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Abstract:

Background: Methamphetamine (METH) causes hyperthermia and dopaminergic neurotoxicity in the rodent striatum. METH in-

teracts with s receptors and s receptor antagonists normally mitigate METH-induced hyperthermia and dopaminergic neurotoxicity.

The present study was undertaken because in two experiments, pretreatment with s receptor antagonists failed to attenuate METH-

induced hyperthermia in mice. This allowed us to determine whether the ability of s receptor antagonists (AZ66 and AC927) to miti-

gate METH-induced neurotoxicity depends upon their ability to modulate METH-induced hyperthermia.

Methods: Mice were treated using a repeated dosing paradigm and body temperatures recorded. Striatal dopamine was measured

one week post-treatment.

Results: The data indicate that the ability of s receptor antagonists to attenuate METH-induced dopaminergic neurotoxicity is

linked to their ability to block METH-induced hyperthermia.

Conclusion: The ability of s receptor antagonists to mitigate METH-induced hyperthermia may contribute to its neuroprotective

actions.
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Introduction

Methamphetamine (METH) is an addictive psy-

chostimulant whose use results in acute elevations in

core body temperature [12]. Chronic usage of the

drug has been shown to cause neurotoxic effects in

specific regions of the brain, most notably the stria-

tum in human subjects and animal models [2, 10, 22].

Moreover, METH has recently been connected to an

increased risk of developing Parkinson’s disease in

chronic users [4]. METH is currently listed as the

second most abused illicit substance worldwide and

there are no FDA approved pharmacotherapies for

treating METH addiction or its other negative conse-

quences [17].
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METH is believed to exert its effects through inter-

actions with monoamine transporters and vesicular

monoamine transporters at nerve terminals [12]. How-

ever, recent studies suggest that METH may produce

some of its effects through s receptors as pretreatment

with s receptor antagonists attenuates METH-induced

hyperthermia and provides neuroprotective effects in

animal models of METH-induced neurotoxicity [10,

15, 18]. METH interacts with both subtypes of s re-

ceptors, denoted s-1 and s-2, at physiologically rele-

vant concentrations [16]. In addition, s receptor

ligands have been shown to modulate dopamine re-

lease and signaling pathways relevant to the behavioral

and physiologic actions of METH [7, 13].

It is believed that METH-induced hyperthermia is

a contributing factor to METH-induced neurotoxicity

[11]. There are several agents, however, that have

been shown in rodent models to ameliorate the neuro-

toxic effects of METH without a concomitant attenua-

tion of hyperthermia [5, 6, 21]. It remains unknown

whether s receptor antagonists attenuate METH-

induced neurotoxicity without mitigating METH-

induced increases in core body temperature. In two

distinct batches of animals, pretreatment with two

separate s receptor antagonists failed to attenuate

METH-induced hyperthermia. These results represent

deviations from the normal pattern of data previously

reported [10, 15, 18]. Although the specific cause of

this deviation remains unknown, it afforded the op-

portunity to determine the relationship between the

ability of s receptor antagonists to attenuate METH-

induced hyperthermia and their ability to attenuate

METH-induced dopaminergic neurotoxicity. The pur-

pose of the current study was therefore to determine if

s receptor antagonists are able to mitigate METH-

induced dopaminergic neurotoxicity without a con-

comitant attenuation of METH-induced hyperthermia.

Materials and Methods

Drugs and reagents

Methamphetamine was purchased from Sigma-Aldrich

(St. Louis, MO, USA). N-phenethylpiperidine oxalate

(AC927) was synthesized by converting the free base

N-phenethylpiperidine (Sigma-Aldrich, Inc., St. Louis,

MO, USA) to the oxalate salt [14]. 3-[4-(4-Cyclo-

hexylpiperazin-1-yl)pentyl]-6-fluorobenzo[d]thiazol-

2(3H)-one (AZ66) was synthesized as previously de-

scribed [20]. Dopamine Research EIA kits were pur-

chased from Rocky Mountain Diagnostics (Colorado

Springs, CO, USA).

Animals

Male, Swiss Webster mice (24–28 g, Harlan, Indian-

apolis, IN; Frederick, MD, USA) were used for all

experiments. Animals were housed in groups of five

with a 12 : 12-h light/dark cycle and food/water ad li-

bitum. All experiments were performed as approved

by the Institutional Animal Care and Use Committee

at the West Virginia University Health Sciences

Center.

Treatment procedure

Mice underwent a repeated dosing experimental para-

digm that has previously been shown to cause signifi-

cant dopaminergic neurotoxicity in response to

METH in vivo [10]. All treatments and procedures

were conducted in the same way. Mice were trans-

ported from the animal housing facility to the testing

area (laboratory) where they were acclimated for at

least 1 h prior to initiation of experiments. Addition-

ally, all experimental procedures were conducted be-

tween the hours of 9 a.m. and 6 p.m.. The doses for

METH (5 mg/kg, ip) and the s receptor antagonists

(10 mg/kg, ip) were selected based on earlier dose re-

sponse characterizations [16]. Mice were randomly

assigned to one of the following experimental groups:

Saline + Saline; Saline + METH; AC927 + Saline;

AC927 + METH or AZ66 + Saline; AZ66 + METH.

Saline or s receptor antagonist pretreatments oc-

curred 15 min prior to treatments with either saline or

METH. Mice received their designated treatment

combination a total of four times, once every two

hours. Core body temperature was recorded one hour

after each treatment combination. Recordings were

made with a Thermalert TH-S monitor (Physitemp In-

struments Inc., Clifton, NJ, USA). Mice were held at

the base of the tail and a probe (RET-3) inserted ap-

proximately 2.5 cm past the rectum into the colon for

8–10 s until a rectal temperature was maintained for

3–4 s. All experiments were conducted at room tem-

perature (20°C).
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Striatal dopamine measurements

Dopamine ELISA kits (Rocky Mountain Diagnostics,

Colorado Springs, CO, USA) were used to quantify

dopamine in the striatum. Briefly, animals were de-

capitated one week after undergoing treatment. Bilat-

eral striatum samples were dissected and immediately

flash frozen in liquid nitrogen and stored at –80°C.

Dopamine was measured according to manufacturer’s

protocols as previously reported [10, 15]. METH-

induced reductions in striatal dopamine content were

used as a marker of METH-induced dopaminergic

neurotoxicity in the current study because it correlates

well with other established markers, such as reduc-

tions in striatal dopamine transporter expression and

tyrosine hydroxylase activity [1, 10].

Data analysis

Body temperature recordings were analyzed using

a two-way repeated measures ANOVA followed

by post-hoc Bonferroni’s analyses. Striatal dopamine

measurements were analyzed using a one-way ANOVA,

followed by post-hoc Tukey’s multiple comparison’s
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Fig. 1. Male, Swiss Webster mice were treated with saline (Sal), AC927 (10 mg/kg, ip) or AZ66 (10 mg/kg, ip) followed 15 min later with either
saline or methamphetamine (METH, 5 mg/kg, ip). Each mouse received their designated treatment combination at two h intervals a total of four
times. Body temperature (BT) was measured one hour after each of the four treatments. (A) METH treatment results in a significant increase in
core body temperature, attenuated by pretreatment with the s receptor antagonist AC927 (experiment 1A). *** p < 0.001 vs. Sal/Sal; ## p <
0.01, ### p < 0.0001 vs. Sal/METH. (B) In a secondary experiment (experiment 1B) pretreatment with AC927 failed to attenuate METH-
induced hyperthermia at any timepoint. ** p < 0.01, *** p < 0.001 vs. Sal/Sal. (C) AZ66 pretreatment mitigates METH-induced hyperthermia
(experiment 2A). * p < 0.05, ** p < 0.01, *** p < 0.001 vs. Sal/Sal; # p < 0.05, ## p < 0.01, ### p < 0.001 vs. Sal/METH. (D) AZ66 failed to mitigate
METH-induced core body temperature increases in a secondary experiment (experiment 2B). ** p < 0.01, *** p < 0.001 vs. Sal/Sal



tests. A correlation of average body temperatures dur-

ing the course of the experiment to striatal dopamine

content was conducted using Pearson’s correlation

analysis. All analyses were conducted using Graph-

Pad Prism 5.0 (San Diego, CA, USA); p < 0.05 was

considered significant for all statistical analyses.

Results

A total of four distinct experiments were conducted:

two utilizing pretreatments of either saline or AC927

(experiments 1A and 1B), and two which utilized pre-

treatments of either saline or AZ66 (experiments 2A

and 2B). In experiment 1A using AC927, two-way re-

peated measures ANOVA revealed significant differ-

ences in core body temperatures at different time

points between groups (p < 0.01). Post-hoc Bonfer-

roni’s analysis revealed that METH treatment resulted

in an increase in core body temperature compared to

saline-treated animals at time points 2, 3 and 4 (t =

4.22, p < 0.001; t = 6.13, p < 0.001; t = 4.95, p <

0.001, respectively). Pretreatment with AC927 in ex-

periment 1A resulted in the mitigation of METH-

induced hyperthermia at time points 2, 3 and 4 (t =

3.49, p < 0.01; t = 6.02, p < 0.001; t = 4.61, p <

0.001, respectively) (Fig. 1A).

In experiment 1B, it was once again found that

METH treatment alone resulted in a significant in-

crease in core body temperature as compared to ani-

mals receiving saline at time points 2, 3 and 4 (t =

3.87, p < 0.01; t = 4.00, p < 0.001; t = 5.74, p <

0.001, respectively). Pretreatment in experiment 1B

with AC927, contrary to experiment 1A, failed to

block METH-induced hyperthermia at any time point

tested (p > 0.05) (Fig. 1B). One-way ANOVA re-

vealed differences between groups in striatal dopa-

mine content in AC927 experiments 1A and 1B

[F (4 ,35) = 14.02, p < 0.0001]. Post-hoc analyses

with Tukey’s multiple comparison tests revealed that

METH treatment resulted in a significant reduction in

striatal dopamine content as compared to saline (q =

8.87, p < 0.001). Pretreatment with AC927 that miti-

gated the hyperthermic effects of METH was found to

attenuate METH-induced striatal dopamine reduc-

tions (q = 6.64, p < 0.001). AC927 pretreatment that

failed to attenuate METH-induced hyperthermia was

unable to mitigate METH-induced striatal dopamine

reductions (q = 2.43, p > 0.05) (Fig. 2A). Further

analysis of these effects was conducted using a Pear-

son’s correlation of average core body temperature

over the course of the experiments and striatal dopa-

mine content. It was found that the average body tem-

perature of animals was correlated to striatal dopa-

mine content one week post-treatment (r = –0.66, p <

0.0001, r2 = 0.43) (Fig. 3A).

Two separate experiments utilizing the s receptor

antagonist AZ66 were also conducted. Two-way re-

peated measures ANOVA revealed differences in core

body temperature between groups at different time

points in experiment 2A utilizing AZ66 (p < 0.0001).

Bonferroni’s post-hoc analysis revealed that METH

treatment significantly increased core body tempera-

ture, compared to saline treatment at time points 2, 3

and 4 in experiment 2A (t = 5.62, p < 0.001; t = 5.85,

p < 0.001; t = 8.23, p < 0.001, respectively). Pretreat-

ment with AZ66 mitigated METH-induced hyperther-

mia at all three time points (t = 4.98, p < 0.001; t =
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Fig. 2. Male, Swiss Webster mice were treated with saline (Sal),
AC927 (10 mg/kg, ip) or AZ66 (10 mg/kg, ip) followed 15 min later
with either saline or methamphetamine (METH, 5 mg/kg, ip). Each
mouse received their designated treatment combination at two h in-
tervals a total of four times. Striatal tissues were collected from the
mice one week post-treatment and dopamine (DA) levels measured.
(A) AC927 pretreatment that blocks METH-induced hyperthermia
(experiment 1A) attenuates METH-induced dopaminergic toxicity.
AC927 that fails to block METH-induced hyperthermia (experiment
1B) also fails to mitigate dopaminergic toxicity elicited by METH. * p <
0.05, *** p < 0.001 vs. Sal/Sal; ### p < 0.001 vs. Sal/METH. (B) Simi-
lar to pretreatment with AC927, AZ66 pretreatment that mitigates the
hyperthermic effects of METH also blocks METH-induced dopamin-
ergic deficits (experiment 2A). Failure to block METH-induced hyper-
thermia with AZ66 results in a failure to attenuate METH-induced do-
paminergic deficits (experiment 2B). * p < 0.05, ** p < 0.01 vs.
Sal/Sal; ### p < 0.001 vs. Sal/METH



7.75, p < 0.001; t = 9.25, p < 0.001; for time points 2,

3 and 4, respectively). Additionally, time point 1 sig-

nificantly differed between these two groups (t = 3.56,

p < 0.01) (Fig. 1C).

In a second experiment involving AZ66 (experi-

ment 2B), two-way repeated measures ANOVA re-

vealed significant differences between groups and dif-

ferent time points (p < 0.0001). Similar to experiment

2A, METH treatment resulted in a significant increase

in core body temperature as compared to saline treat-

ment at time points 2, 3 and 4 (t = 3.66, p < 0.01; t =

4.29, p < 0.001; t = 5.95, p < 0.001; respectively).

Unlike experiment 2A however, AZ66 pretreatment

was found to not attenuate METH-induced hyperther-

mia at any time point tested (p > 0.05) (Fig. 1D).

One-way ANOVA revealed significant differences

between AZ66 experimental groups 2A and 2B in stri-

atal dopamine content [F (4, 35) = 16.46, p < 0.0001].

Post-hoc Tukey’s analysis revealed that METH treat-

ment resulted in a significant reduction in striatal do-

pamine content as compared to saline treated animals

(q = 5.28, p < 0.01). In experiment 2A in which AZ66

mitigated METH-induced hyperthermia, it also sig-

nificantly attenuated the METH-induced reduction in

striatal dopamine content (q = 8.12, p < 0.001). How-

ever, in experiment 2B, in which AZ66 pretreatment

failed to mitigate METH-induced hyperthermia, it

also failed to block METH-induced reductions in stri-

atal dopamine content (p > 0.05) (Fig. 2B). A Pear-

son’s correlation revealed that the average core body

temperature of animals in these two experiments was

significantly correlated to striatal dopamine content

measured one week post treatment (r = –0.52, p <

0.001, r2 = 0.27) (Fig. 3B).

Discussion

This study confirms how large a role core body tem-

perature modulation plays in the ability of s receptor

antagonists to mitigate METH-induced neurotoxicity.

Our data unequivocally demonstrates that the block-

ade of METH-induced hyperthermia by s receptor

antagonists is correlated with their ability to attenuate

METH-induced dopaminergic neurotoxicity. More-

over, this report shows that failure of a s receptor an-

tagonist to attenuate METH-induced hyperthermia

also fails to mitigate the dopaminergic deficit elicited

by METH in vivo.

The relationship between METH-induced hyper-

thermia and neurotoxicity has been studied extensively

in rodent models [2, 3]. High ambient temperatures

have been shown to exacerbate the neurotoxic effects

of METH, and reducing ambient temperatures has

been shown to reduce the neurotoxic effects of the drug

[2]. The precise mechanisms by which this occurs are

currently unknown and the protective effects do not ap-

pear to be specifically driven by core body temperature

modulation [1, 3]. Pharmacological reduction of core

body temperature with resperine, for example, has

been shown to not mitigate the neurotoxic effects of

METH [1]. Additionally, some pharmacologic tools

which fail to attenuate METH-induced hyperthermia

have been shown to mitigate the effects of METH on

markers of neurotoxicity [5, 21].

Mechanisms by which METH is thought to cause hy-

perthermia include increased reactive oxygen and nitro-
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Fig. 3. The ability of s receptor antagonists to attenuate METH-
induced dopaminergic toxicity is correlated to core body tempera-
ture. (A) Average body temperatures (Avg BT, °C) of animals during
experiments utilizing AC927 (experiments 1A and 1B) as compared
to striatal dopamine (DA) levels (p < 0.0001). (B) Average body tem-
peratures (Avg BT, °C) of animals during experiments utilizing AZ66
(experiments 2A and 2B) as compared to striatal dopamine (DA)
content (p < 0.001)



gen species (ROS/RNS) production, dopamine qui-

none production, and increased release of proinflam-

matory cytokines that have pyrogenic activity [12].

Interestingly, AC927 has been shown to attenuate

METH-induced ROS/RNS generation, dopamine re-

lease and cellular toxicity in vitro [8]. The ability of se-

lective s receptor antagonists such as AC927 to modu-

late dopamine release and therefore signaling events and

possible reactive dopamine species formation may play

a large role in their ability to modulate hyperthermic and

neurotoxic responses to METH. The ability of selective

s receptor antagonists such as AC927 and AZ66, to

modulate these effects in vivo has yet to be determined;

however it appears that s receptor ligands do have the

ability to modulate many processes relevant to both the

hyperthermic and neurotoxic effects of METH.

While the data supports the idea that in order for s

receptor antagonists to mitigate dopaminergic deficits

associated with METH, they must block the hyper-

thermic effects elicited by METH, further studies are

needed to conclusively determine if the mitigation of

METH-induced hyperthermia is truly a requirement

for the blockade of dopaminergic neurotoxicity by s

receptor antagonists or whether s receptor antagonists

modulate common mediators that drive both hyper-

thermia and neurotoxicity. Experiments in which

modulation of ambient temperature is used to study

these effects have thus far been inconclusive because

METH-induced lethality in the positive control group

is a major limiting factor in rodent models [2].

In an alternative approach, an in vitro model of

METH-induced neurotoxicity showed that when tem-

perature was held constant, s receptor antagonists

maintain their ability to attenuate the cytotoxicity

caused by METH [8, 9]. Moreover, at higher in vitro

temperatures, METH-induced cytotoxicity worsened,

with s receptor antagonists still being able to attenu-

ate these responses [9]. These in vitro studies demon-

strate that s receptor antagonists are capable of miti-

gating METH-induced cytotoxicity at normal as well

as elevated ambient temperatures in cell culture [9],

suggesting that the neuroprotective effects of the

compounds are not dependent on temperature. This

raises the possibility that under in vivo conditions, the

apparent dependence of the ability of s receptor an-

tagonists to mitigate METH-induced neurotoxicity

may stem from s-mediated attenuation of mediators

common to both hyperthermia and neurotoxicity.

It should be noted that the underlying cause of the

differences in response between the responsive (ex-

periments 1A and 2A) and unresponsive (experiments

1B and 2B) groups remain unknown, with the testing

of the groups occurring weeks to months apart. Ambi-

ent temperature alterations have been shown to alter

dopaminergic neurotoxicity in response to neurotoxic

METH treatment regimens in rodents [3]. Ambient

temperature and other environmental variables, how-

ever, were accounted for in the above described ex-

periments, and no unusual variations could be docu-

mented. Although all the animals were of the same

outbred strain, from the same vendor, it is possible

that an unidentified genetic variation may have ex-

isted between the batches of mice. Although nothing

is known about variations in s-2 receptors, splice

variants and polymorphisms in s-1 receptors have

been reported, with some ramifications for function

[20]. However, such variations would be expected to

be distributed across different batches of mice, rather

than affecting entire batches as was observed herein.

Due to the serendipitous nature of this study, only one

measure of dopaminergic neurotoxicity was used in the

current report. However, it should be emphasized that

numerous studies have confirmed concomitant changes

in other markers of dopaminergic neurotoxicity along

with changes in striatal dopamine levels under condi-

tions similar to those used in the present study [2, 10]. In

addition, AC927 has previously been shown to attenuate

METH-induced decreases in striatal dopamine content,

dopamine transporters and striatal serotonin content and

serotonin transporters in vivo [15, 18], suggesting that

the alterations in striatal dopamine levels measured

herein serve as a reasonable marker of METH-induced

dopaminergic neurotoxicity. The determination as to

whether similar trends exist with regards to METH-

induced serotonergic neurotoxicity and other markers of

central nervous system toxicity has yet to be made.

In conclusion, the ability of s receptor antagonists to

mitigate METH-induced neurotoxicity is closely asso-

ciated with their ability to attenuate the hyperthermic

effects of METH in vivo. Additional studies are war-

ranted to further define the exact role of hyperthermia

in the neurotoxic actions of METH. Moreover, further

investigations are needed to identify the mechanisms

through which s receptor antagonists reduce the hyper-

thermic and neurotoxic effects of METH, and to deter-

mine whether the ability of s receptor antagonists to

mitigate METH-induced neurotoxicity is dependent on

the modulation of body temperature.
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