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Methamphetamine interacts with sigma (σ) receptors and AC927, a selective σ receptor ligand, protects
against methamphetamine-induced dopaminergic neurotoxicity. In the present study, the effects of AC927 on
methamphetamine-induced hyperthermia and striatal serotonergic neurotoxicitywere evaluated.Male, Swiss
Webster mice were injected (i.p.) every 2 h, for a total of four times, with one of the following treatments:
Saline+Saline; Saline+Methamphetamine (5 mg/kg); AC927 (5, 10, 20 mg/kg)+Methamphetamine (5 mg/kg);
or AC927 (5, 10, 20 mg/kg)+Saline. Pretreatment with AC927 (10 mg/kg) significantly attenuated metham-
phetamine-induced striatal serotonin depletions, striatal serotonin transporter reductions, and hyperthermia. At
the doses tested, AC927 itself had no significant effects on serotonin levels, serotonin transporter expression, or
body temperature. To evaluate the effects of higher ambient temperature on methamphetamine-induced
neurotoxicity, groups of mice were treated at 37 °C. Overall, there was an inverse correlation between the body
temperature of the animals and striatal serotonin levels. Together, the data suggest that AC927 (10 mg/kg)
protects against methamphetamine-induced neurotoxicity. The reduction of methamphetamine-induced
hyperthermia by AC927 may contribute to the observed neuroprotection in vivo.
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1. Introduction

Methamphetamine is an abused drug which produces neurotoxic
effects and psychiatric complications (Cadet et al., 2003; Davidson et al.,
2001). In addition to its behavioral and neurotoxic effects on
dopaminergic systems (Davidson et al., 2001; McCann and Ricaurte,
2004), methamphetamine also damages serotonergic neurons. Admin-
istration of methamphetamine, either at high doses or repeatedly,
inhibits the synthesis of serotonin, reduces concentrations of serotonin
and its metabolite 5-hydroxyindole acetic acid, and damages transpor-
ters responsible for the reuptake of serotonin into nerve terminals
(Brunswick et al., 1992; Kovachich et al., 1989; Ricaurte et al., 1980;
Seiden et al., 1988). However, the mechanisms by which metham-
phetamine induces serotonergic neurotoxicity have yet to be fully
characterized.

Hyperthermia is often associated with toxic doses of methamphet-
amine in both rodents and primates (Fukumura et al., 1998; Numachi
et al., 2007). Earlier studies have shown that hyperthermia potentiates
methamphetamine-induced dopamine and serotonin 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). Previous clinical reports and animal
studies suggest the lethality produced by methamphetamine is closely
related to hyperthermia, which may be the primary cause of death
(Bowyer et al., 1994; Davidson et al., 2001).

In addition to affecting dopamine systems, serotonin function, and
body temperature (Fleckenstein et al., 2000), methamphetamine
interacts with sigma (σ) receptors (Itzhak, 1993; Nguyen et al., 2005).
σ Receptors are unique proteins which are distinct from other known
receptors and consist of at least two subtypes,σ-1 andσ-2 (Guitart et al.,
2004; Matsumoto et al., 2003; Su and Hayashi, 2003). They are
distributed in the brain and peripheral organs (Itzhak, 1994; Walker
et al., 1990). Of the two subtypes, σ-1 receptors are localized
intracellularly (Hayashi et al., 2000; Hayashi and Su, 2001) and have
been cloned in several species (Mei and Pasternak, 2001; Prasad et al.,
1998). σ-1 Receptors have important roles in the modulation of several
neurotransmitters by affecting intracellular secondmessenger systems,
particularly calciummobilization (Hayashi et al., 2000; Hayashi and Su,
2001; Hong et al., 2004). In addition, because of the chaperone like
characteristics of σ-1 receptors, they are believed to partake in protein–
protein interactions and undergo translocation between various cellular
compartments (Hayashi and Su, 2007). σ-2 Receptors, on the other
hand, have not been cloned and at 18–22 kDa, are smaller than σ-1
receptors (Hellewell et al., 1994). They are believed to regulate calcium
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release from stores within the endoplasmic reticulum (Bowen et al.,
1996; Vilner and Bowen 2000) and are implicated in the regulation of
cell proliferation and cell viability (Vilner and Bowen 1993; Vilner et al.,
1995). As with the σ-1 receptor, σ-2 receptors are widely distributed
throughout the cell including themitochondria, endoplasmic reticulum,
lysosome, and plasma membrane (Zeng et al., 2000).

Recent evidence has shown that methamphetamine produces some
of its physiological and behavioral effects through σ receptors (Nguyen
et al., 2005). Specifically,σ receptorsmayplaya role in thehyperthermic
effects of methamphetamine (Matsumoto et al., 2008). σ Receptors are
found on monoaminergic neurons (Bastianetto et al., 1995; Booth
and Baldessarini, 1991; Gundlach et al., 1986 ) andmodulate the release
of neurotransmitters such as serotontin, which has been linked to
changes in body temperature (Salmi andAhlenius, 1998; Schwartz et al.,
1995). In addition, σ receptor ligands can modulate thermoregulation
(Rawls et al., 2002), likely through an interaction with thermosensitive
neurons in the hypothalamus (Bouchard and Quirion, 1997; Mei and
Pasternak, 2001).

The present study investigated whether methamphetamine-induced
hyperthermia and serotonin neurotoxicity could be prevented using
the σ receptor ligand AC927 (N-phenethylpiperidine oxalate). The
effects of AC927were evaluated under twodifferent ambient conditions
(room temperature and 37 °C) to determine whether the σ-mediated
modulation of methamphetamine on serotonin neurotoxicity involves
an interaction with changes in body temperature. Two well known
markers of serotoninneurotoxicitywere evaluated: serotonin levels and
serotonin transporter expression, both of which were measured in the
mouse striatum. AC927 was chosen for the present study because it has
preferential affinity forσ receptors (Ki=30 and 138 nM forσ-1 andσ-2
receptors respectively), as compared to its low affinity for other
receptors, monoamine transporters, and ion channels (Matsumoto et al.,
2008). In addition to its selectivity, AC927 has been shown to reduce
apoptosis in tumor cells throughσ receptors (Crawford andBowen, 2002)
and prevent methamphetamine-induced dopaminergic neurotoxicity
(Matsumoto et al., 2008). Striatal tissue was examined in the present
investigationbecause it contains the terminals ofmonoaminergic neurons
and is the region primarily affected by methamphetamine-induced
neurotoxicity (Brunswick et al., 1992; Kovachich et al., 1989; Ricaurte
et al., 1980; Seiden et al., 1988).
2. Materials and methods

2.1. Drugs and reagents

Methamphetamine hydrochloride was obtained from Research
Biochemicals International (Natick, MA). AC927 was synthesized by
converting the free base N-phenethylpiperidine (Sigma-Aldrich, Inc.,
St. Louis, MO) to the oxalate salt (Maeda et al., 2002). Serotonin
Research EIA kits were purchased from Rocky Mountain Diagnostics
(Colorado Springs, CO).
2.2. Animals

Male, Swiss Webster mice (21–30 g, Harlan, Indianapolis, IN;
Frederick, MD) were used in the present experiments. The animals
were housed in groups of 4–6 with a 12:12-h light/dark cycle and ad
libitum food and water. Each cage was made from polysulfone and
provided 84 in.2 of floor space (Tecniplast, Philadelphia, PA), which was
covered with corn cob bedding and packing material (ULINE, Waukegan,
IL). The animals were acclimated for 1 week before being used in
experiments and theywere 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 and
the West Virginia University Health Sciences Center.
2.3. Overview of drug treatments

The mice (N=115) were assigned to one of the following experi-
mental groups: (1) Saline+Saline; (2) Saline+Methamphetamine (1.25,
2.5, 5 or 10 mg/kg); (3) AC927 (5, 10 or 20 mg/kg)+Methamphetamine
(5 mg/kg); or (4) AC927 (5, 10, or 20 mg/kg)+Saline. The mice were
injected (i.p.) four times at 2-h intervals with their designated treatment.
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 mice were treated at room temperature,
unless specified otherwise (i.e. high ambient temperature experiments).
To minimize the number of animals used in these experiments, core
body temperature measurements were taken in all mice, and 1 week
later, their brains were collected for ELISA or immunohistochemistry
studies, as described below.
2.4. Body temperature measurements

Core body temperature was measured 1 h following each injection
(i.p.) ofmethamphetamine (or saline)with a Thermalert TH-Smonitor
(Physitemp Instruments Inc., Clifton, NJ), for a total of four body
temperature readings for each mouse. 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.
2.5. Serotonin assays

Serotonin assays were conducted to determine the effects of the
following treatments on serotonin levels in the striatum: 1) different
doses of methamphetamine alone [Saline+Methamphetamine (0,
1.25, 2.5, 5 or 10 mg/kg), N=5/group], 2) different doses of AC927
alone [AC927 (0, 5, 10 or 20 mg/kg)+Saline, N=5/group], and 3)
different doses of AC927 in combinationwithmethamphetamine [AC927
(0, 5, 10 or 20 mg/kg)+Methamphetamine (5 mg/kg), N=5/group]. As
indicated above, each mouse received the same designated treatment
four times over an 8 h period, with 2 h intervening between each
injection.

The animals were sacrificed by decapitation and their brains were
removed 1 week after treatment to allow ample time for degeneration
of serotonin nerve terminals to occur (Cappon et al., 2000). In addi-
tion, tissues from naïve mice (N=5) were collected as an additional
control. The striatumwas dissected from each of the mice and frozen in
liquid nitrogen. The tissues were stored at −80 °C for later analysis of
serotonin content.

Brain striatal serotonin concentrations were quantified using Sero-
tonin Research ELISA kits and protocols supplied by the manufacturer
(RockyMountain Diagnostics, Colorado Springs, CO). Briefly, brain tissues
were homogenized in 0.2 M perchloric acid, followed by centrifugation
at 3000 rpm for 10 min at 4 °C. Supernatants so obtained were used for
the serotonin measurements. Serotonin was first quantitatively deriva-
tized into N-acylserotonin using the acylation buffer provided with
the kit. Acylated serotonin from the tissue samples was then incubated
with solid phase bound serotonin and serotonin antiserum to compete
for a fixed number of antiserum binding sites. Free antigen and free
antigen–antiserum complexeswere removed bywashing. The antibody
bound to the solid phase serotonin was detected using an anti-rabbit
IgG-peroxidase conjugate with TMB as the substrate. The amount of
antibody bound to the solid phase serotonin was measured by
monitoring the reaction at 450 nm. The solid phase serotonin so
measured was inversely proportional to the serotonin concentration of
the tissue sample and was quantified relative to a standard curve of
known concentrations.
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Fig. 1. Effects of methamphetamine and AC927 on body temperature. (A) Methamphetamine-induced hyperthermia. Male, Swiss Webster mice (N=5 per group) were injected with
methamphetamine (METH, 1.25–10 mg/kg, i.p.) or saline at 2 h intervals, a total of four times. Core body temperaturewasmeasured 1 h after eachmethamphetamine injection and data
were reported as mean±S.E.M. ***Pb0.001 vs. saline. (B) Dose-related effects of AC927 on body temperature. Male, Swiss Webster mice (N=5 per group) 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 methamphetamine injection. No significant change in body
temperature was noted after administration of AC927.
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2.6. Immunohistochemistry

To support the interpretation that serotonin depletions were reflec-
tive of neurotoxic damage, striatal sections were evaluated for serotonin
transporter expression. Mice were randomly assigned to one of the
following treatment groups: (1) Saline+Saline (N=4); (2) Saline+
Methamphetamine (5 mg/kg) (N=4); (3) AC927 (10 mg/kg)+
Methamphetamine (5 mg/kg) (N=3); (4) AC927 (10 mg/kg)+Saline
(N=4). Each combination of treatments was given i.p. at 2 h intervals,
a total of four times, over an 8 h period.

One week later, the mice were perfused transcardially with 0.1 M
phosphate buffered saline (pH 7.4), followed by 4% paraformaldehyde.
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Fig. 2. Effects of AC927 (0–20 mg/kg, i.p.) onmethamphetamine (5 mg/kg, i.p.)-induced hypert
(5, 10, 20 mg/kg, i.p.). Themicewere then challenged 15 min laterwith saline ormethamphetam
of four times. Corebody temperaturewasmeasured1 h aftereachmethamphetamine injection a
vs. Saline+Methamphetamine; ***Pb0.001, AC927 (10 and 20 mg/kg)+Methamphetamine v
Thebrainswerefixedovernight in4%paraformaldehyde. Coronal sections
(50 μm) of the fixed tissue were made through 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 sectionswere
then treatedwith 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-mouse SERT antibody (Millipore, Temecula, CA; AB9726, dilution
1:5000) in TBS was performed overnight at 4 °C. The labeled sections
were thenwashed three times in TBS and incubatedwith secondary anti-
rabbit IgG-peroxidase (Sigma Aldrich, A0545; diluted 1:400) in TBS for
60 min. The labeled sections were then washed three times in TBS and
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s. Saline+Methamphetamine, Tukey's post-hoc comparisons.



0.00 1.25 2.50 5.00 10.00
0

50

100

150

**
***

Methamphetamine (mg/kg, i.p.)

5-
H

T
 L

ev
el

 (
%

 c
o

n
tr

o
l)

Fig. 3. Dose response effects of methamphetamine on serotonin levels in the striatum.
Male, SwissWebstermice (N=5 per group) were injected (i.p.) withmethamphetamine
(1.25–10 mg/kg)or saline (0 mg/kg) at 2 h intervals, a total of four times. Striatal serotonin
levels were measured 1 week later. The data were reported as mean±S.E.M. after
normalization to saline controls (100%). **Pb0.01, ***Pb0.001 vs. saline, Tukey's post-hoc
comparisons.
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Fig. 4. Effects of AC927 (0–20mg/kg, i.p.) on methamphetamine (5 mg/kg, i.p.)-induced
alterations of serotonin levels in the striatum. Male, Swiss Webster mice (N=5 per group)
were pretreated (i.p.) with saline (0 mg/kg) or AC927 (5, 10, 20 mg/kg). Themicewere then
challenged15min laterwith saline (−METH; 0 mg/kg, i.p.) ormethamphetamine (+METH;
5 mg/kg, i.p.). This schedule of treatment was repeated at 2 h intervals, a total of four times.
Striatal serotonin levels weremeasured 1 week later. The data were reported as mean±
S.E.M. after normalization to saline controls (100%). *Pb0.05, Saline+Methamphetamine
vs. Saline+Saline; ##Pb0.01, AC927+Methamphetamine vs. Saline+Methamphetamine,
Tukey's post-hoc comparisons.

15M.J. Seminerio et al. / Pharmacology, Biochemistry and Behavior 98 (2011) 12–20
processed using Histostain-Plus kits (DAB, Broad Spectrum) (Invitrogen,
Camarillo, CA). Briefly, the labeled sectionswere incubated in a combined
100 μL solution of concentrated substrate buffer (20×), concentrated
chromagen solution, DAB (20×), and 0.6% H2O2 for 4 min. The sections
were then washed in 5 mL of distilled water.

The stained sections were mounted onto gelatin-coated slides and
dried. The sections were then dehydrated, cleared, and coverslipped.
The images were captured digitally using a Carl Zeiss Microimaging
LLC Invertoskop 40C (Leica Microsystems, Bannockburn, IL) and
optical density readings were quantified in anterior 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 were averaged.

2.7. Ambient temperature studies

To produce core body temperatures in naïvemice equivalent to those
treated with methamphetamine (5 mg/kg, i.p.) at room temperature
(22 °C), animals (N=5/group) were exposed to ambient temperatures
that varied within the range 22–41 °C. Core body temperature was
measured in each animal after it had beenmaintained at a given ambient
temperature for 30 min. Core body temperature measurements and
brain collections were performed as described for earlier experiments
conducted at room temperature.

To evaluate the effects of higher ambient temperature on serotonin
levels, animals were placed in an environment with an ambient
temperature of 37 °C. This ambient temperature produces core body
temperatures which are equal to methamphetamine (5 mg/kg, i.p.)-
induced hyperthermia at room temperature. Thirty minutes later, mice
(N=5/group) were pretreated with either saline or AC927 (10 mg/kg).
Saline or methamphetamine (5 mg/kg) was administered 15 min after
the pretreatment. Each combination of treatments was given i.p. at 2 h
intervals, a total of four times while the mice were maintained at an
ambient temperature of 37 °C. At the same time, two other groups of
control animals (Saline+Saline, and Saline+Methamphetamine,
N=5/group) were treated i.p. at room temperature (22 °C).

2.8. Statistical analyses

The data from the serotonin level, serotonin transporter expression,
and body temperature measurements were evaluated using analysis of
variance (ANOVA). Post-hoc analyses were conducted using Tukey's tests
for multiple comparisons. Correlations were performed to determine
if there were significant relationships between: 1) ambient and core
body temperature, and 2) core body temperature and brain serotonin
levels. The proportion of animals experiencing lethality following various
experimental manipulations was evaluated using Fisher's exact tests.
For all of the statistical analyses, Pb0.05 was considered statistically
significant.

3. Results

3.1. Hyperthermia

Fig. 1 shows the dose response of methamphetamine (0–10 mg/kg,
i.p.) and AC927 (0–20 mg/kg, i.p.) on body temperature. A one-way
ANOVA revealed that methamphetamine increased body temperature
in a dose dependent manner, with the effects at the higher doses of
methamphetamine (5 and 10mg/kg, i.p.) being statistically significant
(after 1st injection, F[4,25]=19.58; Pb0.0001, 2nd injection,
F[4,25]=12.85; Pb0.0001, 3rd injection, F[4,25]=12.35; Pb0.0001, 4th
injection, F[4,25]=12.05; Pb0.0001) (Fig. 1A). Moreover, a one-way
ANOVA determined that AC927 in the absence of methamphetamine did
not significantly alter core body temperature at the tested doses
(F[3,12]=3.25; n.s.) (Fig. 1B). However, pretreatment with AC927
(5, 10 or 20 mg/kg, i.p.) significantly attenuated the ability of metham-
phetamine to produce hyperthermic effects (after 1st injection,
F[4,20]=5.06; Pb0.01, 2nd injection, F[4,20]=19.74; Pb0.001, 3rd
injection, F[4,20]=20.99; Pb0.001 and 4th injection, F[4,20]=14.44;
Pb0.001), one-way ANOVA, post-hoc Tukey's (Fig. 2).
3.2. Neurotoxicity studies

3.2.1. Serotonin assays
In naïve animals, the average basal serotonin level in the striatum

was 0.42±0.06 μg/g wet tissue. These concentrations are consistent
with the range reported using high pressure liquid chromatography
(HPLC) methods (Fumagalli et al., 1998; Ke et al., 2008).

Fig. 3 shows the effects of methamphetamine (0–10 mg/kg, i.p.)
on serotonin levels in the striatum. A one-way ANOVA revealed that
methamphetamine produced reductions in serotonin in the striatum
(F[4,19]=12.24; Pb0.0001) in a dose-dependent manner. Post-hoc
Tukey's multiple comparison tests revealed that the following doses of
methamphetamine produced depletions in serotonin levels that dif-
fered significantly from saline controls: 5 mg/kg (q=5.88; Pb0.01),



Fig. 5. Effects of methamphetamine and AC927 on serotonin transporter (SERT) immunoreactivity in the mouse striatum. Male, Swiss Webster mice were pretreated with either
saline or AC927 (10 mg/kg, i.p.) and then challenged 15 min later with saline or methamphetamine (5 mg/kg, i.p.). This schedule of treatment was repeated at 2 h intervals for a total
of four times. One week later, the brains were removed and processed for SERT immunoreactivity. A representative section from each treatment group is shown (A) in addition to the
average optical density readings (mean±S.E.M.) (B). There was a significant decrease in SERT immunoreactivity in the methamphetamine treated group (**Pb0.001), which was
attenuated by the pretreatment of AC927 (##Pb0.001), Tukey's post-hoc comparison.
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10 mg/kg (q=8.83; Pb0.001). A methamphetamine dose of 5 mg/kg
was used for subsequent studies due to the increased incidence of
lethality with higher doses of methamphetamine (10 mg/kg).

Fig. 4 shows the effects of theσ receptor ligand AC927 (0–20 mg/kg,
i.p.) onmethamphetamine (5 mg/kg, i.p.)-induced serotonin depletions
in the striatum of mice. To determine the effects of AC927 against
methamphetamine-induced serotonin depletions, a one-way ANOVA
followed by post-hoc Tukey's multiple comparisons were conducted.
Pretreatment with AC927 (5, 10 or 20 mg/kg, i.p.) significantly
attenuated the ability of methamphetamine to produce neurotoxic
effects in the striatum (F[7,32]=4.49; Pb0.005). Post-hoc Tukey's
multiple comparisons tests confirmed that pretreatment with the
10 mg/kg dose of AC927 significantly attenuated the striatal (q=6.17;
Pb0.01) serotonin depletions caused by methamphetamine (5 mg/kg,
i.p.). Moreover, the serotonin levels of mice treated with AC927
(10 mg/kg) along with methamphetamine did not differ significantly
from the saline control group (q=0.77; n.s.). To determine the effects of
AC927 alone, a one-way ANOVA was conducted, indicating no
significant effects on serotonin levels at any of the tested doses
(F[3,16]=0.72; n.s.) (Fig. 4).

3.2.2. SERT immunohistochemistry
Analysis of serotonin transporter expression using immunohisto-

chemistry studies revealed methamphetamine-induced decreases
(Fig. 5). Significant differences between the treatment groups
(F[4,40]=62.75; Pb0.001) were shown using a one-way ANOVA.
Post-hoc Tukey's multiple comparisons tests confirmed that metham-
phetamine (5 mg/kg) caused a significant reduction in SERT immuno-
reactivity relative to treatment with saline alone (q=15.90; Pb0.001).
Pretreatment with AC927 (10 mg/kg) significantly attenuated meth-
amphetamine (5 mg/kg)-induced neurotoxicity (q=12.98; Pb0.001),
whereas treatmentwith AC927 alone had no significant effects on SERT
expression compared to saline (q=0.87; n.s.) (Fig. 5A).
3.3. High ambient temperature studies

Fig. 6 illustrates the association between increases in ambient
temperature and increases in core body temperature (r2=0.70;
Pb0.0001). Higher ambient temperatures increased core body tempera-
tures (F[5,24]=13.60; Pb0.0001), and the core body temperature
equivalent to that produced by methamphetamine (5 mg/kg, i.p.) was
observed at an ambient temperature of 37 °C.

Fig. 7 shows the effects of theσ receptor ligandAC927 (10 mg/kg, i.p.)
onmethamphetamine (5 mg/kg, i.p.)-induced changes in serotonin levels
in the striatum of mice exposed to the higher (37 °C) ambient
temperature. Compared to saline, a one-way ANOVA determined that
administrationofAC927 in the absenceofmethamphetamineat 37 °Chad
no significant effects on serotonin levels in the striatum (q=1.19; n.s.).
Unlike at room temperature (Fig. 4), pretreatment of mice with AC927
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Fig. 7. EffectsofAC927(10mg/kg, i.p.)onmethamphetamine(5 mg/kg, i.p.)-inducedchangesonstriatal serotonin levels atdifferentambient temperatures.Male, SwissWebstermice(N=5per
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comparison, somemicewere treatedwithSaline+Saline, or Saline+Methamphetamine (5 mg/kg) at roomtemperature (RT). The assigned schedule of treatmentwas repeatedat 2 h intervals,
a total of four times. Striatal serotonin levelsweremeasured 1 week later anddatawere reported asmean±S.E.M. after normalization to saline controls (100%). ***Pb0.001 vs. Saline+Saline at
room temperature (RT, 22 °C), ###Pb0.001 vs. Saline+Saline at 37 °C, Tukey's post-hoc comparisons.
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(10 mg/kg, i.p.) at 37 °C was unable to maintain serotonin levels
equivalent to saline-treated mice at 37 °C (q=11.21; Pb0.001) (Fig. 7).

Meanwhile, all of the methamphetamine-treated mice exposed to
higher environmental temperature (37 °C) died within 1 h after the first
injection (Table 1), representing significantmortality compared to saline-
treated mice at 37 °C (Pb0.005) or methamphetamine-treated mice at
room temperature (Pb0.005). In contrast, there was no significant
difference in mortality in mice treated with AC927+Methamphetamine
at 37 °C, compared to saline-treated mice at the same temperature (n.s.;
Table 1) (Fisher's exact test).

Fig. 8 shows the effects of theσ receptor ligandAC927 (10 mg/kg, i.p.)
at higher ambient temperature (37 °C) on methamphetamine (5 mg/kg,
i.p.)-induced changes in core body temperature. In contrast to room
temperature experiments (Fig. 4), AC927 (10 mg/kg, i.p.) at 37 °C was
unable to attenuate the methamphetamine (5 mg/kg, i.p.)-induced
hyperthermia to saline-like levels (Fig. 8). Moreover, a one-way ANOVA
followed by a post hoc Tukey's test revealed the hyperthermic effects
produced in AC927 (10 mg/kg, i.p.)+Methamphetamine (5 mg/kg, i.p.)
treated mice at 37 °C were even higher than mice treated with
methamphetamine (5 mg/kg, i.p.) at room temperature (22 °C) following
the first three injections (after 1st injection, F[4,21]=23.91; Pb0.0001,
q=10.11; Pb0.001, 2nd injection, F[4,21]=68.04; Pb0.0001, q=15.33;
Pb0.001, 3rd injection, F[4,19]=22.33; Pb0.0001, q=6.68; Pb0.01, 4th
injection, F[4,19]=23.32; Pb0.0001, q=3.93 n.s.).

Table 2 shows that when the data from the animals in all of the
experimental groups reported herein were combined, there was a
significant correlation between core body temperature at each of the
four time points and brain serotonin levels measured 1 week later
(Pb0.05 to Pb0.0001).
4. Discussion

σ Receptors have an important role in methamphetamine-induced
neurotoxicity, and AC927 has previously been shown to attenuate
Table 1
Effects of ambient temperature on animal survival.

Treatment group % Animal survival

RT 37 °C

Saline/Saline 6/6 (100%) 6/6 (100%)
Saline/METH(5) 6/6 (100%) 0/6 (0%)
AC927(10)/METH(5) 6/6 (100%) 4/6 (67%)
Saline/Saline vs. Saline/METH P value n.s. b0.001
Saline/Saline vs. AC927/METH P value n.s. n.s.

Thepercent of animal survival under varying ambient temperatureswas determinedusing
three different treatment combinations. The table summarizes the percent survival for
each of the groups, with statistical results from Fisher's exact tests shown below.
RT=room temperature.
methamphetamine-induced dopamine damage and hyperthermia
(Matsumoto et al., 2008). In the present study, we evaluated the effects
of AC927 onmethamphetamine-induced serotonin damage, reductions
in striatal serotonin transporter levels, and hyperthermia in mice.
Consistent with earlier reported observations of methamphetamine-
induced serotonin neurotoxicity (Broening et al., 2005; Ricaurte et al.,
1980; Seiden et al., 1988), methamphetamine produced a significant
dose dependent reduction in serotonin levels in the striatum of mice in
addition to a significant decrease in serotonin transporter expression.
The striatal tissue used in the present study contains not only the
terminals of monoaminergic neurons that are damaged following
methamphetamine exposure (Brunswick et al., 1992; Kovachich et al.,
1989; Ricaurte et al., 1980; Seiden et al., 1988), but also a relatively high
concentration of sigma receptors (Gundlach et al., 1986; Walker et al.,
1990). Under the conditions used in the present study, AC927 alone did
not alter serotonin levels or serotonin transporter expression. However,
when mice were pretreated with AC927 (10 mg/kg), it significantly
attenuated methamphetamine-induced serotonin depletions and
reductions in serotonin transporters at room temperature.

The protective properties of AC927most likely occur through several
different mechanisms involving cellular homeostasis, as well as
temperature regulation. Cellular mechanisms related to the generation
of reactive oxygen species, and processes dependent on calcium and
protein kinase C appear particularly important. An early action of
methamphetamine is to enhance serotonin release into the cytoplasmof
serotonin nerve terminals. A subsequent autooxidation of serotonin
enhances reactive oxygen species generation (De Vito and Wagner,
1989; Hirata et al., 1995), which can stimulate numerous cellular death
cascades that contribute to methamphetamine-induced neurotoxicity.
Since σ-2 receptor agonists have been shown to produce reactive
oxygen species (Ostenfeld et al., 2005), methamphetamine may act in
part as a σ-2 receptor agonist with AC927 blocking its access to these
sites.

AC927 may also convey neuroprotective effects by modulating
calcium-dependent processes. One of the main functions of mito-
chondria in cells is to reduce excess cytosolic calcium and regulate
calcium-dependent signaling in the cytosol (Duchen, 2000). Under
physiological conditions, calcium released from the endoplasmic
reticulum generates a microdomain of high calcium at the mitochon-
dria-associated endoplasmic reticulummembrane (Vance, 1990). The
σ-1 receptor, which has been implicated in neuroprotection and
neuroplasticity, is a calcium-sensitive and ligand-operated receptor
chaperone at the mitochondria-associated endoplasmic reticulum
membrane (Hayashi and Su, 2007). Under conditions of endoplasmic
reticulum stress, as may result following methamphetamine exposure,
calcium mobilizes from the endoplasmic reticulum, leading to pro-
longed calcium signaling into the mitochondria. Since increasing σ-1
receptors in cells counteracts theendoplasmic reticulumstress response
andprovidesneuroprotection (Hayashi and Su, 2007), it is plausible that
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the σ-1 receptor ligand AC927 protects against methamphetamine-
induced neurotoxicity by blocking the mobilization of calcium. This
would imply that AC927may have agonist actions at σ-1 receptors, and
antagonist actions at σ-2 receptors.

Another location in the cell where σ receptors may modulate
calcium signaling is at lipid rafts. σ-2 Receptors are located in lipid rafts
and agonists can stimulate calcium signaling via sphingolipid products
(Gebreselassie and Bowen, 2004). In presynaptic neurons, serotonin
transporters are also found in lipid rafts where they may be subject to
modulation by AC927 via interactions with σ-2 receptors.

Activation of protein kinase C also modulates vesicular serotonin
release and its uptake via serotonin transporters (Qian et al., 1997). The
prolonged activation of protein kinase C further leads to calcium-
dependent serotonergic neurotoxicity (Kramer et al., 1998). Therefore,
modulation of serotonin release and this pathwayviaprotein kinaseC and
calcium-dependent processes using σ-1 and σ-2 ligands (Derbez et al.,
2002; Takahashi et al., 2001) may explain part of the neuroprotective
effects of AC927 against methamphetamine-induced serotonergic
neurotoxicity.

Temperature is an important factor in methamphetamine-induced
neurotoxicity and serotonin has a definitive role in thermoregulation.
Increases in serotonin are linked to increases in brain and core body
temperatures (Salmi and Ahlenius, 1998; Schwartz et al., 1995).
Following entry into nerve terminals, methamphetamine facilitates
serotonin release (Ago et al., 2006; Kuczenski et al., 1995) and resulting
hyperthermia (Fukumura et al., 1998; Numachi et al., 2007). The
experiments reported here demonstrate that pretreatment ofmicewith
AC927 significantly attenuates methamphetamine-induced hyperther-
mia which may be due, in part, to modulation of thermoregulatory
factors within the hypothalamus. Thermosensitive neurons and σ
receptors in the hypothalamus appear closely associated (Bouchard and
Table 2
Relationship between core body temperature and serotonin levels in striatum.

Treatment group 5-HT
(μg/g wet tissue)

Core body tem

1st Injection

Saline/Saline (RT) 0.322±0.003 37.82±0.04
Saline/METH(5) (RT) 0.213±0.008 38.34±0.12
Saline/Saline (37 °C) 0.310±0.008 38.64±0.07
AC927(10)/METH(5) (37 °C) 0.227±0.007 40.43±0.38
AC927(10)/Saline (37 °C) 0.305±0.008 38.52±0.06
r2 0.22
P b0.05

The values from individual mice were used to calculate the correlation between core body temper
table summarizes the mean±S.E.M. for each of the groups, with the statistical results shown at t
(in mg/kg, i.p.) of AC927 or methamphetamine (METH). RT=room temperature.
Quirion, 1997; Mei and Pasternak, 2001). Since σ receptor ligands
modulate thermoregulation (Rawls et al., 2002), AC927 may affect
thermoregulatory factors (e.g., core cold receptors and/or core warm
receptors) in the hypothalamus (Boulant, 2000; Cooper, 2002), which
control core body temperature.

To evaluate whether the σ-mediated modulation of methamphet-
amine on serotonin neurotoxicity involves an interactionwith changes in
body temperature, the mice were exposed to the various treatments at
high (37 °C) ambient temperature. In contrast to the room temperature
experiments where pretreatment with AC927(10 mg/kg) protected
against both methamphetamine-induced hyperthermia and serotonergic
neurotoxicity, at high ambient temperature, pretreatment with AC927
before methamphetamine resulted in increases in body temperature and
serotonin loss significantly above saline. This suggests that body
temperature can influence the extent of neurotoxicity under in vivo
conditions. It is important to note that brain cells are temperature
sensitive, and increased body temperature (e.g. 40 °C) produces irrevers-
ible changes in the structure and function of cells (Sharma and Hoopes,
2003). Since many physicochemical processes modulating neural activity
depend on temperature (Kiyatkin, 2005), hyperthermia could strongly
influence the magnitude of neurotoxic effects.

The data provided in this experiment at higher environmental
temperature demonstrate a significant correlation between the body
temperature of the animals and the level of brain serotonin depletion
subsequently measured which suggests that the hyperthermic effects
of methamphetaminemay contribute to the subsequent neurotoxicity
observed. However, it is not possible to conclude that hyperthermia is
solely responsible for the methamphetamine-induced neurotoxicity
because previous studies with reserpine, a compound which lowers
body temperature, showed that hyperthermia is not essential for
methamphetamine-induced toxicity (Albers and Sonsalla, 1995).
perature (°C)

2nd Injection 3rd Injection 4th Injection

37.78±0.05 37.34±0.09 37.32±0.04
38.70±0.09 39.04±0.43 39.40±0.44
38.68±0.05 38.78±0.18 38.74±0.11
40.88±0.26 40.75±0.19 40.30±0.18
38.70±0.07 38.80±0.15 38.80±0.05
0.35 0.41 0.53

b0.005 b0.001 b0.001

ature at each of the four time points and striatal serotonin levels measured 1 week later. The
he bottom. The numbers in the parentheses of the treatment group column represent doses
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Finally, it should be noted that at high ambient temperature, direct
comparisons of striatal serotonin levels and body temperature were
not possible between AC927+Methamphetamine vs. Saline+Metham-
phetamine animals because the latter group of mice had high lethality
rates (100%), necessitating statistical comparisons to the Saline+
Methamphetamine room temperature control group. Although at 37 °C,
AC927 pretreatment was unable to maintain striatal serotonin levels
similar to Saline+Saline controls, there appears to be a protective effect
because 67% of the mice treated with AC927+Methamphetamine
survived, in contrast to the 0% survival rate of mice treated with Saline+
Methamphetamine at high ambient temperature.

In summary, the results, together with observations previously
reported, suggest that σ ligands can modulate methamphetamine-
induced hyperthermia and serotonergic neurotoxicity. Further studies
are needed to fully delineate the mechanisms through which AC927
mitigates the actions of methamphetamine as well as the therapeutic
potential of AC927.
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