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IMPORTANCE The prevalence of and mortality associated with methamphetamine use has
doubled during the past 10 years. There is evidence suggesting that methamphetamine use
disorder could be the next substance use crisis in the United States and possibly worldwide.

OBSERVATION The neurobiology of methamphetamine use disorder extends beyond the
acute effect of the drug as a monoaminergic modulator and includes intracellular pathways
focused on oxidative stress, neurotoxic and excitotoxic effects, and neuroinflammation.
Similarly, the clinical picture extends beyond the acute psychostimulatory symptoms

to include complex cardiovascular and cerebrovascular signs and symptoms that need

to be identified by the clinician. Although there are no pharmacologic treatments for
methamphetamine use disorder, cognitive behavioral therapy, behavioral activation, and
contingency management show modest effectiveness.

CONCLUSIONS AND RELEVANCE There is a need to better understand the complex
neurobiology of methamphetamine use disorder and to develop interventions aimed

at novel biological targets. Parsing the disorder into different processes (eg, craving or
mood-associated alterations) and targeting the neural systems and biological pathways
underlying these processes may lead to greater success in identifying disease-modifying
interventions. Finally, mental health professionals need to be trained in recognizing early
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cardiovascular and cerebrovascular warning signs to mitigate the mortality associated

with methamphetamine use disorder.
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n the wake of the opioid crisis, methamphetamine has re-

emerged as a challenge to mental health clinicians and research-

ers alike. Methamphetamine is now available in different forms
such asice, powder, and pills, with different pharmacokinetic char-
acteristics that make them popular among certain types of
individuals.! Recent seizure data suggest that methamphetamine
production and trafficking are spreading into new areas of the globe.2
According to the Automation of Reports and Consolidated Orders
System, methamphetamine consumption increased 4-fold be-
tween 2015 and 2016 and total stimulant use doubled in the last
decade.? From 2011through 2016, the age-adjusted rate of drug over-
dose deaths involving methamphetamine more than tripled.* More-
over, drug overdose deaths involving cocaine, amphetamines, or
both substances combined increased 42.4% from 12 122in 2015 to
17 258 in 2016.° Based on the most recent data from the National
Survey on Drug Use and Health,® the 12-month prevalence of indi-
viduals aged 12 years or older reporting methamphetamine use has
increased by 195% from its low in 2010 to 2018 (Figure 1), and it is
estimated that 1.86 million Americans used methamphetamine in
2018. These numbers underline the importance of paying atten-
tion to the possibility of the next substance use crisis. However,
whereas opioid use disorder can be treated pharmacologically” and
behaviorally,® there are significant challenges for the treatment of
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methamphetamine use disorder (MUD). This review focuses on
3 specific aspects of MUD. First, the neurobiology of methamphet-
amine is more complex than the traditional view of it as amonoami-
nergic modulator. Second, the clinical presentation is not limited to
the symptoms associated with use disorder but extend to medical
presentations, most notably the cardiovascular and cerebrovascu-
lar systems. Third, pharmacologic interventions focused on modu-
lating the monoaminergic pathways have largely failed, and new
pharmacologic approaches are necessary to focus on novel treat-
ment targets. In the final section, several suggestions will be pro-
posed for both clinicians and researchers to advance the under-
standing of MUD.

Biological Pathways, Neural Basis, and Cognition

Methamphetamine has been conceptualized primarily as a re-
leaser of dopamine, serotonin, noradrenaline, and adrenaline from
nerve terminalsin the central and peripheral nervous system,® which
occurs via several different mechanisms, including (1) redistribut-
ing catecholamines from synaptic vesicles to the cytosol, (2) revers-
ing the plasma membrane transport of neurotransmitters, (3) block-
ing the activity of monoamine transporters, (4) decreasing the
expression of dopamine transporters at the cell surface, (5) inhib-
iting monoamine oxidase activity, and (6) increasing the activity and
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Figure 1. Summary Statistics of Articles Published Mentioning Methamphetamine and Past-Year Methamphetamine Use From 2009 to 2019
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Figure 2. Methamphetamine-Induced Changes in Synaptic and Intracellular Pathways
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Methamphetamine (Meth) increases
dopamine in the synaptic cleft via its
effect on the cell surface dopamine
(DA) transporter (DAT) and increases
DA in the the cell via its effect on the
vesicular monoamine transporter
(VMAT). Methamphetamine (1)
directly alters mitochondrial fusion
and fission via sigma-1 receptor (0;g)
binding, leading to an increase in
reactive oxygen species (ROS);

(2) increases glutamatergic (GLu)
transmission, which via increased
intracellular calcium (Ca®*) and nitric
oxide synthase (nNOS) leads to
endoplasmic reticulum (ER) stress;
and (3) binds to the toll-like 4 (TLR,)
receptor to activate inflammatory
pathways via nuclear factor
K-light-chain enhancer of activated
B cells (NFkB) and tumor necrosis
factor receptor-associated factors
(TRAF) to produce proinflammatory

Postsynaptic terminal

cytokines (interleukin 6 [IL-6]).

expression of tyrosine hydroxylase, the critical enzyme for synthe-
sizing dopamine.'® However, there has been a substantial expan-
sion of methamphetamine-associated neurobiological targets
during the past decade. Methamphetamine modulates at least
3 different molecular cascades, which have been described
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as oxidative stress, neurotoxic and excitotoxic effects, and
neuroinflammation' (Figure 2).

For example, mitochondria are theprimary sites of oxidative
metabolism and are organized in a tubular, dynamic network that
undergoes continuous remodeling via fusion or fission.'> Metham-
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phetamine induces changes in morphologic characteristics of mi-
tochondria in neurons and microglia, which disturbs the mitochon-
drial homeostasis, morphologic characteristics, and oxidative stress
metabolism toward an increase in oxidative burden conducive to
neurodegeneration.' Methamphetamine also causes single-
strand and double-strand breaks in DNA owing to reactive oxygen
species, leading to persisting alterations at the chromosomal level
at blood concentrations that are observed in individuals taking
methamphetamine.* Methamphetamine-induced neuroinflamma-
tion is partially mediated by direct binding to the toll-like receptor
4 transmembrane protein within the ventral tegmental area, which
has the downstream effect of elevating dopamine levels in the
nucleus accumbens shell.™ The inflammatory changes in the brain
occur largely in microglia (ie, the primary cells of activeimmune de-
fense in the central nervous system). The inflammasome is a mo-
lecular system that consists of the sensing molecule NLRP3, the adap-
tor apoptosis-associated speck-like protein, and the executive
enzyme caspase-1. Methamphetamine upregulates caspase-1 and
apoptosis-associated speck-like protein aggregation, which pro-
motes inflammasome-mediated interleukin 18 maturation and
secretion, mediating microglia-induced neurotoxic effects.'® This
process also occurs in several conditions ranging from neurodevel-
opmental disorders to neurodegenerative disorders."”

More important, the methamphetamine-induced cellular dys-
regulation in neurons and microglia may be associated with neural
processing,'® altered reward motivation due to sickness behavior, '
and reduced prefrontal control?° that, together, may be associ-
ated with the development and maintenance of drug-taking
behavior.?! Methamphetamine-induced neurotoxic effects have
been hypothesized to be the result of interdependent mecha-
nisms, including (1) excessive dopamine, resulting in an increased
production of reactive oxygen species, such as peroxides, that can
damage cell structures; (2) ubiquitin-proteasome system dysfunc-
tion, activating intracellular degradation systems leading to au-
tophagy: (3) protein nitration, leading to anincrease in radical nitric
oxide with subsequent cytotoxic effects; (4) endoplasmic reticu-
lum stress, leading to increased apoptosis; (5) increased tumor pro-
tein p53 expression in the striatum, altering DNA repair, arresting
cell cycles, and dysregulating the expression of stress response
genes; (6) inflammatory cytokines, leading to inflammatory activa-
tionin the brain; (7) activation of the dopamine D3 receptor, result-
ing in hyperthermia; and (8) microtubule deacetylation, disrupting
the blood-brain barrier.??

Together, these neurobiological cascades of oxidative stress,
neurotoxic and excitotoxic effects, and neuroinflammation are
associated with a unique metabolic state of the brain that has
been termed the Warburg effect (ie, when cells favor metabolism
via glycolysis rather than the much more efficient oxidative
phosphorylation).?* Thus, methamphetamine use acutely, and pos-
sibly chronically, places the brainin a different metabolic state char-
acterized by (1) a quicker but less efficient availability of energy,
(2) anincreased rate of biosynthesis, (3) acidification of the microen-
vironment, and (4) altered cell signaling via reactive oxygen
species, which promotes an oncogenic and degenerative cell envi-
ronment. In summary, MUD does not reflect just dopamine dys-
regulation but represents an altered brain state that is consistent
with those observed in degenerative central nervous system dis-
eases. These complex molecular dysregulations provide an oppor-
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tunity toidentify modifiable drug targets to develop novel pharma-
cologic interventions for MUD.

Others have proposed that compulsive drug taking is associ-
ated with an imbalance between an orbitofrontal cortex-
dorsomedial striatal “go” circuit and an opposing dorsolateral frontal-
striatal "stop" circuit.?* Numerous studies have focused on examining
evidence of structural and functional alterations within these cir-
cuits. For example, individuals taking methamphetamine show wide-
spread gray and white matter alterations, particularly affecting
the frontostriatal system,?* as well as prominent reductions in the
left superior temporal gyrus and the right inferior parietal lobe that
provide contextual information to the dorsolateral frontal circuits.2®
Moreover, abnormalities include deficits in markers of dopaminer-
gic and serotonergic neurotransmitter systems, differences in glu-
cose metabolism, and deficits in gray matter.?” Individuals taking
methamphetamine on a long-term basis show aberrant patterns of
brain connectivity and function within both the orbitofrontal-
striatal and dorsolateral frontal-striatal systems when engaged
in cognitive tasks and at rest.?® Functional neuroimaging studies
have shown that individuals taking methamphetamine show
changes in the orbitofrontal cortex during empathic processing,?®
in salience and dorsolateral frontal functioning areas during deci-
sion making,3°3 and in both the dorsolateral and inferior frontal
areas during inhibitory processing.>2 Lower corticostriatal connec-
tivity as measured by resting-state functional magnetic resonance
imaging has been associated with a higher concentration of periph-
erally measured cytokines,>* which may provide evidence for the
link between neuroinflammation and brain processing changes in
MUD. Although functional brain activation differences during vari-
ous behavioral tasks among individuals with MUD have been used
to assess relapse,3*3® none of these measures have thus far been
clinically useful®” (ie, none have been able to aid in the diagnosis,
prognosis, or treatment of the disorder.>®)

The association of methamphetamine with cognition has been
heavily debated,3® and a dearth of longitudinal studies makes it dif-
ficult to assess whether the observed cognitive dysfunctions are pre-
existing, a consequence of the exposure, or a consequence of be-
haviors that are associated with substance use disorders in general.
Nevertheless, several recent studies provide a more cohesive pic-
ture of the cognitive problems that exist both shortly after cessa-
tion of use and, to some extent, after longer periods of abstinence.
For example, individuals with MUD in early abstinence but after the
acute withdrawal period show poorer performance on tasks exam-
ining motor and processing speed, verbal fluency, and attention.*°
Even after prolonged abstinence, individuals with MUD perform
more poorly than matched comparison individuals on learning ef-
ficiency, visual-spatial processing, comprehension knowledge, re-
trieval fluency, processing speed, and psychomotor speed.*' In
addition, dysfunctions of impulsivity have been associated with
a greater severity of methamphetamine use*? and an earlier age at
onset of methamphetamine use.** Global assessments of cogni-
tive function support the idea that more than two-thirds of indi-
viduals with MUD show cognitive impairment,** the extent of which
is associated with older age, longer duration of use, and higher fre-
quency of use. Aside from providing an objective assessment of the
outcomes of methamphetamine use, a neuropsychological assess-
ment can also be used as a prognostic indicator. For example, cog-
nitive measures, such as problems with sustained attention, may be
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associated with reduced treatment motivation,* and different forms
of impulsivity may be associated with poorer 6-week outcomes in
treatment.*® Taken together, methamphetamine use is associated
with moderate dysfunction of several cognitive processes, limiting
the degree to which individuals with MUD are able to focus atten-
tion on goal-directed activity away from methamphetamine use in
early abstinence. Given that neuropsychological function may be
used to assess treatment retention and success, more work needs
to be done to determine whether any of these cognitive dysfunc-
tions can be remediated by targeted interventions.

|
Clinical Presentation

The acute behavioral outcomes of methamphetamine use include
increased energy and alertness, decreased need for sleep, eupho-
ria, increased sexuality, excessive talking, weight loss, sweating, tight-
ened jaw muscles, grinding teeth, and loss of appetite.*” The symp-
toms exacerbated by methamphetamine use can be divided into the
following 3 factors: (1) positive psychotic symptoms such as suspi-
ciousness, unusual thought content, hallucinations, and bizarre be-
havior; (2) affective symptoms including depression, suicidality, guilt,
hostility, somatic concern, and self-neglect; and (3) psychomotor
symptoms such as tension, excitement, distractibility, and motor
hyperactivity.*® The clinical picture can be complex and mimics many
psychiatric disorders. The transition from casual to compulsive meth-
amphetamine use can be rapid, and some have reported that it takes
amean of approximately 50 days from the onset of use to the first
drug craving, 60 days to regular use, and 85 days to compulsive
use.*® Although most methamphetamine-associated psychoses are
brief, lasting hours to days, in some cases, psychotic episodes may
persist for longer than 6 months and can reoccur during periods of
abstinence from the drug.>® A mean of 36.5% of individuals using
methamphetamine, regardless of age or sex, report psychotic symp-
toms, but when lifetime symptoms are taken into account, this per-
centage increases to 42.7%.%" Some have suggested that self-
reported psychoticillness is more prevalent among individuals using
crystal methamphetamine than among those using other forms of
methamphetamine,>2 which may be associated with the purity of
crystal methamphetamine and the self-selection of individuals who
use this form of the drug. The psychiatric comorbidity of MUD is
complex>3because thereis evidence for both preexisting factors that
increase the risk for psychiatric disorders (eg, a 44% prevalence of
moderate to severe childhood abuse or neglect).>* Moreover, early
lifetime adversity, such as emotional or sexual trauma, may also in-
crease the likelihood of MUD owing to the fact that some individu-
als use methamphetamine as a coping method.>® In addition, other
psychiatric disorders, such as mood disorders (16.0%), psychotic dis-
orders (13.0%), and anxiety disorders (7.0%), coexist with MUD.>®
Both early-life trauma and psychiatric comorbidity can be ad-
versely associated with both age at first use of methamphetamine®”
and treatment success.”®

The path to methamphetamine use involves at least 2 trajec-
tories. First, younger individuals use methamphetamines primarily
for recreational and performance enhancement purposes, whereas
those initiating at a later age may use methamphetamines to “self-
medicate” (eg, to cope with stressful life events).>® This finding is
consistent with the observation that the rate of methamphet-
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amine use among women, who are much more likely than men to
report using methamphetamines for weight-related issues, is higher
among adolescents relative to adults.®° Second, there is emerging
evidence of individuals using methamphetamine as an opioid sub-
stitute to obtain a synergistic high or to balance the effects of
opioids.®' Recent longitudinal evidence suggests that the increase
of cannabis use among adolescents may increase the probability that
they will initiate the use of other illicit drugs, such as methamphet-
amine, via both biological and social processes,®? providing some
evidence for the "gateway hypothesis."®3 Similar to many other sub-
stance use disorders, the course of MUD is often characterized by
repeated periods of intense use with intermittent periods of sobri-
ety and relapse.®*®° Those who do not undergo treatment show
5-year remission rates of up to 30%,°¢ and of those who do un-
dergo treatment, 61% relapse within the first 12 months and an-
other 14% relapse during years 2 to 5.%° These findings underscore
the fact that MUD is a chronic, relapsing, and possibly degenera-
tive condition, which is consistent with the profound molecular
changes induced by methamphetamine use.

The most severe medical problems and the leading causes of
death associated with MUD are cardiovascular disease and cerebro-
vascular disease.®” Methamphetamine-associated strokes®® have
been increasing, most often among young men, and are primarily
hemorrhagic in nature. Methamphetamine use is associated with
vasoconstriction, pulmonary hypertension, atherosclerotic plaque
formation, cardiac arrhythmia, and cardiomyopathy.®® Metham-
phetamine-associated cardiomyopathy’® is characterized by left ven-
tricular dilatation and impaired left ventricular ejection fraction
as well as elevated tissue markers of inflammation and fibrosis.”’ On
electrocardiograms, these individuals frequently show tachyarrhyth-
mia, right axis deviation, left ventricular hypertrophy, a P pulmon-
ale pattern, inferior Q waves, lateral T-wave inversion, and a longer
QTcinterval.”? The symptoms preceding death due to the toxic ef-
fects of methamphetamine include collapse, breathing difficulty, and
hyperthermia, which may be a consequence of acute abnormal en-
largement of the heart.”> Methamphetamine was also present in
63% of individuals who died of opioids.”* For individuals who pre-
sent with acute intoxication with methamphetamine, symptoms
of dyspnea, angina, palpitations, cough, and hemoptysis should
prompt the clinician to closely monitor the medical status to pre-
vent mortality.

|
Interventions

There are very limited pharmacologic options to treat MUD for which
there are sufficient data.” The Table summarizes all of the inter-
vention trials registered at ClinicialTrials.gov that contained the term
methamphetamine. Of the 159 registered studies, 65 represented
randomized clinical trials; of those, 25 reported results, of which 14
resulted in publications with identifiable PMIDs (PubMed refer-
ence numbers). Examining these publications, 8 reported no ef-
fect, 3 reported some effect, and 3 reported effects that did not
speak to the efficacy of the intervention. Moreover, the studies sub-
mitted to ClinicalTrials.gov were mostly unclear with respect to ef-
ficacy or reported null results (eTable in the Supplement). This short
summary is consistent with the conclusions of systematic reviews
and meta-analyses. Specifically, in a systematic review examining
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49 studies investigating 20 potential pharmacotherapies, 35 stud-
ies were associated with 33 phase 2 randomized clinical trials
(ie, efficacy studies).”® For the 5 medications that were included in
multiple randomized clinical trials, 4 of these—methylphenidate,
bupropion, modafinil, and naltrexone—demonstrated some lim-
ited evidence of benefit for reducing methamphetamine use. The
authors concluded that none of these drugs showed sufficient or
consistent evidence of effectiveness to support its use in routine
treatment. This assessment is similar to that in 2 other studies,
one of which concluded that no agent demonstrated a broad or
strong enough effect of achieving methamphetamine abstinence
in phase 2 trials”” and the other concluding that there was no suffi-
cient evidence available for dopamine analogue treatment after
the initial withdrawal period.”® Studies of anticonvulsants, anti-
psychotics, opioid antagonists, varenicline, and atomoxetine pro-
vided either low-strength evidence or insufficient evidence of no
association with the outcomes of interest (ie, abstinence, defined
as =3 consecutive weeks with negative urine drug test results).”®
Immunotherapy has been suggested as an alternative form
of treatment for drug abuse; however, none of the antidrug immu-
notherapies have reached phase 3 clinical trials so far, to our
knowledge.&° Although some have reported that the combination
of pharmacologic treatments aimed at treating psychiatric target
symptoms and brief cognitive behavioral treatments in a research
setting outperformed control conditions,®' there is no sufficient
evidence that pharmacologic interventions by themselves are use-
ful for the treatment of MUD.

Results from studies using behavioral interventions to treat
MUD are more encouraging. In a recent network meta-analysis, com-
pared with treatment as usual, only contingency management (ie,
a procedure that aims to alter drug use by systematically arranging
consequences that are designed to weaken drug use and strengthen
abstinence) plus community reinforcement (ie, adjusting an indi-
vidual's environment such that abstinence is more rewarding than
using the drug) increased the number of abstinent patients with MUD
at the end of treatment.®2 Others reported that brief cognitive be-
havioral therapy resulted in significant reductions in the frequency
of methamphetamine use, MUD severity, and number of days of
methamphetamine use at weeks 4 and 12,23 findings consistent with
those in a systematic review that found weak evidence for an in-
creased percentage of abstinent days (during a 90-day period) and
reduced MUD symptoms.&* Similarly, behavioral activation, which
aims to maximize activities that are not drug-related but are
positively valued by the individual, was associated with abstinence
of alcohol, tobacco, opioid, and methamphetamine use in 7 of the
8 reviewed studies and with improved depression over time in
6 studies.®* Finally, several studies demonstrated a beneficial asso-
ciation of exercise with reducing MUD symptoms. For example, an
aerobic exercise program was associated with reducing cravings for
methamphetamine and with improved inhibitory control in indi-
viduals with MUD.8® Moreover, compared with a health education
control group, exercise by individuals taking methamphetamine was
associated with reduced levels of depression and anxiety during an
8-week period.®” Taken together, there is some evidence that con-
tingency management, cognitive behavioral therapy, behavioral
activation, and exercise help to maintain abstinence. There is also
encouraging evidence for computer-delivered interventions®® and
app-based approaches.®° Nevertheless, there are 2 significant short-
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Table. Data on Intervention Trials®

Studies, No. (%)

All RCTs

Trials (n =159) (n =65)
Trials with a randomized
intervention model

With some results reported 25 (15.7) 25 (38.5)

Published 14 (8.8) 14 (21.5)
Studies with PMIDs

No effect 8(5.0) 8(12.3)

Some effect 3(1.9) 3(4.6)

Unclear 3(1.9) 3(4.6)
Other studies

No effect 5(3.1) 5(7.7)

Some effect 0 0

Unclear 6(3.8) 6(9.2)

Abbreviations: PMID, PubMed reference number; RCTs, randomized clinical
trials.

2 Registered at ClinicalTrials.gov that contained the term methamphetamine.

comings. First, intervention programs for methamphetamine use
have high discontinuation rates. For example, in1large program, 51%
of individuals dropped out within the first 2 weeks, and the mean
number of days that individuals stayed in the program was only 60
days.%° Second, there is little understanding as to how these be-
havioral interventions affect the underlying neurobiology of MUD
and whether these interventions improve neural processing and
cognitive dysfunctions in these individuals.

. |
Conclusions

Methamphetamine use disorder is reemerging as a significant pub-
lic health burden, a challenge for clinicians, and a difficult problem
to solve for researchers. First, MUD can develop rapidly, has a com-
plex course characterized by episodes of intense use and intermit-
tent abstinence, has profound medical consequences, is difficult to
treat, and is associated with significant long-term cognitive and neu-
rologic deficits. Second, clinicians faced with the presentation of an
individual with acute methamphetamine intoxication should exam-
ine the patient for evidence of cardiovascular and cerebrovascular
signs and symptoms, which are the primary causes of death due
to methamphetamine use. Third, there are several steps to con-
sider for a pragmatically focused program of research. Modifiable
biological targets should be examined in individuals with MUD
that focus on dysregulation of oxidative stress, neurotoxic and
excitotoxic effects, and neuroinflammation. Neuromodulatory
approaches appear promising in ameliorating impairments associ-
ated with MUD. For example, electroencephalography neurofeed-
back targeting the beta frequency band has increased, among
other outcomes, periods of abstinence in individuals taking
methamphetamine.®' Moreover, repetitive transcranial magnetic
stimulation targeting the frontal regions has resulted in decreased
methamphetamine craving and/or increased cognitive-emotional
function.®2 Real-time functional magnetic resonance imaging neu-
rofeedback, which demonstrates the beneficial effect of reducing
depressive symptoms,®* may also be helpful in reducing dysphoria
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present in individuals taking methamphetamine. Understanding
the neurobiology of exercise-induced reduction in craving
methamphetamine®* may help to delineate novel disease-relevant
targets. Fourth, preventive behavioral interventions focused on
factors such as childhood trauma and dysregulated negative affect
processing that increase the likelihood of initiating or continuing meth-
amphetamine use may help to reduce future use.®® Fifth, the neuro-
biology of this disorder is derived almost entirely from cross-
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