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Abstract
Methamphetamine is the second most widely used illicit drug 

worldwide. More than 290 tons of methamphetamine was synthesized 
in the year 2005 alone, corresponding to approximately ~3 billion 
100 mg doses of methamphetamine. Drug addicts abuse high 
concentrations of methamphetamine for months and even years. 
Current reports in the literature are consistent with the interpretation 
that methamphetamine-induced neuronal injury may render 
methamphetamine users more susceptible to neurodegenerative 
pathologies. Specifically, chronic exposure to psychostimulants is 
associated with increases in striatal alpha-synuclein expression, a 
synaptic protein implicated in the pathogenesis of neurodegenerative 
diseases. This raises the question whether methamphetamine exposure 
affects alpha-synuclein levels in the brain. In this short report, we 
examined alpha-synuclein protein and mRNA levels in the striatum, 
hippocampus and cortex of adolescent male mice following a 
neurotoxic regimen of methamphetamine (24mg/kg/daily/14days). 
We found that methamphetamine exposure resulted in a decrease in 
the monomeric form of alpha-synuclein (molecular species <19 kDa), 
while increasing higher molecular weight alpha-synuclein species 
(>19 kDa) in the striatum and hippocampus, but not in the cortex. 
Despite the elevation of high molecular weight alpha-synuclein 
species (>19 kDa), there was no change in the alpha-synuclein mRNA 
levels in the striatum, hippocampus and cortex of mice exposed to 
methamphetamine. The methamphetamine-induced increase in high 
molecular weight alpha-synuclein protein levels might be one of the 
causal mechanisms or one of the compensatory consequences of 
methamphetamine-mediated neurotoxicity. 

damage to DA neurons and loss of striatal DAT even after three 
years of abstinence [5]. Repeated methamphetamine injections in 
rats promote formation of higher molecular weight (>150 kDa) DAT 
complexes 24-48 hours post treatment [9]. This effect is considered 
as one putative underlying mechanisms responsible for decreasing 
DAT function and was suppressed by manipulations that prevent 
the persistent methamphetamine-mediated deficits in dopaminergic 
function [9]. 

Recent studies [10,11] suggest that methamphetamine exposure 
during early stages of life may increase risk of developing Parkinson-
like symptoms. The risks of developing Parkinson-like symptoms 
were shown to rise by 75% in methamphetamine abusers [10]. Other 
studies suggest that chronic exposure to psychostimulants may 
increase the level of alpha-synuclein, a synaptic protein implicated in 
the pathogenesis of neurodegenerative diseases. For example, Mash 
and colleagues [12-14] reported elevated alpha-synuclein levels in 
the midbrain DA neurons of chronic cocaine abusers. Western blot 
and immuno-autoradiography analysis of postmortem brain tissue 
obtained from chronic cocaine abusers and age-matched drug-free 
control subjects revealed threefold higher alpha-synuclein levels 
in the dopaminergic neurons of the substantia nigra and ventral 
tegmental area of cocaine abusers as compared to controls [12-
14]. Furthermore, it has been demonstrated that overexpression of 
alpha-synuclein within neurons of the substantia nigra induced by 
amphetamine derivatives is related to the occurrence of intracellular 
inclusions of this protein [15]. Tavassoly and Lee [16] documented 
that methamphetamine binds to the N-terminus of alpha-synuclein 
and causes a conformational change in the protein that can lead to 
stabilization of the oligomeric form of alpha-synuclein implicated in 
neurotoxicity induction.

Accordingly, in this short report we tested the hypothesis that 
adolescent male mice exposed to a chronic neurotoxic regimen of 
methamphetamine will exhibit elevated alpha-synuclein levels in 
the brain structures thought to be targets of methamphetamine 
neurotoxicity. 

Materials and Methods
Animals

 Thirty six C57BL/6J male mice at 4-5 weeks of age were obtained 
from the Jackson Laboratory (Bar Harbor, ME, USA). These animals 
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Introduction
In the United States, oral methamphetamine (Desoxyn, OVATION 

Pharmaceuticals) is an FDA approved treatment for attention deficit 
hyperactivity disorder in children and for the short-term treatment 
of obesity. Methamphetamine is also the second most popular illicit 
drug worldwide. According to the United Nations Office on Drugs 
and Crime, more than 290 tons of methamphetamine synthesized in 
the year 2005 alone [1]. This corresponds to approximately ~3 billion 
100 mg doses of methamphetamine. Human methamphetamine 
users routinely abuse large quantities of the drug (55-640mg) 
[2,3] for months and even years. Post-mortem brain tissue from 
methamphetamine users show a decrease in striatal dopamine (DA), 
dopamine transporter (DAT) density and DA binding affinity [4-
6]. Similarly, repeated methamphetamine administration can cause 
neurotoxicity in primates and rodents [7,8]. The brain tissue of human 
methamphetamine users exhibits long-term and possibly irreversible 
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were within the adolescent age range for rodents (postnatal days 28-
42) [17,18]. All of the animals were housed in the AALAC accredited 
animal care facility at Meharry Medical College, under constant 
temperature and a 12-h light/dark cycle (lights on: 7 a.m-7 p.m), with 
food and water provided ad libitum. All experimental procedures 
complied with the NIH Guide for the Care and Use of Laboratory 
Animals, and were conducted with the approval of Meharry Medical 
College Institutional Animal Care and Use Committee. All efforts 
were made to keep the stress and discomfort at a minimum and to 
decrease the number of animals utilized in this study. The animals 
were gently handled every day for five days prior to experimentation, 
and throughout the study. 

Drug Treatment

Methamphetamine addicts may abuse large quantities of the drug 
(55-640mg methamphetamine) over a few hours for months and years 
[3]. In the United States, arrest reports show methamphetamine blood 
levels can be above 300 mg/l [2]. To examine methamphetamine-
induced neurotoxicity in animal models, various non-contingent 
high doses of methamphetamine have been used. For example, 
methamphetamine regimens of 60mg/kg/day [19], 40 mg/kg/day 
[20], 32 mg/kg/day [21], 30mg/kg/day [22-24], and 24 mg/kg/day/14 
days [25] have been used to study the neurotoxic consequence of 
methamphetamine exposure. We selected the daily dose of 24mg/kg/
day methamphetamine for 14 days as described previously [19,22-
25] and reported to produce signs of toxicity (North et al. 2013). 
The animals were gently handled every day for five days prior to 
experimentation, and received 14 days of intraperitoneal (i.p.) 24mg/
kg/day methamphetamine or saline (N=18 methamphetamine, N=18 
saline, half the brains were used for western blot analysis, the other 
half used for RNA isolation). 

Western blot analysis 

The total tissue lysate of the samples from the cortex, striatum, 
and hippocampus was prepared on ice in cell lysis buffer (150 mM 
NaCl, 1 mM Na2EDTA, 1 mM EGTA, 1% Triton, 2.5 mM sodium 
pyrophosphate, 1 mM β-glycerophosphate, 1 mM Na3VO4, 1 μg/
ml leupeptin; 0.1 ml/100 mg tissue), which was obtained from Cell 
Signaling Technology, Inc. (Danvers, MA, USA), and contained 
2% SDS, protease inhibitor cocktail tablets (Roche Diagnostics 
Corporation, Indianapolis, IN, USA), and halt protease and 
phosphatase inhibitor cocktail with EDTA (Thermo Fisher Scientific, 
Rockford, IL, USA). The samples were then sonicated for 30 seconds 
using an ultrasonic processor (Sonics and Materials, Inc., Newtown, 
CT, USA), and centrifuged for 20 min at 4oC and 13000 rpm. The 
amount of total protein from the supernatant in each sample was 
quantitatively determined using the Bradford protein assay (Biorad, 
Hercules, CA, USA). The absorbance was read at 595 nm on a 
NanoDrop 2000 micro-volume spectrophotometer (Thermo Fisher 
Scientific, Rockford, IL, USA). Protein concentrations were calculated 
against a BSA standard curve. For Western blotting, equal amount 
of protein for each sample was subjected to gradient SDS-PAGE 
(Biorad; 4-20% Mini-PROTEAN® TGX™ precast polyacrylamide gels; 
200 V for 1 h). Protein bands were transferred onto a Immobilon-P 
PVDF transfer membrane (Millipore, Billerica, MA, USA), blocked 
for 1 h with 10% non-fat dry milk, washed three times at 10 min each 
with 1X Tris-Buffered Saline and Tween 20 (TBST), and probed with 

goat polyclonal primary antibody for dopamine transporter (DAT 
(C-20), 1:1000; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, 
USA), and rabbit polyclonal primary antibodies for actin (1:5000; 
Sigma-Aldrich, St. Louis, MO, USA), which was used as a control 
for sample loading and transfer efficiency, tyrosine hydroxylase 
(TH, 1:5,000; Millipore, Billerica, MA, USA) and alpha-synuclein 
antibody (1:2000; Millipore), overnight at 4oC. After four consecutive 
washes, the membranes were incubated with horseradish peroxidase 
(HRP) conjugated rabbit anti-goat (1:5000; Abcam, Cambridge, 
MA, USA) or goat anti-rabbit (1:5000; Promega Corporation, 
Madison, WI, USA) secondary antibodies for 2 h, washed seven 
times with 1X TBST, developed using SuperSignal West Pico/Dura/
Femto chemiluminescent substrate (Thermo Fisher Scientific), and 
exposed to HyBlot CL® autoradiography film (Denville Scientific, 
Inc., Metuchen, NJ, USA). Densitometry of the protein bands from 
the scanned autoradiography films was performed using the Image 
Processing and Analysis in Java Software (ImageJ, National Institutes 
of Health, Bethesda, MD, USA, http://rsb.info.nih.gov/ij/).

The specificity of the alpha-synuclein antibody was confirmed by 
using Western blotting of purified recombinant α-synuclein protein. 
Supplemental Figure 1 depicts serial dilution of recombinant alpha-
synuclein protein (0.01-0.2 μg) that was loaded across the lanes and 
probed by Western analysis. Supplemental Figure 1B depicts the 
standard curve generated from the densitometric values obtained 
from digitized film of the immunoblot. A linear relationship between 
optical density and the amount of recombinant alpha-synuclein 
protein exist with a correlation coefficient of 0.95. The lower (~19 
kDa) and higher molecular weight species (~37, and >50 kDa) of 
recombinant human alpha-synuclein peptide are shown.

RNA isolation and qPCR Protocol

Frozen brain structures (striatum, hippocampus, cortex) were 
homogenized using mortar and pestle in presence of nitrogen. To-
tal RNA was then extracted by means of Trizol (Sigma, USA). RNA 
was further isolated, cleaned and DNase treated using RNeasy spin 
columns (Qaigen, USA) according to manufacturers protocol. The 
RNA quality was assessed by determining 28S and 18S ribosomal 
RNA integrity using nanoprobe and Bioanalyzer (Bio-rad, USA). 
Only samples with RIN values of 7 or higher were used in experi-
ments. 1µg of total RNA was then reverse transcribed to cDNA using 
the iScript cDNA Synthesis Kit (Bio-rad, USA). In short, 5xiScript 
reaction mix was mixed with reverse transcriptase, nuclease free H2O 
and RNA template. The mixture was incubated at 5min at 25°C, 30 
min at 42°C, 5 min at 85°C and held at 4°C until further use. 20ng 
of the resulting cDNA was then used to quantitatively measure the 
expression of genes using SsoFast Evagreen Supermix (Bio-Rad, 
USA) according to manufacturer’s protocol using the following cy-
cling conditions; activation 30 sec. 95°C, denaturation 5 sec. 95°C 
and annealing/ extension 5 sec. 60°C. The following primer pairs 
were used to measure gene expression; alpha-synuclein 5”-TGGG-
TACCCCTCCTCACCCTT-3” and 5”-GTGGAGCAAAAATA-
CATCTTTAG-3”, Beta-synuclein 5-”CCCGGCCCCGAAACCCAG-
GCCG -3” and 5”-CTTCAGGTCTGTGGGGAACTCTT-3”, gamma-
synuclein 5”-CCAGGTCCATCCTTGCAAACA-3” and 5”-CTTTG-
GCTTCTTGGTTCCTGTG-3” and the housekeeping genes GADPH 
5”- CGGCATGTCAGATCCACAAC-3” and 5”-GGCCTTCCGT-
GTTCCTACC-3”, EF-1 5”-GCAAGCCCATGTGTGTTGAA-3” and 
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Figure 1: High molecular species of alpha-synuclein protein detected in the striatum of animals exposed to non-contingent methamphetamine for 14 
days. The treatment did not change alpha, beta or gamma-synuclein mRNA level in the striatum.  A). Fourteen days of methamphetamine-exposure does 
not alter striatal mRNA level of alpha-, beta- or gamma-synuclein.. Total RNA was obtained from 5–6 animals per group, the mRNA expression was measured 
individually and normalized to GAPDH and EF1 mRNA levels. B). Western blot data suggest that fourteen days of methamphetamine treatment increased the 
relative amount of high molecular species (>50kDa) of alpha-synuclein and decreases the relative amount of low molecular weight (19kDa) of the protein. Equivalent 
protein samples were loaded. α-actin was used to verify equal protein loading and transfer.  The histograms represent the normalized levels of alpha-synuclein 
expressed as a ratio. The values represent means ± SEM in comparison to the saline-treated group. N=5-6 animals per group. Key to statistics: *, p<0.05.

5’-TGATGACACCCAACAGCAACTG-3”. Real time measurements 
were performed with a Bio-Rad CFX96 Real Time PCR System and 
analyzed using q-Base plus software (Biogazelle). 

Statistical analysis

Differences between groups were determined using GraphPad 
Prism software by unpaired, two-tailed Student’s t-test. A P-value of 
<0.05 was considered significant. 

Results
Chronic Methamphetamine Exposure Affected Alpha-
Synuclein Protein Levels in the Striatum and Hippocampus 
but Not In the Cortex

Similar to our recent report, animals exposed to methamphetamine 
exhibited increased body temperature and decreased body weight that 
returned to saline control levels by day 7 [25]. The alpha-synuclein 
protein level was examined by Western immunoblot analysis in 
the striatum, hippocampus and cortex (Figure 1B-3B, respectively) 
of methamphetamine and saline treated animals. Overall, in 
methamphetamine-exposed animals, we observed a heterogeneous 
alpha-synuclein accumulation in the striatum, hippocampus and 

cortex without an effect on the mRNA levels of alpha-, beta- or 
gamma-synuclein in these regions (Figure 1A-3A). 

The 19 kDa alpha-synuclein immuno-reactive band was detected 
in all brain regions examined (Figure 1B-3B). Denser, high molecular 
weight alpha-synuclein immuno-reactive species (~50 kDa) were 
detected in the striatum and hippocampus of methamphetamine-
treated animals with significantly higher optical density as compared 
to the saline-treated animals (student T-test, p<0.05). The ~50 kDa 
alpha-synuclein immuno-reactive species were also detected in 
saline treated animals, but their densities were significantly lower 
than methamphetamine-treated animals (student T-test, p<0.05). 
The high molecular weight alpha-synuclein species are thought to 
represent alpha-synuclein oligomers [26] or ubiquitin modified 
forms of the protein [27,28]. We did not observe accumulation of 
these high molecular weight alpha-synuclein species in the cortex of 
methamphetamine-treated animals when compared to saline treated 
animals (Figure 2B).  

There was a significant decrease in the full-length, 19 kDa, 
alpha-synuclein protein levels in the striatal region (Figure 1B) 
(student T-test, p<0.05), but not in the hippocampus or cortical 
regions of methamphetamine exposed animals as compared to saline 
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Figure 2: Fourteen days of methamphetamine exposure do not alter the relative levels of alpha-synuclein mRNA and protein in the cortex.  A).  Fourteen 
days of methamphetamine-exposure does not alter cortical mRNA level of alpha-synuclein, beta- and gamma-synuclein. Total RNA was obtained from 5–6 animals 
per group, the mRNA expression was measured individually and normalized to GAPDH and EF1 mRNA levels. B). Western blot data suggest that fourteen days of 
methamphetamine treatment do not change the relative amount of alpha-synuclein levels as compared to saline control. Equivalent protein samples were loaded. 
α-actin was used to verify equal protein loading and transfer. The histograms represent the normalized levels of alpha-synuclein expressed as a ratio. The values 
represent means ± SEM in comparison to the saline-treated group. N=5-6 animals per group. 

treated animals (Figure 2b and 3B). The level of alpha-, beta- and 
gamma-synuclein mRNA in the striatum, hippocampus and cortex 
of methamphetamine-exposed animals were similar and were at 
saline control levels for each brain structure examined (Figure 1A-
3A). These results are consistent with the interpretation that the 
increased striatal and hippocampal alpha-synuclein levels might be 
consequence of alteration in the translation efficiency of the protein, 
its stability or its degradation mechanism/s.

The effects of chronic methamphetamine exposure on 
two previously reported indicators of methamphetamine-
induced neurotoxicity

Consistent with previous reports [25] two weeks of non-
contingent neurotoxic methamphetamine exposure produced signs 
of neurotoxicity as shown by decrease in the tyrosine hydroxylase 
(TH) (data not shown) and dopamine transporter (DAT) (data not 
shown) protein levels in the cortex, hippocampus, and striatum 
of methamphetamine-exposed animals as compared to controls 
(student T-test, p<0.05, saline compared to methamphetamine-
exposed animals). 

Discussion
One of the major findings of this short report is that multiple 

immuno-reactive bands for alpha-synuclein were detected in the 
striatum, hippocampus and cortex of saline treated juvenile mice 
and that two weeks of methamphetamine exposure altered alpha-
synuclein protein levels in the striatum and hippocampus but not in 
the cortex of juvenile mice. Methamphetamine exposure decreased 
the monomeric form of alpha-synuclein (molecular species <19 kDa) 
in the striatum while it promoted accumulation of higher molecular 
weight (>19 kDa) alpha-synuclein species in the striatum and 
hippocampus but not in the cortex. In contrast to the influence of 
methamphetamine on alpha-synuclein protein levels, there was no 
change in the alpha, beta or gamma-synuclein mRNA levels in the 
striatum, hippocampus and cortex. 

Consistent with the literature [29] in saline treated mice, various 
alpha-synuclein immunoreactive bands were detected. Since, it has 
been reported the nerve cells survive for decades in the presence of 
immunoreactive alpha-synuclein aggregates [30], it is not known 
whether alpha-synuclein aggregates are harmless, neuroprotective 
[31], or harmful to neuronal function [32]. 

In the striatum of methamphetamine-exposed animals, while 
the 50kDa molecular species of alpha-synuclein increased, the 
19 kDa molecular species are decreased. Although the functional 
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Figure 3: High molecular species of alpha-synuclein protein detected in the hippocampus of animals exposed to non-contingent methamphetamine 
for 14 days. The treatment did not change alpha-synuclein mRNA level in the hippocampus.  A). Fourteen days of methamphetamine-exposure does not 
alter hippocampal mRNA level of alpha-synuclein or beta- and gamma-synuclein. Total RNA was obtained from 5–6 animals per group. The mRNA expression 
was measured individually and normalized to GAPDH and EF1 mRNA levels. B).  Western blot data suggest that fourteen days of methamphetamine treatment 
increased the relative amount of high molecular species (>50kDa) of alpha-synuclein without altering the relative amount of low molecular weight (19kDa) of the 
protein. Equivalent protein samples were loaded. α-actin was used to verify equal protein loading and transfer.  The histograms represent the normalized levels of 
alpha-synuclein expressed as a ratio. The values represent means ± SEM in comparison to the saline-treated group. N=5-6 animals per group. Key to statistics: 
*, p<0.05.

consequences of these biochemical changes are unknown, our data 
and the literature support the idea that a positive correlation exist 
between psychostimulant exposure and increased striatal levels 
of alpha-synuclein. For instance, studies from Mash’s laboratory 
demonstrated cocaine abusers have an overexpression of alpha-
synuclein in their dopamine neurons in the ventral tegmental area [12]. 
In addition, Fornai’s group, reported an increase in the occurrence of 
alpha-synuclein neuronal inclusions within nigral dopamine neurons 
of mice following methamphetamine treatment [33]. Therefore, 
although a positive correlation exists between methamphetamine-
induced neurotoxicity and changes in alpha-synuclein protein levels 
in different brain structures, the causal mechanism is unknown. 

While there were increases in alpha-synuclein protein level in the 
striatum and hippocampus of methamphetamine-treated animals; 
there was no change in the mRNA level of this protein in the brain 
structures examined. This is in accordance with the interpretation 
that methamphetamine may influence the efficiency of alpha-
synuclein synthesis, its stability, or degradation rate. This possibility 
is supported by a recent report showing binge methamphetamine 
exposure alters protein degradation via the ubiquitin proteasomal 

system leading to dysregulation of protein turnover, accumulation, 
and potential formation of protein aggregates [34,35]. Nanopore 
analysis suggests that methamphetamine binds to the N-terminus of 
α-synuclein and causes a conformational change in the protein [16]. 
Therefore, one of the possible mechanisms for methamphetamine-
induced elevation of alpha synuclein protein levels can be due to its 
effect on the degradation of intracellular proteins [36,37]. Overall 
the mechanism(s) by which methamphetamine increases alpha-
synuclein protein levels and its direct implications on dopaminergic 
signaling remains to be examined. Future studies will determine 
whether the methamphetamine-induced increase in alpha-synuclein 
protein levels is one of the causal mechanisms for methamphetamine-
mediated neurotoxicity, or it is one of the compensatory protective 
mechanisms.
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