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Addiction to amphetamine-type stimulants (ATS) is a serious worldwide public health problem with major
medical, psychiatric and socioeconomic consequences. However, no approved pharmacological therapies are
available to treat ATS addiction. Based on the neurobiological mechanisms underlying ATS addiction, the recent

research works about pharmacological strategies have been focused on monoamine, glutamate, endogenous
opioid peptide and y-amino butyric acid (GABA) systems. This review summarizes the recent advances in the
medications being developed to treat ATS addiction and discusses the remaining challenges. Although no sub-
Keywords: stantial evidence for efficacious medications has emerged, some of these agents, including bupropion, naltrexone
Amphetamine-type stimulants and mirtazapine, have demonstrated promise in clinical studies. Moreover, some challenges, such as the devel-
Addl.c tion opment of new preclinical animal models of drug addiction, the design of large-scale clinical trials with strict
Medication development . . . , . . . .
quality control, and the distinction of patients' genetic polymorphisms, need further attention. Despite the lack of
success to date, much effort is being made to develop efficacious medications for treating ATS addiction.
© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Drug addiction is a chronic and relapsing disease characterized
* Corresponding authors. by compulsive and uncontrolled drug use that results in serious
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246 million people used addictive drugs recreationally in 2013. At
that time, an estimated 27 million people were problem drug
users, suffering from drug use disorders or drug addiction (UN-
ODC, 2015). The abuse of amphetamine-type stimulants (ATS) is
increasing worldwide, especially in Southeast and East Asia. The
number of people requiring treatment for ATS addiction is also
increasing globally; however, no approved pharmacological ther-
apeutic is available to treat addicted individuals. Recent advances
in our understanding of the neurobiological mechanisms under-
lying drug addiction have led to the development of a growing
number of pharmacological approaches to treat ATS addiction.
Although substantial evidence is not available to support the ef-
ficacy of these agents, some agents exhibit great promise. This
review focuses on the progress in developing pharmacological
approaches to treat ATS addiction and discusses the challenges
that may impede the development of these medications in the
future.

2. Pharmacology of ATS

ATS are a class of compounds containing a phenyl structure that
includes amphetamine, methamphetamine, 3,4-methylenedioxy-
methamphetamine (MDMA), 3,4-methylenedioxyamphetamine
(MDA), 3,4-methylenedioxyethylamphetamine (MDEA), methcathi-
none, fenetylline, ephedrine, pseudoephedrine, and methylpheni-
date (Souza et al., 2012). According to their effects on the central
nervous system, ATS can be divided into two groups. One group
only acts as psychostimulants, such as amphetamine and me-
thamphetamine. The other group resembles the structure of the
hallucinogenic material mescaline, which has a methylenedioxy
(-O-CH-0-) group attached to positions 3 and 4 of the phenyl
structure and thus has both stimulant and hallucinogenic effects,
such as MDMA, MDA and MDEA (Kalant, 2001). In this review, we
mainly focus on the non-hallucinogenic psychostimulats.

ATS exert their effects by facilitating monoamine neuro-
transmission. Similar to cocaine, ATS block plasma membrane
monoamine transporters, including dopamine transporters (DAT),
norepinephrine transporters (NET) and serotonin transporters
(SERT), to inhibit the clearance of extracellular monoamines. Unlike
cocaine, however, ATS also compete with monoamine neuro-
transmitters based on their structural similarity, acting as substrates
for DAT, NET and SERT and entering the presynaptic neuron. Once
inside the neuron, these molecules both inhibit the reuptake of
monoamine neurotransmitters through vesicular monoamine
transporter 2 (VMAT2) and release the neurotransmitter stores of
synaptic vesicles into the cytoplasm by inducing reverse transport
of VMAT?2, thus elevating cytoplasmic neurotransmitter concentra-
tions. In addition, ATS attenuate monoamine degradation by in-
hibiting monoamine oxidase, further increasing cytoplasmic
monoamine concentrations. Through their actions on the plasma
membrane transporters (DAT, NET, and SERT), ATS reduce the up-
take of monoamine neurotransmitters to the cytoplasm and facil-
itate the reverse transport of monoamine neurotransmitters, lead-
ing to non-exocytotic monoamine neurotransmitter release into the
extracellular space, where they bind to their associated presynaptic
autoreceptors and postsynaptic receptors (Courtney and Ray, 2014;
Rice and Cragg, 2008; Teixeira-Gomes et al., 2015). Additionally, ATS
agonize trace amine-associated receptor 1, which likely contributes
to the complex effects of these agents on monoamine activity in the
brain (Jing and Li, 2015; Xie and Miller, 2009). Specific ATS also
interact with other presynaptic intracellular receptors that promote
monoamine neurotransmission (e.g., methamphetamine is an ago-
nist of the o1 receptor) (Maurice and Su, 2009). Moreover, accu-
mulated ATS and dopamine are oxidized in the cytoplasm, either by
monoamine oxidase or by auto-oxidation, to produce neurotoxic

reactive species, including superoxide ( O3;) and peroxynitrite
(ONOO™). Mitochondrial disruption also contributes to the pro-
duction of reactive species by activating NMDA receptors and
opening the permeability transition pore (Davidson et al., 2001).
Aberrant release of dopamine caused by ATS can increase dopamine
D, receptor-mediated glutamate release, further increasing oxida-
tive stress by excitatory amino acid toxicity (Mark et al., 2004).
Furthermore, our recent research revealed that methamphetamine
also directly increases presynaptic glutamate release independent
of the dopaminergic system (Zhang et al., 2014). Altogether, these
processes lead to the enhancement of monoaminergic and gluta-
matergic neurotransmissions, ultimately resulting in the pharma-
cological actions and neurotoxicity of ATS.

Although ATS present similar actions at several transporters, their
affinities to different monoamine transporters are distinct, which
explains the specificity of their pharmacologic and neurotoxic actions
(Steinkellner et al., 2011). Amphetamine and methamphetamine
have more potent actions on dopamine release than serotonin re-
lease, while MDMA causes a higher release of serotonin than dopa-
mine. Importantly, amphetamine, methamphetamine, and MDMA
are more potent norepinephrine releasers than dopamine and ser-
otonin releasers (Rothman and Baumann, 2003).

Acute administration of low to moderate doses of ATS produces
euphoria, arousal, and short-term improvement in cognition, while
high doses or frequent use also result in psychotic episodes (such as
hallucinations and delusions), hypertension, tachycardia and periph-
eral hyperthermia. Long-term use leads to dependence, cognitive
dysfunction, and the irreversible loss of neuronal cell bodies and
terminals. Following abrupt cessation after periods of regular use,
individuals exhibit psychiatric withdrawal symptoms, including de-
pression, anxiety and drug craving. Even after long-term abstinence,
ATS addicts, similar to those addicted to other drugs, will relapse
upon re-exposure to drug-related cues and contexts (Ciccarone, 2011).

3. Pharmacological approaches to treating ATS addiction

The treatment of individuals abusing ATS involves two ap-
proaches. The first approach is to treat ATS addiction with the goal
of reducing drug use, attenuating craving and preventing relapse.
The second approach is to treat ATS-related disorders, such as
psychotic episodes and depression. To treat ATS-related disorders,
many anti-psychotic and anti-depressive medications and cogni-
tive enhancers could be used. However, at present, no medication
is approved for the treatment of ATS addiction. Pharmacological
strategies targeting monoamine, glutamate, endogenous opioid
peptide and y-amino butyric acid (GABA) systems have gained
attention recently. Numerous classes of medications are currently
involved in preclinical and clinical studies, and some candidate
pharmaceuticals appear promising in clinical trials.

3.1. Targeting the dopamine system

Brain dopaminergic neurotransmission is thought to mediate
reward and positive reinforcement, and ATS can increase extra-
cellular dopamine concentrations. Chronic exposure to ATS also
causes long-lasting molecular and cellular adaptations of the do-
paminergic system, which may contribute to the addict's con-
tinued compulsive and uncontrolled drug use, despite obvious
negative consequences. Therefore, targeting the dopamine system
is an important strategy for the development of medications to
treat ATS addiction. Based on their influence mechanisms on ATS
addiction, dopamine-targeted treatments can be classified into
two subtypes: substitution therapeutic medications and anti-do-
pamine system medications.
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3.1.1. Substitution therapeutic medications

Of all of the medications that have been evaluated for the treat-
ment of ATS dependence, bupropion has shown the most promising
results. As an effective antidepressant, bupropion does not inhibit
monoamine oxidase, exerts no effect on serotonin uptake, and
minimally inhibits the reuptake of DAT and NET (Bryant et al., 1983).
At the preclinical level, bupropion significantly reduces the self-ad-
ministration of methamphetamine in monkeys at a dose that does
not affect operant responding for food (Schindler et al., 2011). In a
placebo-controlled human laboratory study, treatment with sus-
tained-release bupropion two times a day significantly reduced
methamphetamine-induced subjective effects and cue-induced
craving (Newton et al., 2006). Two placebo-controlled double-blind
clinical studies have revealed that sustained-release bupropion
combined with cognitive behavioral therapy can reduce drug use in
light methamphetamine users (less than 18 days of drug use/month)
but not in heavy users (Elkashef et al., 2008; Shoptaw et al., 2008).
Further analysis revealed that in the bupropion group, 20% of the
participants achieved 2 or more weeks end-of-study abstinence, 14%
achieved 6 or more weeks end-of-study abstinence, and 6% were
abstinent throughout the trial, compared to 7%, 4%, and 1% in the
placebo group, respectively (McCann and Li, 2012). Moreover, from a
safety perspective, bupropion did not potentiate the cardiovascular
effects of intravenous methamphetamine but rather significantly
attenuated the ability of methamphetamine to increase heart rate
and produced no significant trend in the direction of diminished
methamphetamine effects on blood pressure (Newton et al., 2005).
These results suggest that bupropion effectively facilitates the
achievement of abstinence in light methamphetamine-dependent
individuals and is promising for the treatment of ATS addiction.

In addition to bupropion, other medications that enhance dopa-
mine have been evaluated as potential pharmacological interventions
for ATS addiction. Methylphenidate, which has a similar mechanism
to bupropion, failed to produce beneficial results in placebo-con-
trolled, double-blind clinical trials (Miles et al., 2013). Modafinil is a
non-amphetamine-type central stimulant that was first approved to
treat narcolepsy and is used as an adjunctive therapy for depression.
This medication acts as a weak inhibitor of DAT to elevate extra-
cellular dopamine levels, increase glutamate release, and decrease
GABA release (Martinez-Raga et al.,, 2008; Volkow et al., 2009a). Re-
cently, two double-blind, placebo-controlled clinical trials found no
overall therapeutic effect of modafinil on either cocaine or metham-
phetamine addiction (Anderson et al, 2012; Dackis et al, 2012).
However, further analysis of the data revealed that the maximum
duration of abstinence was significantly increased in modafinil-com-
pliant methamphetamine-dependent participants compared to the
remaining modafinil treatment groups (Anderson et al., 2012), in-
dicating that improving treatment compliance and decreasing the
dropout rate should be considered to achieve more definitive con-
clusions. In addition, several clinical studies have evaluated the effects
of dextroamphetamine (p-amphetamine) on ATS addiction. Sus-
tained-released p-amphetamine reduced withdrawal symptoms and
craving in methamphetamine-addicted individuals (Galloway et al.,
2011; Longo et al., 2010; Shearer et al., 2001), suggesting that treat-
ment with p-amphetamine may be an efficacious substitution ther-
apy. However, in light of the small sample size and high dropout rate
of these studies, additional studies are needed to reach definitive
conclusions.

Reducing the abuse liability of medications is important for the
efficacy of substitution therapies for drug addiction. Lisdex-
amfetamine, the pro-drug of p-amphetamine, is used to treat atten-
tion deficits and hyperactivity disorders and exerts pharmacological
actions by hydrolysis to p-amphetamine in vivo. After administration
of equivalent doses of lisdexamfetamine and bp-amphetamine
(1.5 mg/kg i.p. of the p-amphetamine base) in rats, the resultant
plasma pharmacokinetics profiles were very different. The maximum

plasma concentration (Cnax) observed after lisdexamfetamine ad-
ministration was 50% lower than that of p-amphetamine, and the
time to achieve Cpax (tmax) was doubled. Accordingly, lisdex-
amfetamine produced a slow and sustained increase in extracellular
dopamine levels in the striatum. Compared with p-amphetamine,
lisdexamfetamine treatment resulted in reduced hyperactivity in rats
(Heal et al., 2013b) and failed to substitute cocaine self-administra-
tion (Heal et al., 2013a), suggesting a lower potential for abuse. In
addition, repeated administration of lisdexamfetamine for 7 days
reduced cocaine self-administration behavior in rhesus monkeys
(Banks et al., 2015). One clinical trial (NCT02034201) is underway to
examine its efficacy for treating methamphetamine addiction. The
results of this clinical study will ascertain the utility of lisdex-
amfetamine as a treatment for ATS addiction.

3.1.2. Anti-dopamine system medications

Compared to the agonist approaches described above, antagonist
approaches in the dopamine system have been the subject of fewer
clinical studies. The dopamine D5 receptor has been investigated as
a potential target for therapeutics to treat ATS addiction, and nu-
merous antagonists and partial agonists have exhibited promise as
anti-relapse drugs in preclinical studies. Our group developed the
D3 receptor antagonist YQAi4, which reduced the positive re-
inforcement of methamphetamine and drug- and cue-induced re-
lapse in animal models (Chen et al, 2014). The compound
GSKsgs 800, @ D3 receptor antagonist developed by GlaxoSmithKline,
reduced early withdrawal symptoms and craving in a smoking
cessation study (Mugnaini et al., 2013). Buspirone is a partial ago-
nist of the 5-HT; 4 receptor that also antagonizes dopamine D3 and
D, receptors with high affinity. Buspirone exhibited a similar effi-
cacy to other dopamine D3 receptor antagonists in animal models of
cocaine- and methamphetamine-induced self-administration and
relapse. Small-scale clinical trials of buspirone have been performed
for cocaine, opioids, cannabinoids and alcohol addiction with mixed
results (Elkashef et al., 2008; Johnson, 2004; Newman et al., 2012;
Rose et al.,, 2003). Phase I clinical trials showed that buspirone is
safe and well-tolerated in methamphetamine addicts, and further
phase Ila trials are needed to assess buspirone as a pharmacother-
apy for ATS addiction (Paterson et al., 2014). Clinical investigation of
these medications or other novel D5 receptor ligands will provide a
better understanding of the dopamine D3 receptor as a target for
the treatment of ATS addiction.

3.2. Targeting the glutamate system

Changes in glutamate neurotransmission have been implicated
in the pathophysiology of drug addiction and appear to be involved
in relapse. Moreover, glutamate-induced excitotoxicity contributes
to ATS neurotoxicity. In the brain, the basal level of extracellular
glutamate is maintained by a glutamate-cysteine exchanger that
mediates the exchange of extracellular cysteine for intracellular
glutamate. Chronic administration of addictive drugs down-
regulates cysteine-glutamate exchange, leading to reduced extra-
cellular glutamate and lowered mGIuR2/3 stimulation, which in
turn relieves inhibition of the synaptic release of glutamate (Kalivas,
2009; McClure et al., 2014). Therefore, N-acetylcysteine (NAC), a
pro-drug of cysteine, has been examined for its therapeutic po-
tential in treating drug addiction. Although preclinical and clinical
studies have demonstrated some benefit of NAC in cocaine, heroin
and cannabinoid addiction (Asevedo et al., 2014; Kalivas, 2009;
Zhou and Kalivas, 2008), two small clinical trials in methamphe-
tamine addicts yielded contradictory results (Grant et al., 2010;
Mousavi et al., 2015), perhaps due to their small sample sizes or
high dropout rates. In addition to NAC, many agents targeting the
glutamate system (i.e,, mGluR2/3, mGlu5 and NMDA receptors)
have produced positive results in animal models of ATS addiction
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(Forray and Sofuoglu, 2014), and more clinical studies are required.
3.3. Targeting the endogenous opioid peptide system

In addition to the dopamine and glutamate systems, endogenous
opioid peptides and their receptors also play important roles in ATS
addiction, mainly through influencing the function of the meso-
limbic dopamine system. Naltrexone is a non-selective opioid re-
ceptors antagonist, with a higher affinity for p-opioid receptors
than for 6-and k-opioid receptors. Naltrexone is approved to treat
opioid addiction and alcoholism (Krupitsky et al., 2012; Ray et al,,
2010), and a large number of preclinical and clinical reports de-
scribe its therapeutic effect on ATS addiction. Naltrexone reduces
ATS-induced behavioral sensitization and relapse in rats, and also
attenuates ATS-induced self-administration and relapse in rhesus
monkeys (Anggadiredja et al., 2004b; Chiu et al., 2005; Haggkvist
et al., 2009; Jimenez-Gomez et al., 2011). Recent clinical trials
studying the effect of naltrexone treatment on ATS addiction have
generated encouraging results. In an open-label clinical trial with 20
amphetamine-dependent patients receiving 12 weeks of naltrexone
(50 mg) along with cognitive behavior therapy, naltrexone sig-
nificantly reduced the frequency and amount of amphetamine
consumption and was well tolerated with moderate rates of com-
pliance (Jayaram-Lindstrom et al., 2005). Furthermore, a larger
randomized double-blind placebo-controlled trial was performed in
which naltrexone was well tolerated. Naltrexone outperformed the
placebo in the mean number of negative urine samples and con-
tinuous abstinence rates in methamphetamine addicts, except for
retention (Jayaram-Lindstrom et al., 2008a). Moreover, in another
randomized double-blind placebo-controlled trial with 20 amphe-
tamine-dependent patients, naltrexone significantly attenuated
subjective responses to methamphetamine and cue-induced crav-
ing (Jayaram-Lindstrom et al., 2008b). Recently, in another double-
blind, randomized, placebo-controlled human laboratory study,
naltrexone significantly blunted cue-induced craving for metham-
phetamine and attenuated several of the hedonic subjective effects
of methamphetamine (Ray et al., 2015). Because adherence to oral
naltrexone tends to be suboptimal in this population, a naltrexone
implant has also been developed. In a 10-week trial of individuals
with comorbid opioid and amphetamine dependence, the naltrex-
one implant outperformed the placebo implant in terms of reten-
tion and the proportion of drug-free urine samples (Tiihonen et al.,
2012). Thus, naltrexone appears to be a highly promising medica-
tion for treating ATS addiction.

3.4. Targeting the GABA system

GABA is an inhibitory neurotransmitter in the mammalian
central nervous system that plays a vital role in drug addiction.
Activation of the GABA system reduces mesolimbic dopaminergic
neurotransmission. Thus, agonists of the GABA system may be
effective for the treatment of ATS addiction. However, GABA ago-
nists, such as gabapentin, baclofen, vigabatrin and tiagabine, have
yet to reduce of methamphetamine use in human studies (Karila
et al., 2010). These studies were limited by small sample size and a
high dropout rate.

Because both GABAergic and glutamatergic neurons are im-
portant modulators of the brain reward system, medications that
affect both GABAergic and glutamatergic neurotransmission may be
more effective than those that activate the GABA system alone to
reduce ATS addiction. Topiramate, an anticonvulsant, has attracted
attention in recent years. This compound blocks voltage-gated so-
dium channels and ionotropic glutamate receptors (i.e., AMPA re-
ceptors and kainate receptors), enhances GABA neurotransmission by
acting on the non-benzodiazepine site of the GABA, receptor, and
inhibits carbonic anhydrase activity. One double-blind, placebo-

controlled pilot trial showed that topiramate indeed decreased re-
lapse in cocaine abusers (Kampman et al., 2004). Another multi-site
placebo-controlled clinical study of methamphetamine addicts de-
monstrated that topiramate reduced drug use; however, no ab-
stinence-promoting effect was observed (Elkashef et al., 2012). Fur-
ther analysis of the data revealed that a small subgroup of patients
exhibited consistent reductions in methamphetamine use or
achieved abstinence criteria (Ma et al,, 2013), suggesting different
responses to topiramate treatment among the patients. Taken to-
gether, these data support the notion that targeting both the gluta-
mate and GABA systems may be an effective approach for the
treatment of ATS addiction.

3.5. Targeting the serotonin system

ATS use not only increases extracellular dopamine levels but also
elevates serotonin; thus, the serotonin system is another important
area for study. Mirtazapine is a pharmacologically distinct anti-
depressant with sedative and anxiolytic properties that enhances
both noradrenergic and serotonergic activity. Mirtazapine acts dif-
ferently on the serotonergic system than the selective serotonin
reuptake inhibitors. With negligible affinity for reuptake proteins,
the drug instead enhances transmission of 5-HT;4 receptors and
blocks 5-HT, and 5-HTj3 receptors (Anttila and Leinonen, 2001). One
open-label study reported that mirtazapine reduced symptoms of
methamphetamine withdrawal over 10 days of abstinence
(McGregor et al.,, 2008). In a randomized, double-blind, placebo-
controlled study conducted in homosexual men, mirtazapine re-
duced methamphetamine use in patients receiving counseling
(Colfax et al., 2011). Moreover, a meta-analysis concluded that
mirtazapine has promise as a pharmacotherapy for methampheta-
mine addiction (Rose and Grant, 2008). Risperidone, an atypical
anti-psychotic medication used to treat schizophrenia, blocks the
5-HT;5 and dopamine D2 receptors. Clinical trials demonstrated
that risperidone not only relieved the psychotic symptoms of ATS
addicts but also reduced the frequency of drug use and craving
compared to baseline (Meredith et al.,, 2007; Nejtek et al., 2008).
However, further clinical studies are needed because neither of
these studies included a placebo-controlled group. Paliperidone, the
active metabolite of risperidone, has similar pharmacological char-
acteristics to risperidone. Our group found that paliperidone, si-
milar to risperidone, relieved methamphetamine-induced psychotic
disorders, including positive and negative syndromes. Moreover, in
a 12-week, double-blind, placebo-controlled clinical trial studying
the effect of paliperidone on relapse, we found that paliperidone
not only reduced craving but also increased abstinence, as mea-
sured by urine negativity and weeks of continuous non-use. Be-
cause psychotic symptoms are one of the main clinical manifesta-
tions seen in ATS addicts, targeting the serotonin system may prove
to be an effective pharmacological approach to prevent relapse.

Other studies targeting the acetylcholine and endocannabinoid
systems are underway but are mainly in the preclinical stage
(Anggadiredja et al., 2004a; De La Garza et al., 2008a, 2008b;
Landa et al., 2006).

4. Challenges to the development of medications for treating
ATS addiction

Although many medications have been evaluated for their po-
tential to treat ATS addiction, we still lack substantial evidence to
confirm their efficacy. Despite the large number of agents that
reduce ATS rewards and positive reinforcement and that inhibit
drug- or cue-induced drug-seeking behavior in preclinical animal
models, few agents have proven effective in clinical studies. To
improve the pace of medication development for ATS addiction
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treatment, several challenges should be considered in further
investigations.

First, the gap between human addictive behaviors and experi-
mental animal models limits the prediction of clinical outcomes
from preclinical studies. The development of drug addiction is a
continuous progression from recreational and regular drug use to
compulsive use, accompanied by a behavioral transition from the
initially goal-directed behavior with an action-outcome association
to the habitual behavior with a stimulus-response association
(Vanderschuren et al., 2005). This behavioral transformation coin-
cides with a functional transition of the dopamine system from the
ventral striatum to the dorsal striatum (Everitt and Robbins, 2013;
Lesscher and Vanderschuren, 2012). Compulsive and uncontrolled
drug use is generally recognized as a hallmark of addiction. More
recently, several studies have revealed that the mechanism under-
lying compulsive drug use may be different from that underlying
regular drug use and that dopamine, serotonin and glutamate
functions are involved (Ben-Shahar et al., 2012; Caine et al., 2007;
Lobo and Nestler, 2011; Muller and Homberg, 2015; Pelloux et al.,
2012; Ramoa et al., 2014; Volkow et al., 2009b; Wilson et al., 1996).
Although a range of animal models are used to explore the neuro-
biological mechanisms and emergent treatments for drug addiction,
including intravenous self-administration 10-14 daily 3-h sessions
of training under a low-rate, fixed-ratio reinforcement schedule),
conditioned place preference and behavioral sensitization models,
these models often do not reflect key characteristics of compulsive
and uncontrolled drug seeking and taking. This factor may be the
main reason why many agents exhibiting efficacy in preclinical
models of ATS addiction fail in clinical studies. Establishing pre-
clinical models that mimic human addictive behaviors remains a
challenge. Recently, a series of new models in rats, including long-
term self-administration (training for at least two months), escala-
tion of self-administration, and punishment- or conflict-based
models of relapse, have been developed that better represent
characteristics of drug addiction and resemble clinical diagnostic
criteria (Ahmed and Koob, 1998; Cooper et al., 2007; Deroche-
Gamonet et al., 2004; Economidou et al., 2009). In particular, the
long-term self-administration model in rats resembles some of the
human diagnostic criteria for drug addiction described in the DSM-
IV and more recently the DSM-5. In this model, animal addiction-
like behaviors include 1) increased motivation to take the drug, as
measured in a challenging progressive ratio; 2) an inability to re-
frain from drug seeking, as measured during periods when the drug
is signaled as unavailable; and 3) maintained drug use despite
aversive consequences, as measured by maintained drug self-ad-
ministration despite punishment. Addiction-like behaviors are not
present after a short period of self-administration but develop, as
do addictions in humans, only after prolonged exposure to the drug.
Furthermore, as do human addicts, rats showing addiction-like
behaviors have a high propensity to relapse, even after a long per-
iod of withdrawal. Finally, the percentage of rats (17%) that show a
high score for all three addiction-like criteria is similar to the per-
centage (15%) of human cocaine users diagnosed as addicts (Belin-
Rauscent et al., 2016; Deroche-Gamonet et al., 2004). We believe
that the use of these new preclinical models in future studies will
yield valuable information about the mechanisms underlying ATS
addiction and will also reveal the most suitable strategies for
therapeutic intervention.

Second, good study design and strict controls are important for
clinical studies. Many current findings have been obtained in small
sample clinical trials (i.e., less than 20 cases), and small sample sizes
limit our interpretation of the findings due to their low statistical
power and poor generalizability. For example, small-size clinical
trials of modafinil combined with behavioral therapy generated
positive outcomes in the treatment of ATS addiction (McElhiney
et al, 2009), whereas a subsequent large-scale trial failed to

demonstrate efficacy (Anderson et al, 2012). Thus, large-scale
clinical investigations are needed in the future to reach definitive
conclusions. In addition, the lack of a placebo-controlled group
complicates the interpretation of a number of current studies. Even
if statistical differences are found compared with baseline data,
natural recovery cannot be eliminated in these cases. Another
problem is that high dropout rates and low compliance with ther-
apy often occur in clinical trials of drug addiction, which compli-
cates the results. To obtain definitive conclusions, therefore, large-
scale clinical investigations will need to be conducted with strict
quality control and a deep analysis of the data.

Third, the effects of patient genetic polymorphism on treatment
outcomes should be considered. Treatment responses can be in-
fluenced by polymorphisms in drug metabolic enzymes (e.g.,
CYP2A6 and CYP2B6) that affect drug metabolism. Additionally,
variants in medication target genes may also contribute to the di-
versity of treatment responses. The A118G SNP of the p-opioid re-
ceptor is associated with the treatment response to naltrexone in
alcoholism, and patients with the G/G or A/G genotype achieved
better efficacy compared to those with the A/A genotype (Crist and
Berrettini, 2014). Thus, dividing the subjects into subgroups with
different genotypes prior to data analysis may be helpful for
reaching clear conclusions.

5. Conclusions

ATS addiction is a serious and growing problem worldwide, and
the need for effective treatments is urgent. The development of
pharmacotherapies to treat ATS addiction is at an early stage, and
no substantial evidence for efficacious treatment programs has
emerged. However, the dopamine and norepinephrine reuptake
inhibitor bupropion, the opioid receptors antagonist naltrexone,
and the serotonin neurotransmission enhancer mirtazapine ap-
pear to be highly promising. An improved understanding of the
neurobiological mechanisms underlying ATS addiction may pave
the road for novel pharmacotherapeutic strategies. Despite the
lack of success to date, constant effort is being made to develop
efficacious medications to treat ATS addiction.
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