
Central
Bringing Excellence in Open Access



 Journal of Pharmacology & Clinical Toxicology 

Cite this article: Hensleigh E (2017) Review: Mechanisms of Methamphetamine Neurotoxicity. J Pharmacol Clin Toxicol 5(5):1087.

*Corresponding author
Emily Hensleigh, Department of Psychology, University 
of Nevada Las Vegas, 4505 Maryland Parkway, Las 
Vegas, NV 89154, USA, Email:  

Submitted: 15 July 2017

Accepted: 25 July 2017

Published: 28 July 2017

ISSN: 2333-7079

Copyright
© 2017 Hensleigh

 OPEN ACCESS 

Keywords
•	Methamphetamine
•	Dopamine
•	Neurotoxicity
•	Blood brain barrier dysfunction

Review Article

Review: Mechanisms 
of  Methamphetamine 
Neurotoxicity
Emily Hensleigh*
Department of Psychology, University of Nevada Las Vegas, USA

Abstract

Methamphetamine administration results in various behavioral, physical, and neurological 
effects in both humans and animal species. The outcome and consequences of methamphetamine 
(METH) administration on neuronal damage depends on the dosage and duration of METH as 
well as additional exogenous and endogenous factors. Prolonged METH administration or high 
doses of METH result in long term neuronal deficits, mainly in dopamine systems. Several factors 
contribute to these long term effects of METH on neuronal pathways. 

This review covers the mechanisms involved in METH neurotoxicity, focusing on hyperthermia, 
oxidative stress, excitotoxicity, and emerging mechanisms. These effects are discussed in reference 
to dopamine and, to a lesser extent, serotonin systems chiefly in preclinical models of neurotoxicity. 
This review begins with a brief summary of the mechanisms of action of METH, the clinical findings 
in long term METH abusers, and the neuronal markers of METH toxicity. The main sections focus on 
factors contributing to METH induced neuronal damage including: hyperthermia, oxidative stress, 
excitotoxicity, and recently identified mechanisms of microglia activation, blood brain barrier 
dysfunction, and apoptotic pathways. 

INTRODUCTION
METH exerts several effects on monoamine systems after 

acute and long term administration. Acute administration of 
METH leads to rapid entry into the brain. METH’s chemical 
resemblance to the monoamines allows METH to enter the 
presynaptic terminal through the monoamine transport proteins: 
dopamine transporter (DAT), serotonin transporter (SERT), and 
norepinephrine transporter (NET). METH readily enters into 
the presynaptic terminal and reverses transport of the vesicular 
monoamine transporter (VMAT2). Reversing the VMAT2 
transporter results in reverse transport of neurotransmitters out 
of the synaptic vesicles into the intracellular space [1]. After this 
occurs, the membrane bound transport proteins reverse their ion 
gradient and pump the newly expelled neurotransmitters into 
the synaptic cleft [2]. This results in elevated levels of dopamine, 
norepinephrine, and serotonin in the intracellular space and 
synaptic cleft.

Two main mechanisms remove neurotransmitters from the 
synaptic cleft, enzymatic breakdown and reuptake. Monoamine 
oxidase (MAO) and to a lesser extent catechol-O-methyl-
transferase (COMT) break down the monoamines in the synaptic 
cleft and cytosol [3]. Too much dopamine caused by reverse 
transport and inhibition of these enzymes lead to elevated 
monoamine levels which cause detrimental effects to cell 
membranes and dopamine terminals. The importance of elevated 

dopamine levels will be discussed in more detail in subsequent 
sections. 

MARKERS OF METHAMPHETAMINE TOXICITY
In the clinical population, long term METH use leads to 

deficits in cognitive functioning. After prolonged use of METH, 
individuals can develop psychosis characterized by disorganized 
thought and speech patterns and hallucinations similar to those 
reported in schizophrenia [4]. Individuals who abuse METH also 
show problems with attention and distractibility [5]. Additionally, 
recovering METH abusers exhibit decreased performance in 
laboratory tests of executive function and working memory [6,7]. 
Decreased cognitive performance in METH users also correlates 
with decreased markers of dopamine systems and brain 
metabolism [8,9]. These combined findings implicate long term 
METH use leads to persistent cognitive deficits. These deficits are 
likely due to alterations in neurochemical systems as a result of 
prolonged METH use.

Prolonged administration of METH leads to several 
neurochemical alterations observable in humans and animals. 
Clinical studies indicate alterations in neurotransmitter systems 
of long term methamphetamine abusers. Wilson [10], looked at 
dopamine terminals and protein levels in the brains of deceased 
methamphetamine addicts who died from unrelated drug causes. 
Results indicated decreased tyrosine hydroxylase and dopamine 
transporters in the caudate of long term METH abusers, indicating 
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long term alterations within the dopamine system. Utilizing 
positron emission tomography imaging, several other deficits in 
dopamine systems have been illustrated. Decreased dopamine 
transporters and D2 receptors were observed in the prefrontal 
cortex in individuals with years of prolonged METH use [7,8]. 
Partial recovery of dopamine transporters was observed in 
METH addicts who were abstinent for twelve months, suggesting 
partial recovery with prolonged abstinence. However, dopamine 
transporter levels only returned to normal for some, but not all, 
subjects. Recovery of dopamine transporter levels additionally 
correlate with reported years of METH use [9]. Decreased D2 
receptor binding occurs in the striatum of long term poly drug 
users who reported METH as their drug of choice. Increased D3 
receptor binding occurs in the midbrain of these same users. 
Increased D3 receptors likely act as a compensatory mechanism 
for deficits of decreased dopamine throughout the brain. These 
receptors also control drug ‘craving’ rather than drug ‘liking’ 
suggesting these systems are altered in long term METH users 
[11]. However, the role of the D3 receptor in relation to long term 
METH use needs further characterization before any conclusions 
can be made.  

Additional neurotransmitter system deficits are observed 
through PET imaging studies. METH users exhibit lower serotonin 
levels and decreased glucose metabolism in the prefrontal cortex 
[12,13]. Six week abstinent METH users exhibit decreased VMAT2 
binding in the striatum [14]. These deficits additionally correlate 
with cognitive functioning deficits, suggesting long-term METH 
use causes neuronal alterations which likely contribute to 
cognitive deficits. 

  Similar markers of long term METH administration occur 
in animal models. Wagner [15] observed decreased dopamine 
transporters in the striatum of rats after given two 25.0mg/kg 
doses of METH. Rodents given two 15.0mg/kg of METH also 
exhibited decreased dopamine metabolite levels in the striatum 
[16]. More recent studies trained rats to self administer METH, an 
arguably better way of modeling human drug use. After given free 
access to METH, rats exhibited decreased expression of tyrosine 
hydroxylase and dopamine transporters in the striatum and 
prefrontal cortex [17]. Overall, the effects of METH on serotonin 
systems are less characterized but, after two 15.0mg/kg doses 
of METH, rats exhibited decreased serotonin and 5-HIAA (a 
serotonin metabolite) in the striatum, indicating METH toxicity 
also affects serotonin systems [18].

The above studies suggest long term METH administration 
leads to specific neurotoxic damage in both humans and 
animals. Long term METH users exhibited decreased dopamine 
transporter levels and decreased D2 receptor binding in the 
striatum and decreased VMAT2 and glucose metabolism in the 
prefrontal cortex [7,10]. Animal studies indicate similar effects 
with decreased dopamine transporters, tyrosine hydroxylase 
levels, and serotonin levels in the rat striatum after a neurotoxic 
dose of METH [15-18]. The above results also suggest METH is 
more neurotoxic to dopamine systems, specifically in the striatum. 
However, more clinical and preclinical research is required 
to determine the extent to which METH affects dopamine and 
serotonin systems. These results further suggest rodents exhibit 
similar patterns of neural damage after given elevated doses of 

METH. This makes rodents a beneficial model for determining 
the mechanisms leading to METH neurotoxicity. 

HYPERTHERMIA
Body temperature mediates the severity of damage to 

dopamine systems caused by METH in rats and mice. Decreasing 
an animal’s core body temperature results in less METH induced 
fatalities. Additionally, rodents which became hyperthermic 
exhibit more neurotoxic effects compared to those which never 
became hyperthermic. Several studies suggest body temperature 
mediates METH neurotoxicity, but, METH’s neurotoxic effects do 
not require a hyperthermic response. The following discusses 
evidence for the above claims that hyperthermia mediates 
neurotoxicity but is not required for neurotoxicity. 

Elevated core body temperature results in increased 
dopamine loss in the rat striatum after neurotoxic dosing of 
METH. Bowyer [19], administered neurotoxic doses of METH to 
rats and monitored core body temperature finding decreased 
dopamine transporters in the striatum three days after the 
neurotoxic dose of METH with the severity of damage correlating 
with body temperatures. Additionally, elevated core body 
temperatures alone did not cause dopamine depletions in the 
striatum, suggesting hyperthermia does not cause neurotoxicity 
without METH. Pharmacological interventions (haloperidol, 
diazepam, MK-801) given before a neurotoxic regimen of 
METH decreased the severity of damage in the striatum. The 
neuroprotective effects of these pharmacologic interventions 
correlated with the ability of these compounds to lower core 
body temperature. However, during elevated environmental 
temperatures these drugs did not protect against METH-induced 
dopamine depletions, suggesting, the neuroprotective effects of 
these substances is likely due to their ability to lower core body 
temperature [19]. Ali [20], found similar effects in mice. Mice 
received a neurotoxic dosage of METH (4 injections of 10mg/
kg every 2 hours) and were kept at normal room temperature 
or a cooler ambient temperature. Those kept at normal room 
temperature exhibited decreased markers of dopamine and 
serotonin in the striatum whereas cooler ambient temperatures 
attenuated these deficits. Additionally, pretreatment with 
phenobarbital attenuated dopamine and serotonin depletions in 
the striatum which correlated with the ability of this compound 
to regulate hyperthermic responses [21]. These studies suggest 
the severity of METH induced dopamine and serotonin depletion 
in the striatum depends on core body temperatures.  

Circumstances which enhance hyperthermia also lead to 
greater neurotoxic effects. Tata [22], administered ten days of 
chronic unpredictable stress to rats followed by a neurotoxic 
dosage of METH. Alone, stress did not alter dopamine or serotonin 
content in the striatum. Chronic unpredictable stress however, 
elevated core body temperature after a METH injection resulting 
in decreased dopamine and serotonin content in the striatum. 
This indicates interactions between environmental stressors and 
hyperthermia’s contribution to METH toxicity.

Lowering core body temperature, pharmacologically or 
environmentally, attenuates METH induced dopamine loss in 
the striatum. Miller and O’Callaghan [23], administered four 
injections of 10mg/kg METH every two hours to C57BL/6J mice 
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and monitored body temperature and dopamine depletion. METH 
increased core body temperature and resulted in diminished 
dopamine levels in the striatum whereas lowered core body 
temperature resulted in diminished dopamine depletions in the 
striatum. Additionally, MK-801 given to C57BL/6J mice before 
a neurotoxic regimen of METH significantly decreased elevated 
core body temperature, which, resulted in an attenuation 
of dopamine depletion in the striatum. Elevated ambient 
temperatures, however, resulted in the disappearance of the 
neuroprotective effects of MK-801 [23]. This finding suggests 
pharmacological intervention can attenuate striatal dopamine 
loss; however, these pharmacological manipulations do not have 
the same effect in elevated ambient temperatures. 

Other pharmacological interventions exhibit neuroprotective 
properties independent of hyperthermia. Albers and Sonsalla 
[24], looked at core body temperature, METH toxicity in the 
striatum, and several pharmacological interventions, including: 
fenfluramine, dizocilpine, phenytoin, propranol, and dopamine 
receptor antagonists. Mice received a pharmacological 
intervention followed by a neurotoxic dose regimen of METH 
and monitored for core body temperature. Pharmacological 
interventions which decreased core body temperature resulted 
in partial or full protection against METH induced neurotoxic 
damage [24]. Reserpine, however, decreased core body 
temperature but did not protect against METH induced dopamine 
depletions in the striatum. Callahan, Cord, Yuan, McCann, and 
Ricaurte [25], found similar effects. Mice given a neurotoxic 
dosage of METH and WIN-35,428 (a dopamine transporter 
inhibitor) exhibited diminished damage to striatal dopamine 
neurons regardless of core body temperature. These studies 
suggest body temperature plays a role in neurotoxicity but not 
required for neurotoxicity to occur. 

As the previous studies demonstrate, body temperature 
plays a role in neurotoxicity in the striatum; however, METH 
neurotoxicity occurs independent of hyperthermia. Notably, 
pharmacological and genetic interventions attenuate dopamine 
depletions in the striatum without respect to body temperature. 
Mice received a neurotoxic regimen of METH (3 injections of 
3, 6, or 9mg/kg every 3 hours) and received a nNOS inhibitor 
while controlling for changes in body temperature. All three 
doses of METH caused dopamine depletion in the striatum with 
the two higher doses causing decreased neurofilament protein 
NF68 depletions. Mice pretreated with the nNOS inhibitor, 
however, exhibited neuroprotective effects in striatal dopamine 
neurons and an attenuated loss of NF68 in the striatum. The 
neuroprotective effects of the nNOS inhibitor occurred in both 
low and elevated ambient temperatures [26]. Itzhak, Martin, and 
Ali [27], found similar effects in nNOS knockout mice. After given 
a neurotoxic dosage of METH (3 injections of 5mg/kg every 3 
hours), nNOS knockout mice did not exhibit decreased dopamine 
markers in the striatum regardless of elevated body temperature. 
Likewise, interleukin-6 knockout mice and c-Jun knockout 
mice exhibited elevated body temperatures in response to a 
neurotoxic dosage of METH, but, these mice did not show signs 
of striatal dopamine damage [28,29]. These pharmacological and 
genetic manipulations suggest hyperthermia is not required for 
METH neurotoxicity. 

The accumulated evidence indicates hyperthermia 
mediates METH induced neurotoxicity but, neurotoxicity 
occurs independent of hyperthermia. Suggesting, hyperthermia 
mediates METH neurotoxicity but is not necessary for METH-
induced neurotoxic damage. As suggested in the evidence outlined 
above, hyperthermia mediates METH neurotoxicity. Several 
studies indicate lowering core body temperature protects against 
serotonin and dopamine depletions in the striatum and factors 
which potentiate hyperthermia result in increased markers of 
neurotoxicity [19,22,24]. Other factors also attenuate neurotoxic 
damage independent of thermal responses [17,26,30]. These 
findings suggest hyperthermia potentiates, but is not necessary 
for, METH-induced neurotoxicity, suggesting additional factors 
likely contribute to neurotoxic events. Hyperthermia likely 
mediates other factors involved in METH induced neurotoxicity, 
such as excitotoxicity, reactive oxygen formation, microglia 
activation, and activation of apoptotic pathways.  

OXIDATIVE STRESS
Oxidative stress occurs when endogenous scavenger systems 

cannot adequately remove reactive oxygen species. This may 
occur for several reasons triggered from internal or external 
events. First, an over production of reactive oxygen species may 
over burden selective scavenger systems leading to oxidative 
damage. Second, damage to the scavenger system themselves 
may lead to decreased clearance of reactive oxygen species. Third, 
a deficit in the system’s ability to repair oxidative damage may 
further potentiate injury to the cell. The following section focuses 
on METH’s involvement in dopamine release and dopamine’s 
role in the formation of reactive oxygen species.

Individuals who abuse METH take the drug in a dose-binge 
pattern. This pattern consists of repeated administrations of 
METH over the course of short time periods. Due to METH’s half 
life of ten to twelve hours, this dosing pattern results in elevated 
blood plasma levels of METH. These elevated plasma levels can 
lead to large amounts of dopamine release [31]. 

Dopamine release is essential for neurotoxicity to occur. 
Blocking dopamine transporters results in neuroprotective 
effects to dopamine systems suggesting dopamine release is 
involved in neurotoxicity. Dopamine transporter knock-out 
mice exhibited less terminal degeneration after four doses of 
METH relative to wild type mice [32]. Two weeks following 
the neurotoxic regimen, mice which did not receive a tyrosine 
hydroxylase inhibitor exhibited decreased dopamine levels in 
the striatum, but no effect on serotonin, relative to mice which 
received the inhibitor [33]. Potentiating dopamine release by 
the administration of L-DOPA while mice were administered a 
neurotoxic regimen of METH resulted in decreased serotonin in 
the cortex relative to mice given a neurotoxic regimen alone [34]. 
These studies suggest excess dopamine release plays a role in the 
neurotoxic effects of METH on dopamine terminals, but, may not 
play as large a role on serotonin systems. 

More specifically, dopamine damage relies on dopamine 
release in the synaptic cleft and intracellular space. Neurotoxicity 
depends in part on both excessive dopamine within in the 
cytoplasm and dopamine release in the synaptic cleft. Pargyline, 
an MAO inhibitor which causes increased cytoplasmic dopamine, 
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results in increased terminal damage in the striatum when given 
before a neurotoxic dose of METH [35]. Rats given clorgyline, 
another MAO inhibitor, exhibited similar effects on dopamine 
systems after given a neurotoxic regimen, suggesting increased 
intracellular dopamine exacerbates dopamine terminal damage. 
Thomas, Francescutti-Verbeem and Kuhn [36], gave mice four 
injections of 5.0 mg/kg METH and several pharmacological 
treatments. Mice given drugs which increased dopamine release, 
such as L-Dopa, clorgyline, or reserpine, exhibited decreased 
tyrosine hydroxylase and increased microglia activation. 
Reserpine decreased core body temperature but still resulted in 
deleterious effects whereas L-Dopa and clorgyline did not alter 
core body temperature. Agents which block dopamine release 
or synthesis, such as AMPT, resulted in decreased damage to 
dopamine systems and decreased microglia activation. AMPT 
did not alter core body temperature. The results of this study 
indicate dopamine release correlates with terminal damage and 
this damage results independent of thermoregulatory responses.

 Excessive dopamine release leads to auto-oxidation and 
formation of reactive oxygen species. After neurotoxic dose 
of METH, increased reactive oxygen species form in the rat 
striatum. However, when pretreated with reserpine, which 
depletes dopamine, no reactive oxygen species occurred in 
the striatum, suggesting dopamine stores are necessary for 
formation of reactive oxygen species [37]. Further evidence 
for oxidation in neurotoxicity comes from studies which block 
oxidative stress. De Vito and Wagner [38], examined the effects 
of four antioxidants and superoxide dismutase (an inhibitor of 
endogenous scavenger systems) on METH damage. Rats were 
given one of four antioxidants (vitamin E, mannitol, ethanol, or 
absorbic acid) or superoxide dismutase followed by a neurotoxic 
dose of METH. Superoxide dismutase decreased dopamine and 
serotonin levels in the striatum relative to rats only given METH. 
In addition, all four antioxidants protected against decreased 
levels of dopamine and serotonin in the striatum. Similarly, rats 
given the antioxidant N-acetyl-L-cysteine prior to four injections 
of 7.5 mg/kg METH exhibited a dose-dependent protective effect 
against dopamine depletions in the striatum [39]. Bromocriptine, 
a hydroxyl radical scavenger, given before METH also protected 
against dopamine depletions within the striatum further 
suggesting a role of dopamine auto-oxidation and reactive oxygen 
species production in METH neurotoxicity [40]. The antioxidant 
sulforaphane when given before or after a 10.0 mg/kg dosing 
pattern of METH attenuated the deleterious effects on dopamine 
transporters in the striatum [41]. LaVoie and Hastings [42], 
also examined the role of dopamine oxidation in the striatum 
immediately after four injections of 15.0mg/kg METH. Results 
indicated increased dopamine oxidation in the striatum, similar 
to previous findings. However, when controlling for temperature, 
no difference in dopamine oxidation occurred in the striatum 
and dopamine levels did not differ between the temperature 
controlled and non temperature controlled rats. This suggests 
elevated temperatures likely plays a role in dopamine oxidation 
but dopamine can form reactive oxygen species regardless of 
temperature effects.

 In summary, evidence supports oxidative stress contributes 
to METH induced neuronal damage. METH administration 
leads to excess dopamine release in the intracellular and 

extracellular space. This excess dopamine release contributes to 
damage in dopaminergic systems. Increasing dopamine release 
with pharmacological agents increases this damage whereas 
depleting dopamine leads to neuroprotective effects [32-36]. 
These results are likely due to auto-oxidation of dopamine both 
intracellularly and extracellularly. Buffering against the effects 
of reactive oxygen species by administration of antioxidants 
leads to protective effects against METH induced dopaminergic 
damage, suggesting, reactive oxygen species significantly 
contribute to dopamine damage. Additionally, hyperthermia may 
potentiate formation of reactive oxygen species and dopamine 
damage but reactive oxygen species may also form independent 
of hyperthermia [37-42]. Reactive oxygen species play a role in 
terminal damage caused by elevated METH blood plasma levels 
but, the extent of which dopamine release and reactive oxygen 
species are responsible for neuronal damage remains unknown. 
Reactive oxygen species likely interact with several other 
endogenous effects of METH, such as hyperthermic responses 
and excitotoxcity, leading to the deleterious effects observed 
after long-term METH administration. 

The extent in which reactive oxygen species lead to neuronal 
damage needs better characterization. Future studies should 
examine the roles of hyperthermia and excitoxicity in combination 
with reactive oxygen species formation. By understanding 
these interactions, we can better characterize ways to decrease 
neuronal damage. The effects of reactive oxygen species on 
serotonin systems are less characterized relative to dopamine 
systems. Future studies should also examine the effects of 
reactive oxygen species relative to METH’s effects on serotonin 
systems. After better characterizing these events, we can better 
understand the role of oxidative stress in neurotoxicity. 

EXCITOTOXICITY
Excitotoxicity remains a damaging cellular process and can 

lead to neuronal death. Neuronal excitotoxicity occurs due to 
frequent and extended firing of glumatatergic neurons or over 
activation of glutamate receptors, such as NMDA. The extensive 
activation of these receptors, either pharmacologically or by 
excessive glutamate release, leads to elevated calcium levels 
in the intracellular space. This intracellular calcium can lead to 
several damaging effects to the neuron. Elevated calcium levels 
activate several apoptotic pathways as well as several enzymes 
responsible for degradation of cellular support structures. 
Intracellular calcium levels also lead to DNA damage and 
mitochondrial dysfunction. Several of these effects are also 
observed after neurotoxic doses of METH. Many findings support 
a role of glutamate induced excitotoxicity contributing to METH 
damage. 

Several studies indicated elevated glutamate release after 
METH administration. Abekawa, Ohmori, and Koyama [33], 
used in vivo microdialysis to quantify glutamate release in the 
striatum and nucleus accumbens while rats underwent four 
4.0mg/kg METH injections every 4 hours. Over the course of the 
eight injections, glutamate release increased within the striatum 
but not in the nucleus accumbens. This release correlated with 
METH induced dopamine release and depletion of dopamine 
and dopamine metabolites three days after METH abstinence. 
Stephans [31], found similar effects in the striatum. Using in 
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vivo microdialysis, glutamate concentrations in the striatum 
continually escalated after three injections of 10.0mg/kg METH. 
Seven days after this dosing, dopamine tissue content within 
the striatum was significantly reduced. Additionally, glutamate 
release in the striatum tends to be specific to METH. Nash and 
Yamamoto [43], measured dopamine and glutamate release in 
the striatum after neurotoxic dosing of METH and MDMA. Both 
drugs increased dopamine release in the striatum but, only METH 
resulted in elevated glutamate release. This suggests METH 
selectively releases glutamate relative to MDMA. Combined, 
these studies illustrate glutamate release occurs in the striatum 
after neurotoxic dosing of METH and excessive glutamate release 
correlates with increased METH induced dopaminergic damage. 

Additional evidence supporting glutamate’s role in METH-
induced neurotoxic damage comes from pharmacological 
interventions. Administering neurotoxic doses of METH to mice 
along with NMDA agonists caused increased dopamine depletions 
in the striatum relative to a neurotoxic pattern of METH alone [44]. 
Sonsalla first demonstrated the administration of NMDA receptor 
antagonists (MK-801, phencyclidine, and ketamine) attenuated 
the deleterious effects of METH but not MPTP, a toxic agent similar 
to the amphetamines, suggesting the effects of glutamate release 
may be specific to METH induced damage. Additional studies 
using competitive and non-competitive NMDA antagonists, such 
as dizocilpine and memantine, resulted in attenuated dopamine 
and serotonin depletions in the striatum and prefrontal cortex 
[18,44]. These studies suggest pharmacologically blocking the 
effects of glutamate attenuate dopaminergic damage. However, 
as mentioned in the hyperthermia section, these agents also 
lower body temperature which makes it difficult to determine 
the extent of effects glutamate has on neurotoxic damage.

It remains unclear whether the neuroprotective effects of 
these drugs are due to blocking glutamatergic excitotoxicity 
or their effect on thermoregulation. One study gave mice four 
injections of 15.0mg/kg METH while controlling for elevated 
or low temperatures. Mice given the neurotoxic dosing pattern 
showed decreased dopamine and tyrosine hydroxylase levels 
in the striatum and mice in elevated temperatures showed a 
more potentiated effect. These depletions were blocked by the 
NMDA antagonist dizocilpine and this neuroprotective effect 
occurred in elevated and low temperatures [21]. These results 
suggest the effects of glutamate on neurotoxcity may partially 
be independent of hyperthermia. However, this is not enough to 
conclude glutamate excitotoxicity is completely independent of 
thermoregulatory responses. Future studies need to determine 
the effects of thermoregulation and glutamate excitotoxicity on 
METH induced dopamine and serotonin depletions.

As was described earlier, dopamine content also plays a 
role in neurotoxic damage. The effects of excitoxocity likely 
occur regardless of glutamate content. More recent research 
looked at various metabotropic glutamate receptors (mGlur) 
in relation in excitotoxicity. Rats received four 5.0mg/kg METH 
injections and either an antagonist or agonist for the mGlur5, 
mGlur1, or mGlur2/3 receptors followed by quantification of 
dopamine depletion and reactive oxygen species production. 
Neither mGlur1 or mGlur 2/3 receptor agonists or antagonists 
affected dopamine release, dopamine depletions, or formation 

of reactive oxygen species. Antagonists for mGlur5 decreased 
formation of reactive oxygen species and protected against 
dopamine depletion, however, dopamine release was not affected 
indicating the neuroprotective effects of mGlur5 antagonists are 
independent of the dopamine levels [45]. 

The above studies illustrate glutamate excitoxicity plays a 
role in METH induced neurotoxicity. Studies indicated METH 
administration increases glutamate release in the nucleus 
accumbens and striatum [31,33]. Blocking glutamate receptors 
also results in neuroprotective effects on dopamine systems 
[19,24,44,46]. However, the extent to which glutamate release 
contributes to METH neurotoxicity needs further characterization. 
The effects of glutamate release on other factors of neurotoxicity 
should also be further identified. 

RECENTLY CHARACTERIZED MECHANISMS
Early research on the mechanisms of METH induced 

neurotoxicity looked at hyperthermia, oxidative damage, and 
exitotoxicity. However, more recent evidence suggests several 
other mechanisms contribute to METH induced neurotoxicity. 
This section will briefly cover evidence for the role of microglia 
activation, apoptotic pathway activation, and DNA damage. 
Microglia activation typically occurs after infections or neuronal 
injury, and, has recently been observed after neurotoxic doses 
of METH. Mice given a neurotoxic dose of METH followed by an 
anti-inflammatory drug exhibited decreased microglia activation 
relative to those given a neurotoxic regimen alone [47]. LaVoie, 
Card, and Hastings [48], examined microglia activation in the 
striatum 12 hours, one day, two days, four days, or six days after 
four injections of 15.0mg/kg METH. Results indicated microglia 
activation did not occur at 12 hours after METH but was present at 
one day, highest at two days after METH, and still present but to a 
lesser extent at five days. Results indicated minor degeneration of 
dopamine terminals starting at two days with the greatest deficits 
observed at four and six days post METH, suggesting microglia 
activation occurs prior to dopamine terminal degeneration. These 
studies illustrate increased microglia activation in conjunction 
with METH administration but, do not indicate whether 
microglia activation contributes to dopamine terminal depletion. 
Recent evidence suggests microglia activation may occur due to 
increased glutamate release or terminal damage. Animals given 
MK-801 or dextromethorphan, agents which inhibit glutamate, 
followed by a neurotoxic dose of METH show decreased microglia 
activation and neuroprotective effects on dopamine systems [36]. 
This indicates glutamate likely plays a role in neuroprotective 
effects observed in some microglia inhibiting agents. More 
recently, mice given a neurotoxic regimen of METH followed by 
minocycline (an agent which blocks the production of reactive 
oxygen species and activation of microglia activation) exhibited 
decrease microglia activation and reactive oxygen formation but 
did not exhibit neuroprotection of dopamine terminals in the 
striatum [49]. Little evidence exists on the effects of activated 
microglia on METH induced striatal damage. It remains unclear 
whether microglia activation contributes to neurotoxic events 
or is a product of already accumulating neuronal damage. If 
microglia activation does mediate neurotoxic events, this likely 
occurs through interactions with glutamate release, reactive 
oxygen species, and possibly hyperthermic responses.
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 Disruption of the blood brain barrier plays a role in the 
detrimental effects of METH. Bowyer and Ali [18] gave mice four 
injections of METH followed by immediate infusion of Evans 
blue dye, used to trace and target deficits in blood brain barrier 
function. Immunohistochemistry and protein traces showed 
increased permeability of the blood brain barrier throughout 
areas of the striatum, amygdala, and hippocampus. Some studies 
indicate these disruptions occur due to increased hyperthermia. 
Kiyatkin, Brown, and Sharma [50], demonstrated increased 
permeability of the blood brain barrier in nucleus accumbens of 
rats directly after a neurotoxic dose of METH. Similarly, Bowyer 
showed disruption of the blood brain barrier in the caudate after 
a neurotoxic dose of METH. How increased METH administration 
leads to permeability in the blood brain barrier remains unclear. 
Increased hyperthermia likely plays a role in weakening areas 
of the blood brain barrier. Excitotoxicity and overproduction of 
reactive oxygen species also play a role in leakage of the blood 
brain barrier. However, future research should determine 
the contributing factors of blood brain barrier dysfunction. 
In addition, the consequence and long term effect of increased 
blood brain barrier permeability on the brain needs further 
characterization. 

A final emerging mechanism identified in neurotoxicity is the 
activation of several apoptotic pathways. Neurotoxic doses of 
METH caused changes in the endoplasmic reticulum, damage to 
DNA, and dysfunction of the mitochondria which lead to activation 
of various apoptotic pathways. McCullough, Martindale, Klotz, 
Aw, and Holbrook [51], demonstrated METH and increased 
production of reactive oxygen species leads to disruption in the 
endoplasmic reticulum. Activation of endoplasmic reticulum 
apoptotic pathways was observed following one dose of 40.0mg/
kg in the mouse striatum and increased DNA damage was also 
observed in these animals [52]. Disruption of the mitochondria 
occurs after high doses of METH and these disruptions activate 
several apoptotic pathways including caspase 9, caspase 3, and 
DFF40. Activation of theses pathways after METH administration 
have additionally been associated with DNA damage [53]. 
Evidence suggests formation of reactive oxygen species 
contributes to activation of these apoptotic pathways as well as 
the DNA damage observed after METH administration [54,55]. 
Since hyperthermia may potentiate formation of reactive oxygen 
species, it stands to reason elevated temperatures likely play a 
role in activation of apoptotic pathways. Future studies should 
examine the interactions between these events in relation to 
the extent of damage to dopamine and serotonin terminals. 
Additionally, future studies should examine the doses of METH 
required to cause mitochondrial and endoplasmic reticulum 
dysfunction and DNA damage. 

Studies recently identified involvement of microglia 
activation, blood brain barrier dysfunction, and apoptotic 
activation in METH neurotoxicty. As the mechanisms of these 
factors become more apparent, research can focus on buffering 
against their deleterious effects on dopamine systems.

CONCLUSIONS
Prolonged administration of METH can lead to long-term 

damage to dopamine systems, mainly in the striatum, and 
serotonin systems to a lesser degree. Research has elucidated 

several mechanisms contributing to METH induced neurotoxic 
damage. METH releases monoamines by reversing transport 
of the VMAT2s and the monoamine transport proteins leading 
to increased monoamines in the intracellular and extracellular 
space. Increased intracellular monoamine levels, specifically 
dopamine, leads to formation of reactive oxygen species. 
Reactive oxygen species in turn activate apoptotic pathways 
and cause DNA damage. Reversing the monoamine transport 
proteins leads to increased monoamine release in the synaptic 
cleft. Elevated levels of monoamines increase core body 
temperature which potentiates several factors involved in 
METH neurotoxicity, including blood brain barrier dysfunction, 
microglia activation, and apoptotic pathway activation. Finally, 
increased monoamine levels leads to increased receptor binding 
which increases glutamate release. Elevated glutamate release 
leads to excitotoxicty, further potentiating formation of reactive 
oxygen species. These combined mechanisms interact and all 
contribute to neurotoxicity. In time, a better understanding of 
these mechanisms and the interaction among them will emerge.

REFERENCES
1. Tocharus J, Khonthun C, Chongthammakun S. Melatonin attenuates 

methamphetamine-induced overexpression of pro-inflammatory 
cytokines in microglial cell lines. J Pineal Res. 2010; 48: 347-352.

2. Sulzer D. Amphetamine redistributes dopamine fromsynaptic vesicles 
to the cytosol and promotes reverse transport. J Neurosci. 1995; 15: 
4102-4108.

3. Deng X, Cai NS, McCoy MT, Chen W, Trush MA, Cadet JL. 
Methamphetamine induces apoptosis in an immortalized rat 
striatal cell line by activating the mitochondrial cell death pathway. 
Neuropharmacol. 2002; 42: 837-845.

4. Chen H, Wu J, Zhang J, Fujita Y, Ishima T, Iyo M, et al. Protective 
effects of the antioxidant sulforaphane on behavioral changes and 
neurotoxicity in mice after the administration of methamphetamine. 
Psychopharmacol. 2012; 222: 37-45.

5. Kiyatkin EA, Brown PL, Sharma HS. Brain edema and breakdown of the 
blood-brain barrier during methamphetamine intoxication: critical 
role of brain hyperthermia. Eur J Neurosci. 2006; 26: 1242-1253.

6. Thiriet N, Deng X, Solinas M, Ladenheim B, Curtis W, Goldberg SR, 
et al. Neuropeptide Y protects against methamphetamine-induced 
neuronal apoptosis in the mouse striatum. J Neurosci. 2005; 25: 5273-
5279. 

7. Volkow ND, Chang L, Wang GJ, Fowler JS, Franceschi D, Sedler MJ, et 
al. Higher cortical and lower subcortical metabolism in detoxified 
methamphetamine abusers. Am J Psychiatry. 2001; 158: 383-389.

8. Volkow ND, Chang L, Wang GJ, Fowler JS, Franceschi D, Sedler M, et 
al. Loss of dopamine transporters in methamphetamine abusers 
recovers with protracted abstinence. J Neurosci. 2001; 21: 9414-9418.

9. Volkow ND, Chang L, Wang GJ, Fowler JS, Leonido-Yee M, Franceschi 
D, et al. Association of dopamine transporter reduction with 
psychomotor impairment in methamphetamine abusers. Am J 
Psychiatry. 2001; 158: 377-382.

10. Wilson JM, Kalasinsky KS, Levey AI, Bergeron C, Reiber G, Anthony 
RM, et al. Striatal dopamine nerve terminal markers in human, chronic 
methamphetamine users. Nat Med. 1996; 2: 699-703.

11. Boileau I, Payer D, Houle S, Behzadi A, Rusjan,PM, Tong J, et al. Higher 
binding of the dopamine D3 receptor-preferring ligand [11C]-(+)-
propyl-hexahydro-naphtho-oxazin in methamphetamine poly drug 
users: a positron emission tomography study. J Neurosci. 2012; 32: 

https://www.ncbi.nlm.nih.gov/pubmed/20374443
https://www.ncbi.nlm.nih.gov/pubmed/20374443
https://www.ncbi.nlm.nih.gov/pubmed/20374443
https://www.ncbi.nlm.nih.gov/pubmed/7751968
https://www.ncbi.nlm.nih.gov/pubmed/7751968
https://www.ncbi.nlm.nih.gov/pubmed/7751968
http://www.sciencedirect.com/science/article/pii/S0028390802000345
http://www.sciencedirect.com/science/article/pii/S0028390802000345
http://www.sciencedirect.com/science/article/pii/S0028390802000345
http://www.sciencedirect.com/science/article/pii/S0028390802000345
https://www.ncbi.nlm.nih.gov/pubmed/22200890
https://www.ncbi.nlm.nih.gov/pubmed/22200890
https://www.ncbi.nlm.nih.gov/pubmed/22200890
https://www.ncbi.nlm.nih.gov/pubmed/22200890
https://www.ncbi.nlm.nih.gov/pubmed/17767502
https://www.ncbi.nlm.nih.gov/pubmed/17767502
https://www.ncbi.nlm.nih.gov/pubmed/17767502
https://www.ncbi.nlm.nih.gov/pubmed/15930374
https://www.ncbi.nlm.nih.gov/pubmed/15930374
https://www.ncbi.nlm.nih.gov/pubmed/15930374
https://www.ncbi.nlm.nih.gov/pubmed/15930374
https://www.ncbi.nlm.nih.gov/pubmed/11229978
https://www.ncbi.nlm.nih.gov/pubmed/11229978
https://www.ncbi.nlm.nih.gov/pubmed/11229978
https://www.ncbi.nlm.nih.gov/pubmed/11717374
https://www.ncbi.nlm.nih.gov/pubmed/11717374
https://www.ncbi.nlm.nih.gov/pubmed/11717374
https://www.ncbi.nlm.nih.gov/pubmed/11229977
https://www.ncbi.nlm.nih.gov/pubmed/11229977
https://www.ncbi.nlm.nih.gov/pubmed/11229977
https://www.ncbi.nlm.nih.gov/pubmed/11229977
https://www.ncbi.nlm.nih.gov/pubmed/8640565
https://www.ncbi.nlm.nih.gov/pubmed/8640565
https://www.ncbi.nlm.nih.gov/pubmed/8640565
https://www.ncbi.nlm.nih.gov/pubmed/22279219
https://www.ncbi.nlm.nih.gov/pubmed/22279219
https://www.ncbi.nlm.nih.gov/pubmed/22279219
https://www.ncbi.nlm.nih.gov/pubmed/22279219


Central
Bringing Excellence in Open Access





Hensleigh (2017)
Email: Emily.Hensleigh@unlv.edu 

J Pharmacol Clin Toxicol 5(5): 1087 (2017) 7/8

1353-1359.

12. Sekine Y, Iyo M, Ouchi Y, Matsunaga T, Tsukada H, Okada H, et al. 
Methamphetamine-related psychiatric symptoms and reduced brain 
dopamine transporters studied with PET. Am J Psychiatry. 2001; 158: 
1206-1214.

13. Volkow ND, Chang L, Wang GJ, Fowler JS, Ding YS, Sedler M, et al. 
Low level of brain dopamine D2 receptors in methamphetamine 
abusers: association with metabolism in the orbitofrontal cortex. Am J 
Psychiatry. 2001; 158: 2015-2021.

14. Johnson M, Hanson GR, Gibb JW. Effect of MK- 801 on the decrease 
in tryptophan hydroxylase induced by methamphetamine and its 
methylenedioxy analog. Eur J Pharmacol. 1989; 165: 315-318.

15. Wagner GC, Ricaurte GA, Seiden LS, Schuster CR, Miller RJ, Westley 
J. Long-lasting depletions of striatal dopamine and loss of dopamine 
uptake sites following repeated administration of methamphetamine. 
Brain Research. 1980; 181: 151-160.

16. Hotchkiss AJ, Gibb JW. Long-term effects of multiple doses of 
methamphetamine ontryptophanhydroxylase and tyrosine 
hydroxylase activity in rat brain. J Pharmacol Exp Ther. 1980; 214: 
257-262.

17. Krasnova IN, Justinova Z, Ladenheim B, McCoy MT, Chou J, Lehrmann 
E, et al. Methamphetamine self-administration is associated with 
persistent biochemical alterations in striatal and cortical dopaminergic 
terminals in the rat. PLoS One. 2010; 5: e8790.

18. Bowyer JF, Ali S. High doses of methamphetamine that cause 
disruption of the blood–brain barrier in limbic regions produce 
extensive neuronal degeneration in mouse hippocampus. Synapse. 
2006; 60: 521-532.

19. Bowyer JF, Davies DL, Schmued L, Broening HW, Newport GD, Slikker, 
et al. Further studies of the role of hyperthermia in methamphetamine 
neurotoxicity. J Pharmacol Exp Ther. 1994; 268: 1571-1580.

20. Ali SF, Martin JL, Black MD, Itzhak Y. Neuroprotective role of 
melatonin in methamphetamine and 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine-induced dopaminergic neurotoxicity. Ann NY 
Acad Sci. 1999; 890: 119.

21. O’Callaghan JP, Miller DB. Neurotoxicity profiles of substituted 
amphetamines in the C57BL/6J mouse. J Pharmacol Exp Ther. 1994; 
270: 741-751.

22. Yamamoto BK, Raudensky J. The role of oxidative stress, metabolic 
compromise, and inflammation in neuronal injury produced by 
amphetamine-related drugs of abuse. J Neuroimmune Pharmacol. 
2008; 3: 203-217.

23. Miller DB, O’Callaghan JJ. Environment-, drug- and stress-induced 
alterations in body temperature affect the neurotoxicity of substituted 
amphetamines in the C57BL/6J mouse. J Pharmacol Exp Ther. 1994; 
270: 752-760.

24. Albers DS, Sonsalla PK. Methamphetamine-induced hyperthermia 
and dopaminergic neurotoxicity in mice: pharmacological profile of 
protective and nonprotective agents. J Pharmacol Exp Ther. 1995; 
275: 1104-1114.

25. Callahan BT, Cord BJ, Yuan J, McCann UD, Ricaurte GA. 
Inhibitors of Na(+)/H(+) and Na(+)/Ca(2+) exchange potentiate 
methamphetamine-induced dopamine neurotoxicity: possible role of 
ionic dysregulation in methamphetamine neurotoxicity. J Neurochem. 
2001; 77: 1348-1362.

26. Sanchez V, Zeini M, Camarero J, O’Shea E, Bosca L, Green AR, et 
al. The nNOS inhibitor, AR-R17477AR, prevents the loss of NF68 
immunoreactivity induced by methamphetamine in the mouse 
striatum. J Neurochem. 2003; 85: 515-524.

27. Itzhak Y, Martin JL, Ali SF. nNOS inhibitors attenuate methamphetamine-
induced dopaminergic neurotoxicity but not hyperthermia in mice. 
Neuroreport. 2000; 11: 2943-2946.

28. Deng X, Jayanthi S, Ladenheim B, Krasnova IN, Cadet JL. Mice with 
partial deficiency of c-Jun show attenuation of methamphetamine-
induced neuronal apoptosis. Mol Pharmacol. 2002; 62: 993-1000.

29. Jayanthi S, Ladenheim B, Cadet JL. Methamphetamine induced 
changes in antioxidant enzymes and lipid peroxidation in copper/
zinc-superoxide dismutase transgenic mice. Ann N Y Acad Sci. 1998; 
844: 92-102.

30. Itzhak Y, Gandia C, Huang PL, Ali SF). Resistance of neuronal nitric oxide 
synthase-deficient mice to methamphetamine-induced dopaminergic 
neurotoxicity. J Pharmacol Exp Ther. 1998; 284: 1040-1047.

31. Stephans SE, Yamamoto BK. Methamphetamine-induced neurotoxicity: 
roles for glutamate and dopamine efflux. Synapse. 1994; 17: 203-209.

32. Fumagalli F, Gainetdinov RR, Valenzano KJ, Karon MG. Role of 
dopamine transporter in methamphetamine induced neurotoxicity: 
evidence from mice lacking the transporter. J Neurosci. 1998; 18: 
4861-4869.

33. Abekawa T, Ohmori T, Koyama T. Effects of repeated administration of 
a high dose of methamphetamine on dopamine and glutamate release 
in rat striatum and nucleus accumbens. Brain Res. 1994; 643: 276-
281.

34. Atlante A, Calissano P, Bobba A, Giannattasio S, Marra E, Passarella 
S. Glutamate neurotoxicity, oxidative stress and mitochondria. FEBS 
Lett. 2001; 497: 1-5.

35. Wagner GC, Carelli RM, Jarvis MF. Pretreatment with ascorbic acid 
attenuates the neurotoxic effects of methamphetamine in rats. 
Research. Res Commun Chem Pathol Pharmacol. 1985; 47: 221-228.

36. Thomas DM, Kuhn DM. MK-801 and dextromethorphan block 
microglial activation and protect against methamphetamine-induced 
neurotoxicity. Brain Res. 2005; 1050: 190-198.

37. Pubill D, Chipana C, Camins A, Pallas M, Camarasa J, Escubedo E. 
Free radical production induced by methamphetamine in rat striatal 
synaptosomes. Toxicol Appl Pharmacol. 2005; 204: 57-68.

38. De Vito MJ, Wagner GC. Methamphetamine induced neuronal damage: 
a possible role for free radicals. Neuropharmacology. 1989; 28: 1145-
1150.

39. Fukami G, Hashimoto K, Koike K, Okamura N, Shimizu E, Iyo M. 
Effect of antioxidant N-acetyl-L-cysteine on behavioral changes and 
neurotoxicity in rats after administration of methamphetamine. Brain 
Res. 2004; 1016: 90-95.

40. Kondo T, Ito T, Sugita Y. Bromocriptine scavenges methamphetamine-
induced hydroxyl radicals and attenuates dopamine depletion in 
mouse striatum. Ann N Y Acad Sci. 1994; 738: 222-229.

41. LaVoie MJ, Hastings TG. Dopamine quinone formation and 
protein modification associated with the striatal neurotoxicity 
of methamphetamine: evidence against a role for extracellular 
dopamine. J Neurosci. 1999; 19: 1484-1491.

42. Miyazaki I, Asanuma M, Diaz-Corrales FJ, Fukuda M, Kitaichi K, Miyoshi 
K, et al. Methamphetamine- induced dopaminergic neurotoxicity is 
regulated by quinone-formation-related molecules. FASEB J. 2006; 
20: 571-573.

43. Sonsalla PK, Nicklas W, Heikkila RE. Role for excitatory amino acids 
in methamphetamine-induced nigrostriatal dopaminergic toxicity. 
Science. 1989; 243: 398-400.

44. Battaglia G, Fornai F, Busceti CL, Aloisi G, Cerrito F, De Blasi A, et al. 
Selective blockade of mGlu5 metabotropic glutamate receptors is 

https://www.ncbi.nlm.nih.gov/pubmed/22279219
https://www.ncbi.nlm.nih.gov/pubmed/11481152
https://www.ncbi.nlm.nih.gov/pubmed/11481152
https://www.ncbi.nlm.nih.gov/pubmed/11481152
https://www.ncbi.nlm.nih.gov/pubmed/11481152
https://www.ncbi.nlm.nih.gov/pubmed/11729018
https://www.ncbi.nlm.nih.gov/pubmed/11729018
https://www.ncbi.nlm.nih.gov/pubmed/11729018
https://www.ncbi.nlm.nih.gov/pubmed/11729018
http://www.sciencedirect.com/science/article/pii/0014299989907280
http://www.sciencedirect.com/science/article/pii/0014299989907280
http://www.sciencedirect.com/science/article/pii/0014299989907280
https://www.ncbi.nlm.nih.gov/pubmed/7350950
https://www.ncbi.nlm.nih.gov/pubmed/7350950
https://www.ncbi.nlm.nih.gov/pubmed/7350950
https://www.ncbi.nlm.nih.gov/pubmed/7350950
https://www.ncbi.nlm.nih.gov/pubmed/6104722
https://www.ncbi.nlm.nih.gov/pubmed/6104722
https://www.ncbi.nlm.nih.gov/pubmed/6104722
https://www.ncbi.nlm.nih.gov/pubmed/6104722
https://www.ncbi.nlm.nih.gov/pubmed/20098750
https://www.ncbi.nlm.nih.gov/pubmed/20098750
https://www.ncbi.nlm.nih.gov/pubmed/20098750
https://www.ncbi.nlm.nih.gov/pubmed/20098750
http://onlinelibrary.wiley.com/doi/10.1002/syn.20324/abstract
http://onlinelibrary.wiley.com/doi/10.1002/syn.20324/abstract
http://onlinelibrary.wiley.com/doi/10.1002/syn.20324/abstract
http://onlinelibrary.wiley.com/doi/10.1002/syn.20324/abstract
https://www.ncbi.nlm.nih.gov/pubmed/8138969
https://www.ncbi.nlm.nih.gov/pubmed/8138969
https://www.ncbi.nlm.nih.gov/pubmed/8138969
http://onlinelibrary.wiley.com/doi/10.1111/j.1749-6632.1999.tb07986.x/full
http://onlinelibrary.wiley.com/doi/10.1111/j.1749-6632.1999.tb07986.x/full
http://onlinelibrary.wiley.com/doi/10.1111/j.1749-6632.1999.tb07986.x/full
http://onlinelibrary.wiley.com/doi/10.1111/j.1749-6632.1999.tb07986.x/full
https://www.ncbi.nlm.nih.gov/pubmed/8071867
https://www.ncbi.nlm.nih.gov/pubmed/8071867
https://www.ncbi.nlm.nih.gov/pubmed/8071867
https://www.ncbi.nlm.nih.gov/pubmed/18709468
https://www.ncbi.nlm.nih.gov/pubmed/18709468
https://www.ncbi.nlm.nih.gov/pubmed/18709468
https://www.ncbi.nlm.nih.gov/pubmed/18709468
https://www.ncbi.nlm.nih.gov/pubmed/8071868
https://www.ncbi.nlm.nih.gov/pubmed/8071868
https://www.ncbi.nlm.nih.gov/pubmed/8071868
https://www.ncbi.nlm.nih.gov/pubmed/8071868
https://www.ncbi.nlm.nih.gov/pubmed/8531070
https://www.ncbi.nlm.nih.gov/pubmed/8531070
https://www.ncbi.nlm.nih.gov/pubmed/8531070
https://www.ncbi.nlm.nih.gov/pubmed/8531070
https://www.ncbi.nlm.nih.gov/pubmed/11389186
https://www.ncbi.nlm.nih.gov/pubmed/11389186
https://www.ncbi.nlm.nih.gov/pubmed/11389186
https://www.ncbi.nlm.nih.gov/pubmed/11389186
https://www.ncbi.nlm.nih.gov/pubmed/11389186
http://onlinelibrary.wiley.com/doi/10.1046/j.1471-4159.2003.01714.x/abstract
http://onlinelibrary.wiley.com/doi/10.1046/j.1471-4159.2003.01714.x/abstract
http://onlinelibrary.wiley.com/doi/10.1046/j.1471-4159.2003.01714.x/abstract
http://onlinelibrary.wiley.com/doi/10.1046/j.1471-4159.2003.01714.x/abstract
https://www.ncbi.nlm.nih.gov/pubmed/11006970
https://www.ncbi.nlm.nih.gov/pubmed/11006970
https://www.ncbi.nlm.nih.gov/pubmed/11006970
https://www.ncbi.nlm.nih.gov/pubmed/12391261
https://www.ncbi.nlm.nih.gov/pubmed/12391261
https://www.ncbi.nlm.nih.gov/pubmed/12391261
https://www.ncbi.nlm.nih.gov/pubmed/9668667
https://www.ncbi.nlm.nih.gov/pubmed/9668667
https://www.ncbi.nlm.nih.gov/pubmed/9668667
https://www.ncbi.nlm.nih.gov/pubmed/9668667
https://www.ncbi.nlm.nih.gov/pubmed/9495865
https://www.ncbi.nlm.nih.gov/pubmed/9495865
https://www.ncbi.nlm.nih.gov/pubmed/9495865
https://www.ncbi.nlm.nih.gov/pubmed/7974204
https://www.ncbi.nlm.nih.gov/pubmed/7974204
https://www.ncbi.nlm.nih.gov/pubmed/9634552
https://www.ncbi.nlm.nih.gov/pubmed/9634552
https://www.ncbi.nlm.nih.gov/pubmed/9634552
https://www.ncbi.nlm.nih.gov/pubmed/9634552
https://www.ncbi.nlm.nih.gov/pubmed/7518327
https://www.ncbi.nlm.nih.gov/pubmed/7518327
https://www.ncbi.nlm.nih.gov/pubmed/7518327
https://www.ncbi.nlm.nih.gov/pubmed/7518327
https://www.ncbi.nlm.nih.gov/pubmed/11376653
https://www.ncbi.nlm.nih.gov/pubmed/11376653
https://www.ncbi.nlm.nih.gov/pubmed/11376653
https://www.ncbi.nlm.nih.gov/pubmed/3992009
https://www.ncbi.nlm.nih.gov/pubmed/3992009
https://www.ncbi.nlm.nih.gov/pubmed/3992009
https://www.ncbi.nlm.nih.gov/pubmed/15987631
https://www.ncbi.nlm.nih.gov/pubmed/15987631
https://www.ncbi.nlm.nih.gov/pubmed/15987631
https://www.ncbi.nlm.nih.gov/pubmed/15781294
https://www.ncbi.nlm.nih.gov/pubmed/15781294
https://www.ncbi.nlm.nih.gov/pubmed/15781294
https://www.ncbi.nlm.nih.gov/pubmed/2554183
https://www.ncbi.nlm.nih.gov/pubmed/2554183
https://www.ncbi.nlm.nih.gov/pubmed/2554183
https://www.ncbi.nlm.nih.gov/pubmed/15234256
https://www.ncbi.nlm.nih.gov/pubmed/15234256
https://www.ncbi.nlm.nih.gov/pubmed/15234256
https://www.ncbi.nlm.nih.gov/pubmed/15234256
https://www.ncbi.nlm.nih.gov/pubmed/7832431
https://www.ncbi.nlm.nih.gov/pubmed/7832431
https://www.ncbi.nlm.nih.gov/pubmed/7832431
https://www.ncbi.nlm.nih.gov/pubmed/9952424
https://www.ncbi.nlm.nih.gov/pubmed/9952424
https://www.ncbi.nlm.nih.gov/pubmed/9952424
https://www.ncbi.nlm.nih.gov/pubmed/9952424
https://www.ncbi.nlm.nih.gov/pubmed/16403784
https://www.ncbi.nlm.nih.gov/pubmed/16403784
https://www.ncbi.nlm.nih.gov/pubmed/16403784
https://www.ncbi.nlm.nih.gov/pubmed/16403784
https://www.ncbi.nlm.nih.gov/pubmed/2563176
https://www.ncbi.nlm.nih.gov/pubmed/2563176
https://www.ncbi.nlm.nih.gov/pubmed/2563176
https://www.ncbi.nlm.nih.gov/pubmed/11896153
https://www.ncbi.nlm.nih.gov/pubmed/11896153


Central
Bringing Excellence in Open Access





Hensleigh (2017)
Email: Emily.Hensleigh@unlv.edu 

J Pharmacol Clin Toxicol 5(5): 1087 (2017) 8/8

Hensleigh E (2017) Review: Mechanisms of Methamphetamine Neurotoxicity. J Pharmacol Clin Toxicol 5(5):1087.

Cite this article

protective against methamphetamine neurotoxicity. J Neurosci. 2002; 
22: 2135-2141.

45. Cubells JF, Rayport S, Rajendran G, Sulzer D. Methamphetamine 
neurotoxicity involves vacuolation of endocytic organelles and 
dopamine-dependent intracellular oxidative stress. J Neurosci. 1994; 
14: 2260-2271.

46. Asanuma M, Tsuji T, Miyazaki I, Miyoshi K, Ogawa N. Methamphetamine-
induced neurotoxicity in mouse brain is attenuated by ketoprofen, a 
non-steroidal anti-inflammatory drug. Neurosci Lett. 2003; 352: 13-
16.

47. LaVoie MJ, Card JP, Hastings TG. Microglial activation precedes 
dopamine terminal pathology in methamphetamine- induced 
neurotoxicity. Exp Neurol. 2004; 187: 47-57.

48. Sriram K, Miller DB, O’Callaghan JP. Minocycline attenuates microglial 
activation but fails to mitigate striatal dopaminergic neurotoxicity: 
role of tumor necrosis factor-alpha. J Neurochem. 2006; 96: 706-718.

49. Kiyatkin EA, Brown PL, Sharma HS. Brain edema and breakdown 
of the blood-brain barrier during methamphetamine intoxication: 
critical role of brain hyperthermia. European J Neurosci. 2007; 26: 
1242-1253.

50. McCullough KD, Martindale J, Klotz L, Aw T, Holbrook N. Gadd153 
sensitizes cells to endoplasmic reticulum stress by down-regulating 
Bcl2 and perturbing the cellular redox state. Mol Cell Biol. 2001; 21: 
1249-1259.

51. Jayanthi S, Deng X, Noailles PA, Ladenheim B, Cadet JL. 
Methamphetamine induces neuronal apoptosis via cross-talks 
between endoplasmic reticulum and mitochondria-dependent death 
cascades. FASEB J. 2004; 18: 238-251.

52. Brown JM, Yamamoto BK. Effects of amphetamines on mitochondrial 
function, role of free radicals and oxidative stress. Pharmacol Ther. 
2003; 99: 45-53.

53. Cadet JL, Jayanthi S, Deng X. Speed kills: cellular and molecular bases 
of a methamphetamine-induced nerve terminal degeneration and 
neuronal apoptosis. FASEB J. 2003; 17: 1775-1788.

54. Cadet JL, Jayanthi S, Deng X. Methamphetamine induced neuronal 
apoptosis involves the activation of multiple death pathways. Review 
Neurotox Res. 2005; 8: 199-206.

https://www.ncbi.nlm.nih.gov/pubmed/11896153
https://www.ncbi.nlm.nih.gov/pubmed/11896153
https://www.ncbi.nlm.nih.gov/pubmed/8158268
https://www.ncbi.nlm.nih.gov/pubmed/8158268
https://www.ncbi.nlm.nih.gov/pubmed/8158268
https://www.ncbi.nlm.nih.gov/pubmed/8158268
https://www.ncbi.nlm.nih.gov/pubmed/14615038
https://www.ncbi.nlm.nih.gov/pubmed/14615038
https://www.ncbi.nlm.nih.gov/pubmed/14615038
https://www.ncbi.nlm.nih.gov/pubmed/14615038
https://www.ncbi.nlm.nih.gov/pubmed/15081587
https://www.ncbi.nlm.nih.gov/pubmed/15081587
https://www.ncbi.nlm.nih.gov/pubmed/15081587
http://onlinelibrary.wiley.com/doi/10.1111/j.1471-4159.2005.03566.x/full
http://onlinelibrary.wiley.com/doi/10.1111/j.1471-4159.2005.03566.x/full
http://onlinelibrary.wiley.com/doi/10.1111/j.1471-4159.2005.03566.x/full
https://www.ncbi.nlm.nih.gov/pubmed/17767502
https://www.ncbi.nlm.nih.gov/pubmed/17767502
https://www.ncbi.nlm.nih.gov/pubmed/17767502
https://www.ncbi.nlm.nih.gov/pubmed/17767502
https://www.ncbi.nlm.nih.gov/pubmed/11158311
https://www.ncbi.nlm.nih.gov/pubmed/11158311
https://www.ncbi.nlm.nih.gov/pubmed/11158311
https://www.ncbi.nlm.nih.gov/pubmed/11158311
https://www.ncbi.nlm.nih.gov/pubmed/14769818
https://www.ncbi.nlm.nih.gov/pubmed/14769818
https://www.ncbi.nlm.nih.gov/pubmed/14769818
https://www.ncbi.nlm.nih.gov/pubmed/14769818
https://www.ncbi.nlm.nih.gov/pubmed/12804698
https://www.ncbi.nlm.nih.gov/pubmed/12804698
https://www.ncbi.nlm.nih.gov/pubmed/12804698
https://www.ncbi.nlm.nih.gov/pubmed/14519657
https://www.ncbi.nlm.nih.gov/pubmed/14519657
https://www.ncbi.nlm.nih.gov/pubmed/14519657
https://www.ncbi.nlm.nih.gov/pubmed/16371314
https://www.ncbi.nlm.nih.gov/pubmed/16371314
https://www.ncbi.nlm.nih.gov/pubmed/16371314

	Review: Mechanisms of Methamphetamine Neurotoxicity
	Abstract
	Introduction
	Markers of Methamphetamine Toxicity
	Hyperthermia
	Oxidative Stress
	Excitotoxicity
	Recently Characterized Mechanisms
	Conclusions
	References

