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Abstract

Methamphetamine (METH) is a highly addictive drug, but no pharmacological treatment is yet
available for METH use disorders. Similar to METH, the wake-promoting drug (/)- modafinil (R-
MOD) binds to the dopamine transporter (DAT). Unlike METH, R-MOD is not a substrate for
transport by DAT and has low abuse potential. We tested the hypothesis that the atypical DAT
inhibitor R-MOD and compounds that are derived from Modafinil would decrease METH intake
by reducing the actions of METH at the DAT. We tested the effects of systemic injections of R-
MOD and four novel Modafinil-derived ligands with increased DAT affinity (JJC8-016, JJC8-088,
JJC8-089, and JJC8-091) on intravenous (i.v.) METH self-administration in rats that were allowed
short access (ShA; 1 h) or long access (LgA; 6 h) to the drug. ShA rats exhibited stable METH
intake over sessions, whereas LgA rats exhibited an escalation of drug intake. R-MOD decreased
METH self-administration in ShA and LgA rats (in the 15t hour only). JJC8-091, and JJC8-016
decreased METH self-administration in both ShA and LgA rats. JJC8- 089 decreased METH self-
administration in LgA rats only, whereas JJC8-088 had no effect on METH self-administration in
either ShA or LgA rats. These findings support the potential of atypical DAT inhibitors for the
treatment of METH use disorders and suggest several novel compounds as candidate drugs.
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Introduction

Methamphetamine (METH) blocks the reuptake of dopamine by binding to the dopamine
transporter (DAT) and causes dopamine release through the reversal of DAT transport,
effluxing DA into the synapse (Sulzer et a/, 2005). The effects of smoked or injected METH
are experienced rapidly and include euphoria and alertness. METH has a long half-life
compared with other psychostimulants (e.g., cocaine), which facilitates the high blood levels
that are achieved during binge episodes and contributes to its high abuse potential (Scott et
al, 2007). Chronic METH abuse can lead to psychosis, malnutrition, cardiovascular
complications, and other medical and psychiatric symptoms, particularly during withdrawal
(Scott et al, 2007). METH addiction is characterized by compulsive METH seeking and
taking that includes the inability to control drug intake. Although behavioral treatments exist
for METH use disorders, these have varied effectiveness (Ballester et a/, 2017). Currently,
there are no FDA-approved pharmacological treatments for METH addiction, and clinical
trials have not yet found a compound with clear efficacy (Brackins et a/, 2011; Fulde &
Forster, 2015; Morley et a/, 2017). Given the high rate of METH abuse worldwide (Ballester
et al, 2017), an effective treatment for METH addiction is urgently needed.

(x)-Modafinil (Provigil®) is an FDA-approved drug that is used to treat narcolepsy and shift-
work sleep disorder by promoting wakefulness (Wisor et a/, 2006). Modafinil's mechanism
of action is complex, but its main pharmacological effect is achieved through DAT binding,
resulting in the inhibition of dopamine reuptake (Mereu et a/, 2013). DAT mutagenesis
studies showed that the binding affinities of modafinil and all of the analogues reported
herein, are significantly and negatively impacted by a Y156F DAT mutation that precludes
the formation of a H-bonding gate between Y156 and D79 (Cao et a/, 2016). Indeed, R-
MOD and the analogues reported herein appear to exhibit an “atypical binding mode”,
preferentially binding an inward occluded conformation of the DAT (Loland et a/, 2012; Cao
et al, 2016). In general, these atypical DAT inhibitors have behavioral profiles that are quite
different from typical DAT inhibitors (e.g., cocaine). Typical DAT inhibitors, such as
cocaine, have high abuse potential because of their ability to induce dramatic and rapid
elevations of extracellular dopamine. Atypical DAT inhibitors, including modafinil, perhaps
because of their unique binding mode at the DAT (Wang et a/, 2015a; Schmitt & Reith,
2011), can have a slower onset and promote a longer-lasting increase in extracellular
dopamine (Reith et a/, 2015), which likely contribute to their unique behavioral profiles.

Reichel and See (2010, 2012) reported that modafinil decreased METH seeking in a rat
model of relapse in tests of context-induced, cue-induced, and METH-primed reinstatement,
and a high dose of modafinil reduced METH self-administration. Clinical studies indicated
that modafinil may reduce the severity of METH withdrawal and sleep disturbances
(McGregor et al, 2008) and may reduce METH use among modafinil-compliant individuals
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(Shearer et al, 2009; Anderson et a/, 2012). In a small sample, modafinil reduced, albeit
nonsignificantly, ratings of METH-induced euphoria and craving and shifted choice
behavior away from METH toward a monetary reinforcement alternative (De La Garza et a/,
2010). Critically, clinical evidence also suggests that modafinil has low abuse potential and
is not an amphetamine-like compound (Vosburg et a/, 2010; Jasinski, 2000).

Despite its potential for the treatment of METH use disorders, the effects of modafinil and
its analogues on compulsive-like METH intake in animal models have not yet been
evaluated. The present study investigated the effects of the increased DAT affinity (R)-(-)-
enantiomer of modafinil (R-MOD; ~3-times higher affinity for the DAT than (S)-(+)-MOD;
Wang et al, 2015b) and four novel analogues with varying DAT affinities (Figure 1); R-
MOD, Kj = 3260 nM; JJC8-016, Kj = 116 nM; JJC8-088, K= 2.53 nM; JJC8-089, Kj =
16.7 nM; JJC8-091, Kj = 289 nM (Cao et al, 2016; Zhang et al, 2017) in a rat model of
METH addiction. Herein, rats were given short access (ShA; 1 h daily sessions) or long
access (LgA,; 6 h daily sessions) to METH to model controlled and stable vs. escalated
METH intake (Whitfield et a/, 2015), respectively. We hypothesized that these novel atypical
DAT inhibitors would decrease compulsive-like METH intake by reducing the ability of
METH to bind the DAT.

Materials and Methods

Animals

For METH self-administration and behavioral pharmacological testing, adult male Wistar
rats (V= 101) were purchased from Charles River (Kingston, NY, USA). The initial body
weights of the animals were 225-275 g. The rats were group-housed (2-3 per cage) in
standard plastic cages with sani-chip bedding and maintained under a reverse 12 h/12 h
light/dark cycle (lights on at 8:00 PM) at 21°C + 2°C. The rats had free access to food and
water throughout the experiment, except during operant self-administration sessions. All
self-administration and behavioral pharmacological testing studies were performed
according to protocols approved by the Animal Care and Use Committee of the National
Institute on Drug Abuse Intramural Research Program.

Pharmacokinetic studies were conducted in male Wistar rats (6-8 weeks old; weighing
200-250 g) that were obtained from Harlan Laboratories (Indianapolis, IN, USA). The rats
were maintained in a controlled environment and had ad /ibitum access to food and water.
All of the pharmacokinetic studies were performed according to protocols approved by the
Institutional Animal Care and Use Committee of Johns Hopkins University.

All procedures were conducted according to the National Institutes of Health Guide for the
Care and Use of Laboratory Animals (8! edition).

Surgical procedure

The rats were implanted with chronic indwelling i.v. catheters (0.64 mm inner diameter, 1.19
mm outer diameter; Dow Corning, Midland, MI, USA) in the right external jugular vein as
described previously (Whitfield et a/, 2015). The rats were allowed to recover for at least 5
days before behavioral testing.
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METH self-administration

The i.v. self-administration procedures were conducted as previously reported (Whitfield et
al, 2015). The rats were trained to self-administer 0.05 mg/kg/infusion METH during daily
1-h sessions under a fixed-ratio 1 (FR1) schedule of reinforcement (i.e., each lever press
resulted in a drug infusion). METH self-administration sessions were conducted in standard
operant chambers (32 cm x 25.5 cm x 25.5 cm; Med Associates, St. Albans, VT, USA) that
were housed inside light- and sound-attenuating cubicles. At the beginning of each session,
two retractable levers mounted to the right wall were extended into the chamber. Responses
on the right lever resulted in the delivery of an infusion of 0.05 mg/kg METH in a volume of
0.1 ml, infused over 2.3 s. A stimulus light located directly above the active lever was
illuminated for 20 s at the onset of each infusion, during which responses had no
programmed consequences (timeout period). Responses on the left (inactive) lever were
recorded but had no programmed consequences. The session ended with retraction of the
levers from the chamber.

The rats were trained in 5 sessions per week, to self-administer METH for 10-15 sessions.
The rats were then divided into ShA and LgA groups and given an additional 10 sessions of
METH self-administration (FR1) under ShA (1 h) or LgA (6 h) conditions to produce an
escalation of METH intake in LgA rats (Kitamura et a/, 2006) before behavioral
pharmacological testing began.

Behavioral pharmacological testing

R-MOD ([R]-2-[(diphenylmethyl)sulfinyl]acetamide), JJC8-016 (N-[2-([bis(4-
fluorophenyl)methyl]thio)ethyl]-3-phenylpropan-1-amine), JJC8-088 (1-[4-(2-[(bis[4-
fluorophenyl]methyl)sulfinyl]ethyl)piperazin-1-yl]-3-phenylpropan-2-ol), JJC8-089 (1-[4-
(2- [(bis[4-fluorophenyl]methyl)thio]ethyl)piperazin-1-yl]propan-2-ol), and JJC8-091 (1-[4-
(2-[(bis[4-fluorophenylImethyl)sulfinyl]ethyl)piperazin-1-yl]propan-2-ol) were dissolved in
10% dimethyl sulfoxide and 15% Tween 80, and diluted with sterile saline. R-MOD,
JJC8-016, JJC8-JJC8-089, and JIC8-091 were synthesized according to previously
published procedures (Cao et a/, 2016; Okunola-Bakare et al, 2014).

Different cohorts of LgA and ShA rats were used to test the effects of each drug on METH
self-administration. The rats in each group received an intraperitoneal (i.p.) injection of R-
MOD (0, and 100 mg/kg), JJC8-016 (0, 10, and 30 mg/kg), JJC8-088 (0, 3, 10, and 30 mg/
kg), JJC8-089 (0, 1, 3, 10, and 30 mg/kg), or JJC8-091 (0, 10, 30, and 56 mg/kg). The
pretreatment time for R-MOD, JJC8-016, JJC8-089, and JJC8-091 was 1 h. The
pretreatment time for JJC8-088 was 30 min to account for its shorter half-life, as reported in
mice (Cao et al, 2016). After receiving the treatment, ShA and LgA rats were placed in the
operant chambers and tested under an FR1 schedule of reinforcement. For each drug tested,
the order of doses was assigned randomly using a within-subjects Latin-square design. Each
dose tested was separated by at least one day without any treatment or self-administration,
followed by a regular FR1 self-administration session without any treatment, followed by at
least one more day without any treatment or self-administration. In some cases, rats were
tested with two different drugs; five ShA rats tested with R-MOD were also tested with
JJC8-016, three ShA rats tested with R-MOD were also tested with JJC8-089, three ShA rats

Neuropharmacology. Author manuscript; available in PMC 2019 March 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Tunstall et al. Page 5

tested with JJC8-016 were also tested with JJC8-089, and eight LgA rats tested with R-
MOD were also tested with JJC8-016. The different drug treatments were separated by at
least a week, and rats were given a re-baseline session before testing.

Rat liver microsomal stability assay

Phase | metabolic stability assays for all of the compounds were conducted in rat liver
microsomes as previously described (Cao et a/, 2016; Kumar et a/, 2016; Supplemental
Material).

Pharmacokinetic evaluation of JJC8-088, JJC8-089, and JJC8-091 in rats

The compounds were administered as a single i.p. dose of 10 mg/kg. All of the solutions
were freshly prepared on the day of the experiment in 10% dimethylsulfoxide, 10% Tween
80, and diluted with sterile saline. Thirty and 120 min after administration, the animals (7=
3 per time point) were euthanized with CO». Blood samples were collected in heparinized
microtubes by cardiac puncture, and brain tissue was dissected and immediately flash frozen
(-80°C). Plasma was prepared by centrifugation immediately after collecting the blood
samples. All of the samples were stored at -80°C until analyzed by LC/MS/MS.
Pharmacokinetic evaluation of JJC8-016 was not conducted in the rat, but both
pharmacokinetic and metabolism studies were previously conducted in the mouse (see
Supplemental Material).

Bioanalysis of JJC8-088, JJC8-089, and JJC8-091

For the quantification of analytes in plasma and brain tissues, extraction was performed
using protein precipitation (Rais et a/, 2014, 2015) and subsequently processed for analysis
by LC/MS/MS (Supplemental Material).

Off-target in vitro screening

JJC8-088, JIC8-89, and JJIC8-091 were screened for binding to 69 receptors, transporters,
and enzymes at concentrations of 100 nM and 10 uM. These data were previously published
for R-MOD and JJC8-016 (Zhang et al, 2017). For details of the in vitro screening
experiments, please refer to Supplemental Information.

Effects of R-modafinil and analogues on saccharin self-administration and locomotion

A separate group of rats was trained to self-administer saccharin in operant chambers
equipped with infrared beams for measuring locomotion. For details of the saccharin self-
administration and locomotion experiment, please refer to Supplemental Information.

Data analysis

The data is presented as the mean and standard error of the mean. The level of significance
for all of the statistical tests was a = 0.05. For METH self-administration in ShA rats and
the 15t h of self-administration in LgA rats, escalation of METH intake and behavioral
pharmacological tests were analyzed using two-way analysis of variance (ANOVA), with
group (ShA vs. LgA 15t h) as the between-subjects factor and session or dose as the within-
subjects factor. A one-way repeated-measures ANOVA was used to assess the escalation of
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METH intake and the effects of test drugs in the LgA rats for the entire 6 h self-
administration session. For R- MOD, a paired-sample #test was used to compare the single
dose of R-MOD to vehicle. The Holms-Sidak test was used for post hoc analyses as
appropriate. GraphPad Prism 7.01 software was used for the statistical analysis.

Escalation of METH self-administration

We used five cohorts of rats and combined their data for analysis of the 10 days of METH
self-administration (Figure 2). The two-way ANOVA comparing ShA and LgA (1%t h) rats
revealed a significant group x session interaction (/g gp1 = 16.3, p < 0.0001). LgA rats
escalated their drug intake in the 15t h, with intake significantly increased during the fourth
session (p < 0.001), and further increase through sessions 5-10 (p < 0.0001) compared to
their first session. ShA rats allowed limited (1 h) access to METH self-administration
exhibited stable drug intake over 1 h sessions (Figure 2A). Furthermore, LgA rats self-
administered significantly more METH in the 15t h than ShA rats did in 1 h, during sessions
6-10 (< 0.0001). For the entire 6 h session in the LgA rats, a main effect of session (/g 405
=23.5, p<0.0001) was observed, with LgA rats demonstrating significantly increased
METH self-administration during the third session (p < 0.001) and further escalating their
METH intake during sessions 4-10 (p < 0.0001).

Effects of R-MOD on METH self-administration

LgA rats exhibited higher METH intake compared with ShA rats in the first hour (group
effect: 1 19 =5.0, p<0.05), and R-MOD (100 mg/kg) significantly decreased drug intake in
the first hour of METH self-administration, regardless of group (treatment effect: ;19 =
11.0, p< 0.01; Figure 3A, B). The paired-sample t-test indicated that the decrease in METH
intake that was caused by R-MOD was nonsignificant (4, = 2.1, p=0.058) when
considering the entire 6 h session in LgA rats (Figure 3C).

Effects of JJC8-016 on METH self-administration

A group effect (F1 20 = 5.4, p < 0.05) indicated that in this cohort of rats, LgA rats had
significantly higher METH intake compared with ShA rats during the first hour of self-
administration. The highest dose of JJC8-016 (30 mg/kg) significantly decreased METH
self-administration in both ShA and LgA rats (treatment effect: / 490 = 11.9, p < 0.0001;
post hoc analysis: p < 0.0001; Figure 3D, E). For the entire 6 h session in LgA rats,
JJC8-016 (30 mg/kg) significantly decreased METH intake compared with vehicle
(treatment effect: £ op = 9.1, p< 01; post hoc analysis: p < 0.01; Figure 3F).

Effects of JJC8-088 on METH self-administration

In this cohort, the LgA rats exhibited higher METH intake in the first hour of self-
administration than ShA rats (group effect: /17 = 16.8, p < 0.001). However, JJC8-088 did
not significantly change METH intake in LgA or ShA rats in the first hour of self-
administration (treatment effect: /351 = 2.1, p=0.11; Figure 3G, H). Treatment with
JJC8-088 did not affect METH intake in the entire 6 h session in LgA rats (treatment effect:
F327=0.8, p=0.49; Figure 3I).
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Effects of JJC8-089 on METH self-administration

In the first hour of METH self-administration, we only observed a group effect (A 17 =
17.0, p< 0.001; Figure 3J, K), indicating that the LgA rats in this cohort exhibited an
increase in METH intake compared with ShA rats. For the 6 h session in LgA rats, 30 mg/kg
JJC8-089 significantly decreased METH intake (treatment effect: /4 36 = 3.0, p < 0.05;
Figure 3L; post hoctest, p< 0.01).

Effects of JJC8-091 on METH self-administration

The LgA rats in this cohort self-administered significantly more METH in the first hour
compared with ShA rats (group effect: /1 15 = 8.8, p < 0.01; Figure 3M, N). The highest
dose of JJC8-091 (56 mg/kg) decreased METH intake in both LgA and ShA rats (treatment
effect: /354 = 3.4, p<0.05; post hoc test, p< 0.01). For the 6 h session in LgA rats,
JJC8-091 significantly decreased METH intake in the LgA rats (treatment effect: /3 57 =
18.8, p< 0.0001; Figure 30). The post hoc comparisons indicated a significant reduction of
METH intake at doses of 10 mg/kg (p< 0.01), 30 mg/kg (p < 0.0001), and 56 mg/kg (p <
0.0001).

Rat liver microsomal stability

JJC8-016, JJC8-088, JJC8-089, and JJC8-091 were tested for susceptibility to CYP-
dependent metabolism in rat liver microsomes and compared with R-MOD (Figure 4).
JJC8-016 and JJC8-089 were the least metabolically stable, with half-lives of 9 and 14 min,
respectively, suggesting the potential for rapid clearance. In contrast, JJC8-088 and R-MOD
were moderately stable, with half-lives of 39 and 55 min, respectively. The rat liver
microsome data for JJC8-088 contrasts with our previous report in mouse liver microsomes,
in which JJC8-088 was rapidly metabolized (t1/2 = 12.9 min; Cao et a/, 2016), underscoring
species differences in metabolism. Notably, JJC8-091 was the most metabolically stable
analogue, with a calculated half-life of 126 min.

Plasma and brain levels of JJC8-088, JJC8-089, and JJC8-091 in rats

The three most metabolically stable compounds (JJC8-088, JJC8-089, and JJC8-091) were
then tested for plasma and brain exposure following i.p. administration. Figure 5 shows
plasma and brain exposure at 30 min and 2 h post-administration. JJC8-089 had the highest
brain levels (7.6 £ 0.3 nmol/g and 3.6 + 0.7 nmol/g at 30 min and 2 h post-administration,
respectively). Interestingly, brain levels were 8-9 fold higher than plasma levels (Figure 5A).
JJC8-091 presented moderate brain penetration (0.45 + 0.18 nmol/g and 0.30 £ 0.015
nmol/g at 30 min and 2 h post-administration, respectively; Figure 5B). In contrast,
JJC8-088 presented low levels in both brain and plasma (Figure 5C). Pharmacokinetic
evaluation of JJC8-016 was not conducted in the rat, but it was previously conducted in the
mouse (see Supplemental Material). Both pharmacokinetic and metabolism data indicated
good brain penetration for JJC8- 016 (see Supplemental Material).

Discussion

Extended access to METH in rats has been shown to cause an escalation of METH intake,
compulsive-like responding for METH (Whitfield et a/, 2015), and deficits in brain reward
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function during METH withdrawal (Jang et a/, 2013). These changes reflect important
features of METH addiction and provide evidence of the validity of the extended access
model of compulsive-like METH self-administration (Koob, 2017). Consistent with previous
reports (Whitfield et a/, 2015; Kitamura et al, 2006), we found that rats that were allowed 6
h access (LgA) to i.v. METH self-administration escalated their drug intake, whereas rats
that were allowed 1 h access (ShA) exhibited stable intake over sessions. This escalation of
METH intake in LgA rats was evident in the first hour of access as well as in their overall
intake. Acute treatment with the R-MOD analogues JJC8-016 and JJC8-091 dose-
dependently decreased METH self-administration in both ShA and LgA rats, as did a single
dose of R-MOD. JJC8-016 was the most effective in reducing METH intake in ShA rats and
first-hour intake in LgA rats, whereas JJC8-091 was the most effective over the entire 6 h
session in LgA rats, likely because of its superior metabolic stability (Figure 4). JJC8-089
decreased METH self-administration only in LgA rats and over the entire 6 h session, at the
highest dose. JJC8-088 did not significantly reduce METH self-administration in either

group.

ShA rats were generally more sensitive to the effects of R-MOD and its analogues compared
with LgA rats. In ShA rats, R-MOD, JJC8-089, and JJC8-016 induced a >50% reduction of
METH intake (Supplemental Figure S2). LgA rats appeared to be more resistant to
treatment, and only JJC8-016 induced a >50% reduction of self-administration at the 1 h
time point (Supplemental Figure S2). These findings are consistent with the hypothesis that
the escalation of drug self-administration reflects the development of less flexible,
compulsive-like drug self-administration (Koob, 2017). Over the 6 h session, JJC8-089,
JJC8-091, and JJC8-016 produced a moderate but significant (22-41%) decrease in METH
intake in LgA rats (Supplemental Figure S2), and JJC8-091 was effective within a lower
dose range (10-56 mg/kg) compared with the other compounds tested.

Following R-MOD administration, ShA and LgA rats exhibited a reduction of METH self-
administration at 1 h. However, this effect was transient, and METH intake did not
significantly decrease over the entire 6 h test in LgA rats. Consistent with this finding,
Reichel and See (2012) reported that only a very high-dose of (x)-modafinil (300 mg/kg)
significantly decreased METH self-administration. However, modafinil was more effective
in blocking the reinstatement of METH seeking that was induced by exposure to a priming
dose of METH or a cue or context that was associated with METH (Reichel & See, 2012).
These preclinical data suggest that modafinil may more effectively prevent relapse than
reduce METH self-administration.

The ability of JJC8-016 and JJC8-091 to attenuate METH self-administration in ShA and
LgA rats was long-lasting (i.e., effective over the 6 h session). Additional promising
preclinical results were recently reported for JJC8-016, showing that it effectively inhibited
cocaine-induced locomotion, cocaine self-administration, and cocaine-induced
reinstatement, without affecting locomotor activity or intracranial self-stimulation (Zhang et
al, 2017). The time-course of efficacy of JJC8-089 appears to be somewhat more complex
than JJC8-016 and JJC8-091. JJC8-089 significantly attenuated METH self-administration
in LgA rats in the 6 h session but not in the 15 h or in the ShA rats. The reasons for these
results are not apparent and may be complicated by the finding that although JJC8-089 had
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very high brain penetration (Figure 5) it was rapidly metabolized (Figure 4). Moreover, off-
target actions of JJC8-089 (e.g., at sigma-1 receptors; and see Supplemental Tables S2 and
S3) may also play a role. Both JJC8-089 and JJC8-016 have been reported to have high
affinities for sigma-1 receptors (Cao et a/, 2016), which have been implicated in the
reinforcing effects of abused drugs (for review, see Katz et a/, 2016). Indeed, a dual DAT-
sigma-1 mechanism for blocking both cocaine and METH self-administration has been
reported (Hiranita et a/, 2011, 2014, 2017). The classic atypical DAT inhibitor JHW 007
(benztropine-derived, not modafinil-derived) has been shown to effectively block cocaine
and METH self-administration in rats (Hiranita et a/, 2014, 2017). The off-target binding
profile of both classes of drug are different and likely important for explaining the
mechanism of action their effects (see for review, Avelar et a/, 2017). One potentially
relevant point of overlap is that the sigma-1/DAT binding ratio (0.24) for JJC8-089
(attenuated METH self-administration in LgA rats in the 6 h session) is equivalent to that of
JHW 007 (0.20-0.23; Cao et al, 2016; Hiranita et a/, 2017). JHW 007 does not support self-
administration behavior, even in rats with a cocaine self-administration history (Hiranita et
al, 2009). JHW 007 has also been found to attenuate many actions of psychostimulants in
rodent models including but not limited to drug self-administration. Importantly, JHW 007
caused a downward dose-response curve shift in cocaine self-administration, indicating a
decrease in reinforcement efficacy rather than changes in drug potency (Hiranita et af/, 2009).
These findings are consistent with the decrease in FR1 self-administration of METH
reported by Ferragud et a/ (2014) and with the present results demonstrating that modafinil-
derived compounds also attenuate METH self-administration. Similarly, one of the
compounds that we presently report as attenuating METH self-administration (JJC8-016)
was recently demonstrated to produce a downward dose-response curve shift on cocaine
self-administration (Zhang et af, 2017). Together, these results suggest that atypical DAT
inhibitors do not enhance psychostimulant reinforcing effects, but rather decrease their
reinforcing efficacy. Follow-up studies to extend these findings will assess the effects of the
most promising compounds on progressive ratio, extinction, reinstatement, punishment,
demand-curve and dose-response-curve functions.

JJC8-088 did not significantly alter METH self-administration in ShA or LgA rats at either 1
or 6 h. Although this compound has high DAT affinity, selectivity, and metabolic stability in
rat liver microsomes (Figure 4), the most parsimonious explanation for its lack of efficacy
appears to be that JJC8-088 has very poor brain penetration (Figure 5A). Indeed, very little
JJC8-088 was detected in the brain at 30 min and it was nearly undetectable by 120 min.
Nevertheless, we cannot rule out that JJC8-088's relatively low affinity for sigmal receptors
(K;=336 nM) relative to its DAT affinity (sigmal/DAT= >100; Cao et a/, 2016) may also
contribute to this compound's lack of effect on METH self-administration in either the ShA
or LgA rats. In addition, recently, the differential effects of JHWO007 and R-MOD on D,
autoreceptor neurotransmission have been reported (Avelar et a/, 2017) that may also
contribute to the effectiveness (or lack thereof) of these atypical DAT inhibitors in models of
psychostimulant abuse. Overall, these results are consistent with our overarching hypothesis
that although all atypical DAT inhibitors, by definition, bind to DAT, they bind in a preferred
conformation that differs from cocaine, and so it is the nature of binding rather than affinity
that predicts their effects in vivo (i.e., DAT binding affinity alone cannot predict the
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behavioral profile of an atypical DAT inhibitor, as summarized in Supplemental Figure S2).
Importantly, although R-MOD and the analogues reported herein are all DAT inhibitors, the
behavioral effects observed in these METH self-administration models are not simply
related to DAT binding, as off target actions and differences in pharmacokinetic properties
clearly contribute to each individual compound's efficacy in the ShA and LgA METH self-
administering rats.

Consistent with previous studies (Wang et a/, 2015b), R-MOD did not alter the self-
administration of sweetened water or locomotion (Supplemental Figure S3). However,
Zhang et al (2017) reported that 10-30 mg/kg R-MOD increased locomotion and enhanced
brain stimulation reward. These findings indicate that the R-MOD-induced reduction of
METH intake is likely not attributable to sedative effects or motor impairments that can
affect operant responding. Importantly, JJC8-016, JJC8-089, and JJC8-091 were all effective
in reducing compulsive-like METH self-administration without causing significant
locomotor effects, as previously reported for JJC8-016 tested on cocaine self-administration
(Zhang et al, 2017), suggesting that these compounds are effective in curbing METH
maintained behavior without causing significant motor effects. In addition, inactive-lever
responding was not significantly altered by any of the compounds, in either group (see
Supplemental Table S7). It should be noted that JJC8-016, JJC8-089, and JJC8-091, which
all effectively decreased METH intake, also significantly reduced saccharin self-
administration (Supplemental Figure S3). JJC8-016 was recently reported to reduce sucrose
self-administration in rats (Zhang et a/, 2017). A possible explanation for this effect includes
a decrease in appetite (i.e., anorexigenic effect). Furthermore, we cannot exclude the
possible actions of JJC8-016, JJC8-089, and JJC8-091 (Supplementary Tables S2-6) at sites
other than the DAT (i.e., off-target effects) that may decrease saccharin intake. Different
from the other compounds, JJC8-088 increased saccharin drinking and locomotion (Figure
S3), although the mechanisms are unclear at this point. Future studies will investigate the
mechanisms that underlie the unique behavioral profiles of these atypical DAT inhibitors.

Although modafinil has been reported to engage glutamatergic and other mechanisms, there
is so far no evidence that modafinil and the analogues tested in the present study bind
directly to any of the glutamate receptors (Supplemental Material), suggesting an indirect
effect. There are many possible contributors to the effect profile of these drugs including
GABA, norepinephrine, serotonin, orexin, and histamine, all of which contribute to the
mediation of sleep-wake regulation, and have been proposed to be involved in the cognitive-
enhancing effects of modafinil (see for review, Mereu et a/, 2013). Histamine signaling is a
particularly interesting mechanism, and possibly a direct mechanism of action, given that
histamine binding was observed for some of the present compounds in our off-target assays
(Supplemental Material).

In summary, JJC8-016, JJC8-091, JJC8-089, and to a lesser degree R-MOD significantly
decreased compulsive-like METH self-administration, in rats. These effects did not appear
to be a consequence of sedation or motor impairment. None of the compounds that
effectively reduced METH self-administration exerted stimulant effects. Although the
pharmacological mechanisms of action of atypical DAT inhibitors are complex and not fully
understood, the present results support the further testing of this class of compounds for the
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treatment of METH use disorders. R-MOD is approved for human use, and it may be
repurposed and tested in adequately powered studies in individuals with METH use
disorders. Indeed, R-MOD may be more effective than racemic modafinil in certain patient
populations (Kampman et a/, 2015). Moreover, several of the R-MOD analogues (JJC8-091,
JJC8-089, and JJC8-016) significantly reduced METH selfadministration in LgA rats over
the 6 h session, thus supporting the further investigation of these atypical DAT inhibitors as
pharmacotherapeutics. Further modifications of our drug design to improve their metabolic
and pharmacokinetic properties may facilitate the clinical translation of these findings.
Preclinical studies can provide additional information about the mechanisms by which
atypical DAT inhibitors decrease METH intake, and these analogues will be useful
pharmacological tools in this endeavor.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. There is currently no available pharmacological treatment for METH use
disorder
. Rats allowed extended access to METH escalate their drug intake
. R-Modafinil and several modafinil analogues reduced escalated METH intake

. Atypical DAT inhibitors have potential for treating METH use disorders
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Figure 1.

Chemical structures of the R-MOD analogues JJC8-016, JJC8-088, JJC8-089, and JJC8-091.
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Figure 2.
Escalation of METH intake in LgA but not ShA rats. Combined data from five cohorts of

rats. Rats in each cohort were given either ShA (1 h; n= 37 total rats) or LgA (6 h; n= 46
total rats) to METH. In the 15t h of the LgA session, LgA rats demonstrated an escalation of
METH intake over sessions, and self-administered significantly more METH in 1 h
compared with ShA rats (A). LgA rats demonstrated an escalation of METH intake over 6-h
sessions (B). ##p < 0.001, LgA 1st h compared with ShA; ***p < 0.001, compared with
session 1.
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Figure 3.
Number of METH infusions after treatment with R-MOD and its analogues. R-MOD at a

dose of 100 mg/kg decreased the number of infusions in the ShA 1 h group (A) and LgA
group in the 15t hour (B). R-MOD decreased the total number of METH infusions in the
LgA group over 6 h but not significantly (p=0.058) (C). (D, F) JJC8-016 at a dose of 30
mg/kg decreased the number of infusions in the ShA 1 h group (D) and LgA group in the 15t
hour (E) and in the 6 h session (F). (G-I) JJC8-088 did not affect METH intake in the ShA 1
h group (G) or in the LgA group in the 15t hour (H) or in the 6 h session (l). JJC8-089 at a
dose of 30 mg/kg decreased the number of infusions in the ShA 1 h group and in the LgA
group in the 6 h session. JJC8-091 at a dose of 56 mg/kg decreased the number of infusions
in the ShA 1 h group and in the LgA group in the 15t hour. JJC8-091 at doses of 10, 30, and
56 mg/kg decreased the number of infusions in the LgA group in the 6 h session. *p < 0.05,
*+p < 0.01, ***p < 0.001 main effect of group (ShA 1 h vs. LgA 15t h); #p < 0.05, main
effect of dose; **p < 0.01, ***p < 0.001, different from vehicle.
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JJC8-091
R-Modafinil
JJC8-088
JJC8-089
JJC8-016

Phase I metabolic stability of R-MOD, JJC8-016, JJC8-088, JJC8-091, and JJC8-089 in rat
liver microsomes. Compounds showed varying degrees of metabolic stability in rat liver
microsomes fortified with NADPH. JJC8-089 and JJC8-016 both showed rapid metabolism.
In contrast, JJC8-088 was moderately stable and similar to modafinil in its metabolic profile.

JJC8- 091 showed the highest stability to phase | oxidation.
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JJC8-089 and JJC8-091 presented higher brain concentrations following systemic
administration compared with JJC8-088. Rats received i.p. injections of 10 mg/kg JJC8-089
(A), JJC8-091 (B), and JJC8-088 (C). Plasma and brains were extracted 30 and 120 min
later, and analytes were quantified by LC/MS/MS. JJC8-089 presented the best brain-to-
plasma ratios (7.9 and 8.8, respectively) at both the 30 and 120 min time points (7= 3/

group).
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