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Epothilone D Prevents Binge Methamphetamine-Mediated Loss
of Striatal Dopaminergic Markers

Bryan A. Killinger and Anna Moszczynska

Abstract

Exposure to binge methamphetamine (METH) can result in a permanent or transient loss of
dopaminergic (DAergic) markers such as dopamine (DA), dopamine transporter (DAT), and
tyrosine hydroxylase (TH) in the striatum. We hypothesized that the METH-induced loss of
striatal DAergic markers was, in part, due to destabilization of microtubules (MTSs) in the
nigrostriatal DA pathway that ultimately impedes anterograde axonal transport of these markers.
To test this hypothesis, adult male Sprague Dawley rats were treated with binge METH or saline in
the presence or absence of epothilone D (EpoD), a MT-stabilizing compound, and assessed for the
levels of several DAergic markers as well as for the levels of tubulins and their posttranslational
modifications (PMTSs) at 3 days after the treatments. Binge METH induced a loss of stable long-
lived MTs within the striatum but not within the SNpc. Treatment with a low dose of EpoD
increased the levels of markers of stable MTs and prevented METH-mediated deficits in several
DAergic markers in the striatum. By contrast, administration of a high dose of EpoD appeared to
destabilize MTs and potentiated the METH-induced deficits in several DAergic markers. The low-
dose EpoD also prevented the METH-induced increase in striatal DA turnover and increased
behavioral stereotypy during METH treatment. Together, these results demonstrate that MT
dynamics plays a role in the development of METH-induced losses of several DAergic markers in
the striatum and may mediate METH-induced degeneration of terminals in the nigrostriatal DA
pathway. Our study also demonstrates that MT-stabilizing drugs, such as EpoD have a potential to
serve as useful therapeutic agents to restore function of DAergic nerve terminals following METH
exposure when administered at low doses.
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STRIATUM

Administration of binge methamphetamine (METH) negatively impacts neurotransmission in the
nigrostriatal dopamine (DA) system. The effects of METH include decreasing the levels of
DAergic markers in the striatum. We have determined that high-dose METH destabilizes
microtubules in this pathway, which is manifested by decreased levels of acetylated (Acetyl) and
detyrosinated (Detyr) a-tubulin. A microtubule stabilizing agent epothilone D protects striatal
microtubules form METH. These findings provide a new strategy for protection form METH -
restoration of proper axonal transport.
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Background

Methamphetamine (METH) is a widely abused neurotoxic psychostimulant. When
administered in high doses, METH induces long-term deficits in striatal dopaminergic
(DAergic) markers, including the dopamine transporter (DAT), tyrosine hydroxylase (TH),
dopamine (DA), and DA metabolites (Wagner et al. 1980, Preston et al. 1985, Harvey et al.
2000, Mooney et al. 1994). To some extent, the loss of DAT, TH, DA and its metabolites is
due to a physical loss of axons (Bowyer & Schmued 2006). However, extended abstinence
from METH results in recovery of these DAergic markers in experimental animals and
humans (Harvey et al. 2000, Cass & Manning 1999, Friedman et al. 1998, \olkow et al.
2001, Bowyer et al. 1992, Volkow et al. 2015), suggesting compensatory changes within the
nigrostriatal DA pathway. There is little evidence that DAT and TH are locally synthesized
in the axons in the adult brain, and therefore, axonal transport might be required to restore
DAT and TH to DAergic terminals. Axonal transport impairment is an early marker of
several neurodegenerative diseases (Morfini ef al. 2009) and may also precede development
of METH neurotoxicity or play a role in predisposing METH users to development of
Parkinson’s disease (Callaghan et a/. 2012). It is not known whether METH alters axonal
transport in the nigrostriatal DA pathway.

J Neurochem. Author manuscript; available in PMC 2017 April 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Killinger and Moszczynska Page 3

Axonal transport requires cytosolic polymers called microtubules (MTs) that consist of
heterodimers of the cytoskeletal proteins a-tubulin and B-tubulin. Several post-translational
modifications (PTMSs) of a-tubulin including detyrosination, tyrosination, and acetylation
are thought to play a role in regulating MT structure and function (Wloga & Gaertig 2010).
Specifically, acetylated (AcetTUB) and detyrosinated (Dety TUB) a-tubulin are highly
enriched in stable long-lived MTs (Schulze et al. 1987), are present in axons (Brown et al.
1993), and preferentially recruit the anterograde motor protein kinesin (Reed et a/. 2006,
Konishi & Setou 2009). Conversely, p-tubulin (BIIITUB) imparts dynamicity to MTs
(Tischfield et al. 2010), is highly expressed in somatic neurons (Guo et a/. 2011), and
confers resistance to taxane-mediated MT stabilization (Narvi ef a/. 2013, Hari et a/. 2003).
In axons, tyrosinated a-tubulin (TyrTUB) is enriched in newly formed MTs and in a highly
dynamic MT population that is sensitive to nocodazole-mediated depolymerization (Baas &
Black 1990). Overall, MTs enriched with DetyTUB and/or AcetTUB are more rigid and
support axonal transport, whereas MTs enriched with TyrTUB and/or gIIITUB are more
dynamic and impede axonal transport. Although early alterations in MT structure and
function have been reported in several models of DA neuron neurodegeneration (Ren et al.
2015, Cartelli et al. 2013, Lu et al. 2014), it is not known whether neurotoxic METH
treatment alters MTs in the nigrostriatal DA pathway.

Epothilone D (EpoD) is a neuroprotective taxane-like compound that stabilizes MTs,
promotes MT assembly, and ultimately enhances axonal transport in neurons (Zhang et al.
2012). Treatment with EpoD increases the number of stable MTs that are highly enriched
with AcetTUB (Fan et al. 2014, Brunden et al. 2011). Recently, it was shown that systemic
injection of EpoD treatment could attenuate 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP)-induced DAergic neuron loss in the nigrostriatal DA pathway of mice through
stabilization of MTs and subsequent promotion of axonal transport (Cartelli ef al. 2013). It is
currently unknown whether EpoD treatment can prevent METH-induced deficits in striatal
DAergic markers.

The primary objective of the present study was to investigate whether axonal transport plays
a role in the development of deficits in DAergic markers in nigrostriatal DA axons in
response to binge METH. We hypothesized that METH treatment would destabilize MTs in
striatal DAergic axons, which would subsequently impair axonal transport from the SNpc to
the dorsal striatum. To investigate this hypothesis, we employed a moderately toxic METH
regimen to avoid extensive damage to DAergic axons and examined striatal MTs at a time
point when they are expected to be maximally destabilized (Cartelli et al. 2013). To assess
MT stability, we utilized antibodies against specific PTMs of a-tubulin and antibody against
BIITUB. Using immunofluorescent staining we identified a significant decrease in
acetylated tubulin (AcetTUB), a marker of stable MTs, in TH-positive striatal axons in rats
treated with binge METH. Our second objective was to investigate the effects of the MT-
stabilizing compound EpoD on the development of METH-induced DAergic deficits and
MT dynamics within the striatum. We hypothesized that EpoD treatment would prevent the
METH-induced loss of striatal DAergic markers. To test this hypothesis we administered
two treatment regimens of EpoD alone or in combination with binge METH to animals. The
low dose of EpoD prevented decreases in the levels of DA, TH, and DAT and in the levels of
AcetTUB in the striatum. The high dose of EpoD potentiated METH-induced deficits in DA,
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DA metabolites and DAT and METH-induced acetylation of striatal MTs. In conclusion, our
data suggest that binge METH has destabilizing effect on axonal transport in the
nigrostriatal DA axons, which can be prevented by low doses of MT-stabilizing drug EpoD
but not by high doses of this epothilone.

Methods and Materials

Subjects

A total of 71 adult male Sprague-Dawley rats (Harlan, Indianapolis, IN) weighing 350-400
g (on postnatal day 80) were used for experiments. All animal procedures were conducted in
strict adherence to the Wayne State University Institutional Animal Care and Use Committee
approved protocol # A-05-07-13.

Drug Treatments

D-Methamphetamine HCI (Sigma-Aldrich, St. Louis, MO) was dissolved in isotonic sterile
saline (0.09% NaCl) to a final concentration of 10 mg/mL. Binge METH treatment consisted
of 4 successive intraperitoneal (i.p.) injections of METH (10 mg/kg METH-HCI, 8 mg/kg
freebase METH) administered at 2-h intervals at ambient temperature of 21-22°C. In our
hands, this METH regimen leads to moderate deficits in DA (20 — 25%) when measured at 7
days after the administration of the drug (Supplementary Figure 1).

EpoD (Abcam, Cambridge, UK) was dissolved in dimethylsulfoxide (DMSO) to a final
concentration of 0.5 mg/mL (working solution for low doses) and 5 mg/mL (working
solution for high doses). Rats in the EpoD groups were treated with either low doses of
EpoD (EpoDL) or high doses of EpoD (EpoDH). Specifically, the EpoDL group received a
single injection of 0.3 mg/kg EpoD 30 min prior to METH or saline, 0.1 mg/kg during
METH or saline binge (1 h after the 3™ injection), and 0.1 mg/kg 24 h after the last injection
of METH or saline. The EpoDH group received a single injection of 3 mg/kg EpoD prior to
METH or saline, 1 mg/kg during METH or saline treatment, and 1 mg/kg after the last
injection of METH or saline. All of the rats received less than 0.4 mL/kg DMSO. Animal
exposure to DMSO was minimized to avoid the potentially confounding, known side effects
of DMSO (Cavaletti et al. 2000, Altland et al. 1966, Preston et al. 1985, Kleindienst ef a/.
2006, Robinson & Engelborghs 1982). Rectal temperatures were measured using a
Thermotemp rectal probe (Physitemp, Clifton, NJ). All the rats were euthanized via live
decapitation 3 days after the last METH or saline injection. The details of the overall study
design are summarized in Figure 1. The 3"-day time point was chosen for brain analysis
because a previous study on axonal transport impairment showed that MPTP-induced
changes to MTs occurred early (i.e. within 3 days) after the neurotoxic insult and priorto
DAergic axon loss (Cartelli et al. 2013). In rats, binge METH toxicity, manifested by deficits
in DAergic markers, develops over approximately 3 days (Bowyer et al. 1992, Bowyer et al.
1994, Cass et al. 2000).

Tissue Collection

All tissues were collected on ice, and the brains were rinsed with ice-cold PBS. To measure
total protein and neurotransmitter levels, both the striatum and SNpc were dissected from the
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right hemisphere using blunt dissection methods. The resulting tissue pieces were then
immediately placed on dry ice and stored at —80°C until assayed. The left hemisphere was
post-fixed in paraformaldehyde (PFA) for 72 h at 4°C. The postfixed brains were processed
as previously described (Liu et al. 2013).

Western Blot

Western blot analysis was conducted as previously described (Liu et a/. 2013). PVDF
membranes were probed with one of the following primary antibodies: anti-DAT (Santa
Cruz Biotechnology, 1:500), anti-p-actin (Cell Signaling, 1:5000), anti-Dety TUB (Millipore,
1:1000), anti-TyrTUB (Millipore, 1:1000), anti-AcetTUB (Cell Signaling, 1:1000), anti-
BIITUB (Abcam, 1:1000), anti-a-tubulin (Santa Cruz Biotechnology,1:1000), anti-dynein
(Santa Cruz Biotechnology, 1:1000), anti-kinesin heavy chain (Santa Cruz, Biotechnology,
1:1000), anti-GFAP (abcam, 1:1000), anti-caspase-3 (Cell Signaling, 1:1000), or anti-4-
hydroxynonenal (4-HNE (1:500, R&D Systems) and appropriate secondary antibodies. The
blots were developed using a LAS4000 Bioimager (GE Healthcare, Piscataway, NJ). All the
blots contained at least two samples representative of each experimental condition.
Immunoreactivity was quantified using ImageJ software (National Institutes of Health,
Bethesda, MD).

Immunohistochemistry

Fixed brain tissues were processed as previously described (Liu et al. 2013). Citrate buffer
antigen retrieval (ThermoFisher) was applied to all tissue sections. The sections were
incubated overnight at 4°C with an anti-TH antibody and antibodies specific for one of the
following: AcetTUB, TyrTUB, DetyTUB, BIIITUB, or a-tubulin—all of which were diluted
1:500 in the blocking buffer. The sections were then incubated for 2.5 h at room temperature
with the blocking buffer containing diluted (1:400) Alexa Fluor® 488 goat anti-mouse
(Invitrogen, Carlsbad, CA) and Alexa Fluor 598 goat anti-rabbit (Invitrogen) antibody.
DRAQS5 (Invitrogen) was used to stain nuclei. The sections were then mounted using
Fluoromount mounting medium (Southern Biotech, Birmingham, AL). The immunostaining
was imaged using the Leica SP3 laser scanning confocal microscope (Leica, Wetzlar,
Germany). Non-compressed raw single z-plane images were exported from the Leica Image
Analysis Suite (Leica). These images were then analyzed using Imaris co-localization
analysis software (Bitplane South Windsor, CT). For each image automatic thresholding and
masking functions were used to prevent interference from signal noise and variations in
signal intensity. The resulting percent co-occurrence in the TH channel was normalized to
that in the non-treated control for ease of graphical comparison. The final value represents
the percentage of signal overlap within the TH signal.

High-Performance Liquid Chromatography

The procedures were conducted as previously described (Killinger et a/. 2014). All the
procedures were conducted on ice or under refrigeration. Briefly, the tissues were sonicated
in 0.5 mL of 0.3 N perchloric acid for 30 s, and the resulting homogenate was centrifuged
for 30 min at 12,000 x g. The pellet was dissolved in 1M NaOH overnight at 4°C, and
protein concentrations were determined using the bicinchoninic acid (BCA) protein assay
(ThermoScientific). To measure DA content, 20 pl of the supernatant was injected into the
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mobile phase containing 90 mM sodium dihydrogen phosphate monohydrate, 50 mM citric
acid, 1.7 mM 1-octane sulfonic acid, 50 uM EDTA, and 10% acetonitrile
(ThermoScientific), at a flow rate of 0.5 mL/min. The samples were separated using a C-18
reverse-phase column (150 x 3.2, 3 uM particle size; ThermoScientific). DA and its
metabolites were then detected electrochemically (electrode 1: —150 V, electrode 2: +220
V). The final values are reported as nanograms of analyte per microgram of protein.

Open-field Motor Activity Measurements

The gross motor activity of all the animals was assessed using the Opto-Varimex 4 Auto
Track open-field Plexiglass chamber (Columbus Instruments, Columbus, OH). At the
beginning of each session, the animals were placed in the middle of the Plexiglass chamber,
and their subsequent movement and position were recorded continuously. For each animal,
gross motor activity was assessed for three 30-min sessions. The sessions were conducted
the day before METH treatment, immediately after the third METH injection (before the 2"
EpoD dose), and 24 h after the last METH injection (before the 3™ EpoD dose). Locomotor
activity was calculated automatically from the raw beam-break data by the Opto-Varimex
software.

Statistical Analysis

Results

Data sets containing two experimental groups were analyzed using unpaired two-tailed
Student’s #tests, with Bonferroni correction when applicable. To analyze data sets with 3 or
more groups, one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test was
performed. Two-way ANOVA was performed on selected data sets to determine whether
there was an interaction between METH and EpoD effects. Two-way repeated measures
ANOVA with Student-Newman-Keuls post hioc test was used to analyze the core body
temperature data. Immunofluorescence co-occurrence was calculated using Leica Software
Suite (Leica). Acclimation behavior was analyzed using simple linear regression analysis.
All graphs were generated using GraphPad Prism 5 (GraphPad Software Inc., La Jolla, CA),
and all statistical operations were performed using SPSS (IBM). Statistical significance was
set at p<0.05.

The Effect of Binge METH on DAergic Markers in the Striatum

Prior to the treatments, the average core body temperature of the animals was 36.6°C, which
is a normal temperature for adult male rats (Figure 2A). Saline treatment did not
significantly affect core body temperature at any time point. One hour after the first injection
of METH, the rats had an average temperature of 38.9°C. The core body temperatures of the
METH-treated animals significantly increased at 1, 3, 5, and 7 h after the first METH
injection compared to saline controls. Core body temperatures were the highest at 5 h and 7
h after the first METH injection, with mean values of 39.8°C and 40.5°C, respectively.

Compared to striatal whole-tissue lysates from saline-treated rats, there were significant
reductions in both DAT (-68%) and TH (-33%) immunoreactivity in striatal whole-tissue
lysates from METH-treated animals at 3 days after the last injection of the drug (Figure 2B,

J Neurochem. Author manuscript; available in PMC 2017 April 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Killinger and Moszczynska Page 7

D). There was no significant difference in DAT and TH immunoreactivity between saline
and METH rats in the SNpc tissue lysates (Figure 2C). The loss of striatal DAT and TH was
verified in fluorescently labeled brain slices, which showed a visible and proportional
reduction in DAT and TH signal within the striatum of the METH-treated rats compared
with the striatum of the saline controls (Figure 2E). High-contrast single plane images of
TH-labeled striatal axons in the striatum showed swollen axons and fragmented TH
immunoreactivity 3 days after METH (Figure 2F).

The Effect of Binge METH on Microtubules in the Nigrostriatal Dopamine Pathway

AcetTUB, DetyTUB, TyrTUB, and BIIITUB immunoreactivities were detectable in both the
SNpc and the striatum (Figure 3A). There were no detectable differences in the
immunoreactivity of any of the tubulins in the SNpc tissue lysates between the saline- and
METH-treated rats (Figure 3B). The immunoreactivity of both pI1ITUB and DetyTUB was
significantly lower (-10% and —14%, respectively) in the striatal lysates of the METH-
treated animals compared to the lysates of the saline-treated controls (Figure 3C). AcetTUB
and TyrTUB immunoreactivity in striatal lysates did not differ between saline- and METH-
treated animals. The ratio of TyrTUB to Dety TUB was significantly higher (+26%) in
striatal lysates of animals treated with METH than in saline controls (Figure 3D).

Because MT PTMs that are assessed in total tissue lysates are not specific for DAergic
axons, we probed striatal tissue sections with anti-TH antibody and antibodies against
different tubulins to assess METH effect on MTs in DAergic axons. The results showed high
basal levels of DetyTUB, AcetTUB, and BIIITUB in the striatum (Figure 3F, G, and H). In
agreement with previous reports, these MT populations were differentially expressed in
axons and cell bodies; more specifically, DetyTUB and AcetTUB were more enriched in
axons as opposed to the cell bodies. DetyTUB, AcetTUB, and BIHITUB were highly
expressed in DAergic axons as well as in the surrounding TH-negative axons and cell bodies
(Figure 3F, G, and H). In the rats treated with METH, DAergic axons were enriched with
BIITUB (Figure 3H) and deficient in both AcetTUB (Figure 3F) and DetyTUB (Figure 3G).
The immunofluorescence co-occurrence analysis revealed a significant loss in AcetTUB in
the TH-positive axons (-52%) 3 days after binge METH as compared to saline controls
(Figure 3E). There was a loss of DetyTUB immunoreactivity that did not reach statistical
significance (—33%). TyrTUB was not readily detectable in the TH-positive axons and,
therefore, not quantified (data not shown).

The Effect of EpoD on METH-induced Alterations to Microtubules in the Striatum

Treatment with EpoDL slightly increased DetyTUB immunoreactivity in the striatum
following saline (+36%) and markedly following METH (+78%) when compared to DMSO/
saline treatment (Figure 4A). When compared to EpoDL/saline, Dety TUB increased in
EpoDL/METH group by 31%. Treatment with EpoDH had little effect on the tubulins when
administered alone, but when EpoDH was administered with METH, it resulted in a
substantial loss of Dety TUB signal compared to DMSO/saline (-60%) and EpoDH/saline
(-63%) group. All treatments minimally affected total striatal TyrTUB immunoreactivity.
Compared to DMSO/saline, AcetTUB levels were reduced in the animals treated with both
DMSO/METH and EpoDH/METH (-36% and —70%, respectively). Compared to EpoDH/
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saline, EpoDH/METH decreased AcetTUB levels by 67%). By contrast, the animals treated
with EpoDL had AcetTUB levels similar to those treated with DMSO/saline and those
treated with EpoDL/saline. The animals treated with DMSO/METH and EpoDH/METH had
significantly lower levels of striatal pIIITUB compared with the DMSO/saline-treated
animals (—46% and —55%, respectively) (Figure 4B). a-Tubulin levels were similar across
all the treatment groups. The animals treated with METH exhibited a significant loss of the
motor protein dynein (—-28%) (Figure 4C). By contrast, the animals treated with EpoDL and
EpoDH together with METH did not show the loss of dynein in the striatum. Striatal kinesin
signal was significantly greater in the striatal lysates of animals treated with EpoDH/METH
(162%), but unchanged in all other treatment groups. EpoDL decreased the ratio of TyrTUB
to DetyTUB in the striatum when administered with METH treatment (=70%) (Figure 4D).
The animals treated with EpoDH/METH showed a 2.8-fold increase in the ratio of TyTUB
to Dety TUB than animals treated with EpoDL/METH.

The core body temperature profiles for the rats used in this experiment (Figures 4-6) are
shown in Figure 6A. The average core body temperature (36.8°C) remained unchanged at all
time points after treatment with DMSO/saline, EpoDL/saline, or EpoDH/saline (Figure 6A).
The animals treated with METH had significant hyperthermia at 1, 3, 5, and 7 hours after the
first injection of METH as compared to saline controls. A maximum mean body temperature
of 39.8°C for was observed in the DMSO/METH and EpoDH/METH group at 3 h after te
first METH injection. The EpoDH/METH group reached 40.0°C 7 hours after METH. There
were no significant differences in hyperthermia between DMSO/METH-, EpoDL/METH-,
and EpoDH/METH-treated rats with the exception of EpoDL/METH vs. EpoDH/METH
group comparison at 7 h after the first METH injection. Even though the maximum core
body temperatures in DMSO/METH group were lower in the second than in the first
experiment (39.8°C vs. 40.5° C), the deficits in DAT and TH between the experiments were
not very different (—68% and —33% vs. —=50% and —27%). The loss of AcetyTUB was higher
while the loss of Dety TUB was lower in the second experiment (-14% vs. —36%),
suggesting that the METH-induced changes in MT PMTs do not depend on temperature. In
support, there was no correlation between Acety TUB or DetyTUB and METH-induced
hyperthermia (not shown).

Effect of EpoD on METH-induced Decreases in the Levels of DAergic Markers in the

Striatum

Treatment with EpoDL alone increased striatal DA content by 40% without significantly
affecting the levels of DA metabolites 3,4-dihydroxyphenylacetic acid (DOPAC) or
homovanillic acid (HVA) (Figure 5A, B, and C). Conversely, the animals treated with
EpoDH exhibited reduced striatal DA content (-50%) without reducing striatal DOPAC or
HVA content. The animals treated with METH alone had lower striatal DA and DOPAC
tissue concentrations (—63% and —48%, respectively) compared with the saline-treated
animals. EpoDL attenuated the METH-induced deficit in DA (—43%). Similar reductions in
striatal DOPAC and HVA content were found in the EpoDL-treated rats and the rats treated
with METH alone. The ratio of the DOPAC to DA was similar in the animals treated with
DMSO/saline, EpoDL/saline, and EpoDH/saline. Following METH, rats treated with DMSO
or EpoDH showed a significant increase in the ratio of DOPAC to DA compared to the
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control rats (~2- and ~3-fold, respectively); EpoDL restored DOPAC/DA ratio to the control
value i.e., the animals treated with EpoDL/METH had a similar ratio of DOPAC to DA as
the DMSO/saline-treated controls (Figure 5D).

Both EpoD treatments significantly increased DAT (2.3-fold and 1.6-fold, respectively)
(Figure 5E), but not TH (Figure 5F), immunoreactivity in the striatal lysates. The animals
treated with DMSO/METH had significant reductions in both DAT (-50%) and TH (-27%).
Although there was a significant reduction in striatal DAT when comparing EpoDL/saline-
and EpoDL/METH-treated rats (—55%), the EpoDL/METH-treated animals had DAT levels
that were similar to those of the DMSO/saline-treated animals, indicating a “rescue” of DAT
levels by EpoDL. The animals treated with EpoDH/METH showed drastic reductions in
striatal DAT immunoreactivity (i.e., >80%). The loss of TH in the EpoDH/METH-treated
animals was similar to that in the DMSO/METH-treated animals. Reductions in TH were
not observed in the EpoDL/METH-treated animals compared to DMSQO/saline. Compared to
EpoDL/saline controls, EpoDL/METH treatment decreased DA, DOPAC, DAT, and TH
levels to similar extents as METH treatment compared to saline treatment (by 59%, 36, 55%,
and 18%, respectively). EpoDH/METH-induced decreases in relation to EpoDH/saline
controls (—86%, —69%, —70%, —36%) where larger than those induced by DMSO/METH
compared to DMSO/saline controls.

To assess inflammatory response in the experimental groups, GFAP immunoreactivity was
measured in striatal lysates by western blotting. Compared to DMSO/saline controls, GFAP
immunoreactivity was significantly increased in the striatum 3 days after DMSO/METH
(+57%) and EpoDH/METH (+69%) treatment (Figure 5G). In contrast, GFAP expression
was not significantly increased in the animals treated with EpoDL/METH. Although full-
length pro-caspase-3 (~35 kDa) was detected in all the lysates, the activated cleaved
caspase-3 (~15 kDa) was not detected in striatal lysates under any treatment condition.
Striatal levels of 4-HNE were slightly increased (~10%) after binge METH alone (data not
shown).

Behavioral Response of Rats Treated with Both EpoD and METH

Figure 6B—D depicts the analysis of motor activity counts 24 h before, during (after the 3'd
METH injection), and 24 h after binge METH. Prior to METH administrations, the animals
in all treatment groups displayed similar locomotor activity profile (Figure 6B). A similar
pattern of locomotor activity was maintained across all the sessions by the animals treated
with DMSO/saline and EpoDH/saline. The animals treated with EpoDL/saline displayed
increased stereotypy (seen as dense green nodules) during the treatment phase. The animals
treated with DMSO/METH also displayed more stereotypy than DMSO/saline controls but
less than EpoDL/METH-treated rats (Figure 6C). The animals treated with EpoDH/METH
displayed less stereotypy than other METH groups; instead, they maintained
hyperlocomotion during METH administration. The treatment with EpoDL/METH produced
the highest levels of stereotypy and the greatest suppression of distance traveled. During the
post-treatment phase (24 h post-METH), the animals treated with METH showed significant
reduction in the overall motor activity when compared to saline controls regardless of EpoD
dose.
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During the pre-treatment session, the animals from all groups displayed normal acclimation
behavior that was characterized by a marked negative correlation between the distance
travelled and the duration of the session (Figure 6D). The animals treated with either
DMSO/saline, EpoDL/saline, or EpoDH/saline exhibited similar acclimation behavior
throughout all the behavioral sessions. However, in the animals treated with DMSO/METH,
EpoDL/METH, or EpoDH/METH, the slope between the distance traveled and time was lost
during the treatment session due to stereotypy, with animals from the EpoDH group moving
around and exhibiting stereotypy. During the post-treatment, the slope for DMSO/METH
and EpoDL/METH groups recovered slightly (to 23% and 10%, respectively, of their
pretreatment values).

Discussion

Our first major finding was the loss of stable MTs in striatal DAerigic axons following binge
METH. Although we report the loss of a few tubulins in the striatum, only the loss of
AcetTUB appeared to be specific for striatal DAergic axons. Our second significant finding
was that the treatment with the MT-stabilizing drug EpoD could prevent the METH-
mediated loss of AcetTUB and the loss of striatal DAergic markers when administered at a
low dose while potentiating METH-mediated losses of DAergic markers and markers of
stable MTs when administered at a high dose. Finally, we demonstrated that EpoD treatment
produced acute effects on METH-induced hyperlocomotion and stereotypy, raising the
possibility that MT stabilization has an effect on DA signaling.

Binge METH administration results in both reversible and irreversible loss of striatal
DAergic markers with the latter being considered a manifestation of “classic” METH
neurotoxicity. These “classic” neurotoxic effects of METH are mediated, in part, by
oxidative stress (Yamamoto & Zhu 1998) and can induce reactive gliosis and pro-apoptotic
caspase-3 cleavage throughout the striatum (Jayanthi et al. 2004, Zhu et al. 2005, Bowyer et
al. 1994). We observed only a mild increase in the immunoreactivity of the reactive gliosis
marker GFAP and no signal for cleaved caspase-3 in the striatum of METH-treated animals
(Figure 5I). Striatal levels of 4-hydroxynonenal were also only slightly increased (~10%)
after binge METH (data not shown). These results suggest that the METH-induced oxidative
stress and loss of DAergic terminals was modest and that the marked deficits in DA, DAT
and DOPAC were, in most part, reversible and caused by other than neurodegeneration
mechanisms. Consequently, the MT alterations we are describing predominantly reflect
combination of transient METH effects on MTs and neuroadaptive responses in DAergic
neurons, and not “classic” neurotoxicity per se (i.e. a physical loss of DAergic axons). This
interpretation is further supported by a relatively modest reduction in striatal DA content
(~22%) observed 7 days following the same regimen of binge METH (Supplementary
Figure 1). DA deficits are normally much greater (>60%) in “classic” METH neurotoxicity
models at this time point (Bowyer et al. 1998, Bowyer et al. 1994). We did observe swollen
axons with discontinuous TH signal in the striatum following METH; these axons were
similar to the "empty" axons lacking vesicles, mitochondria, and other components detected
in the nigrostriatal DA pathway in 1-methyl-4-phenylpyridinium (MPP+)-treated mice
(Cartelli et al. 2013). Some of these TH-positive axons are likely irreversibly damaged
(Bowyer & Schmued 2006), but the GFAP and TH data suggest that most axons are not. The
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lack of gross neurotoxicity is likely explained by the lack of severe hyperthermia (=41°C),
which is a crucial determinant of METH-induced neurotoxicity (Bowyer et al. 1994, Bowyer
et al. 1992). In our hands, the METH-treated animals displayed acute hyperthermia;
however, the effect was modest (average core body temperature of approximately 40°C).
Some of the effects of METH on DAergic markers at regimens that do not increase core
body temperatures above 40.5°C are short-lasting (Bowyer et al. 1992, Bowyer et al. 1994,
Harvey et al. 2000, Cass & Manning 1999, Friedman et al. 1998), a finding that agrees with
higher DA loss at 3 days than at 7 days after METH in our drug regimen. However small,
the increase in GFAP immunoreactivity was present in DMSO/METH and EpoDH/METH
groups, but not in EpoDL/METH group, suggesting that administration of EpoDL with
METH prevented METH-triggered reactive gliosis. Lack of caspase-3 activation in the
striatum indicates that EpoDH did not augment METH-mediated toxic events such as
mitochondrial dysfunction or oxidative stress in striatal neuronal cell bodies (Yamamoto ef
al. 2010).

The heterogeneity of a-tubulin PTMs in polymerized MTs is thought to impart their
different functions (Janke 2014, Verhey & Gaertig 2007, Wehenkel & Janke 2014). MTs that
are enriched in AcetTUB and DetyTUB preferentially recruit the anterograde motor protein
kinesin and promote axonal transport (Reed et al. 2006, Liao & Gundersen 1998) whereas
TyrTUB is highly enriched in newly formed and dynamic MTs (Baas & Black 1990). In
agreement with recent findings in endothelial cells (Fernandes et a/. 2015), we found that
METH exposure led to the loss of AcetTUB, which is highly enriched in stable MTs. The
loss of AcetTUB was more pronounced in TH-positive striatal axons than in striatal tissue
lysates (Figure 3), suggesting some level of specificity of this effect for striatal DAergic
axons. METH also resulted in a significant increase in the ratio of TyrTUB to DetyTUB,
further suggesting the loss of stable MTs within the striatum. The increased ratio of TyrTUB
to DetyTUB may also be indicative of the increased recruitment of CAP-glycine proteins
(Erck et al. 2005, Peris et al. 2006), which are required for initiation of dynein-mediated
retrograde axonal transport (Moughamian et a/. 2013), possibly to remove cellular
components oxidatively damaged by METH (Lin et a/. 2012, Chevalier-Larsen & Holzbaur
2006).

The BIITUB deficit observed in METH-treated rats could reflect decreased levels of MTs in
DAergic axon (Wen et al. 2010). This scenario is unlikely because the co-occurrence of
BIITUB with TH immunostaining was not decreased. Alternatively, given the known MT-
destabilizing effects of IIITUB overexpression (Hari et al. 2003), the loss of striatal
BIITUB might reflect increased MT stability in non-DAergic striatal components, such as
neurons, in response to METH. BIIITUB has numerous functions, including a role in
mitochondrial respiration, neurogenesis, axonal guidance and intracellular trafficking as well
as axonal maintenance, including association of MTs with kinesin (Roskams ef a/. 1998,
Menezes & Luskin 1994, Mariani et al. 2015, Tischfield et al. 2010). METH-mediated
alterations in any of these functions or adaptive responses to METH effects could be
reflected in the BIIITUB deficit (Tulloch ef al. 2014, Ujike ef al. 2002, Yamamoto et al.
2010). In summary, our results suggest that METH exposure resulted in the loss of stable
MTs in striatal DAergic axons, an effect that would impede axonal transport and could
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account for the transient (i.e. reversible) loss of striatal DA, DOPAC, DAT, and TH observed
3 days after METH.

The loss of AcetTUB can impair axonal transport (Godena et a/. 2014). Since EpoD
increases AcetTUB levels (Fan et al. 2014, Cartelli et al. 2013), we hypothesized that EpoD
would attenuate the METH-induced deficits in AcetTUB and, ultimately, the loss of striatal
DAergic markers. Only the low dose of EpoD (EpoDL) produced the desired effects. EpoDL
prevented the METH-mediated loss of AcetTUB (Figure 4), DA, DAT, and TH (Figure 5).
As the deficits in striatal DAergic markers were similar in DMSO/METH and EpoDL/
METH rats when compared to their respective controls, the EpoDL protection likely
involved keeping DAergic markers at the physiological levels via axonal transport and not
via attenuation of neurodegeneration. In agreement, EpoDL increased striatal Dety TUB
levels and, consequently, the ratio of Dety TUB to TyrTUB while administered alone and in
combination with METH, supporting also the data on a robust effect of epothilones on MT
stability (Ruschel et a/. 2015, Janke & Kneussel 2010, Cheng et a/. 2008). In contrast, co-
administration of EpoDH with METH resulted in a potentiation of the METH-induced loss
of AcetyTUB and in a drastic loss of DetyTUB and DAergic markers. Lack of an effect of
EpoD and METH, alone or in combination, on TyrTUB levels suggests the lack of their
effect on the formation of new MTs (Janke & Kneussel 2010). Collectively, our data indicate
that the low-dose EpoD stabilized MTs and restored the levels several striatal DAergic
markers decreased by METH whereas high-dose EpoD impaired MT function and
potentiated the depletion of striatal DA and DAT induced by METH. It was not surprising
given the known neurotoxic potential of taxols (Scripture ef a/. 2006). Consequently,
treatments with EpoD at doses outside the “therapeutic window” may produce unintended
neuropathy in humans, particularly those with already compromised CNS such as METH
users. Neuroprotective EpoD doses are likely different for different species. The high dose of
EpoD was chosen based on the results from a previous study in which this dose was found to
be neuroprotective against MPTP (Cartelli et al. 2013). Their study employed mice and mice
differ from rats and humans in responses to DAergic toxins. In humans, recent phase 1
clinical trials testing EpoD effects against Alzheimer disease employed 10 to 1000-fold less
EpoD than the dose in the investigation of Cartelli and colleagues.

The animals treated with EpoDH/METH exhibited a drastic increase in kinesin levels. Motor
protein kinesin is guided from the cell body to the axon by tyrosination of a-tubulin
(Konishi & Setou 2009). Therefore, the METH-induced increases in kinesin might reflect an
adaptational response in moderately destabilized striatal MTs in the axons or cell bodies
surrounding the striatal DAergic axons. Previous findings have suggested a role of kinesin in
the initial neural plasticity and development of drug addiction (Bilecki et a/. 2009, Tomas et
al. 2005). METH exposure induces dendritic spines plasticity in the dorsal striatum (Jedynak
et al. 2007). Therefore, the increase in kinesin observed in the EpoDH/METH group could
be explained by an increase in dendritic plasticity in this brain area. Future studies are
needed to determine the specificity and function of METH-induced kinesin upregulation.

In the striatum, DAergic innervation constitutes less than 1% of total pool of striatal
components. EpoD- and METH-induced alterations in tubulin PTMs and in MT-associated
proteins observed in the striatal whole-tissue lysates were 10% or greater; therefore, it is
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likely that the METH-induced alterations of MTSs are not exclusive to DAergic axons.
Nevertheless, the METH-induced changes in particular MT PMTSs within DAergic axons
might be different from the changes induced by the drug within other striatal components.

EpoDL alone increased striatal DA, suggesting that EpoD increased the DA vesicle pool,
possibly by promoting anterograde axonal transport of DA-containing vesicles (Franker &
Hoogenraad 2013, Ren et a/. 2005). EpoDH had the opposite effect on the striatal DA
content, causing a marked reduction in the neurotransmitter. It is unclear why the two EpoD
doses produced the opposite responses. Administration of high EpoD doses can result in
overstabilization of MTs (Mercado-Gomez et al. 2004), with a consequent impairment of
axonal transport (Stamer et al. 2002). We did not observe an increase in AcetyTUB after
EpoDH alone in the striatal lysates; however, such increase might have occurred in DAergic
terminals. Alternatively, EpoD may have had an effect on DA synthesis and/or metabolism
(Bouvrais-Veret et al. 2008, Brun et al. 2005). As expected (Boger ef al. 2007), METH
treatment increased the ratio of DOPAC to DA. EpoDH treatment exacerbated the METH-
induced increase in ratio of DOPAC to DA whereas EpoDL produced the opposite result
than EpoDH, seemingly suppressing METH-induced increase in the DOPAC/DA ratio.
EpoDL treatment alone had similar effect on the DAT as it had on DA levels, while striatal
TH levels remained relatively unchanged (Figure 5), suggesting that EpoDL treatment
preferentially enhances anterograde transport of the DAT and DA storage vesicles in relation
to TH. This differential effect may be explained by differences in cargo transport rates. In
general, membrane proteins are transported by fast axonal transport while cytosolic proteins
primarily by slow axonal transport (Brown 2003). Consequently, the DAT could have been
transported at a higher rate than TH, causing EpoD enhancement of axonal transport at the
3-days time point more obvious for the DAT than TH. On the other hand, TH, DA, and DAT
all can be transported by fast axonal transport (Lechardeur et a/. 1993, Rao et al. 2012) and,
therefore, the observed differences might not be simply due to different axonal transport
velocities. EpoD may have differentially affected retrograde axonal transport or terminal
turnover (degradation) of these DAergic markers (they are degraded by different cellular
processes: the proteasome, enzymatic metabolism, and lysosome, respectively). In the
absence of METH, EpoDL and EpoDH both increased the levels of striatal DAT but had
different effects on MT stability. Literature data indicates that both stabilization and
destabilization of MTs can induce increased trafficking of the DAT to the plasma membrane
(Fjorback et al. 2011, Herring et al. 2008), thus indicating the importance of proper balance
in MT dynamics. In the presence of METH, EpoDH decreased the immunoreactivity of
DAT. This could have resulted from METH-mediated inhibition of DAT axonal transport
overcoming the effect of EpoDH.

It can be speculated that enhancing anterograde transport of DA storage vesicles and DAT
would increase cytosolic DA levels within DA terminals and would exacerbate METH
neurotoxicity (Yamamoto et al. 2010). In our study, EpoDL increased striatal DAT and DA
levels and decreased the METH-induced loss of DAergic markers. The increase in DAT was
higher than the increase in DA; this might have resulted in increased release of DA via the
DAT and, consequently, prevented DA-mediated oxidative stress. Our behavioral data
(Figure 6) supports this scenario. EpoDH alone also increased the striatal DAT levels, but
resulted in drastic depletions of DAT and DA contents following METH. The additive DA
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and DAT depleting effects of EpoDH and METH was likely a consequence of destabilization
of MTs by both drugs via their depolarization (Higashi et a/. 1989, Ruschel et al. 2015)
and/or changes to DAergic markers metabolism or turnover. Finally, since binge METH
impairs mitochondrial function and decreases ATP (Yamamoto et al. 2010), a deficit in ATP
may have contributed to decreased transport of DAergic markers, and mitochondria, to the
terminals.

METH-induced DA release induces locomotor activation and binge METH can result in
long-lasting alterations in locomotor behavior (Kuczenski ef a/. 1991, Wallace et al. 1999).
As expected, METH alone increased stereotypy during its administration and 24 h later as
well as disrupted normal acclimation behavior and suppressed locomotor activity 24 h after
METH exposure (Figure 6). EpoDL alone increased stereotypy during the treatment session,
but had little effect on locomotor activity 24 h following treatments. This suggests there may
be some acute effects of EpoD on signaling in the nigrostriatal DA pathway. The influence
of MT stability on DA signaling and local DA synthesis may account for this effect
(Bouvrais-Veret et al. 2008, Brun et al. 2005). These studies showed decreased DAergic
neurotransmission in mice with decreased MT stability, manifested by decreased levels of
DA and its metabolites, decreased DA synthesis and release, decreased levels of DA D2
receptor, and decreased locomotor activity during the day. The EpoDL-induced increase in
MT stabilization evoked opposite effects with upregulation of DAT levels possibly reflecting
an adaptive response to the increase in DA release. Administration of EpoDL with METH
appeared to exacerbate the METH-induced effects on stereotypy, likely due to combined
effect on DA release. Animals in the EpoDL/METH group displayed a nearly 2-fold
increase in this measure compared to DMSO/METH-treated animals, while EpoDH
suppressed METH-induced stereotypy. The dose-dependent biphasic effect of EpoD on
METH-induced stereotypy during the treatment paralleled EpoDL effects on DAergic
markers observed on the 3™ day. METH-induced stereotypy is mediated by postsynaptic D1
receptors in the striatum (Chartoff et a/. 2001). Hence, the data suggests that the EpoDL-
mediated changes in MTs and DAergic markers occurred during METH administration and
increased DA efflux. It is plausible that the “protective” effect of EpoDL involved
decreasing the levels of free intracellular DA and, consequently, preventing DA-mediated
oxidative stress, a notion supported by lack of increased GFAP expression. The EpoDL
protection could have also involved keeping up proper axonal transport not only of DAergic
markers but also of mitochondria and removal of damaged components from DAergic
terminals (Kevenaar & Hoogenraad 2015). In contrast, EpoDH-induced potentiation of
METH-induced losses in DAergic markers could have been mediated by impaired
anterograde transport of these markers and mitochondria, as well as by impaired removal of
damaged neuronal components due to inhibition of their retrograde transport or autophagy
(LaPointe et al. 2013, Hayashi et al. 2009, Castino et al. 2008). The emergence of
hyperlocomotion instead of stereotypy in EpoDH/METH rats suggests a decrease in
DAergic neurotransmission and supports the notion of an impaired transport of DA-
containing vesicles. An alternative explanation for the decreased DAergic neurotransmission
in these rats is EpoDH-mediated suppression of DAT activity with a resultant decrease in the
reverse transport of DA and an increase in free cytosolic DA and its metabolism. This is
supported by the increased DOPAC/DA ratio in EpoDH/METH rats. An increase in free DA
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accompanied by a deficit in ATP (due to an impaired transport of mitochondria) could have
increased an oxidative stress within DAergic terminals. All the animals displayed a
significant suppression of behavior following METH regardless of EpoD dose, suggesting
the changes in DAergic markers persisting at 3 days post-METH did not affect motor
activities. Together, the locomotor activity data support the hypothesis that EpoD may have
acute effects on striatal DAergic signaling. Future studies should focus on measuring DA
release in the striatum following EpoD treatment in order to clarify molecular mechanisms
underlying these findings.

In summary, we found a deficit in stable MTs, accompanying deficits in DAergic markers,
within striatal DAergic axons 3 days following binge METH exposure. Furthermore,
treatment with a low dose of MT-stabilizing drug EpoD prevented the METH-mediated loss
of stable MTs and loss of striatal DAergic markers. The deficits in MT stability have been
implicated in DA signaling-related disorders including schizophrenia, depression, and
Parkinson’s disease (Fournet et al. 2012b, Bouvrais-Veret et al. 2008, Brun et al. 2005,
Morfini et al. 2009). EpoD has been tested, with some success, to treat these disorders
(Fournet et al. 2012a, Daoust et al. 2014, Morfini et al. 2009). Our data suggests that EpoD
may be effective in restoring striatal axonal transport and DAergic function in animal models
of METH abuse (Robinson & Berridge 1993, Schultz 2007, Nutt ef a/. 2015) and also in
human users of the drug, potentially attenuating the risk for development of Parkinson’s
disease (Callaghan et al. 2012). Further studies are needed to determine the “therapeutic
window” for the treatment of METH neurotoxicity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

This work was supported by National Institutes of Health RO1 grant # DA034783.

Abbreviations

AcetTUB  acetylated a-tubulin
aTUB a-tubulin

BIIITUB Bl tubulin

BCA bicinchoninic acid
DetyTUB  detyrosinated a-tubulin
DAergic dopaminergic

DA dopamine

DAT dopamine transporter

DM SO dimethylsulfoxide
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EpoD Epothilone D
METH methamphetamine
MTs microtubules

MPTP 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine

PFA paraformaldehyde

PTMs posttranslational modifications
SNpc substantia nigra pars compacta
TH tyrosine hydroxolase

TyrTUB  tyrosinated a-tubulin

WB western blotting
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Figure 1. Study Design
Adult male Sprague-Dawley rats weighing 350-400 g were used for all experiments.

Methamphetamine chloride (METH HCI) (4 x 10 mg/kg, i.p.) or saline (1 mL/kg) was
administered to rats at 2-h intervals (solid red arrows). The animals were euthanized 3 days
after the last METH or saline injection (solid black arrows) and assessed for the levels of
tubulins and dopaminergic (DAergic) markers in the striatum and substantia nigra pars
compacta (SNpc). A separate group of rats was treated with a microtubule-stabilizing drug
epothilone D (EpoD) or vehicle 24 h before, during (after the 3" injection) and 24 h after
binge METH or saline treatment (purple arrows). Three 30-minute open-field motor activity
measurements were performed for both groups at times indicated by dotted black arrows.
The second group of animals was also euthanized at 3 days after the last METH or saline
injection and assessed for striatal tubulins and DAergic markers.
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Figure 2. Levels of dopaminergic (DAergic) markersin therat striatum and substantia nigra
pars compacta (SNpc) 3 days after binge methamphetamine (METH)

Rats were treated with four successive injections (i.p.) of either saline (SAL) (1 mL/kg) or
METH-HCI (10 mg/kg) at 2-h intervals. Three days later, the animals were sacrificed and
brain tissue was harvested. (A) Core body temperature of animals during binge METH or
SAL treatment measured 1 h after each injection. METH induced significant hyperthermia
over time (***p<0.001 SAL vs. METH, two-way ANOVA with repeated measures followed
by Student-Newman-Keuls post hoc test, n=5). (B, C) Quantified dopamine transporter
(DAT) and tyrosine hydroxylase (TH) immunoreactivities in the striatum (B) and SNpc (C).
METH significantly reduced DAT (-68%) and TH (—33%) levels in the striatum (*p<0.05,
**p<0.01, Student’s two-tailed £test, n=5) and not in the SNpc. (D) Representative western
blot images of DAT (72 kDa), TH (64 kDa), and B-actin (45 kDa) from rats administered
saline (S) and METH (M). B-Actin immunoreactivity was used as a loading control. All
band density values were normalized to the saline controls. (E) Fluorescently labeled DAT
(red) and TH (green) in brain tissue slices of the striatum and SNpc. The images depicting
the striatum are magnified 40x to show individual axons; the SNpc images are magnified 4x
to show the total surface of this area. Channel overlay shows co-localization of green and red
signal in yellow. (F) High-contrast images of TH immunoreactivity in striatal brain slices
show the morphology of TH-labeled striatal axons. All data are expressed as mean + S.E.M.
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Figure 3. Tubulinsin the striatum and substantia nigra pars compacta (SNpc) 3 days after
methamphetamine (METH) treatment

Rats were treated with four successive injections (i.p.) of either saline (SAL) (1 mL/kg) or
METH-HCI (10 mg/kg) at 2-h intervals and sacrificed 3 days later. (A-C) Western blot
analysis of lysates from the striatum (B) and SNpc (C) labeled with antibodies specific for
detyrosinated a-tubulin (DetyTUB, 50 kDa), tyrosinated a-tubulin (TyrTUB, 50 kDa), BlII
tubulin (BINITUB, 52 kDa), acetylated a.-tubulin (AcetTUB, 50 kDa), a-tubulin (a TUB, 50
kDa), and p-actin (45 kDa) (loading control). (A) Representative western blot images for B
and C. METH significantly decreased the immunoreactivity of DetyTUB (-14%) and
BHITUB (-10%) in striatal but not nigral tissue lysates (*p<0.05 Student’s two-tailed #test
with Bonferroni correction for multiple comparisons, n=5). (D) The ratio of TyrTUB to
DetyTUB was increased in striatal lysates (+26%, *p<0.05 Student’s two-tailed #test, n=5).
(F-H) Images of fixed striatal brain slices fluorescently labeled for (F) AcetTUB, (G)
DetyTUB, and (H) BIIITUB (all depicted in red) as well as for tyrosine hydroxylase (TH)
(green) and nuclei (blue). (E) Quantification of co-occurrence of tubulins and TH in striatal
tissue slices. Co-occurrence is defined as the percentage of TH signal that contains the
tubulin signal above a threshold. METH significantly decreased the immunoreactivity of
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AcetTUB (-52%) and DetyTUB (-33%) in TH-positive striatal axons (*p<0.05, Student’s
two-tailed #test with Bonferroni correction n=5). All band density values and co-occurrence
values were normalized to the respective saline controls. The data are expressed as mean +
SEM. *
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Figure 4. Striatal tubulinsin ratstreated with epothilone D (EpoD) and methamphetamine
(METH)

A group of rats was divided into 6 subgroups. Two subgroups were treated with four
successive injections (i.p.) of either saline (SAL) (1 mL/kg) or METH-HCI (10 mg/kg). The
remaining subgroups were also treated with a low dose of epothilone (EpoD) (EpoDL; 0.5
mg/kg), high dose of EpoD (EpoDH; 5 mg/kg) or DMSO before, during, and after binge
METH or saline. All animals were sacrificed 3 days later and the striatal lysates were
analyzed for (A) posttranslational modifications of a-tubulin (a-TUB): detyrosinated a-
tubulin (DetyTUB, 50 kDa), tyrosinated a-tubulin (TyrTUB, 50 kDa), and acetylated a.-
tubulin (AcetTUB 50 kDa) (B) tubulin isoforms: a-TUB (50 kDa) and 111 tubulin
(BINITUB, 52 kDa), and (C) motor proteins: kinesin (heavy chain, 120 kDa) and dynein (95
kDa). a-TUB was used as a loading control for DetyTUB AcetTUB and TyrTUB while B-
actin (45 kDa) was used as a loading control for other proteins. The immunoreactivities were
normalized to saline/DMSO-treated controls. (A) Compared to METH alone, EpoDL/METH
treatment increased whereas EpoDH/METH treatment decreased the immunoreactivity of
DetyTUB (+112% and —48%, respectively) and AcetyTUB (+66% and —48%, respectively).
The DetyTUB and AcetyTUB in EpoDH/METH rats were also significantly decreased when
compared to EpoDH/SAL controls (-62% and 67%, respectively). (B-D) In the EpoDH/
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METH-treated rats, pIIITUB immunoreactivity was decreased (-55% vs. DMSO/SAL)
kinesin immunoreactivity was increased (+95% vs. EpoDH/SAL) and the ratio of TyrTUB to
DetyTUB was increased (2.8 fold vs. DMSO/SAL and EpoDH/SAL). (E) Representative
western blot images. All data are expressed as mean £ SEM. *p<0.05, **p<0.01 treatment
vs. DMSO/SAL, #p<0.05, #p<0.01, EpoD/SAL vs. EpoD/METH, [T (bracket) p<0.05
differences within SAL and METH subgroups, one-way ANOVA followed by Tukey’s post
hoc test, n=4-13. Analysis of DetyTUB and AcetTUB data by two-way ANOVA with Tukey
post hoc test revealed co-treatment (DMSO, EpoD) x treatment (SAL, METH) interaction
for DetyTUB and TyrTUB/DetyTUB ratio (£ 42) = 2.82, p<0.05 and A 43) = 6.29, p<0.01,
respectively).
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Figure5. Striatal dopaminergic (DAergic) markersin ratstreated with epothilone D (EpoD) and
methamphetamine (METH)

A group of rats was divided into 6 subgroups. Two subgroups were treated with four
successive injections (i.p.) of either saline (SAL) (1 mL/kg) or METH-HCI (10 mg/kg). The
remaining subgroups were also treated with a low dose of epothilone (EpoD) (EpoDL; 0.5
mg/kg), high dose of EpoD (EpoDH; 5 mg/kg) or DMSO before, during, and after binge
METH or saline. All animals were sacrificed 3 days later and the striatal lysates were
analyzed for (A-F) DAergic markers, glial fibrillary acidic protein (GFAP, 50 kDa) and (1)
caspase-3 (35 and 17 kDa). p-Actin was used as a loading control. EpoDL and EpoDH alone
increased DAT immunoreactivity (2.3 fold and 1.6 fold, respectively); they have the opposite
effects on DA (+44% and —48%, respectively). EpoDH/METH treatment potentiated
METH-induced deficits in striatal (A) DA (-63% vs. 92%), (B) 3,4-dihydroxyphenylacetic
acid (DOPAC) (-48% vs. —77%), and (F) dopamine transporter (DAT, 60-80 kDA) (-50%
vs. —99%) as well as (D) METH-induced increase in DOPAC/DA ratio (+32% vs. +60%).
Compared to DMSO/SAL, DA and DAT content in EpoDL/METH group was decreased by
63% and 50%, respectively, while compared to EpoDL/SAL these markers were decreased
by 59% and 55%, respectively. (F) Tyrosine hydroxylase (TH, 60 kDa) content in EpoDH/
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METH group significantly decreased in relation to EpoDH/SAL group (-36%). (G) DMSO/
METH and EpoDH/METH treatment increased GFAP immunoreactivity (+57% and +69%,
respectively). (I) Neither treatment activated caspase-3. (I) Representative western blot
images. Band density values were normalized to DMSO/SAL values. All data are expressed
as mean + SEM. *p<0.05, **p<0.01, ***p<0.001, treatment vs. DMSO/

SAL, #p<0.05, #p<0.01, ##p<0.001, EpoD/SAL vs. EpoD/METH, [T (bracket) p<0.05
differences within SAL and METH subgroups, one-way ANOVA followed by Tukey’s post
hoctest, n=4-13. Analysis of DA, DAT and DOPAC/DA data by two-way ANOVA with
Tukey post hoc test revealed co-treatment (DMSO, EpoD) x treatment (SAL, METH)
interaction for DAT and DOPAC/DA ratio (£2.43) = 7.17, p<0.01 and A 44y = 5.79, p<0.01,
respectively).
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Figure 6. Locomotor activity of ratstreated with epothilone D (EpoD) and methamphetamine
(METH)

A group of rats was divided into 6 subgroups. Two subgroups were treated with four
successive injections (i.p.) of either saline (SAL) (1 mL/kg) or METH-HCI (10 mg/kg). The
remaining subgroups were also treated with a low dose of epothilone (EpoD) (EpoDL; 0.5
mg/kg), high dose of EpoD (EpoDH; 5 mg/kg) or DMSO before, during, and after binge
METH or saline. (A) Core body temperatures were recorded before METH (O h) and 1 h
after each METH or SAL injection. METH induced significant hyperthermia over time
(***p<0.001 SAL vs. METH, two-way ANOVA with repeated measures followed by
Student-Newman-Keuls post hoc test, n=3-11). (B) Representative activity maps.
Continuous green line traces animal’s movement during each 30-min session. The animals
treated with EpoDH/METH displayed less stereotypy (seen as dense green nodules) than
other METH groups; instead, they maintained hyperlocomotion during METH
administration. (C) Quantification of total motor activity counts during the 30-min open-
field tests performed 24 h before METH (pre-treatment), after the third METH injection
(treatment), and 24 h after the last METH injection (post-treatment). The rats treated with
EpoDL/SAL displayed increased stereotypy during the treatment phase. The animals treated
with DMSO/METH also displayed more stereotypy than DMSO/saline controls but less than
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EpoDL/METH-treated rats. (D) Acclimation behavior during each of the 30-min locomotor
activity sessions. Linear regression analysis was performed between the distance traveled
and time. All data are expressed as mean £ SEM. *p<0.05, treatment vs. DMSO/

SAL, #p<0.05, EpoD/SAL vs. EpoD/METH, TT (bracket) p<0.05 differences within SAL
and METH subgroups, one-way ANOVA followed by Tukey’s post hoc test, n=4-13.
Analysis of stereotypy data by two-way ANOVA with Tukey post hoc test revealed a trend
for co-treatment (DMSO, EpoD) x treatment (SAL, METH) interaction for total time spent
in stereotypy (ST) (F2,36) = 7.17, p=0.073). Abbreviations: DT, total distance traveled; RT,
total time at rest; ST, total time spent in stereotypy; AT, total ambulatory time; BSM, burst of
stereotypy; HC, horizontal counts; AC, ambulatory counts; EpoDL, low-dose EpoD;
EpoDH, high-dose EpoD.
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