMSO or DMSO, and the peptide substrate. The maximal velocities were calculated using 

GraphPad Prism program (GraphPad Software Inc., La Jolla, CA). The standard curve for 

relative 20S activity quantification was generated using 0-10 μM AMC (Sigma-Aldrich). 

The data were expressed as nmols of AMC released/min/mg protein.

Statistical Analysis

Data with two treatment groups were analyzed using Student’s t-test. To determine 

significant differences between more than two groups, one-way ANOVA with Student-

Newman-Keuls post-hoc test was employed. Two-way ANOVA (factors: drug treatment and 

parkin dose) followed by Bonferroni post-hoc test was used to analyze striatal TH 

immunoreactivity data. Two-way repeated measures ANOVA analysis with Student-

Newman-Keuls post-hoc test was performed on temperature data. All data are expressed as 

mean ± SEM. The statistically significance was set at <0.05.

Results

Evaluation and validation of parkin overexpression in the nigrostriatal system

The substantia nigra pars compacta—The placement of microinjection needles was 

evaluated by microinjecting 0.1 μL of Evans blue into the left SNc of 4 animals at the 

following co-ordinates: −5.6 mm (AP) from Bregma, −2 mm (ML) and −7.6 mm (V) from 

the dura (Fig.2A,B). Fig.2C demonstrates that the injection sites using these co-ordinates 

were within the SNc. Fig.2D shows 4 representative coronal sections from far boundaries of 

the SNc (−4.48 to −6.12 mm with respect to Bregma) immunolabelled for parkin, 

demonstrating the level of parkin overexpression along the rostro-caudal axis. As expected, 

parkin overexpression was the highest close to the injection site and lowest at the ends of the 

SNc.

To evaluate transduction efficiency of AAV2/6 transfer vector, two doses of AAV2/6-parkin 

(1×107 TUs and 2×107 TUs) were stereotaxically microinjected into the left SNc generating 

two levels of parkin overexpression. Control animals received a microinjection of AAV2/6 

(non-coding vector, 1×107 TUs or 2×107 TUs). The immunoreactivity of parkin in the SNc 

was examined 3 weeks after the procedure (n=5-6 rats/group). Microinjection of the non-

coding AAV2/6 vector did not affect endogenous parkin levels (Fig.3Aa-d, 3Da, 3Ea). 
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Microinjection of AAV2/6-parkin resulted in dose-dependent increase in parkin levels in the 

left SNc as compared to the right SNc (Fig.3B,C, Db,c, Eb,c). Thus, the average number of 

parkin-positive cells in the injected SNc was 112% and 154% in relation to the non-injected 

SNc for 1×107 and 2×107 TUs of AAV2/6-parkin, respectively (Fig.3Db,c). The average 

optical density of parkin overexpressing cells (medium to dark brown) was 2.8 fold and 3.3 

fold higher than optical density of parkin-positive cells in the non-injected SNc (light 

brown), for 1×107 and 2×107 TUs of AAV2/6-parkin, respectively (Fig.3Eb,c). There was 

2.1% more of dark brown parkin-positive cells in nigras injected with higher dose than in 

those injected with lower dose of parkin-coding transfer vector (2×107 TUs: 17.3 ± 2.6% of 

total parkin-positive cells, 1×107 TUs: 15.2 ± 1.6% of total parkin-positive cells, n=6 rats/

group).

Double immunostaining for parkin and TH, a DAergic marker, of brain slices containing SN 

confirmed the results from DAB-mediated parkin immunostaining. Thus, parkin levels were 

higher in the left SNc (injected) than in the right SNc (non-injected) (Fig.4, f,n vs. b,j). 

Some TH-positive cells overexpressed parkin, some did not. This was observed on the same 

coronal plane (Fig.4h,p) as well as at different coronal planes (Fig.4A,B and C) with less 

parkin overexpressing DA neurons located away from the injection site (Fig.4 u-z) than 

those located closer (Fig.4 r-t) along the rostro-caudal axis. Parkin overexpression was also 

observed in some TH-negative nigral cells. The endogenous parkin was hardly detectable by 

this technique (Fig.4b,j). Controls in which primary or secondary antibodies were omitted 

showed no staining (not shown).

The striatum—As expected (D’Agata, et al., 2002, Vercammen, et al., 2006), the 

endogenous levels of parkin were undetectable in the right striatum (non-injected side) (Fig.

5A right). Similarly to the results from the SNc, single staining for parkin in the striatum 

showed higher parkin levels on the side ipsilateral to the microinjected SNc than on the 

contralateral side. Parkin co-localized with TH in the left striatum, indicating its 

overexpression in striatal DAergic terminals (Fig.5A left, arrows). Some striatal cell bodies 

also appeared to have higher than control parkin levels. The co-localization of TH with 

parkin was not clearly visible due to bright TH fluorescence. To confirm parkin 

overexpression in these terminals, striatal synaptosomal preparations from rats microinjected 

with the non-coding AAV2/6 or AAV2/6-parkin (n=5-6 rats/group) were subjected to SDS-

PAGE and western blotting with antibody against parkin. Following intranigral 

microinjection of 1×107 and 2×107 TUs of AAV2/6-parkin, the levels of parkin increased 3 

and 8 fold, respectively, in synaptosomes from the left striatum (ipsilateral to AAV2/6-

parkin-microinjected SNc) as compared to synaptosomes from the right striatum (Fig.5B). 

Microinjections of non-coding AAV2/6 (1×107 or 2×107 TUs) did not result in statistically 

significant changes in striatal parkin levels (Fig.5B).

Evaluation of parkin neuroprotection against METH neurotoxicity

Toxicity of high-dose METH to DAergic terminals is commonly demonstrated by decreased 

levels of DAergic markers such as TH, DA, and/or DA metabolites a week after METH 

treatment (Yamamoto, et al., 2010). We first evaluated whether TH could serve as an index 

for assessing METH-induced neurotoxicity to striatal DAergic terminals in parkin 
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overexpressing rats. Evaluation of striatal TH levels by SDS-PAGE and western blotting in 

drug naïve rats injected with the non-coding AAV2/6 or AAV2/6-parkin revealed no 

statistically significant differences between left and right striatum (Fig.6). In contrast, 

evaluation of striatal TH levels by immunohistochemistry in saline-treated AAV2/6-parkin-

injected rats detected differences between the left and right striatum. The first 

immunoperoxidase method (see Materials and Methods section) detected statistically 

significant mild decreases in striatal TH immunoreactivity in both saline- and METH-treated 

rats injected with the higher dose (2×107 TUs) of non-coding AAV2/6 (−13% and −21%, 

respectively) (Fig.7A). Microinjections of 1×107 TUs of non-coding AAV2/6 did not affect 

TH levels (Fig.7A). The second immunoperoxidase method, detected similar but non-

significant decreases in TH levels with 2×107 TUs dose (−10% and 15% in saline and 

METH rats, respectively). Examination of TH immunofluorescence in the SNc from these 

rats revealed slightly lower levels of the TH in the left SNc as compared to the contralateral 

one (Fig.7B). To determine whether the decrease in TH immunoreactivity is due to DA 

neuronal degeneration, cells positive for both DAPI and TH were counted in the SNc; no 

difference was found between hemispheres (non-injected SNc: 100 ± 4%, injected SNc: 102 

± 3%, n=6 rats/group) (Fig.7C).

Striatal TH levels did not differ between hemispheres in parkin-overexpressing rats; 

therefore, TH immunoreactivity was used as index of DAergic terminal integrity in the 

striatum. To determine whether parkin overexpression protects DAergic terminals against 

METH neurotoxicity, separate groups of rats were microinjected with 1×107 and 2×107 TUs 

of AAV2/6-parkin, treated with binge METH or saline 3 weeks later, and sacrificed a week 

after the drug administration. TH immunoreactivity measured in DAB-stained striatal slices 

did not differ between left and right striatum in saline controls (Fig.8A, a and c, Fig.8B). 

METH induced a 33% and 36% decrease in TH immunoreactivity in the right striatum in 

rats microinjected on the left side with 1×107 and 2×107 TUs of AAV2/6-parkin (n=5-6 rats/

group), respectively. Parkin overexpression in the left striata dose-dependently and 

significantly attenuated METH-induced decreases in TH immunoreactivity in these rats, 

from −37% to −23% and from −42% to −19%, respectively, thus protecting 14% and 23% 

of total DAergic terminals (Fig.8B). The 1×107 and 2×107 AAV2/6-parkin-injected striata 

showed 20% and 47% higher TH levels than non-injected striata in METH-treated rats. 

When compared to non-coding 2×107 AAV2/6-injected METH-treated rats, 2×107 AAV2/6-

parkin-injected METH-treated rats expressed 44% higher TH levels in the left striatum. 

Assessing TH immunoreactivity by other two immunochemistry methods produced similar 

results as those described above. Thus, by the second immunoperoxidase method, higher 

parkin dose protected 18%, whereas by the immunofluorescence method 22% of DAergic 

terminals. Regardless of the method of detection used; the extent of parkin protection 

differed from slice to slice, with the protection being more pronounced closer to the 

injection site.

Core body temperature in parkin neuroprotection

METH causes hyperthermia which influences the degree of METH neurotoxicity with 

higher core body temperatures increasing the toxicity of the drug and vice versa (Bowyer, et 

al., 1994). On the other hand, parkin might play a role in thermoregulation in rodents (Itier, 
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et al., 2003, Takamatsu, et al., 2011). To examine whether parkin overexpression influences 

basal body temperature or METH-induced hyperthermia, parkin overexpressing rats were 

treated with saline or METH together with AAV2/6-injected controls. Core body 

temperatures were taken at 1 hour after each saline and METH injection. As expected, binge 

METH administration caused significant hyperthermia. Parkin overexpression did not 

change core body temperature profile during saline or METH administration (n=6 rats/

group) (Fig.9A).

The 20S proteasome in parkin neuroprotection

In vivo administration of binge METH causes progressive increase in the levels of oxidized 

proteins (Gluck, et al., 2001). Degradation of oxidized proteins requires increased levels of 

free 20S core particles of the proteasome (Wang, et al., 2010). To determine whether parkin 

neuroprotection might be exerted via increasing basal activity of 20S proteasome, we 

examined chymotrypsin-like activity of the 20S catalytic core in striatal synaptosomes from 

rats injected with 2×107 TUs parkin and sacrificed without the drug treatment. There was no 

difference in Vmax of chymotrypsin-like activity of 20S proteasome between synaptosomes 

from left and right striatum in parkin-overexpressing rats (n=5) (Fig.9B).

Discussion

The present study demonstrates that overexpression of rat parkin in the rat nigrostriatal DA 

system partially protects against METH-induced neurotoxicity as indicated by the attenuated 

loss of TH immunoreactivity in the parkin-overexpressing striatum. The neuroprotective 

effect of parkin does not involve decreasing METH-induced hyperthermia or increasing 

basal chymotrypsin-like activity of the 20S proteasome.

Parkin overexpression in the nigrostriatal system

In agreement with the previous studies (D’Agata, et al., 2000, D’Agata, et al., 2002, 

Horowitz, et al., 1999, Vercammen, et al., 2006) we detected very low levels of endogenous 

parkin in the SNc and striatum. For in vivo parkin overexpression we used pseudotype 

transfer vector AAV2/6 (the AAV serotype 2 genome packaged in the serotype 6 capsid). 

The AAV2/6 was shown to transduce the majority of nigral neurons in rats, resulting in a 

robust overexpression of the protein of interest (Azeredo da Silveira, et al., 2009, Ciron, et 

al., 2012, Dusonchet, et al., 2009). The transduction efficiency of AAV2/6 vector and levels 

of parkin overexpression in the present investigation were relatively high (Fig.2 and 3). 

Parkin-overexpressing nigral cells appeared in medium-to-dark brown as compared to light 

brown endogenous parkin-positive cells in the contralateral SN, suggesting that an uneven 

number of viral genomes actively expressed parkin in these cells. Variations between 

neurons in terms of transgene expression levels are very common. Parkin overexpression in 

the SNc was dose-dependent due to an increase in both the number of parkin-overexpressing 

cells and the levels of parkin expression in these cells (Fig.3). Co-localization of 

immunofluorescence for parkin and TH, a DAergic marker, demonstrated that DA neurons 

in the SNc, albeit not all, overexpressed parkin (Fig.4). Number of parkin overexpressing 

DA neurons decreased with the distance from the injection site (Fig.2D and 4C). 

Immunofluorescence and western blotting experiments showed that parkin was dose-
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dependently expressed also in striatal DAergic neuronal terminals (Fig.5), indicating that 

overexpressed parkin travelled by the anterograde transport to the striatum.

The levels of TH were not changed by the injection of 2×107 TUs of non-coding AAV2/6 

vector when assessed by western blotting, whereas they were decreased when assessed by 

immunohistochemistry (Fig.6 and 7). This discrepancy can be explained by the fact that 

western blotting measured TH levels in the whole striatum, whereas immunohistochemistry 

measured TH levels in a number of collected striatal slices.

When assessed by immunohistochemistry, the injection of 2×107 TUs, but not 1×107 TUs, 

of non-coding AAV2/6 caused a mild decrease in TH immunoreactivity in the striatum and 

SNc (Fig.7A,B). Possibly, viral particles and protein contaminants in vector preparations 

caused a mild transient inflammation in the nigrostriatal system, resulting in decreased TH 

synthesis (Lang, et al., 2007, Mak and Cheung, 2007) but not neuronal cell death as a loss of 

TH-positive neurons in the SNc was not observed (Fig.7C). AAV vectors offer stable gene 

expression with little negative side effects such as inflammation (McCown, 2011). They can 

cause cell death only at very high concentrations, four orders of magnitude higher than 

concentrations used in the present study (Royo, et al., 2008). The decrease in TH levels 

triggered in the SNc by the higher dose of non-coding AAV2/6 vector is a likely reason for 

the decreases in striatal TH levels observed in saline and METH-treated rats. The finding of 

no difference in TH levels between non-injected and 2×107 AAV2/6-parkin-microinjected 

striatum (Fig.8) suggests that parkin overexpression slightly increases striatal TH levels. 

This agrees with a previous finding (Manfredsson, et al., 2007). Potentially, parkin also 

decreases contaminant-induced inflammation (Khandelwal, et al., 2010). Since striatal TH 

levels did not differ between hemispheres in parkin overexpressing rats prior to METH 

administration (Fig.6A), TH was used as a marker of DAergic terminal integrity and, 

therefore, as a marker of METH toxicity to these terminals.

Parkin neuroprotection against METH neurotoxicity

A deficit in parkin function in DA neurons leads to their neurodegeneration (Buneeva and 

Medvedev, 2006, Schiesling, et al., 2008). Conversely, overexpression of parkin protects 

DA neurons against a variety of cellular insults, including factors that mediate METH 

toxicity such as DA-induced oxidative stress (Jiang, et al., 2004), proteasome inhibiton-

induced apoptosis (Yang, et al., 2005), excitotoxicity (Staropoli, et al., 2003), and agents 

affecting mitochondrial function (Darios, et al., 2003). In vivo, parkin protects DA neuronal 

cell bodies in the SNc of rodents from a variety of insults including 6-hydroxydopamine 

(Manfredsson, et al., 2007, Vercammen, et al., 2006), MPTP (Paterna, et al., 2007), and 

overexpression of proteins that self-aggregates in specific neurodegenerative disease, such 

as alpha-synuclein (Lo Bianco, et al., 2004, Yamada, et al., 2005, Yang, et al., 2003) and tau 

(Klein, et al., 2006). The protection of DAergic terminals by parkin overexpression in the 

SNc was demonstrated after administration of 6-hydroxydopamine (Vercammen, et al., 

2006) and in α-synuclein-induced neuropathology (Lo Bianco, et al., 2004). The present 

study demonstrated that overexpression of parkin attenuated METH-induced decreases in 

striatal TH immunoreactivity (Fig.8) thus indicating that parkin overexpression can protect 

DAergic terminals against METH neurotoxicity in rat striatum. This finding not only 
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supports existing evidence for parkin neuroprotective qualities but also provides evidence 

that parkin has an ability to protect DAergic terminals in the absence of damage to the SNc, 

thus suggesting that parkin protective activity might have taken place in these terminals. 

Parkin-mediated neuroprotection observed in the present study was partial (Fig.8), which 

was an expected result. METH neurotoxicity is mediated by a variety of molecular 

mechanisms, some of which likely do not involve parkin (Yamamoto, et al., 2010). The 

partial protection could be also due to the fact that the extent of parkin-mediated 

neuroprotection in the striatum differed from slice to slice, resulting in partial average 

protection. The striatal regions without protection tended to be at the far rostral or caudal 

regions of the striatum, i.e. regions harboring terminals of nigral DA cell bodies which the 

transgene did not reach (neurons away from the microinjection site) (Fig.2 and 4). 

Recombinant AAV2 and AAV6 vectors primarily transduce neurons and are very effective 

in the SN (Ciron, et al., 2012, Dusonchet, et al., 2009, Kaplitt, et al., 1994, Klein, et al., 

1998, Wang, et al., 2011); however, their limitation is a relatively small volume of 

transduction (Markakis, et al., 2010, Nguyen, et al., 2001). As aforementioned, variations 

between neurons in terms of transgene expression levels are very common. Variations in 

parkin overexpression between nigral neurons observed in our study and lack of parkin 

expression in some of them (Fig. 3 and 4) both could contribute to partial parkin protection 

against METH in the striatum. One more confounding factor to be considered is the TH-

decreasing effect of the 2×107 TUs dose of the vector. With this dose, but not with 1×107 

TUs of AAV2/6-parkin, parkin might protect against both METH toxic effects and 

contaminant-triggered inflammation. The increase in TH immunoreactivity observed with 

the lower parkin overexpression was solely in response to METH.

Our present finding of parkin protection from METH together with our previous finding of 

METH-induced parkin deficit (Moszczynska and Yamamoto, 2011) suggest that parkin 

deficit mediates, in part, toxicity of METH to striatal DAergic terminals. In contrast, the 

study of Perez et al. (Perez, et al., 2005) found no difference between wt and parkin KO 

mice in terms of sensitivity to METH toxicity, suggesting no role for parkin in mediating 

toxicity of the drug. It is possible that one of many other RING E3 ligases functioning in 

neurons takes over parkin functions in case of its deficit. This notion is supported by 

findings from parkin knock-out mice of nigrostriatal deficits without a loss of DA neurons 

(Goldberg, et al., 2003, Itier, et al., 2003). Alternatively, the results are not in agreement due 

to different METH regimens. The study of Perez et al. used single medium dose of METH 

that cause moderate toxicity to DAergic terminals, whereas our study used binge high-dose 

METH administration.

Hyperthermia is an important factor in neurotoxicity of amphetamines (Bowyer, et al., 1994, 

Yamamoto, et al., 2010). Parkin may play a role in temperature regulation in amphetamine-

exposed rodents. Firstly, parkin KO mice have decreased body temperature (Itier, et al., 

2003), whereas 3,4-Methylenedioxymethamphetamine (MDMA)-exposed parkin KO mice 

show enhanced hyperthermia (Takamatsu, et al., 2011). Secondly, both temperature and 

parkin function are regulated by DA D1 receptor (Ares-Santos, et al., 2012, Berthet, et al., 

2012) and, therefore, they might be functionally connected. Overexpression of parkin in the 

nigrostriatal system did not lower either basal core body temperature or METH-induced 
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hyperthermia (Fig.9A), thus eliminating temperature regulation as parkin-mediated 

protective mechanism in METH neurotoxicity.

In vivo administration of binge METH causes progressive increase in the levels of oxidized 

proteins (Gluck, et al., 2001). Degradation of oxidized proteins requires increased activity of 

20S proteasome (Grune, et al., 1997, Wang, et al., 2010). We have previously found that 

binge METH causes deficit in parkin and 26S proteasome function, accompanied by 

increased activity of 20S proteasome (Moszczynska and Yamamoto, 2011), likely an 

adaptational response to the METH-induced increase in oxidized proteins. Parkin deficit can 

decrease 20S activity whereas parkin overexpression can augment it (Hyun, et al., 2002, 

Wang, et al., 2005). Therefore, the increase in 20S activity observed in our previous study 

could have been, potentially, insufficient to dispose of the neurotoxic surplus of oxidized 

proteins. We found no difference in activity of 20S proteasome between METH-exposed 

synaptosomes from left and right striata of parkin-overexpressing rats (Fig.9B), suggesting 

that parkin overexpression does not protect DAergic terminals via increasing 20S function. 

Whether or not the parkin protection is mediated via increasing function of 26S proteasome 

is currently under investigation.

Stereology techniques were not employed in the quantifications as the goal of our study was 

to qualitatively, not quantitatively, relate the level parkin overexpression to the level of 

protection against METH. We asked a general question whether parkin has a potential to 

protect DAergic terminals from METH by comparing experimental groups. We intentionally 

chose for some analyses slices close to the injection site where parkin overexpression was 

the highest. Otherwise, tissue sampling and processing was aimed to reduced bias. 

Consequently even though the results obtained in the present study are qualitative, they 

came close to an unbiased estimate and answered our research question.

In conclusion, the presented results suggest that parkin overexpression attenuates METH-

induced neurotoxicity in vivo. These results together with our previous findings of decreased 

striatal parkin shortly after METH administration suggest that a deficit in parkin function 

mediates, in part, the toxicity of METH to striatal DAergic terminals and that parkin has the 

potential to be a target in therapeutic strategies to mitigate the harmful effects of acute 

METH overdose as well as the effects of chronic METH on the CNS in human users of the 

drug.
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AP anterior-posterior

CNS central nervous system

DA dopamine

DAB diaminobenzidine

METH methamphetamine

ML medio-lateral

SAL saline

SNc substantia nigra pars compacta

SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis

Suc-LLVY-AMC Suc-Leu-Leu-Val-Tyr-7-amido-4-methylcoumarin

TH tyrosine hydroxylase

TU transducing unit

V ventral

Vmax maximal velocity
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Highlights

• Rat parkin was successfully overexpressed in the nigrostriatal dopamine system 

in adult rats using adeno-associated viral transfer vector.

• Parkin overexpression protected dopaminergic terminals in the nigrostriatal 

system from neurodegeneration triggered by high doses of binge 

methamphetamine

• Parkin neuroprotection did not involve decreasing core body temperature or 

methamphetamine-induced hyperthermia

• Parkin protection did not involve upregulation of the 20S proteasome.

• The results from the study indicate that parkin might be a drug target in 

protection from methamphetamine overdose and abuse.
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Figure 1. 
Experimental design. Following 1 week of acclimation, adult male Sprague-Dawley rats 

were stereotaxically injected with non-coding or parkin-coding adeno-associated transfer 

vectors (AAV2/6 and AAV2/6-parkin) into the left substantia nigra pars compacta (SNc). 

After 3 weeks, the rats were sacrificed without treatment or treated with binge saline 

(1mL/kg × 4., every 2 h, i.p.) or binge METH (7.5 mg/kg × 4, every 2 h). Untreated rats 

were used for evaluation and validation of parkin overexpression. To assess the effects of 

parkin-overexpression on the extent of METH toxicity, saline and METH-treated rats were 

sacrificed by perfusion 1 week after the day of METH and saline treatment. The arrows 

indicate stereotaxic microinjection (AAV2/6 vectors) and drug injection (METH or saline) 

times. Abbreviations: AAV, adeno-associated virus; TUs, transducing units; METH, 

methamphetamine.
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Figure 2. 
Evaluation of the microinjection sites in the substantia nigra pars compacta (SNc). (A, B) 

Rat brains (n = 7) were stereotaxically injected on the left side with 0.1 μL of Evans blue to 

validate microinjection co-ordinates: −5.2 mm (AP) from Bregma, −2 mm (ML) from 

Bregma, −7.6 (V) mm from the dura. (C) A representative anatomical location of the 

microinjection sites in the SNc and its magnification. (D) Representative coronal sections 

from far ends of the SNc along the rostro-caudal axis (−4.48 to −6.12 mm with respect to 

Bregma) immunolabelled for parkin, demonstrating the highest parkin overexpression close 

to the injection site and the lowest at the ends of the SNc. Bars: 1000 μm. Abbreviations: 

AP, anterior-posterior; ML, medio-lateral; V, ventral.
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Figure 3. 
Validation of parkin overexpression in the substantia nigra pars compacta (SNc) by color 

immunohistochemistry. Non-coding or parkin-coding adeno-associated virus 2/6 transfer 

vectors (AAV2/6) were stereotaxically injected in the left SNc of adult male Sprague-

Dawley rats with the following coordinates: −5.2 (AP) and −2 (ML) from Bregma, −7.6 (V) 

mm from the dura. After 3 weeks, the rats were sacrificed by perfusion. (A-C) 

Representative images of parkin immunolabeling (DAB) in the SNc of rats microinjected 

with (A) the non-coding AAV2/6 (a-d), (B) 1×107 TUs of AAV2/6-parkin (e-h), and (C) 

2×107 TUs of AAV2/6-parkin (i-l), respectively (left: injected and right: non-injected; 

magnification: a, d, e, h, i, l - 40x; b, c, f, g, j, k - 10x). Injected hemispheres show higher 

parkin immunostaining than non-injected hemispheres (e, f vs. g, h and i, j vs. k, l), 

indicating successful dose-dependent overexpression of parkin. Microinjections of the non-

coding vector suspensions (1×107 or 2×107 TUs) did not affect endogenous parkin levels (a-

d). (D) Quantification of parkin overexpression in the SNc by counting of parkin-positive 

cells. There was no difference in number of parkin-positive cells between the non-coding 

AAV2/6-injected and non-injected SNc (p>0.05, unpaired two-tailed Student’s t-test, 

t=0.1190, df=10, n=6). SNc injected with parkin-coding AAV2/6 (1×107 or 2×107 TUs of 

AAV2/6-parkin) showed dose-dependent increase in number of parkin-positive cells (+12% 

and +54%, respectively, as compared to contralateral SNc); however, the 12% increase was 

not statistically significant (unpaired one-tailed Student’s t-test; 1×107: t=0.6077, df=8, 

p>0.05; 2×107: t=2.444, df=8, p<0.05; n=5). (E) Quantification of parkin overexpression in 

the SNc by measurement of color density in parkin-positive cells. Injection of the non-

coding AAV2/6 did not affect color density in parkin-positive cells (p>0.05, unpaired two-
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tailed Student’s t-test, t=0.1965, df=10, n=6). SNc injected with parkin-coding AAV2/6 

(1×107 or 2×107 TUs of AAV2/6-parkin) showed dose-dependent increase in color density 

in parkin-overexpressing cells (medium to light brown) (2.5 fold and 3.3 fold, respectively) 

as compared to parkin-positive cells contralateral SNc (endogenous parkin: light brown) 

(unpaired one-tailed Student’s t-test; 1×107: t=2.340, df=8, p<0.05; 2×107: t=4.850, df=8, 

p<0.01; n=5). *p<0.05, **p<0.01 injected vs. corresponding non-injected SNc. Data are 

presented as mean ± SEM. Bar in a,d,e,h,i,l: 100 μm; bar in b,c,f,g,j,k: 400 μm. 

Abbreviations: TUs, transducing units.
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Figure 4. 
Validation of parkin overexpression in the substantia nigra pars compacta (SNc) by 

immunofluorescence. Representative images of parkin and tyrosine hydroxylase (TH) 

immunofluorescent labeling in the SNc: (A) area adjacent to the VTA, (B) middle area of 

the SNc. In non-injected SNc, parkin immunostaining was not detectable (Ab and Bj). In 

microinjected SNc, immunolabelling for parkin (green) colocalized with immunolabeling 

for DAergic TH (red), indicating parkin overexpression in most of the DA neuronal cell 

bodies (Ah and Bp, white arrows). Parkin-positive neurons were also observed in the ventral 

tegmental area (Ah). (C) Two coronal planes of the SNc along the rostro-caudal axis. More 

parkin was overexpressed in DA neurons located closer to the injection site (upper panel) 

than in DA neurons located away from the site (lower panel). Bars: 200 μm.
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Figure 5. 
Validation of parkin overexpression in the striatum. Rats were microinjected with the non-

coding AAV2/6 (1×107 or 2×107 TUs) or AAV2/6-parkin (1×107 or 2×107 TUs) into the 

left SNc, and sacrificed 3 weeks later. (A) Representative image of double immunostaining 

for parkin and DAergic marker tyrosine hydroxylase (TH) and (B) quantification of parkin 

levels in striatal synaptosomes by western blotting. (A) Parkin immunostaining is not clearly 

visible in merged image because of the bright TH staining. Nevertheless, the co-localization 

of parkin and TH is apparent (A, white arrows). Bars: 100 μm. (B) Representative blots of 

parkin (52 kDa) and corresponding actin loading control from striatal synaptosomal 

preparations. Following intranigral microinjection of 1×107 and 2×107 TUs of AAV2/6-

parkin, the levels of parkin increased 3 and 8.5 fold, respectively, in ipsilateral striatum as 

compared to the contralateral striatum (p<0.001, unpaired, one-tailed Student’s t-test; 1×107: 

t=11.92, df=8; 2×107: t=6.209, df=8; n=5). Microinjections of either dose of the non-coding 

AAV2/6 resulted in no statistically significant changes in striatal parkin levels (western blot: 

first 4 bands, 1×107 and 2×107 TUs, respectively) (p>0.05, unpaired two-tailed Student’s t-

test, t=0.6062, df=12, n=7). The data are expressed as mean ± SEM. ***p<0.001 injected vs. 

corresponding non-injected striatum. Abbreviations: AAV vector, adeno-associated viral 

vector, I, injected; N, non-injected; TUs, transducing units.
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Figure 6. 
Evaluation of striatal tyrosine hydroxylase (TH) levels by SDS-PAGE and western blotting 

in drug naïve rats injected with the non-coding AAV2/6 or AAV2/6-parkin. Representative 

blots of TH (62 kDa) and corresponding actin loading control from striatal synaptosomal 

preparations. Intranigral microinjection of non-coding AAV2/6 (1×107 or 2×107 TUs) or 

AAV2/6-parkin (1×107 or 2×107 TUs) revealed no statistically significant differences 

between left and right striatum (p>0.05; unpaired two-tailed Student’s t-test; non-coding 

AAV2/6: t=2.993, df=12; 1×107: t=0.2508, df=8; 1×107: t=0.8294, df=8; n=5-7). The data 

are expressed as mean ± SEM). Abbreviations: AAV vector, adeno-associated viral vector, 

I, injected; N, non-injected; TUs, transducing units.
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Figure 7. 
The effect of the non-coding AAV2/6 injection on the levels of tyrosine hydroxylase (TH) in 

the striatum and substantia nigra pars compacta (SNc) by immunohistochemistry. (A) 

Quantification of TH immunoreactivity in DAB-stained striatal slices. Microinjections of the 

non-coding AAV2/6 vector at the dose of 2×107 TUs induced mild decreases in striatal TH 

immunoreactivity in both saline- and METH-treated rats (−13% and −21%, respectively). 

Data was analyzed by one-way ANOVA followed by the Student-Newman-Keuls post-hoc 

test (F(5,22) =10.739, p<0.001). ***p<0.001, **p<0.01, *p<0.05, significant difference 

between saline and METH; #p<0.05, tp=0.051, significant difference or a trend between 

injected and non-injected; mean ± SEM, n=4-6. (B) Representative images of TH and DAPI 

immunolabeling in the SNc injected with 2×107 TUs of the non-coding AAV2/6. AAV2/6-

injected SNc had slightly lower TH levels than contralateral non-injected SNc. Bar: 1000 

μm. (C) Evaluation of nigral DA cell death. Quantification of DAPI-positive (blue) nuclei in 

TH-positive (red) nigral cells resulted in the same number of nuclei/area in AAV2/6-injected 

as in non-injected SNc (p>0.05, unpaired two-tailed, Student’s t-test, t=0.3926, df=10, n=6). 

Abbreviations: AAV vector, adeno-associated viral vector; METH, methamphetamine.
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Figure 8. 
Overexpression of parkin in the substantia nigra pars compacta (SNc) protects dopaminergic 

(DAergic) nerve terminals in the striatum against METH toxicity. (A) Immunostaining for 

tyrosine hydroxylase (TH) in the striatum 1 week after saline or METH administration. 

Photomicrographs show representative coronal sections of the striatum of rats treated with 

1×107 (a,b) or 2×107 (c,d) TUs of AAV2/6-parkin 3 weeks before saline (a,c) or METH 

(b,d) treatment. (B) Quantification of the TH-immunoreactive fibers in the striatum. The 

average optical density of TH-positive fibers in parkin-overexpressing striatum, as compared 

to the contralateral striatum, was significantly higher in the 1×107 parkin group (−37% vs. 

−23%) and 2×107 parkin group (−42% vs. −19%), suggesting that parkin overexpression in 

the left striatum protected 14% and 23% of total DAergic terminals (***p<0.001, **p<0.01, 

significant difference between saline and METH; #p<0.05, significant difference between 

injected and non-injected; mean ± SEM; n=5-6 rats/group; one-way ANOVA followed by 

the Student-Newman-Keuls post-hoc test: 1×107, F(3,18)=19.48, p<0.001; 2×107, 

F(3,18)=6.03, p<0.01). There was a significant main effect of treatment condition (saline vs. 

METH) (F(1,18)=59.70, p<0.001) but not of pre-treatment condition (AAV2/6-parkin 

injection vs. no injection) in 1×107 parkin group; however, there was a trend for treatment × 

pre-treatment interaction (F(1,18)=3.68, p=0.071) (two-way ANOVA with the Bonferroni 

post-hoc test). In 2×107 parkin group, there was a significant main effect of treatment 

condition (saline vs. METH) (F(1,18) = 12.50, p<0.01) and a trend for an effect in pre-

treatment condition (AAV2/6-parkin injection vs. no injection) (F(1,18)=3.48, p=0.078) (two-

way ANOVA with the Bonferroni post-hoc test). There was a significant main effect of pre-

treatment as well as treatment condition when 1×107 and 2×107 parkin groups were 

compared: pre-treatment (1×107 vs. 2×107 TUs of AAV2/6-parkin, F(1,18)=5.94, p<0.05); 
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treatment (saline vs. METH, F(1,18)=22.08, p<0.001) (two-way ANOVA with Bonferroni 

post-hoc test). Abbreviations: METH, methamphetamine; TUs, transducing units.
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Figure 9. 
The effect of parkin overexpression on core body temperature and chymotrypsin-like 

activity of 20S proteasome in the striatum. (A) The effect of parkin overexpression on core 

body temperature. Rats were microinjected with the non-coding AAV2/6 (1×107 or 2×107 

TUs) or AAV2/6-parkin (1×107 or 2×107 TUs) into the left SNc were treated with binge 

METH or saline (arrows). Core body temperatures were taken one hour after each injection. 

AAV2/6-parkin microinjections did not significantly reduce core body temperature either in 

METH-treated or saline-treated rats, as compared to corresponding AAV2/6-injected 

controls. *p<0.05; significant difference between METH-treated rats and corresponding 

saline controls (two-way ANOVA with repeated measures followed by Student-Newman-

Keuls post-hoc test; F(5,30) =21.27, p<0.0001; mean ± SEM; n=6 rats/group). Arrows 

indicate times of METH injections. (B) The effect of parkin overexpression on 

chymotrypsin-like activity of the 20S proteasome. Rats were microinjected with 2×107 TUs 

of AAV2/6-parkin and sacrificed 3 weeks later. There was no difference in Vmax of 

chymotrypsin-like activity of 20S proteasome between synaptosomes from left and right 

striatum of parkin-overexpressing rats (p>0.05, unpaired two-tailed Student’s t-test, t=1.696, 

df=8, n=5). Data are expressed as mean ± SEM. Abbreviations: AMC, amido-4-

methylcoumarin; AAV, adeno-associated virus; SAL, saline; METH, methamphetamine; 

TUs, transducing units.
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