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Abstract

Substance use disorders are diagnosed as a manifestation of inappropriate behavioral allocation
towards abused drugs and away from other behaviors maintained by more adaptive nondrug
reinforcers (e.g., work and social relationships). Substance use disorder treatment goals include
not only decreasing drug-maintained behavior but also promoting behavioral reallocation toward
these socially adaptive alternative reinforcers. Preclinical drug self-administration procedures that
offer concurrent access to both drug and nondrug reinforcers provide a translationally relevant
dependent measure of behavioral allocation that may be useful for candidate medication
evaluation. In contrast to other abused drugs, such as heroin or cocaine, preclinical
methamphetamine versus food choice procedures have been a more recent development. We
hypothesize that preclinical to clinical translatability would be improved by the evaluation of
repeated pharmacological treatment effects on methamphetamine self-administration under a
methamphetamine versus food choice procedure. In support of this hypothesis, a literature review
suggests strong concordance between preclinical pharmacological treatment effects on
methamphetamine versus food choice in nonhuman primates and clinical medication treatment
effects on methamphetamine self-administration in human laboratory studies or methamphetamine
abuse metrics in clinical trials. In conclusion, this literature suggests preclinical methamphetamine
versus food choice procedures may be useful in developing innovative pharmacotherapies for
methamphetamine use disorder.
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Introduction

Methamphetamine is an A-methyl analog of amphetamine and a clinically available
monoamine transporter substrate that is approved by the U.S. Food and Drug Administration
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(FDA) for the treatment of attention-deficit hyperactivity disorder and obesity (http://
www.accessdata.fda.gov/drugsatfda_docs/label/2007/005378s0261bl.pdf). Similar to
amphetamine, methamphetamine has a higher affinity for the dopamine (DA) and
norepinephrine (NE) transporters (DAT, NET) compared to the serotonin (5-HT) transporter
(SERT).13 This in vitro selectivity for DAT versus SERT is also consistent with
methamphetamine being more potent /n vivoto increase extracellular dopamine versus
serotonin levels in brain regions involved in drug reinforcement and abuse, such as the
nucleus accumbens and striatum.#=6 Furthermore, laboratory studies in mice,” rats,® cats,?
nonhuman primates,1%11 and humans!2 have demonstrated that methamphetamine functions
as a reinforcer under multiple drug self-administration procedures. Overall, this body of
literature is consistent with the U.S. Drug Enforcement Administration (DEA) classification
of methamphetamine as a schedule 11 controlled substance with high abuse liability.

Methamphetamine use disorder remains a significant and global public health issue.13.14
Furthermore, methamphetamine use disorder remains one of the few substance use disorders
for which there are zero candidate medications that have showed consistent therapeutic
efficacy in clinical trials.1> Moreover, a high priority for all drug abuse research is the
development of both safer and more efficacious medications to treat all classes of substance
use disorders. Toward this goal, preclinical drug self-administration procedures have
improved our understanding of the environmental and biological determinants of drug
reinforcement. In addition, preclinical candidate medication treatment evaluation on drug
self-administration has provided good, although not perfect, concordance with candidate
medication treatment evaluation in both human laboratory drug self-administration studies
and abused drug use metrics in clinical trials.16-18 Two experimental attributes that appear to
promote concordant preclinical to clinical results with other abused drugs, such as heroin®
and cocaine,2921 are (1) repeated candidate medication—treatment regimens to model
treatment regimens that are employed in both human laboratory drug self-administration
studies and clinical trials and (2) candidate medication—treatment assessment in drug self-
administration procedures that assess choice between concurrent availability of an abused
drug and an alternative nondrug reinforce, such as food (in preclinical studies) or money (in
human laboratory studies). Whether these two experimental attributes promote concordant
preclinical to clinical results for methamphetamine remains unexplored. Accordingly, this
review has two main aims. First, we discuss the major pharmacological manipulations on
intravenous methamphetamine versus food choice in preclinical studies with the goal of
assessing the translational validity of candidate medication treatment results from preclinical
methamphetamine versus food choice studies to human laboratory drug self-administration
studies and clinical trials. For comparison, we also discuss the results of these same
pharmacological manipulations following either acute or subchronic treatments on
intravenous methamphetamine self-administration under schedules of reinforcement other
than a concurrent schedule of food and methamphetamine availability. The goal here is to
assess concordance between different preclinical drug self-administration procedures.
Second, we discuss the implications of these findings and potential future directions for
candidate methamphetamine use disorder medication development.
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Rationale for preclinical choice procedures

Preclinical drug self-administration procedures are the most commonly used procedure to
assess candidate substance use disorder treatments.16:17.22 Although there are numerous
drug self-administration procedural variants, this review will focus on preclinical drug
versus food choice procedures where behavior is maintained on two different response
manipulanda by two different consequent stimuli.2324 For example, completing the response
requirement on one response manipulandum results in intravenous methamphetamine
delivery, whereas completing the response requirement on a different but concurrently
available manipulandum results in food pellet delivery. Furthermore, the use of preclinical
drug versus food choice procedures for substance use disorder treatment evaluation is
founded on three main principles. First, substance use disorders can be defined as “a
disorder of behavioral allocation” that manifests as maladaptive behavioral allocation toward
drug use and away from behavior maintained by alternative nondrug reinforcers, such as a
job or social relationships.2526 Moreover, the diagnosis of substance use disorders is based
on both explicit and implicit measures of behavioral allocation between the abused drug and
alternative nondrug reinforcers.2” On the basis of this conceptualization, two critical
substance use disorder treatment goals are not only to decrease drug-maintained behavior
but also to increase adaptive behavior maintained by alternative nondrug reinforcers.23.28
Preclinical choice procedures allow for an explicit, albeit simplified, assessment of
behavioral allocation between a concurrently available drug and nondrug reinforcer. Second,
human laboratory drug self-administration studies almost exclusively utilize drug versus
nondrug choice procedures to determine candidate medication treatment efficacy,16:17 and
increased homology between preclinical and human laboratory drug self-administration
parameters has been hypothesized to enhance translational concordance.2%-31 Finally,
preclinical drug versus nondrug choice procedures provide dependent measures that may
facilitate pharmacological treatment interpretation. For example, a decrease in
methamphetamine self-administration is achievable by either a selective reduction in
methamphetamine reinforcement (the desired outcome) or a nonselective reduction in rates
of operant behavior (undesired outcome suggestive of adverse behavioral or physiological
effects). Because drug versus nondrug choice procedures provide distinct dependent
measures of drug reinforcement32:33 (measured by behavioral allocation (Fig. 1A)) and
general behavioral competence (measured by rate of operant behavior (Fig. 1B)), a desirable
candidate medication treatment effect would be a decrease in methamphetamine choice and
a complementary increase in nondrug choice with minimal effects on rates of operant
responding. In contrast, an undesirable candidate medication treatment effect would be no
change or increase in methamphetamine choice (Fig. 1B) and a significant decrease in rates
of operant responding (Fig. 1D and 1F).

Evaluation of candidate medications in preclinical drug versus food choice

procedures

Preclinical drug versus food choice procedures have been used for more than 30 years to
evaluate candidate medications for other abused drugs, such as cocaine34 and heroin.3°:36
However, the establishment of methamphetamine versus food choice and its subsequent use
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in the candidate medication development process has only occurred within the past several
years. A PubMed literature search revealed a total of 5 published preclinical studies that
have determined subchronic (= 3 consecutive treatment days) pharmacological treatment
effects with 9 different compounds on methamphetamine versus food choice in nonhuman
primates. Methamphetamine versus food choice has also been recently established in rats;3”
however, there are no published reports of subchronic pharmacological treatments on
methamphetamine versus food choice in rats. The body of this preclinical literature is
summarized in Table 1. Based on the results of this literature search, a second literature
search was conducted to identify whether similar pharmacological treatments, either acute
(1-day) or subchronic, had been examined on methamphetamine self-administration under
other schedules of reinforcement to allow for translational assessment across different
preclinical methamphetamine self-administration procedures. The body of this preclinical
literature is summarized in Table 2.

Effects of monoamine transporter substrates

One pharmacotherapy approach for methamphetamine addiction might be other monoamine
transporter substrates, because these compounds would share the same mechanism of action
as methamphetamine and thus function as potential agonist-based substitution
pharmacotherapies. The therapeutic goal with this pharmacotherapeutic approach would be
to replace illicit methamphetamine use with a pharmacologically similar compound that
could be administered orally. Two examples of this approach that have been approved by the
FDA and are clinically used are methadone maintenance for opioid addiction38-3° and the
nicotine patch for tobacco addiction.40

Monoamine transporter substrates, such as amphetamine, represent a class of drugs that
function as substrates for DAT, NET, and SERT and produce pharmacological effects by
promoting neurotransmitter release from the presynaptic neuron.1341 Furthermore,
monoamine transporter substrates are currently approved by the FDA and clinically used as
pharmacotherapies for a wide range of mental health disorders, including attention deficit
hyperactivity disorder, narcolepsy, and binge eating. To date, only treatment with the DAT-
and NET-selective substrate D-amphetamine has been examined on methamphetamine-
maintained behaviors in both clinical trials and human laboratory studies. D-Amphetamine
treatment has failed to significantly decrease methamphetamine use in clinical trials.42-44 D-
Amphetamine treatment also did not significantly attenuate methamphetamine self-
administration under a progressive-ratio procedure in a single human laboratory study,*®
although there was a trend for a decrease, and the D-amphetamine doses examined were
small compared to the clinical trials. Consistent with these clinical trial and human
laboratory results, a single preclinical study*® in nonhuman primates has also reported that
subchronic D-amphetamine treatment failed to decrease methamphetamine versus food
choice at the group analysis level. However, individual subject analysis revealed
methamphetamine choice was decreased in two of the four monkeys.*® Altogether, this
literature does not provide robust support for the utility of monoamine transporter substrates
as potential agonist-based substitution pharmacotherapies for methamphetamine use
disorder. Moreover, this literature also suggests that monoamine transporter substrates may
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have utility in some methamphetamine users under an individualized medicine” approach,*
an approach that is also supported by several case reports.#8:49

In contrast to the clinical, human laboratory, and preclinical methamphetamine choice
studies described above, three other monoamine transporter substrates, besides D-
amphetamine, have been evaluated as treatments under simple FR schedules of
methamphetamine reinforcement. Acute D-amphetamine treatment increased low rates of
methamphetamine-maintained behavior maintained by small methamphetamine doses and
decreased high rates of methamphetamine-maintained behavior maintained by intermediate
methamphetamine doses.50 These results were interpreted as an undesirable
pharmacological treatment profile because acute D-amphetamine pretreatment shifted the
methamphetamine dose-effect function to the left. Acute (+)-methamphetamine pretreatment
has also been shown to decrease rates of methamphetamine self-administration under an FR
schedule in both monkeys®! and rats.>2 Furthermore, methamphetamine pretreatment effects
were also determined on food-maintained responding to assess behavioral selectivity and
facilitate dissociations between a selective decrease in methamphetamine self-administration
compared with a more general decrease in motor competence. Although methamphetamine
pretreatment did not significantly decrease food-maintained responding in monkeys,5! there
was a trend for decreased rates of operant responding, suggesting modest behavioral
selectivity. Consistent with the methamphetamine results, treatment with DA and NE versus
the 5-HT-selective monoamine transporter substrate phentermine also attenuated rates of
methamphetamine self-administration under both acute and subchronic treatment
regimens.®? Behavioral selectivity was also assessed in this study, and phentermine was
equally potent to decrease rates of responding in the methamphetamine discrimination and
methamphetamine self-administration procedures. Thus, these results do not suggest
phentermine selectively decreases methamphetamine self-administration. The final
monoamine transporter substrate that has been evaluated was 5-HT versus the DA and NE-
selective substrate fenfluramine. The rationale for fenfluramine evaluation as a
pharmacological treatment was based on preclinical evidence implicating serotonergic
regulation of dopamine neurotransmission (for review, see Refs. 23 and °4). Acute
fenfluramine treatment decreased rates of methamphetamine self-administration, but
tolerance developed to fenfluramine treatment effects during repeated treatments such that
the fenfluramine effect was absent after 4 treatment days.>2 Overall, these results highlight
the importance of experimental designs that include repeated, subchronic pharmacological
dosing regimens and determining behavioral selectivity on nondrug-maintained responding.

Effects of monoamine transporter inhibitors

Another agonist-like pharmacotherapy approach for methamphetamine addiction might be
other drugs that interact with monoamine transporters by inhibiting neurotransmitter uptake
back into the presynaptic neuron. The functional pharmacological consequence of
transporter inhibition is similar to monoamine transporter substrates in that synaptic
neurotransmitter levels are increased. Monoamine transporter inhibitors are also currently
FDA approved and clinically used as pharmacotherapies for a wide range of mental health
disorders, including attention deficit hyperactivity disorder and depression. To date,
treatments with seven different monoamine transporter inhibitors on methamphetamine-
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maintained behaviors have been examined in both clinical trials and human laboratory
studies, and these can be broadly categorized into selective and non-selective monoamine
transporter inhibitors.

First, three different DAT-selective inhibitors have been the most extensively examined:
bupropion, modafanil, and methylphenidate. Both bupropion®5-59 and modafanil®%-62 have
failed to significantly decrease methamphetamine use in clinical trials compared with
placebo. Upon reanalysis of these clinical trial results, a bupropion treatment effect in light
methamphetamine users, defined as self-reported methamphetamine use for 1-18 of the last
30 days, was unmasked.81 However, when a clinical trial was specifically designed to
determine bupropion treatment efficacy in light methamphetamine users, bupropion
treatment was not significantly different than placebo.>® Furthermore, both bupropion83 and
modafanil®4 treatments failed to attenuate methamphetamine self-administration in human
laboratory studies. For methylphenidate, two clinical trials have reported negative results
with methylphenidate®:66 and one trial® reported a significant decrease in amphetamine-
positive urines that enrolled both amphetamine and methamphetamine users. Consistent with
the generally poor treatment effectiveness of DAT-selective monoamine transporter
inhibitors to decrease methamphetamine use in humans, both subchronic bupropion and
methylphenidate treatment also failed to attenuate methamphetamine versus food choice in
monkeys.18:68 Furthermore, individual subject analysis did not reveal a therapeutic-like
bupropion or methylphenidate treatment effect on methamphetamine choice.

These same three DAT-selective inhibitors have also been evaluated under other schedules of
methamphetamine reinforcement. Both acute and subchronic bupropion treatments have
decreased rates of methamphetamine self-administration in both rhesus monkeys®! and
rats,59:70 put these treatment effects were not selective for methamphetamine- versus food-
maintained responding. Acute modafanil pretreatment has also been reported to decrease
rates of methamphetamine self-administration in rats,’! although behavioral selectivity was
not determined. In contrast to the bupropion and modafanil results, acute methylphenidate
pretreatment failed to alter methamphetamine self-administration in monkeys at doses that
decreased food-maintained responding.®? In addition, two other DAT inhibitors have been
examined. Similar to the D-amphetamine pretreatment results described above under a
simple FR schedule of methamphetamine reinforcement, pretreatment with the DAT-
selective inhibitor WIN35,428 also increased rates of methamphetamine self-administration
maintained by small methamphetamine doses and decreased rates of methamphetamine self-
administration maintained by intermediate methamphetamine doses.> However,
pretreatment with atypical DAT inhibitors JHW007, AHN 2-005, and AHN 1-055°0
produced a downward shift in the methamphetamine self-administration dose—effect
function, although behavioral selectivity was not determined. The clinical implications of
these atypical inhibitors treatment effects remains to be empirically determined under other
schedules of methamphetamine reinforcement, under experimental conditions that determine
behavioral selectivity, and under subchronic treatment regimens.

In addition to DAT- and NET-selective inhibitors, SERT-selective inhibitors have also been
examined in clinical trials. Similar to fenfluramine, the rationale for evaluation of SERT
inhibitors as pharmacological treatments is founded on preclinical evidence implicating
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serotonergic regulation of dopaminergic neurotransmission (for review, see Refs. 33 and %4).
Fluoxetine,’2 paroxetine,’3 and sertraline’® have all failed to attenuate methamphetamine
use in clinical trials. No selective SERT inhibitor treatments in either human laboratory
studies or preclinical methamphetamine versus food choice procedures have been published.
However, unpublished observations from our laboratory suggest that subchronic treatment
with the SERT-selective inhibitor citalopram has failed to decrease methamphetamine versus
food choice in rhesus monkeys. Second, treatment with the non-selective NET and SERT
inhibitor imipramine has also failed to attenuate methamphetamine use in clinical trials.”>76
There are no published studies evaluating imipramine treatment effects in either human
laboratory studies or preclinical methamphetamine versus food choice procedures. However,
treatment with the non-selective monoamine transporter inhibitor cocaine failed to attenuate
methamphetamine versus food choice in nonhuman primates.*® These preclinical results
were somewhat surprising given previous evidence that methamphetamine treatment
attenuated cocaine versus food choice in monkeys’’ and attenuated cocaine use in a clinical
trial.”8 Altogether, these human and preclinical results highlight that different
pharmacological treatment approaches are necessary for treating methamphetamine versus
cocaine use disorder, and comingling both disorders into a general stimulant category,
despite their differences in mechanism of action, may confound interpretation.

One potential explanation for the clinical failure of monoamine transporter inhibitors to
attenuate methamphetamine reinforcement may be related to chronic methamphetamine-
induced neurobiological alterations. For example, human imaging studies have reported
significantly lower DAT availability in methamphetamine users compared with
controls.”9-82 Consequently, there may be less DAT protein available for DAT inhibitors,
such as bupropion, methylphenidate, or modafanil, to bind and exert their pharmacological
effects. Thus, the ability of DAT inhibitors to function as an agonist-like medication may be
compromised owing to chronic methamphetamine-induced neurobiological changes.

Effects of dopamine receptor antagonists and partial agonists

Pharmacological antagonists are available for the receptors that are specifically targeted by
certain drugs of abuse, and in these cases, antagonists have been evaluated for their efficacy
to reduce drug-maintained behavior. For example, the p-opioid agonist heroin produces its
abuse-related reinforcing effects by binding to and activating p-opioid receptors. Although
patient compliance remains a significant obstacle, the opioid antagonist naltrexone is an
FDA-approved pharmacotherapy for opioid use disorders.83 Furthermore, consistent with the
therapeutic efficacy of p-opioid antagonists in detoxified heroin-dependent humans,4
subchronic treatment with another p-opioid antagonist, naloxone, decreases heroin choice
and increases food choice in non-opioid—dependent nonhuman primates.8°
Methamphetamine is hypothesized to produce its abuse-related behavioral effects primarily
by binding to and traversing DA transporters to induce DA release from presynaptic neurons
into the synaptic cleft.1:86 Thus, methamphetamine functions as an indirect DA receptor
agonist because it does not directly bind to and activate DA receptors. On the basis of the
hypothesis that DA receptors mediate the abuse-related effects of methamphetamine,7:88
DA receptor antagonists have been evaluated as candidate pharmacotherapies for treating
methamphetamine use disorder.
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In clinical trials, DA D, receptor antagonist-based pharmacotherapies with risperidone89-91
have failed to reduce methamphetamine use. Furthermore, a recent meta-analysis examining
antipsychotic treatment efficacy for cocaine- or amphetamine-type use disorders concluded
that antipsychotic compounds that function primarily as DA receptor antagonists have no
treatment efficacy and were associated with significantly more adverse effects.92 In
agreement with these clinical results, subchronic risperidone treatment failed to attenuate
methamphetamine versus food choice in nonhuman primates.58 Moreover, targeting specific
DA receptor subtypes, such as D3 receptors, has not improved the therapeutic efficacy.
Although selective DA D3 receptor antagonists have not been examined in either clinical
trials or human laboratory studies, both subchronic buspirone and PG01037 treatment did
not attenuate methamphetamine versus food choice in nonhuman primates.®3 Altogether, this
literature does not support DA D, or D3 antagonists as effective pharmacotherapies for
methamphetamine use disorder.

DA receptor antagonists have also been evaluated under other schedules of
methamphetamine reinforce. In contrast to the methamphetamine versus food choice study
referenced above, acute PG01037 or SB-277011A pretreatment attenuated
methamphetamine self-administration under a PR schedule, but not an FR, schedule of
methamphetamine reinforcement®4-96. However, the acute effects of PG01037 treatment
were not selective for methamphetamine, as the potency of PG01037 to decrease
methamphetamine- versus sucrose-maintained behavior was similar®®. Overall, the lack of
PG01037 treatment behavioral selectivity suggests a generalized decrease in rates of operant
behavior and not a selective decrease in methamphetamine reinforcement. This
interpretation is also consistent with the reported PG01037 treatment effects on
methamphetamine versus food choice.

Another strategy to reduce the undesirable effects of DA receptor antagonists has been the
development of DA receptor partial agonists. Treatment with the DA D2 partial agonist
aripiprazole failed to decrease methamphetamine use in clinical trials®7- 97.98 and
methamphetamine self-administration in a human laboratory setting under a PR procedure®.
Although aripiprazole treatment has not been examined in preclinical methamphetamine
versus food choice procedures, it has been examined under other schedules of reinforcement.
Acute aripiprazole pretreatment decreased methamphetamine self-administration under both
PR and FR schedules of reinforcement2, although behavioral selectivity was not
determined. Recently, subchronic treatment with the DA D3-selective partial agonist PG619
failed to decrease methamphetamine versus food choice in nonhuman primatesi®l. No
human laboratory or clinical trials examining DA D3-selective partial agonists as treatments
for methamphetamine use disorder have been published. Overall, these results do not
support the clinical effectiveness of DA D2 or D3 receptor partial agonists for treating
methamphetamine use disorder.

One potential explanation for the failure of DA receptor antagonists and DA receptor partial
agonists to attenuate methamphetamine reinforcement may also be related to chronic
methamphetamine-induced neurobiological alterations. For example, human imaging studies
have reported significantly lower DA D5, receptor availability in methamphetamine addicts
compared with controls,102 and the working hypothesis is that decrease in DA D5 receptors
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reflects mostly postsynaptic D, receptors.192 In contrast to DA D, receptors, nucleus
accumbens DA D1 receptors were reported to be increased in methamphetamine users
postmortem.194 Because all DA antagonists examined as candidate anti-methamphetamine
addiction pharmacotherapies are relatively selective for DA D, versus D, family
subtypes,105 these treatments could potentially leave DA D receptors unopposed for
methamphetamine-induced DA to bind and activate subsequent second-messenger systems,
resulting in enhanced methamphetamine reinforcement.

Effects of 5-HT antagonists

Accumulating scientific evidence has implicated the serotonergic system as one potential
modulator of both mesolimbic and nigrostrial dopaminergic activity (for review, see Refs. 53
and 34). Targeting specific serotonin receptor subtypes directly implicated in mesolimbic
dopaminergic activity may decrease methamphetamine reinforcement more effectively than
the selective SERT inhibitor or releaser treatment results reported above. For example,
subchronic treatment with a 5-HT3 antagonist decreased nucleus accumbens extracellular
DA levels.106 However, treatment with the 5-HT3 antagonist ondansetron failed to decrease
methamphetamine use in a clinical trial. 107 Another 5-HT receptor that has been implicated
in modulating dopaminergic activity is the 5-HT,a receptor. Pretreatment with a 5-HToa
antagonist has attenuated amphetamine-induced increases in extracellular DA levels in rat
striatum and nucleus accumbens198.109 and the caudate nucleus in nonhuman primates.10
However, subchronic treatment with the 5-HT,a inverse agonist/antagonist pimavanserin,
which was just approved by the FDA for the treatment of Parkinson-induced
psychosis,111:112 fajled to decrease methamphetamine versus food choice in nonhuman
primates.113 Altogether, this clinical trial and methamphetamine versus food choice study
does not provide compelling evidence for the clinical effectiveness of selectively targeting 5-
HT3 or 5-HTa receptors as candidate medications for methamphetamine use disorder.

Implications and future directions

Preclinical drug versus food choice procedures are an emerging methodology for evaluating
subchronic candidate medication treatment effects for methamphetamine and other
substance use disorders. In particular, these procedures (1) provide a simplified model of the
clinical methamphetamine use disorder context with multiple concurrently available
reinforcers, (2) model choice procedures utilized to assess candidate medication treatment
effects in human laboratory studies, and (3) provide a dependent measure of
methamphetamine-reinforcing efficacy that is less sensitive to reinforcement-independent
rate-altering drug effects. In summary, this literature review suggests that preclinical drug
versus food choice procedures examining subchronic pharmacological treatment effects have
produced concordant results with both human laboratory drug self-administration studies
and clinical trials. In contrast, more traditional drug self-administration procedures that
provide rate-based measures of methamphetamine reinforcement have produced less
concordant results with both human laboratory drug self-administration studies and clinical
trials. Given the “growing therapeutic graveyard”114 for methamphetamine use disorder
pharmacotherapy, this review highlights the rationale for utilizing preclinical
methamphetamine versus food choice procedures in the development of a translational anti—
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methamphetamine use disorder pharmacotherapy pipeline similar to a pipeline approach that
was recently described for cocaine use disorder.?1

One potential future direction would be to improve our understanding of the basic behavioral
pharmacology principles that determine methamphetamine versus food choice. For example,
a recent methamphetamine versus food choice study in rats suggested that escalation of
methamphetamine self-administration under an FR schedule of reinforcement was not
predictive of methamphetamine versus food choice.3” In particular, the role of biological
variables, such as sex or genotype, and environmental variables, such as social housing
conditions or nondrug reinforcers other than food/sweetened liquid, as determinants of
methamphetamine versus food choice are unknown. If these biological and environmental
variables affected methamphetamine choice, these results would provide new and innovative
research avenues to improve our understanding of methamphetamine use disorder.
Moreover, the use of nondrug alternative reinforcers other than food would also potentially
minimize the potential anorectic effects of both the self-administered drug and
pharmacological treatments being evaluated as candidate medications.

Although no class of compounds reviewed above demonstrated a consistent and robust
pharmacotherapeutic profile for methamphetamine use disorders across preclinical and
human laboratory studies and clinical trials, there was a small signal of potential treatment
efficacy for indirect DA agonists. Because members of this drug class function as indirect
DA agonists, another future direction might be the evaluation of direct DA receptor agonists
as candidate anti-methamphetamine use disorder pharmacotherapies. For example, both
direct DA D; and D5 receptor agonists produce methamphetamine-like discriminative
stimulus effects in monkeys.87 These results suggest that DA D1 and D receptor activation
is sufficient to produce methamphetamine-like effects consistent with an agonist-like
pharmacological profile. To date, there are no published studies examining treatment effects
with DA D1 or D5, agonists on methamphetamine self-administration in either preclinical or
human laboratory studies. Based on the scientific literature discussed in this review,
preclinical experimental designs that incorporate both subchronic treatment regimens and
metrics of methamphetamine reinforcement using a methamphetamine choice procedure
would appear to produce the best translationally relevant results.
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Figure 1.

Choice between different unit methamphetamine doses (0-0.32 mg/kg/injection) and 1-g
food pellets in rhesus monkeys (7= 4) under a concurrent FR10:FR100 schedule of
methamphetamine injections and food availability under conditions of either subchronic

saline or 0.32 mg/kg/h methylphenidate treatment. Methylphenidate treatment results have
been previously published.*6 Panels (A-D) abscissae: unit methamphetamine dose in mg/kg/
injection. Top left ordinates: percent methamphetamine choice. Top right ordinates: percent
food choice. Middle ordinates: rates of operant responding in responses per second. Bottom
abscissae: dependent measure. Bottom ordinates: number of choices completed during the
entire methamphetamine choice session. All dashed lines represent the mean (+ standard
error of the mean.) of three consecutive saline treatment days. Data points represent the
mean of last 3 treatment days of each 7-day treatment period. Numbers in parentheses
indicate the number of subjects contributing to that data point if less than the total number of
subjects (four) tested and denote a component where the subject failed to complete at least
one ratio requirement. These results demonstrate three main findings from drug versus food
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choice procedures. First, baseline (+ saline) methamphetamine versus food choice increases
in a monotonic function as the unit methamphetamine dose increases. Second, rates of
operant responding are not predictive of methamphetamine versus food choice. Lastly,
preclinical methamphetamine versus food choice procedures provide dissociable measures
of methamphetamine reinforcement (percent drug choice; panels A and B) and measures of
operant rates of responding (C—F) that are differentially sensitive to pharmacological
treatment effects.
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