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Abstract
Methamphetamine is a highly addictive psychostimulant drug of abuse, causing hyperthermia and
neurotoxicity at high doses. Currently, there is no clinically proven pharmacotherapy to treat these
effects of methamphetamine, necessitating identification of potential novel therapeutic targets.
Earlier studies showed that methamphetamine binds to sigma (σ) receptors in the brain at
physiologically relevant concentrations, where it acts in part as an agonist. SN79 (6-acetyl-3-(4-
(4-(4-florophenyl)piperazin-1-yl)butyl)benzo[d]oxazol-2(3H)-one) was synthesized as a putative σ
receptor antagonist with nanomolar affinity and selectivity for σ receptors over 57 other binding
sites. SN79 pretreatment afforded protection against methamphetamine-induced hyperthermia and
striatal dopaminergic and serotonergic neurotoxicity in male, Swiss Webster mice (measured as
depletions in striatal dopamine and serotonin levels, and reductions in striatal dopamine and
serotonin transporter expression levels). In contrast, di-o-tolylguanidine (DTG), a well established
σ receptor agonist, increased the lethal effects of methamphetamine, although it did not further
exacerbate methamphetamine-induced hyperthermia. Together, the data implicate σ receptors in
the direct modulation of some effects of methamphetamine such as lethality, while having a
modulatory role which can mitigate other methamphetamine-induced effects such as hyperthermia
and neurotoxicity.
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1. Introduction
High or repeated methamphetamine administration results in hyperthermia, neurotoxicity,
and even mortality (Cruickshank and Dyer, 2009). In response to high doses of
methamphetamine, cellular neurotoxic cascades are activated due to excessive dopamine and
5-HT release into the cytoplasm and synapse (Baldwin et al., 1993; Kuczenski et al., 1995;
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Gough et al., 2002). Damage to dopaminergic and serotonergic neurons, which can be
measured as reductions in dopamine transporters (DAT), serotonin transporters (SERT),
dopamine and 5-HT levels, is observed in several brain regions in human methamphetamine
users, as well as in laboratory animals (Krasnova and Cadet, 2009).

Numerous clinical and imaging studies have indicated an association between neurotoxicity
and several neuropsychiatric disorders, including psychosis (Scott et al., 2007). Motor and
cognitive deficits have also been reported (Hart et al., 2012; Scott et al., 2007), including a
recent study showing that long term methamphetamine abuse can increase the risk of
Parkinson’s disease (Callaghan et al., 2012). Clinical cases of methamphetamine-related
fatalities are also rising (Krasnova and Cadet, 2009; Hart et al., 2012), and these lethal
effects have been linked to methamphetamine-induced hyperthermia (Bowyer et al., 1994).

Recent evidence has shown that methamphetamine binds to and produces some of its
behavioral effects through sigma (σ) receptors, and these proteins can be targeted to mitigate
the effects of methamphetamine (Kaushal and Matsumoto, 2011; Nguyen et al., 2005;
Robson et al., 2012). In addition to methamphetamine, the psychostimulant cocaine also
binds to σ receptors at physiologically relevant concentrations (Robson et al., 2012). With
the aim of developing a medication to counteract the harmful effects of psychostimulant
abuse, SN79 (6-acetyl-3-(4-(4-(4-florophenyl)piperazin-1-yl)butyl)benzo[d]oxazol-2(3H)-
one), a putative σ receptor antagonist with druggable properties, including a long half life
and good oral bioavailability, was developed (Kaushal et al., 2011a). SN79 interacts with
both σ1 and σ2 receptors (Ki 27 and 7 nM, respectively; Kaushal et al., 2011a). It was also
shown to attenuate the acute and subchronic effects of cocaine in mice upon intraperitoneal
as well as oral administration, making it a viable preclinical drug candidate (Kaushal et al.,
2011a).

In the present study, the involvement of σ receptors in methamphetamine-induced toxicity
was further evaluated, with an emphasis on hyperthermia, neurotoxicity, and lethality.
Modulation of methamphetamine-induced effects was assessed using the well established σ
receptor agonist, di-o-tolylguanidine (DTG), and the novel σ receptor putative antagonist
SN79. In the first part of the study, it was determined if DTG worsens the effects of
methamphetamine. In the second part of the study, it was determined if SN79 attenuates the
hyperthermia, neurotoxicity, and lethality caused by methamphetamine. Four well known
markers of methamphetamine-induced neurotoxicity were measured: reductions in striatal
dopamine and 5-HT levels, as well as decreases in striatal DAT and SERT expression
(Krasnova and Cadet, 2009). Striatal tissue was evaluated in the present investigation
because it contains the terminals of monoaminergic neurons that are primarily affected by
methamphetamine-induced neurotoxicity (Brunswick et al., 1992; Kovachich et al., 1989;
Ricaurte et al., 1980; Seiden et al., 1988).

Methamphetamine also causes an elevation in body temperature (Fukumura et al., 1998;
Numachi et al., 2007). Earlier studies have shown that hyperthermia potentiates
methamphetamine-induced dopamine and 5-HT depletions and exacerbates oxidative stress
in the brain (Bowyer et al., 1994; Fukumura et al., 1998; Hirata et al., 1995), whereas
hypothermia protects against these effects (Bowyer et al., 1994). Therefore, in the third part
of the study, to determine if the neuroprotective effects of SN79 are associated with its
ability to decrease the hyperthermic effects of methamphetamine, correlation analysis
compared the body temperatures of mice in the various treatment groups with their
corresponding striatal dopamine and 5-HT levels.

In addition to establishing an important involvement of σ receptors in the effects of
methamphetamine, the ability of SN79 to be clinically developed as a drug candidate against
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methamphetamine-induced neurotoxicity was also evaluated as a post-treatment following
methamphetamine exposure. Previous post-treatment studies have shown σ receptor
antagonists to be effective against cocaine-induced lethality (Matsumoto et al., 2001).
Therefore, in the fourth part of this study, post-treatment experiments were conducted to
evaluate the effectiveness of orally administered SN79 in attenuating
methamphetamineinduced striatal dopaminergic neurotoxicity.

2. Experimental procedures
2.1. Drugs and chemicals

SN79 (6-acetyl-3-(4-(4-(4-florophenyl)piperazin-1-yl)butyl)benzo[d]oxazol-2(3H)-one) was
synthesized as previously described (Kaushal et al., 2011a) and provided by Dr. Christopher
McCurdy (University of Mississippi, University, MS). (+)-Methamphetamine hydrochloride
was obtained from Sigma (St. Louis, MO). For i.p. administrations, the drugs were dissolved
in sterile saline and administered in a volume of 10 ml/g body weight. For the p.o.
administrations, SN79 was dissolved in water and administered in a volume of 10 ml/g body
weight. Unless specified otherwise, all other chemicals were obtained from standard
commercial suppliers (Sigma-Aldrich, St. Louis, MO).

2.2. Animals
Male, Swiss Webster mice (18–28 g; Harlan, Indianapolis, IN) were housed in groups of
five with a 12:12h light/dark cycle with food and water available ad libitum. Mice were
randomly assigned to different treatment groups. All procedures were performed as
approved by the Animal Care and Use Committee at West Virginia University.

2.3. Experimental schedule for pretreatment studies
Male, Swiss Webster mice (N = 4–10/group) were randomly assigned to four experimental
groups: (1) Saline/Saline; (2) Saline/Methamphetamine (1.25, 2.5, 5, 10 mg/kg, i.p.); (3)
SN79 (1, 3, 10 mg/kg, i.p.) or DTG (10 mg/kg, i.p.)/Saline; (4) SN79 (1, 3, 10 mg/kg, i.p.)
or DTG (10 mg/kg, i.p.)/Methamphetamine (5 mg/kg, i.p.). The first drug (saline, DTG or
SN79) was administered 15 min prior to the second drug (saline or methamphetamine), and
all solutions were given intraperitoneally. Each group of mice received their assigned
treatment combination a total of four times at two hour intervals.

Core body temperature was measured 1 h following each of the four treatment injections
with a Thermalert TH-S monitor (Physitemp Instruments Inc., Clifton, NJ). During the
temperature measurements, mice were gently held at the base of the tail and a probe
(RET-3) was inserted approximately 2.5 cm past the rectum into the colon for 8–10 s until a
rectal temperature was maintained for 3–4 s.

To allow sufficient time for methamphetamine-induced degeneration of nerve terminals to
occur, the animals were sacrificed and their brains removed one week following the
aforementioned treatments (Cappon et al., 2000). The striatum and cerebellum was dissected
from each mouse and frozen in liquid nitrogen. The tissues were stored at −80 °C for later
analysis of dopamine and 5-HT content.

2.3.1. Dopamine assays—Using a dopamine research enzyme immunoassay kit and
protocols provided by the manufacturer (Rocky Mountain Diagnostics, Colorado Springs,
CO), mouse brain striatal and cerebellar dopamine were quantified. Brain tissues were
homogenized in 0.01 N HCl and dopamine was extracted and then acylated to N-
acyldopamine using the buffer and reagents provided by the ELISA kit. Acylated dopamine
from the tissue samples was incubated with solid phase bound dopamine, dopamine
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antiserum, and antiserum buffer to compete for a fixed number of antiserum binding sites.
Free antigen and free antigen-antiserum complexes were removed via the wash buffer. The
antibody bound to the solid phase dopamine was detected using an anti-rabbit IgG-
peroxidase conjugate with 3,3’,5,5”-tetramethylbenzidine (TMB) as the substrate. The
amount of antibody bound to the solid phase dopamine was measured by monitoring the
reaction at 450 nm. The solid phase dopamine measured is inversely proportional to the
dopamine concentration of the tissue sample and was quantified relative to a standard curve
of known concentrations.

2.3.2. 5-HT assays—The protocol was the same as described above for dopamine, with
the exception that brain tissues were homogenized in 0.2 M perchloric acid, followed by
centrifugation at 3,000 rpm for 10 min at 4 °C. The supernatants were collected and
evaluated for 5-HT levels using 5-HT research enzyme immunoassay kits (Rocky Mountain
Diagnostics, Colorado Springs, CO).

2.4. DAT immunohistochemistry
The mice (N = 4/group) were randomly assigned to one of the following treatment groups:
(1) Saline/Saline; (2) Saline/Methamphetamine (5 mg/kg, i.p.); (3) SN79 (3 mg/kg, i.p.)/
Methamphetamine (5 mg/kg, i.p.); (4) SN79 (3 mg/kg, i.p.)/Saline. The treatments were
administered a total of four times at two hour intervals. The single drug doses used for the
immunohistochemical studies were selected based on their ability to produce statistically
significant changes in the neurochemical measurements described above.

One week following the treatments, the mice were perfused transcardially with 0.1 M
phosphate buffered saline (pH 7.4), followed by 4% paraformaldehyde. The brains were
further fixed overnight in 4% paraformaldehyde. Coronal sections (50 µm) of the fixed
tissue were made throughout the rostral-caudal extent of the striatum using a cryostat, and
processed in a free-floating state in 0.1 M Tris-HCl buffered saline (TBS, pH 7.5).

The sections were treated with 0.3% in hydrogen peroxide (H2 O2) in TBS for 30 min at
room temperature. The sections were then treated with TBS containing 0.2% Triton X-100
and 1.5% normal goat serum for 30 min at room temperature. Incubation of the sections with
anti-rat DAT antibody (Chemicon International, Temecula, CA; MAB369, dilution
1:10,000) was then performed for 36 h at 4 °C. The labeled sections were washed twice in
TBS and processed using Vectastain Elite ABC (Vector Laboratories, Burlingame, CA).
Sections were incubated with biotinylated secondary anti-rat antisera (Abcam, Cambridge,
MA; ab6844; dilution 1:200) in TBS-NBS for 60 min. This was followed by incubation of
the sections with avidin-biotinylated peroxidase substrate in TBS for 60 min. The staining
was visualized by reacting 3,3’-diaminobendine (DAB) containing 0.01% H2 O2 for 5 min.

The stained sections were mounted onto gelatin-coated slides and dried. The sections were
dehydrated, cleared, and coverslipped. The images were captured digitally using a Leica
DMIL microscope (Leica Microsystems, Bannockburn, IL) and optical density readings
quantified in the rostral-caudal regions of the striatum using ImageJ software (National
Institutes of Health, Bethesda, MD). To obtain the data point for a given animal, at least two
sections per mouse brain were processed and the optical density readings from both the
striatal regions of each section averaged.

2.5. SERT immunohistochemistry
Alternate striatal sections obtained for the DAT immunohistochemical studies were
processed for SERT staining. The protocol was the same as for the DAT
immunohistochemistry, with the exception of incubating with a rabbit anti-mouse SERT
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antibody (Millipore, Temecula, CA; AB9726, dilution 1:5,000) for 36 h at 4 °C. The labeled
sections were washed thrice in TBS and processed with a Histostain-Plus kit (DAB, Broad
Spectrum) (Invitrogen, Camarillo, CA). Briefly, the labeled sections were incubated in 100
µl of DAB substrate for 4 min. The sections were then washed in distilled water. The stained
sections were mounted on the slides and analyzed in the same way as for DAT
immunohistochemistry.

2.6. Experimental schedule for post-treatment studies
The mice (N = 10/group) were randomly assigned to one of the following treatments: (1)
Saline (i.p.)/H2O (p.o.); (2) Methamphetamine (5 mg/kg, i.p.)/H2O (p.o.); (3) Saline (i.p.)/
SN79 (10 mg/kg, p.o.); (4) Methamphetamine (5 mg/kg, i.p.)/SN79 (10 mg/kg, p.o.). Saline
or methamphetamine (5 mg/kg) was administered i.p. a total of four times at two hour
intervals; 3 h following the last injection of methamphetamine or saline, H2O or SN79 was
orally administered as a post-treatment since it would be the most clinically relevant route of
administration. The designated post-treatment was administered every 8 h for one week.
Similarly to the above pretreatment studies, the striatum was then dissected from each
treated mouse and frozen in liquid nitrogen. The tissues were stored at −80 °C until
dopamine content was measured using dopamine ELISA kits (Rocky Mountain Diagnostics,
Colorado Springs, CO) as described above.

The 3 h time point for initiating post-treatment with SN79 was chosen based on a time
course analysis following neurotoxic dosing with methamphetamine, whereby striatal
dopamine levels start declining at the 3 h time point (Kita et al., 2000). Three times per day
dosing (i.e. every 8 h) was based on earlier pharmacokinetic studies with SN79, where its
half life following p.o. administration was about 7–8 h (Kaushal et al., 2011a).

2.7. Statistical analysis
The data from the body temperature readings, dopamine and 5-HT assays, and DAT and
SERT immunohistochemical studies were evaluated using analysis of variance (ANOVA).
Post-hoc analyses were performed with Dunnett’s test for comparisons to controls or
Tukey’s tests for pairwise comparisons. The body temperature of the mice from each group
was correlated with the striatal dopamine and 5-HT levels obtained a week later. Fisher’s
exact test was performed for lethality studies. For all statistical analyses, P<0.05 was
considered statistically significant.

3. Results
3.1. Effects of methamphetamine and the σ receptor agonist DTG on lethality

Fig. 1A summarizes the survival of the mice following neurotoxic dosing with
methamphetamine in the absence and presence of DTG. There was a dose dependent
increase in lethality with methamphetamine alone, although the differences were not
statistically significant: 0 mg/kg methamphetamine (saline, 0/10 mice died), 5 mg/kg
methamphetamine (0/10 mice died, n.s. compared to saline), 10 mg/kg methamphetamine
(5/16 mice died, n.s. compared to saline). Since the 5 mg/kg dose of methamphetamine was
the highest one that did not result in any deaths, it was selected for use in combination with
DTG in further studies.

Fisher’s exact test confirmed that pretreatment with the σ receptor agonist DTG (10 mg/kg,
i.p.) significantly increased lethality following neurotoxic dosing with methamphetamine
(P<0.05; Fig. 1A). The deaths occurred within 7 h of when the mice received their first
treatment combination of DTG/Methamphetamine. DTG in the absence of
methamphetamine was not lethal to any of the animals tested.
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3.2. Effects of methamphetamine and the σ receptor agonist DTG on body temperature
The hyperthermic effects of methamphetamine are represented in Fig. 1B. One-way
ANOVA demonstrated that methamphetamine produces a dose dependent increase in core
body temperature after the first injection (F(4,81) = 7.29, P<0.0001), second injection
(F(4,81) = 12.70, P<0.0001), third injection (F(4,81) = 29.21, P<0.0001), and fourth
injection (F(4,81) = 52.72, P<0.0001). Post-hoc Dunnett’s tests confirmed that compared to
saline, the following doses of methamphetamine significantly increased body temperature
under the specified conditions: after the first injection with methamphetamine 2.5 mg/kg (q
= 2.53, P<0.05), 5 mg/kg (q = 3.62, P<0.01), and 10 mg/kg (q = 4.99, P<0.01); after the
second injection with methamphetamine 1.25 mg/kg (q = 4.46, P<0.01), 2.5 mg/kg (q =
4.05, P<0.01), 5 mg/kg (q = 6.01, P<0.01), and 10 mg/kg (q = 5.52, P<0.01); after the third
injection with methamphetamine 1.25 mg/kg (q = 4.53, P<0.01), 2.5 mg/kg (q = 4.91,
P<0.01), 5 mg/kg (q = 9.01, P<0.01), and 10 mg/kg (q = 8.95, P<0.01); and after the fourth
injection with methamphetamine 1.25 mg/kg (q = 3.91, P<0.01), 2.5 mg/kg (q = 5.30,
P<0.01), 5 mg/kg (q = 9.46, P<0.01) and 10 mg/kg (q = 13.57, P<0.01).

Pretreatment with DTG had no significant effect on the hyperthermia produced by
methamphetamine (Fig. 1C). One-way ANOVA demonstrated that there was a significant
difference between the experimental groups after the first injection (F(3,36) = 6.42,
P<0.005), second injection (F(3,36) = 15.73, P<0.0001), third injection (F(3,35) = 32.52,
P<0.0001), and fourth injection (F(3,29) = 14.68, P<0.0001). Post-hoc Dunnett’s tests
confirmed that compared to saline, methamphetamine significantly increased body
temperature at all time points tested: after the first injection (q = 5.58, P<0.01), after the
second injection (q = 6.86, P<0.005), after the third injection (q = 10.75, P<0.005), and after
the fourth injection (q = 8.14, P<0.005). Compared to saline, DTG alone also significantly
increased body temperature after the first (q = 4.80, P<0.01) and second (q = 5.88, P<0.01)
injections. However, DTG in the presence of methamphetamine, did not significantly
elevate body temperatures over methamphetamine alone at any of the time points (n.s.).

To determine whether the rate of increase in body temperature differed significantly
between the methamphetamine-treated groups in the presence and absence of DTG, two-
way analysis of variance, followed by post-hoc Bonferroni’s multiple comparison tests were
conducted. Similar to the one-way analysis, the DTG/Methamphetamine group did not differ
from the Saline/Methamphetamine group at any of the time points tested (n.s.).

3.3. Effects of SN79 on lethality alone and in combination with methamphetamine
Within the dose range tested (up to 10 mg/kg, i.p.), SN79 alone did not produce lethality in
the animals. The combination of SN79/Methamphetamine also did not result in deaths.

3.4. Effects of SN79 on body temperature alone and in combination with
methamphetamine

One-way ANOVA showed that SN79 significantly reduced body temperature (Fig. 2A) after
the first injection (F(3,59) = 21.77, P<0.0001), second injection (F(3,59) = 20.12,
P<0.0001), third injection (F(3,59) = 11.34, P<0.0001), and fourth injection (F(3,59) =
18.01, P<0.0001). Post-hoc Dunnett’s tests revealed that compared to saline, SN79 (10 mg/
kg, i.p.) significantly decreased the basal body temperature after first injection (q = 6.54,
P<0.001), second injection (q = 5.98, P<0.001), third injection (q = 4.36, P<0.001) and
fourth injection (q = 5.58, P<0.001).

One-way ANOVA showed that SN79 pretreatment significantly attenuated the hyperthermic
effects of methamphetamine (Fig. 2B and C) after the first injection (F(11,123) = 24.04,
P<0.0001), second injection (F(11,123) = 15.40, P<0.0001), third injection (F(11,123) =
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18.25, P<0.0001), and fourth injection (F(11,123) = 18.21, P<0.0001). Post-hoc Tukey’s test
revealed that the following doses of SN79 attenuated the hyperthermic effects of
methamphetamine (5 mg/kg) after the first injection (3 mg/kg: q = 4.84, P<0.05; 10 mg/kg:
q = 9.26, P<0.001), second injection (3 mg/kg: q = 5.51, P<0.01; 10 mg/kg: q = 6.86,
P<0.001), third injection (1 mg/kg: q = 4.80, P<0.05; 3 mg/kg: q = 8.41, P<0.001; 10 mg/kg:
q = 7.76, P<0.001), and fourth injection (1 mg/kg: q = 5.85, P<0.01; 3 mg/kg: q = 7.85,
P<0.001; 10 mg/kg: q = 9.63, P<0.001). Post-hoc Tukey’s test also revealed that the
following doses of SN79 attenuated the hyperthermic effects of methamphetamine (10 mg/
kg) after the first injection (3 mg/kg: q = 5.71, P<0.01; 10 mg/kg: q = 13.34, P<0.001),
second injection (1 mg/kg: q = 5.91, P<0.01; 3 mg/kg: q = 9.59, P<0.001; 10 mg/kg: q =
10.39, P<0.001), third injection (1 mg/kg: q = 5.18, P<0.05; 3 mg/kg: q = 7.39, P<0.001; 10
mg/kg: q = 10.20, P<0.001), and fourth injection (3 mg/kg: q = 6.94, P<0.001; 10 mg/kg: q
= 9.84, P<0.001).

3.5. Effects of SN79 on dopamine levels alone and in combination with methamphetamine
The effects of SN79 alone and in combination with methamphetamine on dopamine levels in
the brain are summarized in Fig. 3. One-way ANOVA showed that methamphetamine
produced a dose dependent reduction of dopamine levels in the striatum (Fig. 3A, F(3,27) =
7.26, P<0.0005). Post-hoc Dunnett’s tests revealed that the striatal changes produced by the
following doses of methamphetamine differed significantly from the saline control group:
2.5 mg/kg (q = 2.55, P<0.05), 5 mg/kg (q = 4.61, P<0.01). However, no significant changes
in dopamine concentration following doses of methamphetamine were observed in the
cerebellum (F(3,27) = 0.20, n.s.).

When SN79 was administered in the absence of methamphetamine, one-way ANOVA
showed that there were no significant changes in striatal and cerebellar dopamine levels
(Fig. 3B, F(3,19) = 1.53, n.s.; F(3,19) = 1.30, n.s.). One-way ANOVA showed that SN79
pretreatment significantly attenuated methamphetamine-induced dopamine depletion
(F(4,24) = 31.61, P<0.0001). Post-hoc Tukey’s test show that methamphetamine treatment
caused a significant decrease in dopamine levels when compared with saline treatment (q =
10.68, P<0.001) and that SN79 pretreatment significantly prevented methamphetamine-
induced decreases in dopamine levels (SN79 dose: 1 mg/kg, q = 11.70, P<0.001; 3 mg/kg, q
= 12.24, P<0.001; 10 mg/kg q = 14.28, P<0.001).

3.6. Effects of SN79 on 5-HT levels alone and in combination with methamphetamine
The effects of SN79 alone and in combination with methamphetamine on 5-HT levels in the
brain are summarized in Fig. 4. Methamphetamine produced a significant reduction in 5-HT
levels in the mouse striatum (Fig. 4A, F(4,35) = 2.93, P<0.05). Post-hoc Dunnett’s tests
confirmed that striatal 5-HT levels were significantly reduced relative to the saline control
following injection of 10 mg/kg, i.p. of methamphetamine (q = 3.38, P<0.01). However, in
the cerebellum, methamphetamine did not produce significant 5-HT depletions (F(4,35) =
2.33, n.s.).

One-way ANOVA showed that administration of SN79 alone produced no significant
changes in 5-HT levels in the cerebellum and striatum (Fig. 4B, F(3,19) = 0.24, n.s. and
F(3,38) = 0.72, n.s., respectively). When SN79 was given as a pretreatment prior to
methamphetamine, two-way ANOVA revealed a significant effect of methamphetamine
treatment (F(1,71) = 9.60, P<0.005), SN79 pretreatment (F(3,71) = 5.26, P<0.005) and
SN79 pretreatment × methamphetamine treatment interaction (F(3,71) = 3.29, P<0.05).
Post-hoc Tukey’s test showed that methamphetamine treatment caused a significant
decrease in striatal 5-HT levels (q = 5.86, P<0.01) and that SN79 pretreatment significantly
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prevented methamphetamine-induced decreases in striatal 5-HT levels (SN79 dose: 1 mg/kg,
q = 4.95, P<0.05; 3 mg/kg, q = 5.29, P<0.01 and 10 mg/kg, q = 6.88, P<0.001).

3.7. DAT immunohistochemistry
Fig. 5 illustrates the effects of methamphetamine and SN79 on DAT immunoreactivity in
the mouse striatum. One-way ANOVA revealed a significant difference between the
treatment groups (F(3,71) = 162.90, P<0.0001). Post-hoc Tukey’s multiple comparison tests
confirmed that methamphetamine caused a significant reduction in DAT immunoreactivity
compared to the saline controls (q = 28.66, P<0.001). Pretreatment with SN79 significantly
attenuated the methamphetamine-induced neurotoxicity (q = 24.66, P<0.001), whereas
treatment with SN79 alone had no significant effect on DAT expression (q = 1.81, n.s.).

3.8. SERT immunohistochemistry
Fig. 6 illustrates the effects of methamphetamine and SN79 on SERT immunoreactivity in
the mouse striatum. One-way ANOVA revealed a significant difference between the
treatment groups (F(3,54) = 53.73, P<0.0001). Post-hoc Tukey’s multiple comparison tests
confirmed that methamphetamine caused a significant reduction in SERT immunoreactivity
compared to control animals (q = 15.07, P<0.001). Pretreatment with SN79 significantly
attenuated the methamphetamine-induced neurotoxicity (q = 14.81, P<0.001), whereas
treatment with SN79 alone had no significant effects on SERT expression (q = 2.91, n.s.).

3.9. Correlation between body temperature and striatal monoamine levels
Table 1 summarizes the mean ± S.E.M. body temperatures and corresponding striatal
dopamine and 5-HT levels for each of the experimental groups, with the statistical results
from the correlation shown at the bottom of the table. There was a significant correlation
between body temperature at all four time points and striatal dopamine levels one week later
(r2 0.17 to 0.57, P<0.01 to P<0.001). There was also a significant correlation between body
temperature at all four time points and striatal 5-HT levels one week later (r2 0.08 to 0.14,
P<0.05 to P<0.001). The correlation plot for each of the comparisons is shown in Fig. 7,
with the body temperatures and corresponding striatal dopamine (panel A) and 5-HT (panel
B) levels measured one week later for each animal graphed.

3.10. Post-treatment studies
Fig. 8 shows the effects of oral administration of SN79 when administered following
neurotoxic dosing with methamphetamine or control injections of saline. One-way ANOVA
indicated a significant difference between the experimental groups (F(3,34) = 32.46,
P<0.001). Post-hoc Tukey’s test confirmed that the difference between the control and
methamphetamine groups differed significantly (q = 10.10, P<0.005). Post-treatment with
SN79 caused a 25% improvement in dopamine levels relative to animals exposed to
methamphetamine alone (post- treatment with distilled water), but the change was not
statistically significant using post-hoc Tukey’s test (q = 2.89, n.s.).

4. Discussion
The current study demonstrates that pretreatment with SN79 can mitigate
methamphetamine-induced lethality, hyperthermia, and striatal neurotoxicity (reductions in
dopamine and 5-HT levels and DAT and SERT expression levels in the striatum). When
administered as a post-treatment under oral dosing conditions, SN79 elicited partial recovery
in striatal dopamine depletions caused by methamphetamine. These data thus suggest that σ
receptors can be targeted to reduce the effects of methamphetamine.
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In contrast to the protective effects of SN79 and other σ receptor antagonists, pretreatment
with the well established σ receptor agonist, DTG, increased the lethal effects of
methamphetamine, but had no significant effects on methamphetamine-induced
hyperthermia. This suggests that the lethal effects of methamphetamine may involve, at least
in part, direct activation of σ receptors. However, the observed deaths are unlikely to be the
result of σ receptor activated hyperthermia since DTG had no significant effects on this
endpoint. Nevertheless, downstream intervention with putative σ receptor antagonists, such
as SN79, can attenuate both the lethal and hyperthermic effects of methamphetamine.

In this study, SN79 pretreatment protected against four markers of methamphetamine-
induced striatal dopamine and 5-HT nerve terminal degeneration (dopamine and 5-HT
depletion and reductions in DAT and SERT expression levels). This neuroprotective effect
is consistent with that observed with other σ receptor putative antagonists such as AC927
and CM156 (Matsumoto et al., 2008; Kaushal et al., 2011b), suggesting that similarly to
these earlier characterized compounds, potential mechanisms targeted by SN79 to convey
neuroprotection may include reductions in reactive oxygen species (ROS) and reactive
nitrogen species (RNS) generation, and caspase activation (Kaushal et al., 2012).

SN79 pretreatment also attenuated methamphetamine-induced hyperthermia, which is
consistent with the effects of other σ receptor antagonists, including AC927 and CM156
(Matsumoto et al., 2008; Kaushal et al., 2011b). On its own, the putative σ receptor
antagonist SN79 at the highest dose tested (10 mg/kg, i.p.) caused hypothermia, whereas the
σ receptor agonist DTG showed a trend towards hyperthermia. The localization of σ
receptors in the hypothalamus (McLean and Weber, 1988), a part of the brain known to have
an important role in thermoregulation, is consistent with the ability of σ ligands to modulate
body temperature.

The effects of SN79 alone on body temperature suggest that at higher doses, SN79 may act
as an inverse agonist at σ receptors or block basal tone. This would be consistent with the
observation that at the same dose (10 mg/kg), SN79 on its own caused sedative effects in
mice (Kaushal et al., 2011a). σ Receptors are densely located in the motor areas of the brain,
and affect motor function (McLean and Weber, 1988; Walker et al., 1990). The sedative and
hypothermic effects of SN79 at 10 mg/kg may thus be explained by either inverse agonist
activity at σ receptors or antagonism of tonic activation of endogenous systems.

Although the mechanisms involved in methamphetamine-induced neurotoxicity is not very
clearly understood, hyperthermia is considered an important factor (Bowyer et al., 1994).
Elevated temperature can exacerbate the neurotoxic effects of methamphetamine by
increasing ROS/RNS generation and DAT activity, and also by disrupting the blood brain
barrier (Fleckenstein et al., 1997; Kiyatkin et al., 2007; Numachi et al., 2007; Sharma et al.,
2007; Xie et al., 2000). Previous pharmacological and ambient temperature controlled
studies have suggested that attenuation of methamphetamine-induced hyperthermia can
provide protection against its neurotoxic effects (Bowyer et al., 1994). Correlation analysis
of the temperature and dopamine and 5-HT depletion data in the present study also
suggested that the neuroprotective effects of SN79 are related to its ability to decrease
methamphetamine-induced hyperthermia. However, correlation does not always mean
causation; temperature modulation may be an important but not obligatory factor in the
neuroprotective effects of SN79.

In addition to modulating body temperature at a systems level, σ receptors play an important
role in cell death pathways in tumor cell models (van Waarde et al., 2010). In fact, when
using an in vitro model of methamphetamine neurotoxicity in which temperature was held
constant, AC927, an earlier tested σ receptor putative antagonist that attenuated
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methamphetamine-induced neurotoxicity and hyperthermia in vivo (Matsumoto et al.,
2008), mitigated various effects of methamphetamine including cytotoxicity (Kaushal et al.,
2012), demonstrating that neuroprotection can occur independently of changes in
temperature. A similar pattern of in vitro results has been shown with SN79 in which SN79
attenuated methamphetamine-induced cytotoxicity and caspases when temperature was held
constant (Kaushal et al., 2011c), confirming that the neuroprotection can occur independent
of changes in temperature. Moreover, the exacerbated methamphetamine-induced
cytotoxicity resulting from elevations in the temperature, were still attenuated by SN79.
Therefore, SN79 may provide neuroprotection in vivo by a dual mechanism of decreasing
hyperthermia as well as blocking intracellular, neurotoxic cascades.

In addition to acute hyperthermic effects and long lasting neurotoxic effects,
methamphetamine at higher doses also causes lethality. The σ receptor agonist DTG
exacerbated, whereas SN79 attenuated, the lethal effects of methamphetamine, again
indicating an important role for σ receptors in the lethal effects of methamphetamine.

The ability of SN79 to attenuate methamphetamine-induced hyperthermia, lethality and
dopaminergic and serotonergic neurotoxicity provides support for it being a novel drug lead
against numerous harmful effects of methamphetamine. Since SN79 has good
bioavailability, a long half life, and can also attenuate various behavioral and toxic effects of
cocaine (Kaushal et al., 2011a), this further strengthens its potential as a drug candidate
against many effects of psychostimulants. Further studies were therefore performed to
determine the effectiveness of SN79 under more clinically relevant conditions, where
subjects have already been exposed to methamphetamine. The post-treatment results
obtained using SN79, although not quite statistically significant, indicated a trend towards
neuroprotection. This may have important implications in a clinical setting, where a 25%
increase in striatal dopamine levels may translate into an asymptomatic condition. However,
further studies are needed to study the long term effect of SN79 post-treatment on
methamphetamine-induced neurotoxicity and its functional consequences.

Methamphetamine exposure has recently been shown to be an important risk factor for
Parkinson’s disease (Callaghan et al., 2010). Studies in the literature have shown σ ligands
to provide improvement in animal models of Parkinson’s disease and other neurological
disorders associated with neurotoxicity and/or monoaminergic deficiencies (Guitart et al.,
2004; Mishina et al., 2005). Therefore, SN79 alone in the long term or in combination with
already existing therapies may be effective for treating methamphetamine-induced
parkinsonism or other motor and cognitive disorders. Although partial recovery is observed
with SN79 post-treatment, the mechanism of neuroprotection is not known and needs to be
studied in the future.

In conclusion, SN79 is a potentially promising drug candidate to mitigate many effects of
methamphetamine. Since DTG exacerbated the lethal effects of methamphetamine, but not
methamphetamine-induced hyperthermia, this study implicates σ receptors in the direct
modulation of some effects of methamphetamine like lethality, while having a modulatory
role which can mitigate other methamphetamine-induced effects such as hyperthermia and
neurotoxicity.
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Figure 1.
Effects of DTG on lethality and hyperthermia in the absence and presence of
methamphetamine (METH). A, male, Swiss Webster mice (N = 10/group) were pretreated
i.p. with saline (Sal) or DTG (10 mg/kg) 15 min prior to receiving saline (Sal) or METH (5
mg/kg, i.p.). Dosing was repeated at two hour intervals up to a total of four times. Survival
over 24 h was recorded. B, dose response of METH on core body temperature. Male, Swiss
Webster mice (N = 5–10/group) were injected with saline or METH (1.25–10 mg/kg, i.p.) at
two hour intervals for a total of four times. Core body temperature (BT) was measured via a
rectal thermometer 1 h after each injection and data was reported as mean ± SEM. C, effect
of DTG pretreatment on basal body temperature in the absence and presence of METH.
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Male, Swiss Webster mice (N = 5–16/group) were injected with saline or DTG (10 mg/kg,
i.p.) 15 min prior to receiving saline or METH (5 mg/kg, i.p.) at two hour intervals for a
total of four times. Core BT was measured via a rectal thermometer 1 h after each injection
and data was reported as mean ± SEM.*P<0.05, **P<0.01, ***P<0.001 METH vs. saline; $
$P<0.01 DTG vs. saline.
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Figure 2.
Effects of SN79 on body temperature in the absence and presence of METH. Male, Swiss
Webster mice (N = 5–10/group) were pretreated with saline (Sal) or SN79 (1, 3, 10 mg/kg,
i.p.), and after 15 min, the mice were treated with Sal or METH (5, 10 mg/kg, i.p.). Core
body temperature was measured 1 h after each injection combination. This regimen was
repeated four times at 2 h intervals. A, effects of SN79 on basal body temperature. B, effects
of pretreatment with SN79 on METH (5 mg/kg, i.p.)-induced hyperthermia. C, effects of
pretreatment with SN79 on METH (10 mg/kg, i.p.)-induced hyperthermia. Data was
reported as mean ± SEM. **P<0.01, ***P<0.001 vs. saline; #P<0.05, ##P<0.01,
###P<0.001 vs. METH.
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Figure 3.
Effects of methamphetamine (METH) and SN79 on striatal dopamine levels. A, dose
response of METH on dopamine (DA) levels in the striatum. Male, Swiss Webster mice (N
= 5–9/group) were injected (i.p.) with METH (1.25- 5.0 mg/kg, i.p.) or saline (0 mg/kg, i.p.)
at 2 h intervals for a total of four times. DA levels in the striatum were measured one week
later. B, effects of SN79 on METH-induced depletion of DA levels in striatum of mouse
brain tissue. Male, Swiss Webster mice (N = 5/group) were pretreated with saline or SN79
(1, 3, 10 mg/kg, i.p.). Mice were then treated with saline (-METH 0 mg/kg, i.p.) or METH
(+METH 5 mg/kg, i.p.) after 15 min. This treatment regimen was repeated at 2 h intervals
for a total of four times. Tissue samples from mouse striatum were collected and DA
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concentration was measured one week later. Data was reported as mean ± SEM. *P<0.05,
***P <0.001 vs. saline; ###P<0.001 vs. METH.

Kaushal et al. Page 17

Eur Neuropsychopharmacol. Author manuscript; available in PMC 2014 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Effects of methamphetamine (METH) and SN79 on striatal 5-HT levels. A, dose response
effects of METH on 5-HT levels in the striatum. Male, Swiss Webster mice (N = 5–10/
group) were injected with METH (1.25–10.0 mg/kg, i.p.) or saline (0 mg/kg, i.p.) at 2 h
intervals for a total of four times. Striatal tissue samples were collected one week later and
measured for 5-HT concentration. B, effect of SN79 pretreatment on METH-induced
alteration of 5-HT levels in the striatum of mouse brain. Male, Swiss Webster mice (N = 5–
10/group) were pretreated with saline or SN79 (1, 3, 10 mg/kg, i.p.), and 15 min later, the
mice were treated with saline (-METH 0 mg/kg, i.p.) or METH (+METH 10 mg/kg, i.p.).
These treatment combinations were repeated at 2 h intervals a total of four times. One week
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later, mouse striatum were collected and 5-HT concentration was measured. Data was
reported as mean ± SEM. **P<0.01 vs. saline, #P<0.05, ##P<0.01, ###P<0.001 vs. METH.

Kaushal et al. Page 19

Eur Neuropsychopharmacol. Author manuscript; available in PMC 2014 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Dopamine transporter (DAT) Immunohistochemistry: Effect of SN79 pretreatment on
methamphetamine (METH)-induced decrease in striatal DAT levels. Male, Swiss Webster
mice (N = 4/group) were pretreated with saline (Sal) or SN79 (SN, 3 mg/kg, i.p.). After 15
min, the mice were then treated with Sal or METH (5 mg/kg, i.p.). This treatment schedule
was repeated four times at 2 h intervals. One week later, the brains were removed and
stained for DAT immunoreactivity. Average optical density readings (mean ± SEM) are
shown. ***P<0.001 vs. saline, ###P<0001 vs. METH.
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Figure 6.
5-HT transporter (SERT) Immunohistochemistry: Effect of SN79 pretreatment on
methamphetamine (METH)-induced decrease in striatal SERT levels. Male, Swiss Webster
mice (N = 4/group) were pretreated with saline (Sal) or SN79 (SN, 3 mg/kg, i.p.). After 15
min, the mice were then treated with Sal or METH (5 mg/kg, i.p.). This treatment schedule
was repeated four times at 2 h intervals. One week later, the brains were removed and
stained for SERT immunoreactivity. Average optical density readings (mean ± SEM) are
shown. ***P<0.001 vs. saline, ###P<0001 vs. METH.
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Figure 7.
Relationship between core body temperature taken after each of the four drug
administrations (BT1-4) and A, striatal dopamine (DA) levels or B, striatal 5-HT levels
measured one week later. The graphs depict the relationship for individual animals
corresponding to the data summarized in Table 1.
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Figure 8.
Effects of post-treatment with SN79 on methamphetamine (METH)-induced striatal
dopamine (DA) depletion. Male, Swiss Webster mice (N = 10/group) were treated (i.p.) with
saline (Sal) or METH (5 mg/kg) at 2 h intervals a total of four times. Beginning 3 h after the
last injection, mice were orally administered distilled water (H2O) or SN79 (SN, 10 mg/kg)
every 8 h for one week. The striata were dissected from each mouse and DA levels
measured. Data was reported as mean ± SEM. ***P<0.005 vs. Sal/H2O.
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