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Abstract

Methamphetamine (METH) exposure results in dopaminergic neurotoxicity in striatal regions of
the brain, an effect that has been linked to an increased risk of Parkinson's disease. Various aspects
of neuroinflammation, including astrogliosis, are believed to be contributory factors in METH
neurotoxicity. METH interacts with sigma receptors at physiologically relevant concentrations and
treatment with sigma receptor antagonists has been shown to mitigate METH-induced
neurotoxicity in rodent models. Whether these compounds alter the responses of glial cells within
the central nervous system to METH however has yet to be determined. Therefore, the purpose of
the current study was to determine whether the sigma receptor antagonist, SN79, mitigates
METH-induced striatal reactive astrogliosis. Male, Swiss Webster mice treated with a neurotoxic
regimen of METH exhibited time-dependent increases in striatal gfap mRNA and concomitant
increases in GFAP protein, indicative of astrogliosis. This is the first report that similar to other
neurotoxicants that induce astrogliosis through the activation of JAK2/STATS3 signaling by
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stimulating gp-130-linked cytokine signaling resulting from neuroinflammation, METH treatment
also increases astrocytic oncostatin m receptor (OSMR) expression and the phosphorylation of
STAT3 (Tyr-705) in vivo. Pretreatment with SN79 blocked METH-induced increases in OSMR,
STAT3 phosphorylation and astrocyte activation within the striatum. Additionally, METH
treatment resulted in striatal cellular degeneration as measured by Fluoro-Jade B, an effect that
was mitigated by SN79. The current study provides evidence that sigma receptor antagonists
attenuate METH-induced astrocyte activation through a pathway believed to be shared by various
neurotoxicants.
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INTRODUCTION

Methamphetamine (METH) is an illicit substance that acts as an addictive psychostimulant
by modulating monoamine signaling within the central nervous system (CNS). Chronic
METH abuse results in several negative side effects, including dopaminergic nerve terminal
toxicity (Romanelli and Smith 2006; VVolkow et al. 2001a; VVolkow et al. 2001b), altered
morphology in the substantia nigra (Todd et al. 2013), and an increased risk of developing
Parkinson's disease later in life (Callaghan et al. 2010; Callaghan et al. 2012). Many of these
effects have been replicated in various animal models, including recent reports showing that
significant METH-induced neurotoxicity occurs in rodents who self-administer the drug
(Reichel et al. 2012; Schwendt et al. 2009).

In addition to having dramatic effects on dopaminergic neurons, METH affects a variety of
other cell types located within the CNS (Cadet and Krasnova 2009), including astrocytes in
regions of the brain affected by its neurotoxic actions (Bowyer et al. 1994; O'Callaghan and
Miller 1994; Pu et al. 1994). Astrocytes isolated from regions of the brain affected by the
toxic effects of METH appear more sensitive to the effects of the drug than comparable cell
populations from other areas (Lau et al. 2000; Stadlin et al. 1998). In vitro studies using
isolated astrocytes have confirmed that METH can directly exert actions on these cells;
however, it is currently unclear whether in vivo activation of astrocytes by METH also
results from direct actions on this cell type or whether it is a consequence of neuronal
damage and neuroinflammation (Hebert and O'Callaghan 2000; Kelly et al. 2012; Lau et al.
2000; Narita et al. 2006; Sriram et al. 2004; Stadlin et al. 1998).

Astrocytes are activated in response to a variety of CNS insults through a process termed
astrogliosis whereby they undergo distinct morphological changes and display an increase in
the expression of glial fibrillary acidic protein (GFAP) (Raivich et al. 1999). One
mechanism by which astrocytes can be activated is through the induction of STAT3
phosphorylation through JAK/STAT signaling events (Hebert and O'Callaghan 2000). It is
hypothesized that this phosphorylation occurs through gp130-mediated cytokine signaling
events initiated by inflammatory processes (Hebert and O'Callaghan 2000; VVan Wagoner
and Benveniste 1999). The phosphorylation and therefore activation of STAT3 in astrocytes
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can be mediated through oncostatin M (OSM)-mediated signaling through the oncostatin M
receptor (OSMR) (Van Wagoner et al. 2000). OSMR is an IL-6-type cytokine receptor that
dimerizes with gp130 and mediates intercellular signaling events, including STAT3
(Tyr-705) phosphorylation (Chen and Benveniste 2004; VVan Wagoner et al. 2000).
Interestingly, OSM signaling through OSMRp/gp130 is believed to modulate astrocyte
function and the expression of GFAP is decreased in mice deficient in gp130 (Chen et al.
2006; Nakashima et al. 1999), providing evidence that signaling through OSMRp/gp130
complexes is involved in GFAP upregulation and subsequent astrogliosis. Furthermore,
METH results in increased expression of osmr and gfap in regions of the brain affected by
the neurotoxic effects of the drug in rodents (Thomas et al. 2004). There is, however, a
paucity of studies confirming the effect of METH on the transcriptional regulation of osmr
in astrocytes per se, although a recent report has shown that osmr expression increases in
astrocytes activated in vivo by other insults, such as ischemic stroke or peripheral
lipopolysaccharide (LPS) injections (Zamanian et al. 2012).

Exacerbating the problem of METH-induced neurotoxicity is the current lack of FDA
approved pharmacotherapies for treating the negative health effects of METH usage. One
potentially promising molecular target for the production of medications aimed at
counteracting these effects are sigma receptors. There are currently two known subtypes of
sigma receptors (Hellewell and Bowen 1990). METH interacts with both subtypes of sigma
receptors, denoted sigma-1 and sigma-2 receptors, at physiologically relevant concentrations
and sigma receptor antagonists have been shown to mitigate the neurotoxic effects of METH
on dopaminergic and serotonergic systems within the CNS (Kaushal et al. 2013; Matsumoto
et al. 2008; Nguyen et al. 2005). Sigma receptors are expressed in astrocytes and sigma
receptor modulation has been shown to modulate the activity of astrocytes both in vitro and
invivo (Ajmo et al. 2006; Klouz et al. 2003); however whether sigma receptor modulation
alters METH-induced astrocyte activation has yet to be determined.

Therefore, the primary purpose of the current study was to determine if the putative sigma
receptor antagonist, SN79 (6-acetyl-3-(4-(4-(4-fluorophenyl)piperazin-1-
yDbutyl)benzo[d]oxazol-2(3H)-one), mitigates METH-induced reactive astrogliosis and
cellular degeneration in the striatum. SN79 has been shown in earlier studies to attenuate a
number of METH-induced effects including microglial activation (Robson et al. 2013) and
other classical striatal dopaminergic and serotonergic deficits which are similarly mitigated
by other sigma receptor antagonists (Kaushal et al. 2011b; Seminerio et al. 2012a; Seminerio
et al. 2011). Secondly, we wanted to determine if sigma receptor modulation results in a
blockade of OSMRp/gp130-induced STAT3 phosphorylation which has been implicated in
the activation of astrocytes following CNS insults. Herein, we provide evidence that METH
treatment results in an increase in OSMR expression and signaling through STAT3 in
astroctyes with subsequent reactive astrogliosis, effects mitigated by treatment with the
sigma receptor antagonist and potential drug development candidate, SN79.
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MATERIALS AND METHODS

Drugs and chemicals

Animals

(+)-Methamphetamine hydrochloride was obtained from Sigma Aldrich (St. Louis, MO).
SN79 (6-acetyl-3-(4-(4-(4-fluorophenyl)piperazin-1-yl)butyl)benzo[d]oxazol-2(3H)-one)
was synthesized as previously described (Kaushal et al. 2011a) and provided by Dr.
Christopher R. McCurdy (University of Mississippi, University, MS). Compared to other
sigma receptor antagonists, SN79 has a favorable pharmacokinetic profile that makes it a
promising drug development lead (Kaushal et al. 2011a). All drugs administered to animals
were dissolved in sterile saline solution (0.1 mL/10 g body weight) (Teknova, Fisher
Scientific, Pittsburgh, PA). All other chemicals were obtained from Sigma Aldrich (St.
Louis, MO) unless otherwise specified.

Male, Swiss Webster mice (24-28 g; Harlan, Indianapolis, IN) were utilized. Mice were
housed in groups of five, on a 12:12 h light/dark cycle with food and water ad libitum. Mice
were randomly assigned to their respective treatment groups. All experiments were
performed as approved by the Animal Care and Use Committee at West Virginia University.

Repeated dosing paradigm

Mice were randomly distributed for each experiment into one of four treatment groups: 1)
Saline/Saline (0.1 mL/10 g body weight), 2) Saline/METH 5 mg/kg, 3) SN79 3 mg/kg/
Saline, or 4) SN79 3 mg/kg/METH 5 mg/kg. The first compound listed in each pair (Saline
or SN79) was administered intraperitoneally (i.p.) as a pretreatment 15 min prior to the
second compound in each treatment group (Saline or METH, i.p.). Each animal underwent
four pretreatments/treatments at 2 h apart as previously described (Kaushal et al. 2013).

The METH dose (5 mg/kg x 4) was selected based upon previous dose response
experiments, where it consistently produced significant dopaminergic deficits in the striatum
in this specific model (Matsumoto et al. 2008; Seminerio et al. 2012a). The dose of SN79 (3
mg/kg x 4) was selected based on previously reported dose response experiments assessing
the ability of this compound to mitigate the striatal dopaminergic deficits elicited by METH
treatment (Kaushal et al. 2013).

Quantitative real time PCR

At various time points post-treatment (as measured from the last injection), bilateral striatum
samples were collected (n=10/treatment group from two distinct experiments), flash frozen
in liquid nitrogen and stored at —80° C for later use. Total RNA was then extracted from
flash frozen striatum samples using Trizol reagent (Invitrogen, Grand Island, NY) according
to manufacturer's instructions. The total RNA concentration for each sample was quantified
by spectral absorption, and the purity of the sample checked to confirm that the 260/280
ratio was in the range of 1.8-2.1. Samples of cDNA were prepared by reverse transcription
using a high capacity reverse transcription kit (Applied Biosystems, Foster City, CA). Each
sample reaction included MultiScribe TM Reverse Transcriptase and random primers, with
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thermal cycler conditions set as follows: step 1 at 25° C for 10 min, step 2 at 37° C for 120
min, step 3 at 85° C for 55, and step 4 at 4° C for 10 min.

For PCR amplification, TagMan® Universal PCR Master Mix and the following probes
were obtained from Applied Biosystems (Foster City, CA): 18s (Hs99999901_s1) for use as
an endogenous control gene, gfap (Mm01253033_m1), and osmr (Mm00495424 m1). The
reaction mixture was prepared according to the manufacturer's instructions, with the
following thermal cycling conditions: initial holding at 50° C for 2 min required for optimal
AmpErase® UNG activity, followed by a first denaturing step at 95° C for 10 min, then 45
cycles at 95° C for 15 s, and at 60° C for 1 min. Data from real-time PCR measurements
were calculated using the AACt method. The threshold value was set at 0.2 and the threshold
cycle (Ct value) of each gene was then normalized to 18s rRNA.

Immunofluorescence imaging

At 72 h post-treatment (after the last injection), animals were anesthetized and perfused
transcardially with phosphate buffered saline (PBS) followed by 4% paraformaldehyde. The
entire brain was removed and immediately placed in 4% paraformaldehyde for 24 h.
Following fixation, the brains were processed using a Tissue-Tek VIP 5 automatic tissue
processor (Sakura Finetek, Torrance, CA) and then embedded in paraffin with a Tissue-Tek
TEC 5 embedding console system (Sakura Finetek). Embedded tissues were sliced in 6 pm
sections using a Leica RM2235 microtome (Leica Microsystems, Buffalo Grove, IL), and
slices mounted on glass slides for staining. All slides were heat-fixed and deparaffinized via
a series of xylene and alcohol washes prior to immunofluorescent and
immunohistochemistry procedures. Following deparaffinization and rehydration,
endogenous peroxidases were quenched using a 10% methanol and 10% hydrogen peroxide
solution in PBS for 30 min. Slides were permeabilized for 1 h using 1.8% L-lysine, 5%
horse serum, and 0.1% Triton X-100 in Dulbecco's phosphate buffered saline (DPBS).
Sections were then incubated in a polyclonal antibody raised in rabbit against anti-cow
GFAP (DAKO, Glostrup, Denmark) at a dilution of 1:500 in 5% horse serum in PBS
overnight at 4° C. Next, sections were washed twice for 10 min each in PBS prior to
application of Alexa Fluor 488 goat anti-rabbit IgG (Invitrogen, Grand Island, NY) at a
dilution of 1:100 in PBS for 3 h. Following the incubation in Alexa Fluor 488 goat anti-
rabbit 1gG, slides were rinsed twice for 10 min each in PBS. Then, the tissues were
incubated with a polyclonal antibody raised in goat anti-mouse OSMR (LifeSpan
Biosciences, Seattle, WA) at a dilution of 1:200 in 5% horse serum in PBS overnight at 4°
C. Following the incubation in primary antibody, the slides were rinsed twice for 10 min
each in PBS prior to the application of biotinylated anti-goat 1gG (Vector Laboratories,
Burlingame, CA) at a dilution of 1:10,000 in 5% horse serum in PBS for 2 h. Following the
incubation in biotinylated anti-goat IgG, slides were rinsed twice for 10 min each in PBS
prior to the application of Streptavidin Alexa Fluor 546 (Life Technology, Carlsbad, CA) at
a dilution of 1:100 in PBS for 1 h. Slides were rinsed in PBS for 10 min and then
coverslipped with Vectashield Mounting Media with 4’,6-diamidino-2-phenylindole (DAPI)
(Vector Laboratories, Burlingame, CA). Finally, slides were sealed with acrylic and stored
in the dark in a laboratory refrigerator at 4° C.
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A total of three slices per brain were evaluated and averaged for each data point. Each
experimental group comprised of n=5, with the animals being tested in two distinct
experiments to ensure reproducibility of the data. Images were acquired using a Zeiss Axio
Imager 2 microscope (Oberkocken, Germany) and quantified using ImageJ software (NIH;
http://rsbweb.nih.gov/ij/) by analyzing fluorescence intensity as compared to background by
splitting the multicolor image into each individual color and measuring the individual
intensities of each cell body and processes compared to the background of the image. The
separation of image for calculation was used to prevent the influence of one color onto
another. Data were then transferred to GraphPad (San Diego, CA) for statistical comparison.
In addition to fluorescent intensity quantification of GFAP and OSMR staining across
treatment groups, colocalization analysis was completed using ImageJ as described
previously (Bolte and Cordelieres 2006). Specifically, Pearson's coefficient and Manders’
overlap coefficients were calculated. Values approaching 1 indicate increasing
colocalization.

Immunohistochemistry imaging

For bright-field visualization of GFAP, slides were rinsed in DPBS, permeabilized with
1.8% L-lysine, 4% horse serum, and 0.2% Triton X-100 in DPBS. Sections were incubated
overnight with a polyclonal antibody raised in rabbit against anti-cow GFAP (DAKO,
Glostrup, Denmark) at a dilution of 1:500 in 4% horse serum in PBS. Sections were washed
and incubated for 4 h in biotinylated anti-rabbit 1gG (1:10,000) in PBS with 4% horse
serum. Diaminobenzidine (DAB) was used as a chromogen following incubation in avidin
D-horseradish peroxidase (HRP) for 1 h. Bright-field immunohistochemistry was quantified
using stereology and the optical fractionator technique as previously described (Schmitz and
Hof 2005; Smith et al. 2012; Turner et al. 2012). Briefly, a region of interest encompassing
the striatum was drawn at low power using an Olympus AX70 microscope and
accompanying Stereolnvestigator software (MBF Bioscience, Williston, VT). Counting
frames were randomly selected by the software and the cell-type of interest marked by an
observer blinded to treatment. The volume of the region of interest previously identified was
then determined by the software and the number of cells marked by the observer returned.
Counting frames were 75 um on each side with a depth of 6 um.

In addition to nerve terminal damage, METH has been reported to result in striatal apoptosis
and cellular toxicity in vivo (Deng et al. 2001; Jayanthi et al. 2005), which can be measured
by Fluoro-Jade staining, a known marker of degeneration resulting from amphetamine
treatment in rodents (Eisch et al. 1998; Schmued and Hopkins 2000). Fluoro-Jade labels
degenerating neurons and activated glial cells including atrocytes (Anderson et al. 2003;
Damjanac et al. 2007); the extent to which sigma receptor ligands mitigate METH-induced
degeneration in the striatum has yet to be determined. For Fluoro-Jade B staining, sections
were incubated in 0.06% potassium permanganate for 10 min, washed in deionized water,
and incubated in 0.0004% Fluoro-Jade B in 0.1% acetic acid for 20 min. Sections were then
washed, coverslipped, and sealed. Fluoro-Jade B was quantified using stereology and the
optical fractionator technique as previously described (Schmitz and Hof 2005; Smith et al.
2012; Turner et al. 2012). A total of three slices per brain were evaluated and averaged for

Exp Neurol. Author manuscript; available in PMC 2015 April 01.


http://rsbweb.nih.gov/ij/

1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Robson et al.

Page 7

each data point. Each experimental group comprised of n=5, with the animals being tested in
two distinct experiments to ensure reproducibility of the data.

Immunoblotting

Twelve hours post-treatment (time from last treatment), animals were sacrificed utilizing
focused microwave irradiation (Muromachi Microwave Applicator, TMW-4012C, 10 kW
output) to preserve the phosphorylation states of proteins within each animal post-mortem,
including STAT3 (Tyr-705) (O'Callaghan and Sriram 2004). Mice were briefly restrained in
a water-jacketed holder and inserted into the machine head. The microwave beam was then
activated (5 kW power setting for 1 s) and animals were subsequently removed from the
holder. Brains were then removed and bilateral striatum samples dissected, flash frozen and
stored at —80° C. Protein was isolated from each respective sample by sonication in 25 pL of
hot (85-95° C) 1% sodium docecyl sulfate (SDS) as previously described (O'Callaghan and
Sriram 2004). The protein concentration of each sample was measured using a Coomassie
Plus Bradford Assay Kit (Pierce, Rockford, IL) which is based upon a modified form of the
Bradford assay (Bradford 1976). Samples were run using 20 ug of protein/well using Tris-
HCI 10% pre-cast 15-well gels (Bio-Rad, Hercules, CA) in combination with 5X Lammeli
sample buffer. Gels were run using a mini-PROTEAN system (Bio-Rad) and gels were
equilibrated for 15 min in Towbin's buffer prior to transfer to polyvinylidene fluoride
(PVDF) membranes (Bio-Rad) using semi-dry electrophoretic transfer cells (Bio-Rad).
Membranes were blocked using 5% fat-free milk/tris buffered saline and Tween 20 (TBS-T)
for 2 h at room temperature. Membranes were incubated with primary phosphoSTAT3
(Tyr-705) or STAT3 antibody (Cell Signaling, Danvers, MA) at a concentration of 1:1000
overnight at 4° C. Anti-rabbit IgG HRP-linked antibody (Cell Signaling) was used as a
secondary antibody at a concentration of 1:2000 with gentle shaking for 2 h. An HRP-
conjugated B-actin rabbit monoclonal antibody (Cell Signaling) was used as an endogenous
control for all samples at a concentration of 1:10,000 and incubated for 1 h. Molecular
weight determination was conducted using a biotinylated protein ladder (Cell Signaling).
Imaging was conducted using 20X LumiGLO chemiluminescent substrate (Cell Signaling)
according to manufacturer's instructions. Images were converted to 8-bit and analyzed using
densitometry with background subtraction and normalized to -actin using ImageJ software
(NIH; http://rsbweb.nih.gov/ij/).

Statistical Analysis

RESULTS

Statistical analyses were conducted using either one-way or two-way analysis of variance
(ANOVA), followed where applicable by post hoc Tukey's or Bonferroni's multiple
comparison tests. Data was analyzed using GraphPad Prism 5 (GraphPad Software, La Jolla,
CA). P < 0.05 was considered statistically significant.

METH Time Dependently Increases Striatal gfap mRNA Expression

Repeated treatment with METH (5 mg/kg x 4) resulted in significant increases in the
transcriptional upregulation of GFAP. As shown in Figure 1, two-way ANOVA revealed
that METH caused time-dependent increases in gfap mRNA expression (p < 0.0001 for
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time, treatment and their interaction). Bonferroni's post hoc tests revealed that METH
treatment significantly increased gfap expression 12 and 24 h post-treatment (t = 3.97, p <
0.01 and t = 7.66, p < 0.001, respectively).

SN79 Treatment Blocks METH-Induced Astrogliosis

Treatment with SN79 mitigated METH-induced increases in gfap expression at 12 and 24 h
post-treatment. One-way ANOVA revealed significant differences between treatment groups
at 12 h (F[3,38] = 16.20, p < 0.0001). Tukey's post hoc multiple comparison analysis
revealed a significant difference between Saline/Saline and Saline/METH treated animals (g
=8.50, p < 0.001), similar to the results obtained during the time course experiment
described above. SN79 pretreatment attenuated METH-induced increases of gfap expression
at 12 h post-treatment (q = 7.28, p < 0.001) (Figure 2A). Furthermore, one-way ANOVA
revealed significant differences between treatment groups at 24 h post-treatment (F[3,39] =
18.25, p < 0.0001). Post hoc Tukey's multiple comparison tests revealed that METH
treatment resulted in a significant increase in striatal gfap mMRNA expression compared to
control (g =9.19, p < 0.001), an effect that was mitigated by treatment with SN79 (q = 6.99,
p <0.001) (Figure 2B).

Similar results were obtained through protein level analysis utilizing immunohistochemistry.
METH treatment (5 mg/kg x 4) resulted in astrogliosis 72 h post-treatment. One-way
ANOVA revealed differences between treatment groups in the number of reactive astrocytes
within the striatum (F[3,19] = 27.75, p < 0.0001). Tukey's multiple comparison tests
revealed that METH significantly increased reactive astrocytes as compared to control (q =
10.99, p < 0.001). This effect was mitigated by treatment with SN79, indicative of a
blockade of METH-induced reactive astrogliosis (q = 8.00, p < 0.001) (data not shown).

Similar results were obtained through protein level analysis utilizing immunofluorescence
techniques (Figure 3A). One way ANOVA revealed differences between groups in striatal
intensity of GFAP immunoreactivity 72 h post-treatment (F[3,19] = 10.07, p < 0.001).
Tukey's post hoc analysis revealed that, as expected, METH treatment significantly
increased the striatal intensity of GFAP immunofluorescence as compared to saline-treated
controls (q = 6.67, p < 0.01). SN79 treatment mitigated METH-induced increases in striatal
GFAP immunofluorescence (q = 5.69, p < 0.01) (Figure 3B).

SN79 Treatment Mitigates METH-Induced Increases in OSMR Expression

METH treatment increased striatal mMRNA osmr expression at 12 and 24 h. One-way
ANOVA revealed significant differences in osmr mRNA expression between treatment
groups at 12 h post-treatment (F[3,38] = 36.06, p < 0.0001). Post hoc Tukey's analysis
showed that METH significantly increased striatal osmr expression as compared to saline-
treated animals (g = 12.94, p < 0.001). This effect was mitigated by SN79 treatment (q =
9.74, p < 0.001) (Figure 4A). Similar effects were seen at 24 h post-treatment. One-way
ANOVA revealed differences in osmr expression between treatment groups (F[3,39] =
27.49, p <0.0001). Tukey's multiple comparison tests revealed that METH treatment
increased osmr expression as compared to saline (q = 11.26, p < 0.001), an effect that was
mitigated by SN79 treatment (g = 8.92, p < 0.001) (Figure 4B).
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To determine if increases in OSMR expression are occurring specifically in astrocytes
located within the striatum, immunofluorescence studies were conducted to qualitatively
determine the level of OSMR protein between treatment groups, and the specific
colocalization of increases in OSMR expression to astrocytes. One-way ANOVA revealed
significant differences in the intensity of OSMR immunofluorescence at 72 h post-treatment
(F[3,19] = 11.74, p < 0.001). Post hoc analysis using Tukey's multiple comparison tests
showed that METH treatment increased the intensity of OSMR immunofluorescence
compared to saline-treated controls (q = 7.63, p < 0.001), indicative of an increase in protein
expression in agreement with earlier increases found in osmr mRNA expression. SN79
treatment blocked METH-induced increases in the intensity of OSMR immunofluorescence
(g =5.89, p<0.01) (Figure 5A).

Importantly, as shown in Figure 5B, increases in GFAP and OSMR induced by METH were
colocalized specifically to astrocytes within the striatum. METH induced increases in the
immunoreactivity of OSMR were found to be specifically in GFAP-labelled astrocytes, an
effect that was blocked by SN79 treatment. Figure 5C represents the Pearson's correlation
between increases in OSMR immunofluorescence and increases in GFAP
immunofluorescence, indicative of a specific increase in OSMR immunoreactivity within
striatal astrocytes.

SN79 Treatment Blocks METH-Induced Phosphorylation of STAT3

Western blotting of bilateral striatal tissue 12 h post-treatment was conducted to determine
the effect of METH on the phosphorylation of STAT3 (Tyr-705) and total STAT3 levels
that has previously been linked to astrocyte activation by neurotoxicants, including METH
invivo (Hebert and O'Callaghan 2000; Sriram et al. 2004). One-way ANOVA revealed
significant differences in pSTAT3 levels between groups (F[3,31] = 5.69, p < 0.01). Tukey's
post hoc analysis revealed that METH treatment significantly increased the phosphorylation
of STAT3 as compared to saline-treated controls at 12 h (g = 4.90, p < 0.01). SN79
treatment blocked the METH-induced phosphorylation of STAT3 (q = 4.34, p < 0.05)
(Figure 6A). Conversely, there were no significant differences found in total STAT3 levels
in the striatum between any of the treatment groups (one-way ANOVA, n.s.) (Figure 6B).

SN79 Treatment Attenuates METH-Induced Degeneration in the Striatum

One-way ANOVA revealed significant differences in the number of degenerating cells
within the striatum between treatment groups 72 h post-treatment (F[3,19] = 11.96, p <
0.001), as determined by Fluoro-Jade B staining. METH treatment significantly increased
the number of degenerating cells in the striatum as compared to saline-treated controls
(Tukey's post hoc analysis, g = 8.12, p < 0.001). SN79 treatment mitigated METH-induced
increases in cellular degeneration (q = 5.20, p < 0.01) (Figure 7B).

SN79 Treatment Attenuates METH-Induced Hyperthermia

Two-way ANOVA revealed significant differences in core body temperature between
treatment groups, time point and their interaction (p < 0.0001, for treatment, time and their
interaction). Bonferroni's post hoc tests revealed that METH treatment significantly
increased core body temperature compared to saline-treated controls at time points 3 and 4 (t
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=4.28,p<0.001 and t = 5.85, p < 0.001, respectively). Treatment with SN79 attenuated
METH-induced increases in core body temperature at time points 3and 4 (t=7.58, p <
0.001 and t = 8.52, p < 0.001, respectively), while having no effects on its own compared to
saline-treated controls (t = 0.04, 0.22, 0.07, 1.10 and p > 0.05, for time points 1 through 4,
respectively).
DISCUSSION

The current study provides evidence that the sigma receptor antagonist and potential drug
development candidate, SN79, mitigates METH-induced astrogliosis and degeneration in the
striatum. Additionally, the current study provides evidence that the ability of SN79 to
attenuate METH-induced astrogliosis is mediated through a blockade of STAT3
phosphorylation initiated by OSMR signaling.

Our findings are consistent with earlier reports that METH-induced activation of astrocytes
involves OSM interactions with OSMR and subsequent induction of JAK2/STAT3 signaling
(Chen and Benveniste 2004; Hebert and O'Callaghan 2000; Heinrich et al. 2003). This
induction of STAT3 phosphorylation through IL-6-type signaling can result in a variety of
genetic changes, including increases in GFAP expression that are associated with astrocyte
activation (Hebert and O'Callaghan 2000; Oliva et al. 2012; Sriram et al. 2004; Zhong et al.
1994). The current study is the first to show that treatment with a sigma receptor antagonist
mitigates METH-induced increases in signaling through this pathway and thereby
counteracts METH-induced astrogliosis.

The precise mechanism(s) by which SN79 modulates this pathway has yet to be fully
elucidated. It is possible that SN79 is blocking METH-induced increases in OSM, thereby
leading to a reduction of signaling through OSMR. A number of labs have shown that
METH treatment results in an increase in striatal expression levels of osm mRNA (Cadet et
al. 2002; Kelly et al. 2012; Kuhn et al. 2006). Furthermore, we have also shown that SN79
mitigates METH-induced increases in striatal osm mRNA expression (Robson et al. 2013).
This could lead to a blockade of METH-induced STAT3 phosphorylation by decreasing
signaling specifically through OSMR in astrocytes and leading ultimately to a reduction in
METH-induced GFAP upregulation and astrogliosis as seen in the current study.

Another potential explanation is that sigma receptor modulation within astrocytes is having
an effect downstream of OSMR on STAT3 phosphorylation directly. Sigma receptors
themselves and sigma receptor ligands have previously been shown to modulate the function
of astrocytes in vitro (Ruscher et al. 2011). Furthermore, sigma receptor ligands have been
shown to modulate protein expression within cultured astrocytes (Prezzavento et al. 2007),
in addition to dose-dependently blocking reductions in astrocytic ATP resulting from
hypoxia in vitro (Klouz et al. 2003). It is thus possible that sigma receptors within astrocytes
are altering astrocytic responses to CNS insults that result in astrogliosis.

Another possible explanation as to how SN79 treatment is attenuating METH-induced
STAT3 phosphorylation and astrogliosis is through a blockade of METH-induced
dopaminergic neurotoxicity. A blockade of dopaminergic neurotoxicity has been shown to
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mitigate neurotoxicant-induced astrocytic STAT3 phosphorylation, indicating a lack of
astrocyte activation in the absence of dopaminergic damage (Sriram et al. 2004). Previous
studies have shown that SN79 mitigates METH-induced dopaminergic and serotonergic
neurotoxicity (Kaushal et al. 2013), effects that could result in the reduction of striatal
STAT3 phosphorylation and subsequent astrogliosis.

One particular protein involved in the negative feedback of STAT3 signaling in astrocytes is
suppressor of cytokine signaling 3 (SOCS3) (Baker et al. 2008). Astrocytic OSM signaling
results in an upregulation of SOCS3 thereby suppressing the inflammatory actions of OSM,
including the phosphorylation of STAT3 (Baker et al. 2008). Although SN79 treatment was
found to mitigate METH-induced increases in STAT3 phosphorylation, it may be possible
that modulation of ERK1/2 and JNK pathways are contributing to increases in SOCS3
(Baker et al. 2008), thereby leading to the blockade of STAT3 phosphorylation seen in the
current report. Supporting this hypothesis are previous studies showing the modulation of
ERK1/2 and JNK signaling by various sigma receptor ligands (Cantarella et al. 2007;
Nishimura et al. 2008; Son and Kwon 2010; Tan et al. 2010; Tuerxun et al. 2010), although
their effects specifically within astrocytes on these signaling pathways are currently
unknown.

Our study provides evidence that METH-induced STAT3 phosphorylation occurs prior to
the induction of increases in GFAP and OSMR expression elicited by METH. Previous
studies have shown that maximal increases in GFAP post-treatment with METH occur
between 48 and 72 h, indicative of a maximal increase in astrocyte activation (Hebert and
O'Callaghan 2000; Kelly et al. 2012; Sriram et al. 2006). Moreover, it is known that
maximal METH-induced increases in the phosphorylation of STAT3 occur prior to these
effects (between 12 and 24 h) (Hebert and O'Callaghan 2000). Although protein changes in
OSMR expression are protracted as compared to STAT3 phosphorylation, increases in osm
MRNA expression that occur post-METH treatment are rapid (Kelly et al. 2012), suggesting
that signaling through this receptor may result in a positive feedback loop, whereby
signaling increases the expression of the receptor. In the current study, increases in osmr
mRNA and protein elicited by METH were detected at time points corresponding to and
also after the phosphorylation of STAT3, respectively. Interestingly, increases in OSMR
expression also coincided with increases in GFAP mRNA and protein.

It is known that OSM signaling can alter gene expression in astrocytes in a biphasic manner.
Although the specificity of STAT3 signaling in mediating these genetic alterations has yet to
be confirmed (VVan Wagoner et al. 2000), the second portion of this biphasic response has
been reported to require de novo protein synthesis (Van Wagoner et al. 2000), indicating
that the genetic alterations elicited through this pathway (such as increases in gfap mRNA
expression) may require increased expression of specific proteins, including OSMR. This
biphasic response could potentially be a manifestation of a positive feedback loop resulting
in further increases in OSMR/gp130 signaling and increases in GFAP expression/astrocyte
activation (Nakashima et al. 1999). The mitigation of METH-induced increases in astrocytic
OSMR by SN79 treatment could result in a blockade of the second half of this biphasic
response, thereby shunting increases in GFAP expression elicited through OSMR/gp130
signaling.

Exp Neurol. Author manuscript; available in PMC 2015 April 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Robson et al.

Page 12

In addition to a potential role in neurotoxicity, astrocytes themselves are hypothesized to be
involved in synaptic plasticity and may play large roles in the control of synaptic activity
(Nedergaard and Verkhratsky 2012; Ullian et al. 2004). Substantial evidence points to
astrocytes being involved in many aspects of synapse formation, maintenance and stability
and they may be involved in activity-dependent synapse formation (Ullian et al. 2004).
These effects are hypothesized to be involved in the actions of several drugs of abuse
including METH and the modulation of astrocytes is believed to represent a novel target for
the production of pharmacotherapies aimed at treating drug abuse (Cooper et al. 2012;
Miguel-Hidalgo 2009; Narita et al. 2008; Rolan et al. 2009).

Previous reports have shown that METH-induced astrocyte activation is associated with
METH-induced behavioral sensitization, a behavioral assay believed to be associated with
neuroplastic changes elicited by drugs of abuse (Chen et al. 2009; Narita et al. 2006; Narita
et al. 2005; Narita et al. 2008). Interestingly, sigma receptor ligands have previously been
shown to block the development and expression of behavioral sensitization to
psychostimulants, including METH (Seminerio et al. 2012b; Ujike et al. 1992; Ujike et al.
1996; Xu et al. 2010); however, whether this effect is associated with astrocyte activation
has yet to be determined.

It should be noted that currently, there are no available pharmacologic agents targeting
OSMR specifically and these results await confirmation through the use of genetic
manipulations to conclusively confirm that OSMR signaling is specifically involved in
METH-induced astrocyte activation. Sigma-1 knockout mice were also not used to confirm
that the effects of SN79 specifically involve these receptors because METH is known to
retain its locomotor stimulatory effects in these mice (Fontanilla et al. 2009), presumably
due to compensatory actions through other systems including sigma-2 receptors. This is
consistent with reports across a range of studies that suggest that the actions of METH
through sigma receptors involve both the sigma-1 and sigma-2 receptor subtypes (Kaushal
and Matsumoto, 2011).

SN79, the particular sigma ligand used during the current study, has been utilized previously
to study the role of sigma receptors in the actions of psychostimulants such as METH
(Kaushal et al. 2011a; Kaushal et al. 2013). Moreover, it produces similar protective effects
as other more selective sigma ligands such as AC927 and CM156 in mitigating a number of
earlier studied METH-induced endpoints (Kaushal et al. 2011b; Seminerio et al. 2011).
Additionally, SN79 represents a potential drug development candidate aimed at treating the
negative side effects of METH abuse such as neurotoxicity, as it has not only desirable
pharmacologic effects, but also desirable pharmacokinetic parameters as well (Kaushal et al.
2011a). These effects of SN79, combined with its ability to mitigate METH-induced
astrocyte activation, STAT3 phosphorylation and cellular degeneration in the striatum as
described within the current study make it a viable lead for future drug development. Future
studies aimed at the further delineation of the molecular mechanisms by which SN79
mitigates the neurotoxic consequences of METH are certainly warranted.
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Figure 1.
METH (5 mg/kg x 4) treatment resulted in time-dependent increases in striatal gfap mRNA

expression. METH was found to significantly increase gfap expression at both 12 and 24 h
post-treatment. Two-way ANOVA, followed by post hoc Bonferroni's multiple comparison
tests. n=5/group. **p < 0.01, ***p < 0.001, Sal/METH vs. Sal/Sal
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Figure 2.
Treatment with SN79 was found to attenuate METH-induced increases in striatal gfap

MRNA expression at both 12 (A) and 24 h (B), indicating a blockade of astrocyte activation.
One-way ANOVA, followed by post hoc Tukey's multiple comparison tests. n=10/group.
***p < 0.001, Sal/METH vs. Sal/Sal; ###p < 0.001, SN79/METH vs. Sal/METH
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Figure 3.
SN79 mitigates METH-induced increases in striatal GFAP immunoreactivity. METH (5

mg/kg x 4) resulted in significant increases in GFAP immunofluorescence. This effect was
blocked by SN79 (3 mg/kg x 4) treatment. (A) Qualitative images of GFAP
immunoreactivity in response to METH and blockade by SN79 treatment. Clockwise from
top left: Sal/Sal, Sal/METH, SN79/METH, SN79/Sal. Large images = 20x; Inset images =
63x. (B) Quantification of the attenuation of METH-induced increases in GFAP
immunoreactivity by SN79 treatment. One-way ANOVA, followed by post hoc Tukey's
multiple comparison tests. n=5/group, 3 slices/brain averaged for each data point. **p <
0.01, Sal/METH vs. Sal/Sal; ##p < 0.01, SN79/METH vs. Sal/METH
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Figure 4.
SN79 (3 mg/kg x 4) treatment blocks METH-induced (5 mg/kg x 4) increases in striatal

osmr mRNA expression at 12 (A) and 24 h (B). One-way ANOVA, followed by post hoc
Tukey's multiple comparison tests. n=10/group. ***p < 0.001, Sal/METH vs. Sal/Sal; ###p
< 0.001, SN79/METH vs. Sal/METH
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Figure 5.
(A) METH treatment increased OSMR immunoreactivity in the striatum, an effect mitigated

by SN79 treatment. One-way ANOVA, followed by post hoc Tukey's multiple comparison
tests. n=5/group, 3 slices/brain averaged for each data point. **p < 0.01, ***p< 0.001, Sal/
METH vs. Sal/Sal; ##p < 0.01, SN79/METH vs. Sal/METH (B) Representative images
showing increases in GFAP immunoreactivity, increases in astrocytic OSMR
immunoreactivity and their colocalization in the striatum by treatment group. Top to bottom:
Sal/Sal, Sal/METH, SN79/Sal, SN79/METH Left to right: DAPI nuclear staining, GFAP,
OSMR, overlay image. Large images = 20x; Inset images = 63x. (C) Pearson's correlation
of increases in OSMR immunoreactivity and increases in GFAP immunoreactivity,
indicating an increase in OSMR that is specific to striatal astrocytes.
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Figure 6.
SN79 mitigates METH-induced increases in the phosphorylation of STAT3 (Tyr-705). (A)

METH treatment (5 mg/kg x 4) increases the phosphorylation of STAT3 (Tyr-705) at 12 h,
an effect that is mitigated by treatment with SN79 (3 mg/kg x 4). One-way ANOVA
followed by post hoc Tukey's multiple comparison tests. **p < 0.01, Sal/METH vs. Sal/Sal;
#p < 0.05, SN79/METH vs. Sal/METH (B) No differences were detected between any of the
treatment groups in total STAT3 expression.
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Figure 7.
SN79 (3 mg/kg x 4) treatment attenuates METH-induced (5 mg/kg x 4) neuronal

degeneration in the striatum as measured by Fluoro-Jade B staining. (A) Representative
images of Fluoro-Jade B labeled degenerating neurons in the striatum for each respective
treatment group. Clockwise from top left: Sal/Sal, Sal/METH, SN79/METH, SN79/Sal. (B)
Quantification of striatal neuronal degeneration by treatment group. One-way ANOVA,
followed by post hoc Tukey's multiple comparison tests. n=5/group, 3 slices/brain averaged
for each data point. ***p < 0.001, Sal/METH vs. Sal/Sal; ##p < 0.01, SN79/METH vs. Sal/
METH
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