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A B S T R A C T

There are no Food and Drug Administration approved pharmacotherapies for methamphetamine (METH)
overdose, thus identifying novel drug targets to prevent this devastating adverse event is a public-health im-
perative. Previous research suggests that serotonin and sigma receptors may contribute to the adverse effects of
METH. The present study assessed whether pretreatment with the 5-HT2A receptor antagonist M100907 or the
sigma 1 (σ1) receptor antagonist BD 1047 attenuated METH-induced lethality, hyperthermia, convulsions, and
seizures. Male, Swiss-Webster mice received intraperitoneal injections of M100907 (1 and 10mg/kg), BD 1047
(10mg/kg), or a combination of M100907 (1mg/kg) and BD 1047 (10mg/kg) prior to treatment with METH
(78mg/kg). Convulsions and lethality were assessed by observation, core body temperature was assessed by
surgically implanted telemetric probes, and seizures were assessed by electroencephalography. M100907 re-
duced METH-elicited lethality from 67% to 33%, BD1047 reduced METH-elicited lethality from 67% to 50%,
and combined administration of both agents eliminated lethality in all mice tested. Similarly, both agents and
their combination reduced METH-elicited seizures and convulsions. None of the treatments decreased METH-
induced hyperthermia. This research suggests that reducing METH-induced seizures is an important factor in
reducing lethality associated with METH overdose. However, future studies should examine whether M100907
and BD 1047 modulate METH-induced hypertension and other adverse effects that may also contribute to METH
overdose. Our data support the continued investigation of compounds that target 5-HT2A and σ1 receptors in
METH-induced overdose, including their potential to yield emergency reversal agents.

1. Introduction

Methamphetamine (METH) is a highly abused psychostimulant and
its prevalence and abuse liability are a significant global problem.
METH abuse can lead to hypertension, heart attack, stroke, organ
failure, hyperthermia, convulsions, seizures, and death. METH-asso-
ciated acute overdose is a potentially life-threatening condition re-
quiring immediate medical attention. In 2016, the Centers for Disease
Control and Prevention reported there were more than 64,000 drug
overdose deaths in the United States, of which 7663 were due to METH
(Seth et al., 2018). While overshadowed by the present opioid crisis,
there is a current resurgence in METH abuse due to inexpensive, high-
quality product flooding the market (The Lancet, 2018). Several states
are experiencing a significant surge in METH abuse and there has been
a dramatic increase in METH confiscations of the illicit agent entering

the United States. This is notable for several reasons, but in particular,
because there is no Food and Drug Administration (FDA) approved
pharmacotherapy for the treatment of METH overdose, unlike the na-
loxone formulations available for opioid overdose.

METH-induced overdose can be indicated by signs and symptoms
such as hyperthermia and convulsions that may be addressed with the
development of life-saving reversal agents. The symptoms of METH-
induced overdose overlap with those of serotonin syndrome (SS), which
also results in hyperthermia and convulsions. SS is a consequence of
toxic levels of serotonin (5-HT) overly stimulating peripheral and cen-
tral postsynaptic 5-HT1A and 5-HT2A receptors (Alusik et al., 2014;
Beakley et al., 2015), suggesting that 5-HT receptors may be a target for
reducing critical symptoms of METH-induced overdose. A number of
previous studies have linked the 5-HT2A receptor to thermoregulation
(Ootsuka and Blessing, 2006; Pawlyk et al., 2006; Sipe et al., 2004), and
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it has been shown that 5-HT2A receptor antagonism attenuates hy-
perthermia and lethality associated with SS (Nisijima et al., 2001). The
5-HT2A receptor has also been tied to stimulant-induced convulsions
and seizures. Co-administration of the 5-HT releaser fenfluramine po-
tentiates cocaine-induced convulsions (Schechter and Meehan, 1995),
and 5-HT2A receptor antagonism attenuates convulsions induced by
cocaine (O’Dell et al., 2000). These are important findings as METH-
induced convulsions are not reliably controlled by standard antic-
onvulsant medications. Hanson and colleagues observed that while
cocaine-related seizures were controlled by phenytoin, METH-induced
seizures were refractory to this therapy. Moreover, diazepam and
valproate were only partially effective in attenuating METH-induced
seizures (Hanson et al., 1999). In another study, diazepam, MK-801,
and propranolol reduced METH-induced convulsions, but none of these
agents reduced METH-induced lethality (Derlet et al., 1990). These
findings warrant additional research to establish the role of 5-HT2A

receptors in stimulant overdose, with particular relevance for METH.
Another treatment target for METH overdose is the σ1 receptor,

which is an endoplasmic reticulum membrane protein that is expressed
in the heart and lungs, and has particularly high expression in specific
regions of the central nervous system, such as the cerebellum, nucleus
accumbens and cerebral cortex (Bao et al., 2017; Cao et al., 2017;
Weissman et al., 1988). It is known that METH binds to σ1 receptors
(Nguyen et al., 2005), σ1 receptors are present in monoamine neurons,
and they may play a role in modulating METH-induced hyperthermia
and neurotoxicity. In addition, it has been demonstrated that σ1 re-
ceptor antagonists attenuate METH-induced neuroinflammation,
apoptosis, and the formation of reactive oxygen species (Kaushal et al.,
2012; Robson et al., 2014), as well as METH-induced hyperthermia
(Matsumoto et al., 2008; Robson et al., 2013). The σ receptor antagonist
AC927 attenuates METH-induced locomotor stimulation, striatal do-
pamine depletion, and hyperthermia (Matsumoto et al., 2008). It is well
established that METH causes damage and degeneration of dopamine
neurons via oxidative stress, mitochondria and endoplasmic reticulum
dysfunction, and inflammation (Albers and Sonsalla, 1995; Ali et al.,
1996; Courtney and Ray, 2014; Fujikawa et al., 2016; Krasnova and
Cadet, 2009; Matsumoto et al., 2014). σ1 receptors play a role in gen-
erating reactive oxygen species and regulation of intracellular Ca2+

stores (Kaushal and Matsumoto, 2011; Yasui and Su, 2016), both of
which may contribute to METH toxicity. In addition, previous studies
have shown that σ1 receptor antagonists attenuate cocaine-induced
convulsions and lethality (McCracken et al., 1999). These findings
provide a rationale to investigate the σ1 receptor as a potential phar-
macotherapeutic target for treating METH overdose.

In the present study, we examined the role of 5-HT2A and σ1 re-
ceptors in attenuating METH-induced overdose. We evaluated the ef-
fects of the 5-HT2A receptor antagonist M100907 (Hall et al., 2000) and
the σ1 receptor antagonist BD 1047 (McCracken et al., 1999), alone and
in combination on METH-induced lethality, hyperthermia, convulsions,
and seizures. Hyperthermia studies determined the association between
elevated body temperatures and lethality. Convulsion studies assessed
the latency to a convulsion (i.e., a sudden, irregular movement of a limb
or of the body, caused by contraction of muscles), and the proportion of
animals that exhibited a convulsion following METH administration.
Seizure studies assessed the intensity of a seizure (i.e., a sudden burst of
electrical activity in the brain).

2. Materials and methods

2.1. Animals

The test subjects were male Swiss-Webster mice (Charles River
Laboratories, Inc., Wilmington, MA) that weighed between 27–33 g and
ranged in age from 2 to 3 months. The mice were housed 3–4 per cage
in a temperature regulated room. Swiss-Webster mice were chosen for
these studies because these mice are a general purpose strain that has

been used extensively to study behavior, physiology, and neurochem-
istry (Murnane et al., 2019, 2012b; Murphy and Murnane, 2019;
Oppong-Damoah et al., 2019; Ray et al., 2018). For the core body
temperature experiments, an additional 12 mice were prepared with
Starr Life Sciences G2 E-Mitters (see telemetry probe surgery section
below). These mice weighed between 25–30 g and ranged in age from 2
to 3 months at the time of the surgery and were kept singly housed for
the duration of the study. All mice had ad libitum access to food and
water. All experiments were approved by the Mercer University In-
stitutional Animal Care and Use Committee.

2.2. Drugs

Methamphetamine hydrochloride was purchased from Sigma-
Aldrich (St. Louis, MO). M100907 was synthesized by Kenner Rice
(Ullrich and Rice, 2000). BD 1047 dihydrobromide was purchased from
Sigma-Aldrich. M100907 was dissolved in sterile water with dropwise
addition of 0.1 N hydrochloric acid and sonication until it dissolved. All
other drugs were dissolved in physiological saline. All drugs were ad-
ministered by intraperitoneal (IP) injection at a volume of 0.01ml per g
body weight of each mouse. All doses are reported in the salt form. Mice
were administered M100907 (1 and 10mg/kg), BD 1047 (10mg/kg),
or a combination of M100907 (1mg/kg) and BD 1047 (10mg/kg),
which we subsequently refer to as M100907/BD 1047 (1/10mg/kg),
30min prior to treatment with METH at 78mg/kg (LD67).

2.3. Lethality

In preliminary experiments, a full dose-effect determination was
conducted to assess the lethal effects of METH. To reduce the number of
animals used, in some cases, animals in the lethality study also un-
derwent observations for convulsions (as described below). Lethality
was recorded at 2 h following the METH challenge (N=6 per group).
The dependent measure examined was the percent lethality post-
treatment. All animals were euthanized at 2 h whether or not drug-in-
duced lethality occurred to promote animal welfare.

2.4. Hyperthermia

As some literature suggests that hyperthermia may contribute to
METH-induced lethality, and we have consistently observed hy-
perthermia in METH-treated animals (Murnane et al., 2012b), we ex-
amined whether 5-HT2A or σ1 receptors played a role in METH-induced
hyperthermia and whether there is an association between hy-
perthermia and lethality. Mice were prepared with Starr Life Sciences
G2 E-Mitters (N= 6 per group). Given the practical necessity of sur-
gically implanting telemetry probes (see section below) to study core
body temperature, we choose to initially study modulation of METH-
induced hyperthermia at a dose that did not induce lethality (18mg/
kg). In a limited set of additional experiments, we examined modula-
tion of hyperthermia induced by 78mg/kg of METH, as this was the
same dose used in the lethality experiments. These mice were housed
individually over receivers designed to collect signals from the probes.
Core body temperature was collected over 5min intervals and then
averaged into 15min bins. Pretreatments were administered 30min
prior to METH, M100907 and BD 1047 challenges, and core tempera-
ture was recorded for 3 h following all administrations, as this captures
the entire time course of each treatment following IP injection.

2.5. Telemetry probe surgery

Subjects underwent implantation of a small, wireless G2 E-Mitter
telemetry probe (Starr Life Sciences, Oakmont, PA) into their peritoneal
space to collect continuous core body temperature data. The surgery
was accomplished by anesthetizing each mouse with inhaled isoflurane
(1–3% induction, maintenance to effect). After achievement of an
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appropriate level of anesthesia, the abdominal hair was removed with a
grooming kit and depilatory. The surgical area was cleansed by wiping
with gauze pads, soap, and water. Each subject was then placed in a
supine position with limbs gently tied off. For each animal, the area of
surgical incision was disinfected with Hibiclens (chlorhexidine gluco-
nate 4% w/v) and isopropyl alcohol (70%), and 2–5min later, a midline
abdominal incision of< 2 cm was made, approximately 1 cm below the
diaphragm. The underlying muscle was then separated via blunt dis-
section. A pre-sterilized probe (Benz-all®, benzalkonium chloride
12.9%, diluted 1:50; Moore Medical LLC, Farmington, CT according to
the manufacturer’s instruction) was implanted ventral to the digestive
organs. Following placement of the probe, the incision was closed with
simple interrupted absorbable sutures (5-0 Vicryl), and the area
cleansed with Hibiclens or isopropyl alcohol. Subjects were returned to
their home cages when they recovered from sternal recumbency.
Cephazolin (10mg/kg) and ketoprofen (2mg/kg) were administered
subcutaneously at the outset of surgery for antibiotic and non-steroidal
anti-inflammatory (NSAID) prophylaxis, respectively. These agents
were administered once daily for 2 days post-surgery. All mice were
allowed to recover for at least 7 days following surgery before drug
treatments commenced.

2.6. Convulsions

All mice in the convulsion and lethality experiments were injected
with a specified pre-treatment followed by METH, and then in-
dividually placed in acrylic chambers. A video camera placed above the
chamber recorded behavior for offline scoring. The behavior of each
mouse was recorded for 45min following the METH challenge. The
dependent measures were the proportion of mice exhibiting a convul-
sion and the latency to the first tonic-clonic convulsion, based on a scale
that we have developed for measuring stimulant-induced convulsions
(Table 1).

2.7. Electroencephalography (EEG) head mount surgery

Each mouse received EEG and electromyography (EMG) electrodes
and an 8-pin socket connector head mount with stainless steel leads
(8201-SS; Pinnacle Technology Inc, Lawrence, KS). Under isoflurane
anesthesia (1–3%, to effect), 3 sterile epidural screw electrodes (0.10″
length, with stainless steel wire leads) were surgically implanted into
the skull for EEG/EMG recordings. The two recording electrodes were
placed over the right frontal cortex (2mm anterior to bregma and
1.2 mm lateral to the midline) and the right the parietal cortex (1.5 mm
posterior to bregma and 1.2 mm lateral to the midline). The recording
electrodes were referenced to a common electrode placed over the
contralateral parietal cortex. Electrodes were connected by stainless
steel wire and soldered to the head mount, and the entire assembly was
secured with dental acrylic. For EMG analysis, two fine-wire electrodes
were placed in the nuchal muscle. After surgery, mice were allowed to
recover for 7 days before the initiation of experiments, and all mice
received ketoprofen as described above.

2.8. EEG recordings

Prior to EEG recordings, the head mount was connected—via a
lightweight tether and commutator—to an amplifier and PC running
the Sirenia acquisition software (Pinnacle Technology Inc, Lawrence,
KS). This enabled complete freedom of movement throughout a circular
acrylic cage (240mm diameter). Baseline EEG recordings were col-
lected for 120min. Mice were connected to the tether and placed in the
cage at least 60min before any drug administration. Video monitoring
of behavior, including convulsions, was conducted continuously during
EEG/EMG data collection.

2.9. EEG analysis

For drug-induced seizures, all EEG/EMG data and video recordings
were saved and analyzed off-line using the Sirenia Seizure Pro 1.8
software package (Pinnacle Technology Inc, Lawrence, KS). Seizures
were initially identified by line length, heat map, and power analysis,
which was used for subsequent automated seizure detection. Spectral
power analysis was performed using custom written functions in IGOR
Pro 7 (WaveMetrics Inc., Lake Oswego, OR). Power spectral analysis
was accomplished by applying a fast Fourier transform (FFT, 0.1 Hz
frequency resolution) to 90min of EEG data. To quantify the seizure
data, average spectral power in the 0.5–4 Hz range was calculated by
applying a fast Fourier transformation to raw EEG waveforms. All
epochs in the 90min recordings were included in this analysis. Power is
expressed as a percentage of the total spectral power in the EEG signal
(0.5–40 Hz) during that time period.

2.10. Data analysis

All graphical data presentations were created using GraphPad Prism
(GraphPad Software Inc., La Jolla, CA, USA). All proportion data
(lethality and convulsions) were analyzed by Fisher’s exact test.
Telemetry data (core body temperature) were converted to area under
the curve, and then analyzed by paired t-test or repeated-measures one-
way analysis of variance (ANOVA), followed by Dunnett’s post-hoc test
(Dunnett, 1955). The latency to the first convulsion was analyzed by
one-way ANOVA, with post-hoc comparisons by Dunnett’s test. In the
instances where no convulsion was observed, the maximum latency of
2700 s was assigned.

3. Results

3.1. Lethality

The effects of pretreatment with vehicle, M100907, BD 1047, and
M100907/BD 1047 on METH-induced lethality were assessed (Fig. 1).
Fisher’s exact test revealed a significant reduction in lethality in ani-
mals treated with M100907/BD 1047 (odds ratio= 23.4; 95% con-
fidence interval= 0. 89, 613.5; p= 0.03) in comparison to animals
administered vehicle. In contrast, there was no significant reduction in
lethality in animals administered only M100907 (odds ratio= 4.0; 95%
confidence interval= 0.36, 44.14; p=0.28) or BD 1047 (odds
ratio= 2.0; 95% confidence interval= 0.19, 20.63; p=0.50).

Table 1
Overview of the custom seizure scale used in this study.

Category Value Behavior

Normal 1 Grooming, walking, tearing up bedding, scratching
Impaired 2 Not moving and obviously impaired, minor tremors, minor twitches, head turning from side to side, stereotyped behavior
Tonic Still 3 Extension of the tail over the back, limbs tonically extended
Tonic-Clonic 4 Rhythmic limb movements, stiff muscles, and jerking movements
Clonic Run Jump 5 Rhythmic limb movements, rapid locomotion, repeated jumping
Loss of Righting 6 Laying on the side or back for longer than two seconds
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Although not significant, it is important to note that M100907 reduced
METH-elicited lethality from 67% to 33% and BD1047 reduced METH-
elicited lethality from 67% to 50%.

3.2. Hyperthermia

Initial experiments examined the effects of treatment with vehicle,
M100907 (1 and 10mg/kg), BD 1047 (10mg/kg), and the combination
of M100907/BD 1047 (1/10mg/kg) on core temperature (N=6 per
group) as measured by implanted telemetry probes. The time courses of
the changes in core temperature and the integrated areas under the
curve of these time courses are presented in Fig. 2. A one-way repeated-
measures ANOVA revealed a significant main effect of treatment.
Dunnett’s post-hoc analysis revealed a significant decrease in core body
temperature after treatment with M100907 at 10mg/kg (F4, 29= 3.92;
p=0.02) in comparison to after treatment with vehicle. There was no
significant difference between vehicle and any of the other pretreat-
ments. We then examined the effects of pretreatment with vehicle,
M100907 (1mg/kg), BD 1047 (10mg/kg), and the combination of
M100907/BD 1047 (1/10mg/kg) on hyperthermia elicited by 18mg/
kg of METH (N=6 per group). This dose was chosen because it was
found to produce robust hyperthermia in preliminary experiments in
the absence of convulsions or lethality. The time courses of the changes
in core temperature and the integrated areas under the curve of these
time courses are presented in Fig. 3. A one-way repeated-measures
ANOVA revealed no significant main effect of pretreatment on METH-
induced hyperthermia. We then examined the effects of pretreatment

with the combination of M100907/BD 1047 (1/10mg/kg) on hy-
perthermia elicited by 78mg/kg of METH (N=6 per group). This dose
was chosen because the combination of M100907/BD 1047 did not
reduce METH-induced hyperthermia at 18mg/kg even though it sig-
nificantly reduced lethality, and we therefore chose to test the same
dose of METH used in the lethality experiments. The time courses of the
changes in core temperature and the integrated areas under the curve of
these time courses are presented in Fig. 3. Unpaired t-test revealed no
significant main effect of pretreatment on METH-induced hyperthermia
at this dose either.

3.3. Convulsions

The effects of pretreatment with vehicle, M100907, BD 1047, and
M100907/BD 1047 on the proportion of animals exhibiting a convul-
sion were assessed over a period of 45min following METH adminis-
tration (Fig. 4A). A Fisher’s exact test revealed a significant decrease in
the proportion of animals exhibiting a tonic-clonic convulsion in the
animals administered M100907 (odds ratio= 47.67; 95% confidence
interval= 1.59, 1424; p=0.02) or the combination of M100907/BD
1047 (odds ratio= 47.67; 95% confidence interval= 1.59, 1424;
p=0.02) in comparison to animals administered vehicle. In contrast,
there was no significant reduction in the proportion of animals ex-
hibiting a tonic-clonic convulsion in animals administered BD 1047
alone. The effects of pretreatment with vehicle, M100907, BD 1047,
and M100907/BD 1047 on the latency to the first convulsion were

Fig. 1. The effects of pretreatment with vehicle, M100907 (1mg/kg), BD 1047
(10mg/kg), and the combination of M100907/BD 1047 (1/10mg/kg) on
lethality (N=6 per group) induced by methamphetamine (78mg/kg). The
initial dose-effect function of lethality induced by methamphetamine is pre-
sented in panel A. The LD67 dose of 78mg/kg was chosen for all subsequent
lethality experiments. The effects of pretreatment with vehicle, each agent, or
their combination on lethality induced by methamphetamine is presented in
panel B. All pretreatments were administered 30min prior to methampheta-
mine. * = p < 0.05 as assessed by Fisher’s exact test.

Fig. 2. The effects of treatment with vehicle, M100907 (1 and 10mg/kg), BD
1047 (10mg/kg), and the combination of M100907/BD 1047 (1/10mg/kg) on
core temperature (N=6 per group). The time courses of the changes in core
temperature are presented in panel A. The integrated areas under the curve of
these time courses are presented in panel B. All values represent the means +
SEM. * = p < 0.05 as assessed by one-way analysis of variance and Dunnett’s
post-hoc test in comparison to vehicle.
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assessed by timing the onset of the first convulsion following the in-
jection of METH (Fig. 4B). A one-way ANOVA revealed a significant
main effect of pretreatment (F3, 19= 200.1; p < 0.001) on the latency
to a tonic-clonic convulsion. Dunnett’s post-hoc analysis revealed a
significant difference between pretreatment with vehicle and pretreat-
ment with M100907 (q=20.84; p < 0.001), BD 1047 (q=19.57;
p < 0.001), or the combination of M100907/BD 1047 (q=20.84;
p < 0.001).

3.4. Seizures

EEG waveforms were used to assess direct brain seizure activity.
Representative raw tracings over a period of 60 s following adminis-
tration of METH are shown in Fig. 5. Power spectral analysis was ac-
complished by applying a fast Fourier transform to 90min of EEG re-
cording following METH administration. There was a substantial
increase in the power observed in the higher frequency ranges fol-
lowing METH administration. This increase was reversed by pretreat-
ment with either M100907 or BD 1047 given alone, and nearly elimi-
nated by the combination of M100907 and BD 1047 (Fig. 6).

4. Discussion

The major finding of the present study is that M100907 and BD
1047 reduced several important acute toxic effects of METH. A sec-
ondary finding is that there appears to be possible additive or sy-
nergistic effects of both agents in the attenuation of METH toxicity. In
line with these findings, pretreatment with M100907 or BD 1047 ad-
ministered alone attenuated METH-induced lethality, whereas the
combination of M100907 and BD 1047 eliminated METH-induced
lethality, with a change from LD67 to LD0. Surprisingly, none of these
treatments had any significant effect on METH-induced hyperthermia.
All three treatments reduced the latency to and the proportion of mice
exhibiting a tonic-clonic convulsion, based on behavioral observations.
Likewise, heat maps (power plot) and EEG (frequency-time graph) data

illustrate that pretreatment with M100907 or BD 1047 alone attenuated
METH-induced seizures, whereas the combination of M100907 and BD
1047 nearly eliminated METH-induced seizures. Overall, these data
suggest that 5-HT2A receptors and σ1 receptors may act additively or
synergistically to attenuate the acute toxic effects of METH.

M100907 substantially attenuated METH-induced convulsions and
lethality when given at 1mg/kg. We therefore examined a 10-fold
higher dose of M100907 and found that it completely eliminated
METH-induced lethality, convulsions, and hyperthermia (data not
shown). However, this dose of M100907 produced a hypothermic re-
sponse. This hypothermic response may be contraindicated in clinical
practice, and complicates the interpretation of the elimination of METH
toxicity, as it is well known that hypothermia itself can attenuate sti-
mulant toxicity (Adori et al., 2011; Ali et al., 1994; Banks et al., 2007;
Malberg and Seiden, 1998). For these reasons, and because we wanted
to focus our efforts on combinations of partially effective doses, we
conducted the remaining experiments using the lower dose of
M100907. In addition, the presentation of this hypothermic effect is not
indicative of a 5-HT2A mediated response (Ootsuka and Blessing, 2006;
Pawlyk et al., 2006; Sipe et al., 2004), and suggests that M100907 loses
selectivity for the 5-HT2A receptor at 10mg/kg. M100907 has greater
than 100-fold selectivity for 5-HT2A receptors over other protein targets
and has low nanomolar affinity for 5-HT2A receptors (Knight et al.,
2004). Nevertheless, it is important to note that doses of 1 and 10mg/
kg of M100907 are higher than the doses of this agent required to shift
the dose-response curve for 5-HT2A receptor agonist induced head-
twitch behavior (Canal et al., 2013) and the behavioral effects of in-
direct monoamine agonists (Murnane et al., 2013a, 2012a, 2013b). It is
possible that M100907 has lost selectivity for 5-HT2A receptors across
the entire dose range that we examined. As we have recently reported
that a 5-HT2C receptor agonist attenuates ketamine-induced hy-
pothermia (Murphy and Murnane, 2019), and the rank order of affinity
of M100907 has the 5-HT2C receptor after the 5-HT2A receptor (Knight
et al., 2004), it is logical to suggest that 5-HT2C receptor antagonism
may attenuate METH-induced hyperthermia, and M100907 may be

Fig. 3. The effects of pretreatment with ve-
hicle, M100907 (1mg/kg), BD 1047 (10mg/
kg), and the combination of M100907/BD
1047 (1/10mg/kg) on hyperthermia elicited
by methamphetamine as measured from core
temperature (N=6 per group). The time
courses of the changes in core temperature are
presented in panel A for 18mg/kg of me-
thamphetamine and panel C for 78mg/kg of
methamphetamine. The integrated areas under
the curve of these time courses are presented in
panel B for 18mg/kg of methamphetamine and
panel D for 78mg/kg of methamphetamine. All
values represent the means + SEM.
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acting as a dual 5-HT2A/2C receptor antagonist across the dose range we
examined. The relative contribution of 5-HT2A and 5-HT2C receptors to
the acute toxicity of METH should be examined in future studies.

BD 1047 has greater than 100-fold selectivity for σ1 receptors over
other protein targets with some exceptions. BD 1047 has a 51-fold
greater affinity for σ1 receptors compared to σ2 receptors with a Ki of
below 1 nM for σ1 receptors (Matsumoto et al., 1995). However, BD
1047 does demonstrate high affinity for σ2 binding sites. In addition, BD
1047 has significant affinity for β-adrenoceptors. Nevertheless, the dose
of 10mg/kg of BD 1047 is comparable to doses that significantly at-
tenuated the effects of METH-induced stereotypy (Kitanaka et al., 2009)
and cocaine-induced convulsions (McCracken et al., 1999) in previous
studies. Therefore, it is likely that BD 1047, at the dose administered, is
producing its protective effects via antagonism σ1 receptors.

The literature is replete with studies examining the role of hy-
perthermia in the neurotoxic effects of stimulants (Bowyer et al., 1994;
Matsumoto et al., 2014, 2008; Robson et al., 2013). Such studies have
associated METH-induced hyperthermia with damage to mono-
aminergic neurons in the central nervous system, contributing to the
loss of tyrosine hydroxylase activity, dopamine neurochemistry, and
dopamine transporter expression as well as nerve terminal degeneration
in the striatum (Albers and Sonsalla, 1995; Ali et al., 1996). In contrast,
less attention has been paid to acute overdose, especially in the case of
single large bolus dose administration. We report that M100907, BD
1047, and their combination had no effect on decreasing METH-in-
duced hyperthermia using acute high-dose administration of METH.

Although the combination of M100907 and BD 1047 did delay the onset
of METH-induced hyperthermia, it did not decrease the magnitude of
METH-induced hyperthermia, following area under the curve analysis.
Dopamine and sertonin systems do seem to be invovled in hyperthermia
following acute large doses of METH, as mice devoid of both the do-
pamine and the serotonin transporters showed a paradoxical hy-
pothermic response following a single administration of METH at
45mg/kg (Numachi et al., 2007). However, our data do not support the
involvement of 5-HT2A or σ1 receptors in this response. An important
caveat is that rats have been reported to only consistently exhibit
lethality with repeated neurotoxic dosing regimens when their body
temperature exceeds 41.3 degrees (Bowyer et al., 1994). The mice in
our study did not exhibit such high increases in body temperature,
perhaps leading to the discrepancies between the two outcomes. It is
unclear why such large temperature differences did not occur, but may
be related to the facts that we measured core body temperature whereas
previous neurotoxicity studies typically used rectal temperature read-
ings as a proxy for core temperature changes.

M100907 and BD 1047 attenuated METH-induced convulsions but
not METH-induced hyperthermia – at least at doses that do not induce
hypothermia. The rationale for targeting these compounds was based
on the established role of their molecular targets in the effects of METH

Fig. 4. The effects of pretreatment with vehicle, M100907 (1mg/kg), BD 1047
(10mg/kg), and the combination of M100907/BD 1047 (1/10mg/kg) on
convulsions (N=6 per group) induced by methamphetamine (78mg/kg). The
proportion of mice exhibiting a tonic-clonic convulsion is presented in panel A.
The latency to the first convulsions is presented in panel B. All pretreatments
were administered 30min prior to methamphetamine. *= p < 0.05; *** =
p < 0.001. The proportional data were analyzed by Fisher’s exact test. The
latency data were analyzed by one-way analysis of variance followed by
Dunnett’s test. Fig. 5. Representative electroencephalography waveforms over a period of 60 s

following administration of 78mg/kg of methamphetamine (or baseline). Data
showing the effects of pretreatment with vehicle, M100907 (1mg/kg), BD 1047
(10mg/kg), and the combination of M100907/BD 1047 (1/10mg/kg) on sei-
zures are shown.
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following repeated dosing regimens. It appears that the hyperthermic
response to acute METH has a complex and broad pharmacological
basis because mice devoid of the dopamine transporter only or the
serotonin transporter only continue to exhibit a hyperthermic response
following acute METH, whereas mice devoid of both the dopamine and
the serotonin transporters show a paradoxical hypothermic response
(Numachi et al., 2007). Likewise, it is known that factors such as route,
dose, pattern of administration, and species can affect the outcome of
hyperthermia experiments (Krasnova and Cadet, 2009; Numachi et al.,
2007), and that temperature regulation is a complex process that in-
volves feedback systems and a multitude of factors, such as muscle
activity, cellular metabolism, and hypothalamic regulation (Murphy
and Murnane, 2019). This suggests that many serotonin and dopaine
receptors and systems may contribute to the acute hyperthermic re-
sponse to METH, and even the combination of M100907 and BD 1047
may be insufficient to block all of these pathways that can lead to acute
hyperthermia. Another possibility is that 5-HT2A or σ1 receptors are not
involved in METH-induced dysregulation of body temperature, an idea
supported by some previous studies (Morishima and Shibano, 1995);
however, we suggest that this possibility is less likely given their
modulation of METH-induced hyperthermia following repeated dosing
(Matsumoto et al., 2008; Robson et al., 2013). Furthermore, we re-
cognize that hyperthermia may still contribute to clinical METH over-
dose given the complex patterns of METH consumption that can lead to
overdose in the clinic, and a cocktail of agents that attenuates both
seizures and hyperthermia may be a particularly effective means of
preventing mortality during a METH-induced overdose.

Our findings are consistent with seizures and convulsions being
more strongly associated with METH lethality. This is in line with
previous studies reporting that seizures are effectively elicited by ad-
ministration of high doses of psychostimulants such as METH (Ceballos
et al., 2009; Zagnoni and Albano, 2002). However, more research is
necessary to definitively establish the relationship between METH-in-
duced seizures and lethality. This is an important area of future study as
METH-induced seizures are serious, prolonged, and not attenuated by
conventional anticonvulsants (Derlet et al., 1990; Hanson et al., 1999).
This study is an exciting proof of concept that M100907 and BD 1047
attenuate this aspect of the acute toxic effects of METH, and their
possible additive or synergistic effects would be worth exploring in
future studies.

There are several limitations of the current study. For example, the
hyperthermia, seizure, and convulsion/lethality studies were conducted
in different groups of animals. Given the constraints of the need to
surgically implant the telemetry probes, the animals in the hy-
perthermia experiments were slightly older, individually housed, and

weighed more than the animals in the other experiments. Moreover,
they were tested in a repeated measures fashion (with a 7 day wash-out
period between treatments) unlike in the seizure and convulsion/leth-
ality studies, which were conducted in younger, group-housed, and
drug-naïve mice, making comparisons between experiments more
challenging. In addition, it is known that high METH doses can induce
hypertension and stroke, and subsequent mortality, in the absence of
hyperthermia. We have not elucidated the mechanisms through which
the combination of M100907 and BD 1047 completely prevented
lethality, and thus the examination of their modulation of other adverse
effects, such as the cardiovascular adverse effects of METH, is war-
ranted. In this regard, however, it is worth noting that σ1 receptor
agonism rather than antagonism has been reported to reduce hy-
pertension (Bhuiyan and Fukunaga, 2010; Cohen et al., 2018). In con-
trast, it is known that 5-HT2A receptor antagonism does prevent ser-
otonin-induced aortic contraction and these receptors are expressed in
vascular smooth muscle (Adams et al., 2008), providing a mechanism
by which it may also contribute to the prevention METH-induced hy-
pertension. In the present study, we also exclusively used pretreatments
to establish the efficacy of these compounds and the role of these re-
ceptor systems in METH overdose. Future studies should examine post-
treatments to determine whether these agents reverse a METH overdose
once it has begun, to more closely model the clinical conditions under
which such agents would be used. In addition, it would have been very
informative to know whether M100907 and BD 1047 affected the
pharmacokinetics and metabolism of one another. Our preferred in-
terpretation of the reported data is that there are possible pharmaco-
dynamic interactions between these agents; however, assessing syner-
gism and additivity requires quantitative analysis that may not be
possible using proportional data where an antagonist is reducing an
effect. Therefore, future research is necessary to delineate the exact
nature of pharmacodynamic and pharmacokinetic interactions between
these compounds and targets. Likewise, it would be informative for
future studies to examine whether M100907 and BD 1047 affect METH-
induced hypertension or METH-induced neurotoxicity (e.g., blood brain
barrier damage, dopamine terminal degeneration, and neuroin-
flammation). Despite these limitations, this research supports the con-
tinued investigation of the role of 5-HT2A and σ1 receptors in METH-
induced overdose, including their potential to yield emergency reversal
agents.

METH-induced overdose, although currently overshadowed by the
present opioid epidemic, is a significant public health concern. Unlike
with opioids, METH-related overdose has no approved antidote. It is
therefore of public health relevance that the current study provides
evidence of a role for 5-HT2A and σ1 receptors in METH-induced

Fig. 6. Representative heat maps showing the power at each
frequency in the electroencephalography data over a period of
90min following administration of 78mg/kg of methamphe-
tamine (or baseline). Data showing the effects of pretreatment
with vehicle, M100907 (1mg/kg), BD 1047 (10mg/kg), and
the combination of M100907/BD 1047 (1/10mg/kg) on sei-
zures are shown.
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overdose and supports their continued investigation as potential targets
for pharmacotherapeutic development. The present study is an import
proof of concept foray into the examination of the efficacy of M100907
and BD 1047 to reduce the acute toxic effects of METH. It is our hope
that this study spurs additional research in this area.
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