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Abstract
Methamphetamine (METH) and many other abused substances interact with σ receptors. σ Receptors
are found on dopaminergic neurons and can modulate dopaminergic neurotransmission. Antisense
knock down of σ receptors also mitigates METH-induced stimulant effects, suggesting that these
proteins are viable medication development targets for treating pscyhostimulant abuse. In the present
study, AC927, a σ receptor antagonist, was evaluated for its ability to attenuate METH-induced
effects in vivo and in vitro. Radioligand binding studies showed that AC927 had preferential affinity
for σ receptors compared to 29 other receptors, transporters and ion channels. Pretreatment of male,
Swiss Webster mice with AC927 significantly attenuated METH-induced locomotor stimulation,
striatal dopamine depletions, striatal dopamine transporter reductions, and hyperthermia. When the
neurotoxicity of METH was further examined in vitro under temperature-controlled conditions, co-
incubation with AC927 mitigated METH-induced cytotoxicity. Together, the results demonstrate
that AC927 protects against METH-induced effects, and suggests a new strategy for treating
psychostimulant abuse.
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1. Introduction
Methamphetamine is a central nervous system stimulant that enhances synaptic dopamine
levels through numerous mechanisms, including inhibition of dopamine uptake and facilitation
of dopamine release (Barr et al., 2006). Methamphetamine can also act as a neurotoxin to
dopamine neurons when administered at high doses or repeatedly (Davidson et al., 2001; Volz
et al., 2007). The toxic effects of methamphetamine are often accompanied by hyperthermia
which can exacerbate damage to the nervous system (Bowyer et al., 1994; Cadet et al., 2007;
Davidson et al., 2001). However, the mechanisms underlying these effects are not yet fully
understood.

In addition to its effects on dopamine systems, methamphetamine interacts with σ receptors
(Itzhak, 1993; Nguyen et al., 2005). σ Receptors represent a unique structural class of proteins
with a drug selectivity pattern, amino acid sequence, and anatomical distribution that is distinct
from other mammalian proteins (Guitart et al., 2004; Matsumoto et al., 2003; Walker et al.,
1990). These receptors are found in organ systems that mediate the actions of
methamphetamine, including brain regions containing dopaminergic nerve terminals and cell
bodies (Gundlach et al., 1986). The activation of σ receptors can stimulate dopamine synthesis
and release in the brain (Bastianetto et al., 1995; Booth and Baldessarini, 1991; Weiser et al.,
1995), thereby modulating a key neurochemical system that is implicated in the effects of
methamphetamine.

Biochemical and pharmacological studies indicate the existence of multiple σ receptor
subtypes, of which σ1 and σ2 receptors are the best characterized (Guitart et al., 2004;
Matsumoto et al., 2003; Walker et al., 1990). The σ1 receptor, which has been cloned from
several species, is a highly conserved 223 amino acid protein (Mei and Pasternak, 2001; Prasad
et al., 1998). The σ1 receptor participates in protein-protein interactions and modulates the
activity of G protein coupled receptors, ion channels, and signaling molecules such as inositol
phosphates, protein kinases, and calcium (Aydar et al., 2002; Hayashi and Su, 2007). These
interactions are thought to be exerted through chaperone-like characteristics of the protein
which allow translocation between different cellular compartments (Hayashi and Su, 2007).
In contrast, the σ2 receptor is an 18–22 kDa protein that has not yet been cloned (Hellewell et
al., 1994). The σ2 receptor is enriched in lipid rafts, and has been implicated in calcium
signaling and cell cycle functions (Crawford et al., 2002; Gebreselassie and Bowen, 2004).

Previous studies have demonstrated that σ receptors are involved in the stimulant actions of
methamphetamine. It has been known for many years that putative σ receptor antagonists, such
as MS-377 and BMY 14802, block the development and expression of methamphetamine-
induced sensitization (Takahashi et al., 2000; Ujike et al., 1992). In addition, recent studies
have shown that antagonism of σ receptors using either well established σ receptor antagonists,
such as BD1063 and BD1047, or an antisense oligonucleotide attenuates the acute locomotor
stimulatory effects of methamphetamine (Nguyen et al., 2005). Rats self-administering
methamphetamine also exhibit an up-regulation of σ1 receptors in the midbrain, as compared
to saline-treated or yoked controls (Stefanski et al., 2004), providing further support for an
involvement of σ receptors in the actions of methamphetamine.

In contrast to accumulating evidence that σ receptors are involved in the stimulant effects of
methamphetamine, the role of these proteins in the neurotoxic effects of methamphetamine
remains unclear. Earlier studies provided equivocal results because they were performed while
the field was still in its infancy (Terleckyj and Sonsalla, 1994), and involved σ receptor ligands
which are now known to be non-selective or to act as agonists. Numerous studies, however,
demonstrate cytotoxic effects of σ2 receptor agonists (Crawford and Bowen, 2002; Crawford
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et al., 2002; Ostenfeld et al., 2005) providing compelling evidence for a potential role of σ
receptors in cell death processes, including methamphetamine-induced neurotoxicity.

Therefore, in the present study, the involvement of σ receptors in the actions of
methamphetamine was further evaluated using the putative σ receptor antagonist AC927 (N-
phenethylpiperidine oxalate; Figure 1). AC927 was selected for this investigation because it
can attenuate apoptosis in tumor cells through a σ receptor-mediated mechanism (Crawford et
al., 2002). In addition to cytoprotective effects, AC927 has the potential to mitigate the
locomotor stimulant effects of methamphetamine, in a manner similar to other well established
σ receptor antagonists (Nguyen et al., 2005).

Therefore, in the present study, radioligand binding assays were conducted to evaluate the
selectivity of AC927 for σ receptors. The capability of AC927 to attenuate methamphetamine-
induced locomotor activity, hyperthermia, and neurotoxicity in the brains of mice were also
determined. Finally, to assess whether the neuroprotective effects of AC927 depended on its
ability to reduce methamphetamine-induced hyperthermia, the cytotoxicity of
methamphetamine was determined in NG108-15 cells in the presence and absence of AC927
under temperature-controlled conditions. NG108-15 cells were used in this part of the
investigation because they are neuronally-derived cells that have been employed by others to
study σ receptor-mediated effects (Hayashi and Su, 2003 a, b). Together, the studies evaluate
whether selective antagonism of σ receptors, using the prototypic ligand AC927, can mitigate
the stimulant and toxic effects of methamphetamine.

2. Experimental procedures
2.1. Drugs and reagents

Methamphetamine hydrochloride was obtained from Research Biochemicals International
(Natick, MA). AC927 was purchased from Sigma-Aldrich, Inc. (St. Louis, MO) as the free
base, and converted to the oxalate salt (Maeda et al., 2002). Dopamine Enzyme Immunoassay
kits were purchased from Rocky Mountain Diagnostics (Colorado Springs, CO).

2.2. Animals
Male, Sprague Dawley rats were used for the receptor binding studies (150–200 g, Harlan,
Indianapolis, IN). Male, Swiss Webster mice (21–30 g, Harlan, Indianapolis, IN) were used
for the behavioral experiments. The rodents were housed in groups of 2–6 with a 12:12-h light/
dark cycle and ad libitum food and water. The animals were acclimated for one week before
being used in experiments and they were randomly assigned to their treatment groups. All
procedures were performed as approved by the Institutional Animal Care and Use Committees
at the University of Mississippi.

2.3. Radioligand binding assays
The affinities of AC927 for σ receptor subtypes, monoamine transporters, and a select group
of receptors and ion channels were determined either by us using procedures previously
described (Matsumoto et al., 2002), or by the NIDA Treatment Discovery Program (TDP,
Division of Treatment Research & Development) or NOVASCREEN (Hanover, MD). The
assay conditions are briefly summarized in Table 1. For the assays conducted by us, twelve
concentrations of AC927 (0.05–10,000 nM) were incubated for 120 min at 25° C for the σ
receptor assays, 60 min at 25° C for the dopamine, 5-HT1A, α1-adrenergic and opioid receptor
assays, 30 min at 37° C for the 5-HT2 receptor assays, 120 min at 4° C for the dopamine
transporter assays, 90 min at 25° C for the serotonin transporter assays, and 60 min at 4° C for
the N-methyl-D-aspartate (NMDA) receptor and norepinephrine transporter assays. All of the
assays were terminated with the addition of ice-cold buffer and vacuum filtration through glass
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fiber filters. Additional details of the assays conducted by NOVASCREEN (Hanover, MD)
are available through their website: www.novascreen.com/allassay.asp.

2.4. Locomotor activity measurements
Locomotor activity was measured as an index of the stimulant actions of methamphetamine
using an automated activity monitoring system (San Diego Instruments, San Diego, CA). The
mice were acclimated to the testing room for 30–60 min, and then habituated to the testing
chambers for an additional 30 min. Each testing chamber was surrounded by two 16 × 16
photobeam arrays to detect the movements of the animals. Ambulatory, fine, and rearing
movements were quantified to give an overall activity score. There were three parts to the
study.

In the first part, the dose response curve for methamphetamine was determined. The mice
(N=38) were injected with different doses of methamphetamine (0–1 mg/kg, i.p.), placed into
the testing chambers, and activity quantified for 30 min.

In the second part, the dose response curve for AC927 was determined to identify a suitable
dose to use in the subsequent antagonism study. The mice (N=26) were injected with different
doses of AC927 (0–20 mg/kg, i.p.), placed into the testing chambers, and activity quantified
for 30 min.

In the third part, the ability of AC927 to attenuate methamphetamine-induced locomotor
activity was evaluated. The mice (N=70) were pretreated with either saline or AC927 (10 mg/
kg, i.p.), followed 15 min later with a dose of methamphetamine (0–1 mg/kg, i.p.). The mice
were returned to the testing chambers, and activity was quantified for the next 30 min.

2.5. Dopamine assays
The mice (N=64) were randomly assigned to one of the following treatment groups: (1) Saline
+ Saline; (2) Saline + Methamphetamine (1.25, 2.5 or 5 mg/kg); (3) AC927 (5, 10 or 20 mg/
kg) + Methamphetamine (5 mg/kg); (4) AC927 (5, 10 or 20 mg/kg) + Saline. The first
compound in each treatment combination (saline or AC927) was administered as a 15 min
pretreatment to the second (saline or methamphetamine). All of the combinations of treatments
were given (i.p.) at 2 h intervals, a total of four times.

The animals were sacrificed by decapitation and their brains removed one week after treatment
to allow ample time for degeneration of dopamine nerve terminals to occur (Cappon et al.,
2000). In addition, tissues from naïve mice (N=6) were collected as an additional control. The
striatum and cerebellum were dissected from each of the mice and frozen in liquid nitrogen.
The tissues were stored at −80° C for later analysis of dopamine content.

Brain striatal and cerebellar dopamine was quantified using a Dopamine Research Enzyme
Immunoassay kit and protocols supplied by the manufacturer (Rocky Mountain Diagnostics,
Colorado Springs, CO). Briefly, brain tissues were homogenized in 0.01 N HCl. Dopamine
was first extracted, then acylated to N-acyldopamine using the buffer and reagents provided
with the kit. Acylated dopamine from the tissue samples was then incubated with solid phase
bound dopamine, dopamine antiserum, and antiserum buffer to compete for a fixed number of
antiserum binding sites. Free antigen and free antigen-antiserum complexes were removed by
washing. The antibody bound to the solid phase dopamine was detected using an anti-rabbit
IgG-peroxidase conjugate with 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 so measured was inversely proportional to the dopamine concentration of the tissue
sample and was quantified relative to a standard curve of known concentrations.
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2.6. Immunohistochemistry
To corroborate that the dopamine depletions reflected neurotoxic damage, striatal sections were
evaluated for dopamine transporter expression, a well established marker of
methamphetamine-induced neurotoxicity (Cadet et al., 2007; Davidson et al., 2001; Volz et
al., 2007). The mice were randomly assigned to one of the following treatment groups (N=4/
group): (1) Saline + Saline; (2) Saline + Methamphetamine (5 mg/kg); (3) AC927 (10 mg/kg)
+ Methamphetamine (5 mg/kg); (4) AC927 (10 mg/kg) + Saline. The treatments were
administered as described for the dopamine assays at 2 h intervals, a total of four times.

One week later, 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% H2O2 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 performed for 36 h at 4° C. The labeled sections were then washed twice
in TBS, and processed using Vectastain Elite ABC (Vector Laboratories, Burlingame, CA).
Briefly, the sections were incubated with biotinylated secondary anti-rat antisera (diluted
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 then visualized by
reacting with 3,3′-diaminobendine containing 0.01% H2O2 for 5 min.

The stained sections were mounted onto gelatin-coated slides and completely dried. The
sections were then dehydrated, cleared, and coverslipped. The images were captured digitally
using a Leica DMIL microscope (Leica Microsystems, Bannockburn, IL) and optical density
readings were quantified in anterior regions of the striatum using Kodak ID image analysis
software. To obtain the data point for each animal, the optical density readings from at least
three sections were averaged.

2.7. Temperature measurements
The mice (N=69) were randomly assigned to treatment groups, which were the same as those
described for the dopamine assays. All of the combinations of drug treatments were given (i.p.)
at 2 h intervals, a total of four times. Core body temperature was measured 1 h following each
injection (i.p.) of methamphetamine (or saline) 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) 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.

2.8. Cytotoxicity in NG108-15 cells
NG108-15 cells (American Type Culture Collection, Rockville, MD) were grown on T-75
mm2 culture flasks in Dulbecco’s modified eagle media (DMEM; Sigma Aldrich, St. Louis,
MO) which was supplemented with 4500 mg/L glucose, L-glutamine, sodium bicarbonate,
pyridoxine HCl, HAT medium supplement (Sigma Aldrich, St. Louis, MO), 10% bovine fetal
serum (FBS) containing 1% antibiotic and antimycotic (Sigma Aldrich, St. Louis, MO) in a
5% CO2 incubator at 37° C. The cells were differentiated by reducing the FBS from 10% to
0.5% along with DMSO. Cells from passages 9–12 were used in the experiments. The cells
were plated in 96 well plates in growth media for 24 h, after which the growth media was
aspirated and replaced with differentiating media containing methamphetamine (0–300 μM)
and/or AC927 (0–0.1 μM).
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After 24 or 48 h, the morphology of the cells was rated as described by Bowen and coworkers
(Vilner et al., 1995). The ratings (N, A, B, C, D) were then converted to a corresponding
numerical cell morphology score (indicated in parentheses) to enable quantification of the
effects: N (0) = no observable effect on cells, A (1) = significant proportion of cells exhibit
loss of fine processes, B (2) = all cells have lost fine processes and some cells remain polygonal
with coarse processes, while others become spindle shaped or round, C (3) = most or all cells
have become round, D (4) = cell death with presence of cell debris.

2.9. Statistical analyses
For the radioligand binding assays, the data were analyzed using GraphPad Prism (San Diego,
CA). Ki values were calculated using the Cheng-Prusoff equation and Kd values that were
separately determined. The data from the locomotor measurements, dopamine assays, and
immunohistochemical studies were evaluated using analysis of variance. Post-hoc analyses
were conducted using either Dunnett’s tests for comparisons to controls or Tukey’s tests for
pairwise comparisons. A repeated measures analysis of variance was used to evaluate whether
there were significant differences in core body temperature among the treatment groups.
Kruskal-Wallis non-parametric statistics, followed by Dunn’s multiple comparisons tests, were
used to analyze the cytotoxicity data because the data were not normally distributed. For all of
the statistical analyses, P < 0.05 was considered statistically significant.

3. Results
3.1. Radioligand binding

The affinities of AC927 for σ receptors, monoamine transporters, and a select group of other
receptors and ion channels are summarized in Table 1. AC927 bound to both σ1 and σ2 subtypes
with nanomolar affinities. In contrast, AC927 exhibited micromolar to negligible affinities for
the other binding sites tested, thereby demonstrating a high degree of selectivity for σ receptors.

3.2. Locomotor activity
Methamphetamine produced a progressive increase in locomotor activity across the tested dose
range (Figure 2A). One-way analysis of variance confirmed that the differences between the
methamphetamine doses were statistically significant (F(3,34) =5.93, P < 0.005). Post-hoc
analysis using Dunnett’s multiple comparison tests revealed that the 1 mg/kg dose of
methamphetamine differed significantly from the saline control (q=3.61, P < 0.01).

AC927 dose dependently decreased locomotor activity (Figure 2B). One-way analysis of
variance showed that there was a significant difference between the AC927 doses (F(2,23)
=7.45, P < 0.005). Post-hoc analysis using Dunnett’s multiple comparison tests revealed that
the 20 mg/kg dose of AC927 (q=3.80, P < 0.01) differed significantly from the saline control.
The 10 mg/kg dose of AC927 produced effects that did not differ significantly from the saline
control (q=1.09, n.s.) and was thus chosen as the antagonist dose for further testing in
combination with methamphetamine.

When AC927 (10 mg/kg, i.p.) was administered as a pretreatment, it significantly attenuated
the locomotor stimulant actions of methamphetamine (Figure 2A). One-way analysis of
variance confirmed a significant difference between the treatment groups (F(7,62)=6.55, P <
0.0001). Post-hoc analysis using Tukey-Kramer multiple comparison tests revealed there was
a significant difference at the 1 mg/kg dose of methamphetamine in the presence vs. absence
of AC927 (q=5.67, P < 0.01). All of the other post-hoc comparisons in the presence vs. absence
of AC927 were not statistically significant, although notable trends were evident.
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3.3. Dopamine levels
In naïve animals, basal dopamine levels in the striatum were 7.70 ± 0.17 ng/mg tissue, which
is consistent with the range obtained using HPLC with electrochemical detection (Gruss and
Braun, 2004; Siuciak et al., 2007). In naïve mice, basal dopamine levels in the cerebellum were
0.0037 ± 0.00034 ng/mg tissue. These very low levels of cerebellar dopamine were generally
not detectable using traditional HPLC methods, but the values were similar to the few earlier
reports in the literature (Gruss and Braun, 2004).

Similar to previous neurotoxicity studies, methamphetamine dose dependently decreased
dopamine levels in the striatum and cerebellum (Figure 3). Analysis of variance confirmed
significant differences between the methamphetamine doses in both the striatum (F(3,16)
=20.22, P < 0.0001) and cerebellum (F(3,16)=5.89, P < 0.01). Post-hoc Dunnett’s tests revealed
that the following doses of methamphetamine produced depletions in dopamine that differed
significantly from the saline control group: in striatum, 2.5 mg/kg (q=3.57, P < 0.01), 5 mg/
kg (q=7.35, P < 0.01) and in cerebellum, 2.5 mg/kg (q=2.96, P < 0.05), 5 mg/kg (q=4.08, P <
0.01).

Administration of AC927 in the absence of methamphetamine had no significant effects on
dopamine levels in the striatum and cerebellum of the mouse brain (Figure 4). Analysis of
variance confirmed that there were no significant differences between the treatment groups in
either the striatum (F(3,16)=1.10, n.s.) or the cerebellum (F(3,16)=0.14, n.s.). In contrast,
pretreatment of mice with AC927 dose-dependently attenuated the dopamine depletions caused
by a challenge dose of methamphetamine (5 mg/kg, i.p.) in both the striatum (F(4,19)=6.26,
P < 0.005) and cerebellum (F(4,20)=5.10, P < 0.01). Post-hoc Tukey’s multiple comparison
tests confirmed that pretreatment with the 10 mg/kg dose of AC927 significantly attenuated
the striatal (q=5.58, P < 0.01) and cerebellar (q=4.55, P < 0.05) dopamine depletions caused
by methamphetamine. Moreover, the dopamine levels of mice treated with AC927 (10 mg/kg)
+ methamphetamine did not differ significantly from the saline control groups.

3.4. Immunohistochemistry
Figure 5 illustrates the effects of methamphetamine and AC927 on DAT immunoreactivity in
the mouse striatum. Analysis of variance revealed a significant difference between the
treatment groups (F(3,12)=43.76, P < 0.0001). Post-hoc Tukey’s multiple comparison tests
confirmed that methamphetamine caused a significant reduction in DAT immunoreactivity
(q=14.26, P < 0.001). Pretreatment with AC927 significantly attenuated the
methamphetamine-induced neurotoxicity (q=13.63, P < 0.001), whereas treatment with AC927
alone had no significant effects on DAT expression (q=3.56; n.s.).

3.5. Temperature measurements
Figure 6 illustrates the effects of methamphetamine and AC927 on core body temperature.
Methamphetamine increased body temperature in a dose dependent manner (Figure 6A), with
the effects at the higher doses of methamphetamine being statistically significant (after 2nd
injection, F(3,20)=4.99, P < 0.01, 3rd injection, F(3,20)=3.23, P < 0.05 and 4th injection, F
(3,20)=8.71, P < 0.001). AC927, on the other hand, did not significantly change core body
temperature at any of the given doses (Figure 6B). However, pretreatment with AC927
significantly attenuated the ability of methamphetamine to produce its hyperthermic effects
(Figure 6C; after 2nd injection, F(4,20)=5.86, P < 0.005 and 3rd injection, F(4,20)=9.12, P <
0.0005).
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3.6. Cytotoxicity in NG-108 cells
Similar to its effects in vivo, methamphetamine produced a concentration dependent increase
in neurotoxicity in vitro (Figure 7A); this effect was statistically significant at both the 24 h
(KW = 89.02, P < 0.0001) and 48 h (KW = 56.15, P < 0.0001) time points. Dunn’s multiple
comparisons post-hoc tests confirmed that all of the concentrations of methamphetamine were
significantly different from the control group: 10 μM (24 h, P < 0.05), 30 μM (24 h, P < 0.001;
48 h, P < 0.05), 100 μM (24 and 48 h, P < 0.001), 300 μM (24 and 48 h, P < 0.001). As shown
in Figure 7B, AC927 alone produced small, but statistically significant, changes on cell
morphology at 24 h (KW=17.92, P < 0.005) and 48 h (KW=22.01, P < 0.0005). Post-hoc
comparisons showed that the following concentrations of AC927 differed significantly from
the controls: 0.01 μM (48 h, P < 0.01), 0.03 μM (24 and 48 h, P < 0.01), 0.1 μM (24 h, P <
0.05; 48 h, P < 0.01). Co-incubation of AC927 with methamphetamine significantly attenuated
methamphetamine-induced cytotoxicity (Figure 7C), at both the 24 h (KW = 112.23, P <
0.0001) and 48 h (KW = 96.59, P < 0.0001) time points. Dunn’s multiple comparison’s post-
hoc tests confirmed that 100 μM of methamphetamine produced significant cytotoxicity
relative to the controls (24 and 48 h, P < 0.001). More importantly, co-exposure with the
following concentrations of AC927 significantly attenuated the cytotoxicity evoked by
methamphetamine: 0.001 μM (24 and 48 h, P < 0.05), 0.003 μM (24 h, P < 0.001; 48 h, P <
0.05), 0.01 μM (24 and 48 h, P < 0.001).

4. Discussion
These studies demonstrate that AC927 is a highly selective σ receptor ligand with the ability
to attenuate a number of methamphetamine-induced effects, including hyperlocomotion,
hyperthermia, dopamine damage in the brain, and cytotoxicity in a neuronally-derived cell line.
The preferential affinity of AC927 for σ1 and σ2 receptors, compared to 29 other receptors,
transporters and ion channels, suggests that its actions are most likely mediated through σ
receptors.

The ability of AC927 to attenuate the locomotor stimulant effects of methamphetamine is
consistent with earlier reports of the involvement of each of the subtypes, σ1 and σ2, in
locomotor behavior. Previous studies have shown that diminution of σ1 receptor function using
sequence specific antisense oligonucleotides or σ1-preferring antagonists significantly
attenuates locomotor activity under a variety of conditions, including methamphetamine-
induced hyperactivity (Nguyen et al., 2005). The known ability of σ2 receptor agonists to
produce motor activating effects (Walker et al., 1993) also supports the likelihood that σ2
receptor antagonism contributes to the attenuation of methamphetamine-induced locomotor
activity by AC927. When the effects of AC927 on locomotor activity were measured by itself,
the compound produced a dose dependent reduction, which was observed at doses that
exceeded those that were used in the antagonism studies. This pattern of results suggests that
some level of basal locomotor activity is mediated through σ receptors, in addition to the role
these receptors play in modifying methamphetamine-induced effects.

The actions of AC927 against the locomotor stimulant effects of methamphetamine were
similar to those observed against cocaine, another psychomotor stimulant with significant
affinity for σ receptors (Matsumoto et al., 2003). AC927 as well as other σ1 and σ2 preferring
antagonists, each have been shown to significantly attenuate the acute locomotor stimulant
effects of cocaine (Matsumoto and Mack, 2001; Matsumoto et al., 2002, 2003). In addition,
the selective σ receptor antagonist BD1063 has also been shown to attenuate the locomotor
stimulant effects of MDMA (3,4-methylenedioxymethamphetamine) through competitive
antagonism of σ1 receptors (Brammer et al., 2006). Since MDMA, cocaine and
methamphetamine all have measurable affinities for σ receptors (Brammer et al., 2006;
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Matsumoto et al., 2003; Nguyen et al., 2005), these receptors may represent a common, but
relatively unrecognized, target through which psychostimulants mediate some of their actions.

The present experiments also evaluated the effects of AC927 on methamphetamine-induced
dopamine damage and hyperthermia in mice. Similar to earlier reports, methamphetamine
produced a significant decrease in striatal and cerebellar dopamine in a dose dependent manner
(Bowyer et al., 1994; Davidson et al., 2001; Volz et al., 2007). AC927 itself did not have an
effect on dopamine levels under the conditions used in the present study. However, when
AC927 was used as a pretreatment, it significantly attenuated methamphetamine-induced
dopamine depletions. To corroborate that the dopamine depletions reflected neurotoxic
damage, dopamine transporter expression was measured in the striatum using
immunohistochemical approaches. This well validated marker of methamphetamine-induced
neurotoxicity (Volz et al., 2007) confirmed the ability of AC927 to protect against
methamphetamine-induced damage.

Temperature is also known to influence methamphetamine-induced dopamine neurotoxicity,
with hyperthermia exacerbating the damage (Cadet et al., 2007; Xie et al., 2000) and
hypothermia providing neuroprotection (Bowyer et al., 1994; Miller and O’Callaghan, 1994).
Pretreatment of mice with AC927 significantly attenuated methamphetamine-induced
hyperthermia. However, when administered alone, AC927 had no significant effects on body
temperature, suggesting that nonspecific effects on body temperature are unlikely to account
for the protective actions of AC927. This interpretation is supported by in vitro data in which
experimental conditions controlled for temperature. In NG-108 cells that were maintained at
a constant 37° C throughout the experiments, methamphetamine produced the expected
concentration- and time-dependent increases in cytotoxicity, which could be attenuated in the
presence of AC927. This demonstrates that the cytoprotective effects of AC927 can occur
independently of changes in temperature, a finding that is consistent with earlier reports of
cytoprotective actions of σ receptor antagonists in tumor cells (Crawford and Bowen, 2002;
Vilner and Bowen, 2000).

The precise mechanisms mediating the neuroprotective effects of AC927 have yet to be
determined, and are likely to involve both systems- and cellular-based processes. At the
systems level, the presence of σ receptors in brain regions that control temperature regulation,
such as the hypothalamus (Gundlach et al., 1986) may contribute to the ability of AC927 to
attenuate methamphetamine-induced hyperthermia. An earlier study showed that the selective
σ receptor agonist, di-o-tolylguanidine (DTG), produces hypothermia in rats (Rawls et al.,
2002). The established σ receptor antagonist BD1047 did not affect basal body temperature,
but attenuated the DTG-induced changes (Rawls et al., 2002). Together, the results suggest
that σ receptors are not critically involved in the tonic maintenance of body temperature, and
instead have a modulatory role in thermoregulation.

Several related cellular mechanisms may also have contributed to the observed pattern of
results. First, AC927 may inhibit the release of monoamines in neuronal pathways that are
involved in the actions of methamphetamine. The ability of methamphetamine to enhance
extracellular dopamine is well established (Cadet et al., 2007; Volz et al., 2007), and σ receptor
agonists have likewise been shown to facilitate the release of dopamine (Basianetto et al., 1995;
Derbez et al., 2002). Under toxic conditions, auto oxidation of dopamine can lead to increases
in reactive oxygen species (Cadet et al., 2007; Volz et al., 2007; Yamamoto and Zhu, 1998).
AC927 may thus reduce the potential auto oxidation of dopamine by decreasing
methamphetamine-induced dopamine release. Such a mechanism would be similar to that
reported for BIMU-8, another σ receptor antagonist, which attenuated amphetamine-stimulated
dopamine release in vitro (Derbez et al., 2002).
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It is also possible that AC927 may modulate oxidative stress responses and inhibit the
mobilization of intracellular calcium, thereby preventing apoptosis and possibly nerve ending
damage. Increased levels of reactive oxygen species have been shown to follow exposure of
tumor cells to a σ2 receptor agonist (Ostenfeld et al., 2005). In contrast, σ receptor antagonists
can protect against neural damage in experimental models of stroke and traumatic brain injury
where the compromise of energy demands leads to cell injury and death (Church and Andrew,
2005; Schetz et al., 2007). It is therefore possible that reduced oxygen radical formation occurs
in the presence of σ receptor antagonists, and consequently, AC927 is able to attenuate
methamphetamine-induced dopamine damage and hyperthermia.

In addition, calcium-mediated mechanisms that contribute to apoptosis can be activated by
σ2 receptor agonists (Crawford and Bowen, 2002; Vilner and Bowen, 2000). These
mechanisms include increases in ceramide levels and concomitant decreases in sphingomyelin
(Crawford et al., 2002). AC927 and other σ receptor antagonists block these effects (Bowen,
2007), suggesting that σ2 receptors are involved in the modulation of signaling pathways that
regulate cell survival.

The current body of literature suggests that σ2 receptor antagonists can mitigate responses that
lead to cell death. However, the influence of the σ1 subtype in these processes appears quite
distinct. Accumulating evidence suggests that σ1-mediated neuroprotection is associated with
agonist, rather than antagonist actions. Neuroprotective effects of σ1 receptor agonists have
been reported in a variety of in vitro and in vivo models (Hayashi and Su, 2007; Katnik et al.,
2006; Meunier et al., 2006; Nakazawa et al., 1998; Tchedre and Yorio, 2008; Yang et al.,
2007). However, there are also reports of σ1 receptor antagonists providing neuroprotection in
vivo (Church and Andrew, 2005; Schetz et al., 2007), suggesting that the influence of these
receptors on cell death cascades may vary depending on the pathways and specific mechanisms
manipulated, as well as whether the studies are conducted in vitro or in vivo.

The ability of AC927 to mitigate a range of neurotoxic actions of methamphetamine in vivo
and in vitro is compelling, but future studies to delineate the cellular mechanisms through
which each σ receptor subtype can convey neuroprotective actions are warranted. For example,
it may be possible that certain subtypes predominate in mitochondrial vs. endoplasmic
rerticulum stress pathways, both of which have been implicated in methamphetamine-induced
neurotoxicity (Jayanthi et al., 2004), or at different time points relative to methamphetamine
exposure. It will also be important to validate findings both in vitro and in vivo as differences
between these two conditions may promote divergent effects through distinct mechanisms.

In summary, the data demonstrate that AC927 exhibits a high degree of selectivity for σ
receptors and attenuates the hyperthermic, neurotoxic, and stimulant effects of
methamphetamine. Further studies of AC927 and other σ receptor antagonists, particularly
those that exhibit specificity for the σ1 and σ2 subtypes, are needed to fully elucidate the
mechanisms through which they mitigate the actions of methamphetamine, and other drugs of
abuse.
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Figure 1.
Chemical structure of AC927 (N-phenethylpiperidine oxalate).
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Figure 2.
Effects of methamphetamine and AC927 on locomotor activity in mice. (A)
Methamphetamine-induced locomotor activity in the absence and presence of AC927
antagonism. Male, Swiss Webster mice were pretreated with either saline (+Saline) or AC927
(+AC927, 10 mg/kg, i.p.), and then challenged 15 min later with a dose of methamphetamine
(0–1 mg/kg, i.p.). Methamphetamine produced a dose dependent change in locomotor activity,
which differed significantly in the presence of AC927. (B) Dose response curve for AC927
alone. AC927 produced a dose dependent reduction in locomotor activity in male, Swiss
Webster mice. Post-hoc tests confirmed that the 20 mg/kg dose caused a significant decrease
in activity, while the 10 mg/kg dose of AC927 produced effects that did not differ significantly
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from saline vehicle injections (0 mg/kg). The 10 mg/kg dose of AC927 was thus used in the
antagonism portion of the study shown in panel (A). The data are represented as mean ± S.E.M.
**P < 0.01 vs. saline; ##P < 0.01 vs. methamphetamine.
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Figure 3.
Dose response of methamphetamine on dopamine (DA) levels in the striatum (A) and
cerebellum (B). Male, Swiss Webster mice were injected (i.p.) with methamphetamine (1.25–
5 mg/kg) or saline (0 mg/kg) at 2 h intervals, a total of four times. Striatal and cerebellar
dopamine levels were measured one week later and data were reported as mean ± S.E.M. *P
< 0.05, **P < 0.01 vs. saline.
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Figure 4.
Effects of AC927 (0–20 mg/kg, i.p.) on methamphetamine (5 mg/kg, i.p.)-induced dopamine
damage in the striatum (A) and cerebellum (B). Male, Swiss Webster mice were pretreated
with saline, or AC927 (5, 10, 20 mg/kg, i.p.). The mice were then challenged 15 min later with
saline (−METH; 0 mg/kg, i.p.) or methamphetamine (+METH; 5 mg/kg, i.p.). This schedule
of treatment was repeated at 2 h intervals, a total of four times. Striatal and cerebellar dopamine
levels were measured one week later and data were reported as mean ± S.E.M. **P < 0.01 vs.
saline; #P < 0.05, ##P < 0.01 vs. methamphetamine.
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Figure 5.
Effects of methamphetamine and AC927 on dopamine transporter (DAT) immunoreactivity
in the mouse striatum. Male, Swiss Webster mice were pretreated with saline or AC927 (10
mg/kg, i.p.). The mice were then challenged 15 min later with saline or methamphetamine (5
mg/kg, i.p.). This schedule of treatment was repeated at 2 h intervals, a total of four times. One
week later, the brains were removed and processed for DAT immunoreactivity. A
representative section from each treatment group is shown, along with average optical density
readings (mean ± S.E.M.). There was a significant decrease in DAT immunoreactivity in the
methamphetamine treatment group (***P < 0.001), which was attenuated by pretreatment with
AC927 (###P < 0.001).
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Figure 6.
Effects of methamphetamine and AC927 on body temperature. (A) Methamphetamine-induced
hyperthermia. Male, Swiss Webster mice were injected with methamphetamine (1.25–5 mg/
kg, i.p.) or saline at 2 h intervals, a total of four times. Core body temperature was measured
1 h after each injection and data were reported as mean ± S.E.M. (B) Effects of AC927 on body
temperature. Male, Swiss Webster mice were injected with AC927 (5–20 mg/kg, i.p.) or saline
at 2 h intervals, a total of four times. Core body temperature was measured 1 h after each
injection. No significant changes in body temperature were noted after administration of
AC927. (C) Effects of AC927 (0–20 mg/kg, i.p.) on methamphetamine (5 mg/kg, i.p.)-induced
hyperthermia. Male, Swiss Webster mice were pretreated with saline or AC927 (5, 10, 20 mg/
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kg, i.p.). The mice were then challenged 15 min later with saline (0 mg/kg, i.p.) or
methamphetamine (5 mg/kg, i.p.). This schedule of treatment was repeated at 2 h intervals, a
total of four times. Core body temperature was measured 1 h after each injection and data were
reported as mean ± S.E.M. *P < 0.05, **P < 0.01, ***P < 0.001 vs. saline; ###P < 0.005 vs.
methamphetamine.
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Figure 7.
Effects of methamphetamine and AC927 on NG108-15 cell morphology. (A)
Methamphetamine-induced cytotoxicity. NG108-15 cells were incubated with various
concentrations of methamphetamine for 24 or 48 h. Cytotoxicity was rated using a standardized
scoring system. (B) Effects of AC927 effects on cell morphology. Cells were incubated with
various concentrations of AC927 and cell morphology rated after 24 or 48 h of exposure. (C)
Effects of AC927 (0.001–0.1 μM) on methamphetamine (100 μM)-induced cytotoxicity. Co-
incubation with AC927 significantly attenuated the cytotoxic effects of methamphetamine.
The data are represented as mean ± S.E.M. *P < 0.05, **P < 0.01, ***P < 0.001 vs. control;
#P < 0.05, ##P < 0.001 vs. methamphetamine.
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Table 1
Binding affinities of AC927

Radioligand Nonspecific binding Tissue Ki

Sigma receptors:

σ1 5 nM [3H](+)-pentazocine 10 μM haloperidol Rat brain 30 ± 2

σ2 3 nM [3H]di-o-tolylguanidine 10 μM haloperidol Rat brain 138 ± 18

Monoamine transporters:

Dopamine 0.5 nM [3H]WIN 35,428 50 μM cocaine Rat striatum 2939 ± 452

Serotonin 0.2 nM [3H]paroxetine 1.5 μM imipramine Rat brainstem >10,000

Norepinephrine 0.5 nM [3H]nisoxetine 4 μM desipramine Rat cerebral cortex 8828 ± 1197

Other receptors:

Adenosine 4.0 nM [3H]NECA 1 μM NECA Bovine striatum >10,000b

Adrenergic, alpha-1 3 nM [3H]prazosin 10 μM phentolamine Rat brain >10,000

Adrenergic, alpha-2 1 nM [3H]RX 821002 1 μM phentolamine Rat cerebral cortex >10,000b

Adrenergic, beta 2 nM [3H]DHA 1 μM alprenolol Rat cerebral cortex >10,000b

Dopamine, non-selective 0.3 nM [3H]spiperone 1 μM spiperone Bovine striatum >10,000b

Dopamine D1 0.18 nM [3H]SCH 23390 1 μM SCH 23390 LHD1 cells >10,000a

Dopamine D2 5 nM [3H](-)-sulpiride 1 μM haloperidol Rat brain >10,000

0.21 nM [3H]YM-09151-2 1 μM chlorpromazine CHOp cells >10,000a

Dopamine D3 0.21 nM [3H]YM-09151-2 1 μM chlorpromazine CHOp cells >10,000a

GABA 5 nM [3H]GABA 5 μM GABA Rat brain >10,000 b

Melatonin 70 pM [125I]2-Iodomelatonin 0.1 μM 2-iodomelatonin Chicken brain >10,000 b

Muscarinic, central 0.15 nM [3H]QNB 0.1 μM atropine Rat cerebral cortex >10,000 b

Muscarinic, peripheral 0.3 nM [3H]QNB 0.1 μM atropine Guinea pig bladder >10,000 b

NMDA 5 nM [3H]TCP 10 μM cyclazocine Rat brain >10,000

Opioid 0.5 nM [3H]bremazocine 10 μM levallorphan Rat brain >10,000

1 nM [3H]naloxone 1 μM naloxone Rat forebrain >10,000b

Serotonin, non-selective 5 nM [3H]LSD 10 μM methysergide Rat cerebral cortex >10,000b

5-HT1A 0.50 nM [3H]8-OH-DPAT 1 μM dihydroergotamine HA7 cells 4985 ± 330a

5-HT2 2 nM [3H]ketanserin 1 μM mianserin Rat brain >10,000

5-HT2A 0.40 nM [3H]ketanserin 1 μM ketanserin NIH-3T3-GF6 cells 1129 ± 49a

5-HT2C 0.40 nM [3H]mesulergine 10 μM mesulergine NIH-3T3-Po cells >10,000a

Ion channels:

Calcium, type L (BTZ) 5 nM [3H]diltiazem 10 μM diltiazem Rat cerebral cortex >10,000 b

Calcium, type L (DHP) 0.2 nM [3H]nitrendipine 1 μM nifedipine Rat cerebral cortex >10,000 b

Calcium, type N 0.01 nM [125I]ω-conotoxin
GVIA

0.1 μM ω-conotoxin
GVIA

Rat cerebral cortex >10,000 b

Chloride, GABA (TBOB) 20 nM [3H]TBOB 10 μM TBPS Rat cerebral cortex >10,000 b

Potassium, ATP-sensitive 0.2 nM [3H]glibenclamide 0.1 μM glibenclamide Rat cerebral cortex >10,000 b

Potassium, hERG 40 nM [3H]astemizole 100 μM terfenadine CHO cells >10,000 b

Sodium, site 2 2 nM [3H]batrachotoxin 1 mM aconitine Rat forebrain >10,000 b
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Affinities (Ki in nM) were determined in tissue or cell homogenates. The values in this table represent the mean ± SEM from replicate assays. Values of
>10,000 signify that there was less than 30% displacement of the radioligand at that concentration.

a
These values were determined by the NIDA Cocaine Treatment Discovery Program.

b
These values were determined by NOVASCREEN. All other values were determined in-house using the assay conditions described in the methods

section. BTZ=benzothiazepine; DHA=dihydroalprenolol; DHP=dihydropyridine; GABA=γ-aminobutyric acid; LSD=lysergic acid diethylamide;
NECA=5′-N-ethylcarboxamidoadenosine; QNB=quinuclidinyl benzilate; TBOB=t-butylbicycloorthobenzoate; TBPS=t-butylbicyclophosphorothionate;
TCP=1-[1-)2-thienyl)cyclohexyl]piperidine
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