
Modafinil and its structural analogs as atypical dopamine uptake 
inhibitors and potential medications for psychostimulant use 
disorder

Gianluigi Tanda, Melinda Hersey, Briana Hempel, Zheng-Xiong Xi, Amy Hauck Newman
Medication Development Program, Molecular Targets and Medication Discovery Branch, National 
Institute on Drug Abuse, Intramural Research Program, NIH, DHHS, 333 Cassell Drive, Baltimore, 
MD, 21224, USA

Abstract

Pharmacotherapeutics for treatment of psychostimulant use disorder are still an unmet medical 

goal. Recently, off label use of modafinil (MOD), an approved medication for treatment of sleep 

disturbances, has been tested as a therapeutic for cocaine and methamphetamine use disorder. 

Positive results have been found in subjects dependent on psychostimulants without concurrent 

abuse of other substances. Novel structural analogs of MOD have been synthesized in the search 

for compounds with potentially broader therapeutic efficacy than the parent drug. In the present 

report we review their potential efficacy as treatments for psychostimulant abuse and dependence 

assessed in preclinical tests. Results from these preclinical proof of concept studies reveal that 

some modafinil analogs do not possess typical cocaine-like neurochemical and behavioral effects. 

Further, they might blunt the reinforcing effects of psychostimulants in animal models, suggesting 

their potential efficacy as pharmacotherapeutics for treatment of psychostimulant use disorders.
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Introduction

Substance use disorders (SUD) affect a large and growing number of individuals. 

Psychostimulants, like cocaine, account for a large portion of this patient population. Of the 

70,237 deaths in the US from drug abuse in 2017, 33% involved cocaine or other 

psychostimulants [1]. In spite of this growing burden, there is still lack of FDA approved 

medications for psychostimulant use disorder (PSUD). Recently, modafinil (MOD), a 

medication approved for narcolepsy and sleep disorders that shares with cocaine the ability 

to block the dopamine transporter (DAT), has been explored as a potential pharmacological 

treatment for PSUD [2]. These studies have suggested positive results, but with therapeutic 

efficacy limited by comorbid abuse of alcohol or other drugs [2,3]. Novel structural analogs 

of MOD have been synthesized in the search for compounds with potentially broader 

therapeutic efficacy than their parent drug. Herein, we review recent neurochemical and 

behavioral preclinical studies on MOD and selected MOD-analogs in animal models of 

PSUD.

Overview on the role of DAT in physiological and pathological conditions and as a 
therapeutic target for PSUD

DA neurotransmission plays a role in many vital processes including affective-, motor- and 

cognitive-functions [4]. DAT’s homeostatic role as the primary regulator of DA synaptic 

availability draws attention in psychiatric disorders linked to impaired DA function [5], 

including PSUD [5,6]. Pharmacological targeting of DAT can rapidly alter extracellular DA 

levels, an effect widely described following psychostimulant administration [7]. Further, 

binding affinity to DAT is predicted to play a role in psychostimulant abuse potential [6]. 

Unsurprisingly, compounds that compete with psychostimulants to inhibit DAT, without 

concomitant addictive liability, among them MOD and its R-enantiomer, have become the 

focus of potential agonist substitution therapies for the treatment of PSUD [8–10]. The 

general rationale for agonist substitution therapy for SUD is that replacing drugs of abuse 

with pharmacotherapeutics that exert a similar mechanism of action in the brain will 

facilitate abstinence, compliance, and might prevent relapse by mitigating withdrawal 

symptoms and craving [11,12]. Indeed, the ability of some of these compounds to elicit a 

mild, long-lasting stimulation of extracellular DA levels may ameliorate hypodopaminergic 

dysfunction described in preclinical models of addiction and in human cocaine addicts 

[reviewed in: 13,14]. Hypo-functionality of the dopaminergic system in the addicted brain 
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could be a fundamental therapeutic target [14], and restoration of an impoverished DA 

system might thus provide potential efficacy to attenuate drug craving and relapse [13–16]. 

A recent systematic review and meta-analysis on studies about prescription 

psychostimulants for the treatment of stimulant use disorder found significant clinical 

beneficial effects in promoting abstinence especially in cocaine users [17]. However, none of 

the canonical DAT inhibitors that are FDA approved for other therapeutic endpoints such as 

treatment of Attention Deficit Hyperactivity Disorder (ADHD) and tested as agonist therapy 

for PSUD have proven fully successful, due to a combination of factors including, clinical 

efficacy, potential abuse liability, and significant side-effects [18].

MOD and its novel structural analogs: a new generation of atypical DAT 
inhibitors—Early studies suggested that all drugs that inhibit DAT would produce cocaine-

like reinforcing effects with a potency directly related to DAT affinity [19]. However, several 

atypical DAT blockers [8,10] that inhibit the uptake of DA with high affinity, without the 

hallmark reinforcing properties of typical cocaine-like DAT inhibitors, have been 

discovered. Their effects suggest a potential ligand-specific control over DAT function. 

Typical and atypical inhibitors have been shown to induce/prefer different conformations of 

DAT and this has subsequently been linked to the unique behavioral and neurochemical 

effects of these DAT inhibitors [8].

Recently, interest has shifted to a new generation of atypical DAT inhibitors derived from 

MOD and its (R)-enantiomer ((R)-MOD) as potential medications for the treatment of 

PSUD [20–23]. These novel compounds display atypical mild psycho-stimulating DAT 

inhibition profiles without significant abuse liability. Starting from the development of 

structure activity relationships (SAR) derived from the design and synthesis of novel 

compounds with higher DAT affinity and improved solubility, we have embarked on 

molecular, neurochemical and behavioral studies aimed at better understanding their 

mechanism of action and potential therapeutic utility for the treatment of PSUD.

Drug Design of novel MOD analogs

Beginning with the hypothesis that DA uptake inhibitors that prefer a more occluded inward 

facing conformation may have an atypical behavioral profile, we identified MOD as a 

starting point for SAR studies [23]. Our goal was to discover an atypical DAT inhibitor with 

drug-like properties and a behavioral profile that would be useful as a treatment for PSUD 

[24–26]. One of our early leads, JJC8–016 (Table 1), showed promise in animal models of 

PSUD [21]. However, our subsequent synthetic campaign led to a more DAT-selective series 

of MOD analogues with a piperazine linker e.g., JJC8–088 and JJC8–091 (Table 1). In 

rodent studies, JJC8–091 reduced cocaine self-administration and cocaine-primed 

reinstatement of cocaine seeking [27] as well as attenuating compulsive methamphetamine 

self-administration in both short and long access procedures in rats [28]. In contrast, JJC8–

088 was ineffective in these models.

More recently, by introducing the 2,6-dimethyl substitution on the piperazine ring, some 

improvement in drug-like properties was realized, with RDS03–94 [29]. Nevertheless, the 

piperazine ring remained a metabolically labile functional group and hence a new series of 
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analogues in which it was replaced with an amino-piperidine function was prepared[30]. 

These new analogues demonstrated superior metabolic stability and are currently being 

evaluated in rodent models of PSUD. In addition, novel heterocyclic-based analogues that 

may also be promising new leads for PSUD therapeutics have recently been reported 

[31,32].

DA Neurochemistry of MOD and lead analogs

The effects of MOD on brain neurotransmission, including norepinephrine, serotonin, 

acetylcholine, glutamate and GABA, have been reviewed by Mereu and colleagues [2]. In 

this section we will review recent studies showing how MOD and its analogues affect 

dopaminergic neurotransmission (see Table 1).

Brain Microdialysis Studies—Studies of changes in brain DA levels following 

psychostimulant administration in rodents using microdialysis procedures [33] have greatly 

increased our understanding of their mechanisms of action related to abuse and dependence 

[34–36]. Rapid and transient stimulation of DA levels in brain striatal areas, particularly in 

the nucleus accumbens shell (NAS) and core (NAC), were identified as indicative of abuse 

potential for drugs [34,35,37], including typical DAT blockers and methamphetamine 

[36,38,39].

Similarly to abused psychostimulants, MOD and its enantiomers dose-dependently increased 

DA efflux in the NAS and NAC [22,23,40,41], but with a slower, longer-lasting and less 

efficacious stimulation of DA release [23,41,42]. These reports suggest a possible 

dopaminergic ceiling effect for MOD and its enantiomers even at very high, but not toxic 

doses [20,23,41,42]. Taken together, these differences in time course and efficacy in 

stimulating DA levels indicate an atypical DAT blocker profile for MOD, in agreement with 

the low, if any, abuse liability in clinical and preclinical studies [42–44]. Further, these mild 

agonist activities and long duration of action fit the desired pharmacological profile for 

agonist substitution therapy, facilitating patient compliance and attenuating withdrawal 

symptoms [11,12].

Among the MOD analogs, JJC8–088, like cocaine, produced a robust, dose-dependent 

stimulation in NAS DA levels [20,27]. Instead, JJC8–091 elicited a blunted increase in DA 

levels compared to JJC8–088 or cocaine [20,27], while JJC8–016 did not significantly 

modify NAS DA levels at any dose tested [20,21]. JBG1–048 and JBG1–049, two bis F-

MOD enantiomers, administered intravenously, produced dose-dependent increases in DA 

efflux similar to, but longer lasting than those elicited by (R)-MOD [45] or MOD [42]. 

Noticeably, among this series of analogs, molecular simulation studies showed that only 

JJC8–088 stabilizes DAT in an outward-facing open conformation similar to cocaine [27], in 

agreement with its robust cocaine-like stimulation of DA levels.

Of interest, in terms of treatment for PSUD, MOD blunted methamphetamine-induced 

increases in accumbens DA efflux [40]. Also, in a recent report, MOD failed to significantly 

affect cocaine-induced stimulation of NAS DA levels at doses that significantly potentiate 

cocaine-maintained self-administration behavior. The lack of dopaminergic influence on this 

MOD effect has been suggested to result from its facilitation of electrotonic coupling [42]. 
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Interestingly, electrotonic coupling has been connected to the therapeutic actions of MOD on 

sleep disorders and cognitive impairment [2,46], effects also related to PSUD [47,48].

Fast scan cyclic voltammetry studies—Studies of DA dynamics via FSCV 

procedures report the ability of cocaine to reduce DA clearance rate in brain striatal areas, as 

well as to enhance the maximum amplitude of DA release (DAMAX) (Figure 1) following 

medial forebrain bundle electrical stimulation in mice [20,49]. (R)-MOD reduced NAS DA 

clearance rate similarly to cocaine, but with minimal effects on DAMAX compared to 

cocaine [20]. However, significant effects of high doses of MOD on DAMAX and DA 

clearance rate were observed in the dorsal and ventral striatum in rats [50]. Interestingly, at 

variance with abused psychostimulants [36,37], MOD enhanced DAMAX more in the dorsal 

than in the ventral striatum, suggesting a potential explanation of its limited abuse liability. 

All the MOD analogs tested so far reduced NAS DA clearance rate in rodents [20,27,45], 

denoting DA uptake inhibition. A strong correlation between a compound’s DAT affinity 

and ability to reduce DA clearance rate (IC75) further supports these findings [20]. However, 

these MOD analogs differentially increased NAS DAMAX. While JJC8–088 elicited effects 

akin to those of cocaine, JJC8–091 and JJC8–016 did not [20,27]. Further, there was not a 

significant relationship between the ability of these compounds to increase DAMAX and their 

DAT affinity, suggesting this process may involve alternative mechanisms in addition to 

DAT blockade [20]. Importantly, recent results [51] reveal that pretreatment with atypical 

DAT blockers (JJC8–016, JJC8–091 and JHW007) before cocaine administration produce 

additive effects on DA clearance rate similarly to those elicited by typical DAT blockers 

(JJC8–088, Methylphenidate and WIN 35428) pretreatment, still suggesting their efficacy as 

DAT blockers. However, at variance with them, atypical DAT blockers attenuated or blunt 

the effects of cocaine on elicited NAS DAMAX (Keighron et al, unpublished results) in 

agreement with previously published microdialysis data [9]. We would hypothesize that 

these differences in NAS DAMAX alterations by atypical DAT blockers may play a role in 

their behavioral effects in combination with typical psychostimulants.

Behavioral Pharmacology of MOD and lead analogs

A major complication to medication development for PSUD is the lack of animal models 

with good predictive clinical validity. This is particularly challenging, as unlike the opioids, 

there are no effective pharmacotherapies that can be reverse translated into predictive animal 

models. Different aspects or stages in the addiction cycle have been modelled to evaluate the 

efficacy of MOD and its analogs as potential pharmacotherapies to treat PSUD. Intravenous 

drug self-administration, conditioned place preference (CPP) and intracranial self-

stimulation (ICSS) are the most commonly employed models to measure potential 

reinforcing actions of abused drugs, while reinstatement of extinguished drug-seeking 

behavior has been widely used to evaluate relapse propensity after abstinence [52].

MOD and (R)-MOD studies—The therapeutic efficacy of MOD and its (R)-enantiomer 

assessed in PSUD models have provided mixed results (Table 2). Neither support self-

administration in naïve rats and do not substitute for cocaine or nicotine in maintaining 

drug-seeking [42,53–55]. MOD also failed to produce place preference across a wide range 

of doses [55,56]. MOD and (R)-MOD have no effects on cocaine self-administration [21,55] 
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or amphetamine-induced CPP [56], although a recent report found that MOD pretreatment 

enhanced cocaine self-administration [42]. Further, (R)-MOD significantly decreased 

cocaine-taking, but only when low cocaine doses were presented in a dose-response 

assessment [21]. In reinstatement tests, MOD has been reported to either reduce drug 

seeking primed by cocaine, methamphetamine, or drug-associated environmental cues [57–

59] or have no effect [55]. Similarly, (R)-MOD, at 100 mg/kg, inhibited cocaine-induced 

reinstatement [21], and in another report, it significantly reduced methamphetamine self-

administration during the first hour of short- (1 hr) and long- (6 hr) access procedures [28]. 

In contrast, other reports found that MOD substituted for cocaine in non-human primates 

and produced cocaine-like drug discrimination in rats [54] and mice [41].

Unexpectedly, MOD or (R)-MOD alone significantly attenuated brain stimulation reward 

similar to cocaine-like psychostimulants [21,60,61].

Novel MOD analogs studies—Drug-naïve rats do not self-administer JJC8–016 or 

JJC8–091, and both compounds fail to substitute for cocaine [21,27]. In contrast, JJC8–088 

is self-administered by naïve rats and substitutes for cocaine in cocaine-experienced subjects 

(Table 2 and Figure 2) [27]. Systemic administration of JJC8–016 or JJC8–091 dose-

dependently reduced both cocaine maintained self-administration and, following extinction, 

cocaine-induced reinstatement of drug-seeking behavior [21,27]. Further, JJC8–091 

attenuated cocaine self-administration under progressive-ratio schedules of reinforcement 

[27]. Pretreatment with JJC8–088 slightly decreased cocaine self-administration under a 

fixed-ratio schedule but had no effect on progressive-ratio breakpoints, and reinstated drug 

seeking in rats following extinction from cocaine self-administration [27]. Also, JJC8–088 

failed to, while JJC8–016 and JJC8–091 significantly reduced methamphetamine self-

administration and escalation of its intake in rats [28]. Under brain-stimulation reward 

procedures in rats, JJC8–016 did not produce cocaine-like effects [21]. In optical intracranial 

self-stimulation procedures in mice, JJC8–091 shifted the DA-dependent stimulation-

response curve downward, indicating a reduction in DA-based reward function, while JJC8–

088 dose-dependently shifted this curve to the left, indicating potential cocaine-like effects 

[27].

Taken together, and in agreement with their dopaminergic effects, these behavioral 

experiments suggest that two of the novel MOD analogs, JJC8–091 and JJC8–016 produce 

more consistent atypical DAT inhibitor behavioral results as compared to the parent 

compounds. Indeed, while the parent compounds produced both cocaine-like and cocaine 

antagonist behavioral effects, depending on the animal model used, JJC8–091 and JJC8–016 

do not act as behavioral reinforcers and consistently attenuated cocaine and 

methamphetamine reinforcing actions, in several behavioral paradigms. On the other hand, 

JJC8–088 consistently produced typical, cocaine-like psychostimulant effects in all the 

behavioral procedures tested, in agreement with its DA-stimulating effects.

Conclusions

Agonist substitution therapy has proven useful for the treatment of opioid and nicotine use 

disorders [11,12], but not fully successful for the treatment of PSUD [17]. The addictive 
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potential of psychostimulants is positively correlated with rapid and transient stimulation in 

extracellular DA levels and DA neurotransmission [7,15]. Among pharmacotherapeutics 

tested for cocaine use disorder, MOD and (R)-MOD show an interesting pharmacodynamic 

profile with a slower onset, longer lasting and less efficacious alteration of DA dynamics 

[20–23] as compared to cocaine. This may, in part, explain why MOD analogs with atypical 

psychostimulant profile have lower addictive potential than abused psychostimulants. In 

addition, the ability of atypical DAT inhibitors to induce mild long-term increases in 

extracellular DA could contribute to ameliorating hypodopaminergic dysfunction in human 

cocaine addicts [13,14], thereby minimizing drug craving and relapse [14,16]. While some 

of the reviewed findings would predict that MOD and (R)-MOD potentially work as 

reinforcers in animals, there are only a few published reports of misuse of MOD in humans 

[62]. Moreover, beneficial effects of MOD on PSUD have been reported in selected 

psychostimulant addicted patient populations [3], confirming the difficulties to perfectly 

model behaviors predictive of abuse in humans or therapeutic efficacy of drugs [18].

Among the new generation of MOD analogs, neurochemical and behavioral assessments of 

JJC8–016 and JJC8–091 consistently produced an atypical DAT blocker pharmacological 

profile. Time course and pattern of dopaminergic effects were similar or improved compared 

to the parent drugs. Further, no cocaine-like reinforcing effects were displayed in any 

procedure tested, at variance with results with MOD or its (R)-enantiomer. These data 

demonstrate that these novel compounds have an atypical DAT inhibitor profile with 

minimal, if any, cocaine-like abuse potential, in contrast to JJC8–088, which cocaine-like 

reinforcing effects and absence of therapeutic efficacy make it an unlikely candidate for 

further drug development research. Collectively, compounds such as JJC8–016 and 

especially JJC8–091 provide proof of concept and suggest that new drugs with an atypical 

DAT inhibitor profile may have utility as potential pharmacotherapies for the treatment of 

PSUD, a fundamental and yet unmet public heath need.
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Figure 1: Effects of R-MOD and MOD analogs on DA dynamics in mice accumbens shell.
Representative FSCV color plots, redrawn from [20], demonstrating the effects of R-MOD 

and MOD analogs, or their vehicle, on the elicited DA peak, DAMAX and clearance rate of 

NAS DA from the electrode. The inset above each color plot represents the DA 

concentration vs time corresponding to the measurement on the color plot.

Tanda et al. Page 12

Curr Opin Pharmacol. Author manuscript; available in PMC 2022 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2: Evaluation of the effects of JJC8–088 and JJC8–091 on self-administration or on 
cocaine self-administration behavior.
A: JJC8–091, but not JJC8–088, significantly lowered the number of cocaine self-

administration (infusions) under the PR reinforcement schedule. B: JJC8088, but not JJC8–

091, substitution sustained stable self-administration in rats that previously self-administered 

cocaine. C: Naive rats self-administered JJC8–088 intravenously similarly to cocaine. D: 

Naive rats did not self-administer JJC8–091 during the initial 10 days of self-administration 

training. When JJC8–091 was replaced by cocaine, animals rapidly acquired self-

administration behavior for cocaine. **p < 0.01, compared to vehicle. Redrawn from [27].
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Table 1:

Neurochemical changes evoked by MOD and its analogs. Doses were administered as noted (i.p. = 

intraperitoneal, i.v. = intravenous, s.c. = subcutaneous injections, or p.o. = oral). Increases/decreases in DA are 

marked by arrows (↑/↓) while non-significant changes are marked by =. DA dynamics were measured in the 

CNS (DS = dorsal striatum, NAcc = nucleus accumbens, NAC = nucleus accumbens core, NAS = nucleus 

accumbens shell, S = striatum, VS = ventral striatum).

DAT Inhibitor Dose (mg/kg) In combination 
with

Neurochemical changes

SPECIES, 
References

Microdialysis Voltammetry

DA levels (↑/↓)
DAMAX (↑/
↓)

DA 
clearance 
rate (↑/↓)

0.5–1.0, i.v. ↑↑ NAS, ↑ NAC RATS, [36]

100–300, i.p. ↑ NAcc RATS, [63]

10–55, i.p. ↑↑ NAS MICE, [23]

3–10, i.p. ↑↑ NAS RATS, [64]

1–30, i.p. ↑↑ NAS RATS, [38]

17–300, i.p. ↑ NAC, ↑ NAS MICE, [41]

0.5–56, i.p. ↑↑ NAS ↓ NAS MICE, [20]

30–300, s.c. ↑ NAcc RATS, [65]

20–60, i.v. ↑ NAcc RATS, [40]

20, i.v. Methamphetamine ↓ NAcc RATS, [40]

0–300, i.p. ↑ NAS MICE, [23]

100–300, p.o. ↑ S RATS, [66]

30–300, i.p. ↑ DS, ↑ VS RATS, [50]

10–56, i.v. ↑ NAS RATS, [42]

10–32, i.p. Cocaine = NAS RATS, [42]

30–300, i.p. ↑ NAS MICE, [23]

x ↑ NAcc RATS, [22]

30–100, i.p. Nicotine ↓ NAcc RATS, [22]

10–32, i.v. ↑ NAS ↑ NAS ↓ NAS RATS, [45]

5–100, i.p. ↑ NAS ↓ NAS MICE, [20]

10–30, i.p. = NAcc RATS, [21]

0.5–56, i.p. = NAS = NAS ↓ NAS MICE, [20]

0.5–56, i.p. ↑↑ NAS ↑↑ NAS ↓ NAS MICE, [20]

1–56, i.p. ↑↑ NAS ↑↑ NAS ↓↓ NAS RATS, [27]
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DAT Inhibitor Dose (mg/kg) In combination 
with

Neurochemical changes

SPECIES, 
References

Microdialysis Voltammetry

DA levels (↑/↓)
DAMAX (↑/
↓)

DA 
clearance 
rate (↑/↓)

5–56, i.p. ↑ NAS = NAS ↓ NAS MICE, [20]

10–56, i.p. ↑ NAS ↑ NAS ↓ NAS RATS, [27]
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Table 2:

Summary of the major findings of MOD and its analogs in animal models of psychostimulant reward and 

relapse. The doses in which various effects are observed are italicized. CPP=Conditioned Place Preference; 

METH=methamphetamine; IVSA=intravenous self-administration; oICSS=optical intracranial self-

stimulation.

MOD analog Dose (mg/kg) Major behavioral findings Species, References

MOD

32,64, 128 No effect on cocaine self-administration
No effect on cocaine-primed reinstatement
No change in cocaine CPP

RATS, [55]

64 No change in d-amphetamine CPP
No effect on d-amphetamine locomotor activity

RATS, [56]

10, 17, 32 ↑ cocaine self-administration RATS, [42]

30, 100, 300 ↓ METH primed reinstatement
↓ cue induced reinstatement for METH IVSA

RATS, [59]

30, 100, 300 ↓ METH self-administration and METH primed reinstatement
↓ Context induced reinstatement when administered during abstinence
↑ Cue and ↓ METH primed reinstatement when administered during extinction
↓ Cue and METH primed reinstatement after 2 wks of abstinence and no MOD 
pretreatment

RATS, [58]

300 No effect on cocaine self-administration and ↓ cocaine reinstatement RATS, [57]

(R)-MOD

10, 30, 100 No effect on cocaine self-administration
↓ low dose cocaine self-administration
No effect on cocaine hyperlocomotion
↓ cocaine primed reinstatement

RATS, [21]

↓ METH self-administration during the first hour of short and long access RATS, [28]

JJC8-016

10, 30 ↓ cocaine self-administration
Shifted cocaine dose response curve ↓
↓ cocaine induced hyperlocomotion

RATS, [21]

↓ short and long access METH self-administration RATS, [58]

JJC8-088

3, 10, 30 ↓ cocaine self-administration
No effect on PR breakpoints

RATS, [27]

↑ oICSS MICE, [27]

No effect on short and long access METH self-administration RATS, [28]

JJC8-091

10, 30, 56 No effect on cocaine self-administration
↓ PR breakpoints
↓ cocaine-primed reinstatement

RATS, [27]

↓ oICSS MICE, [27]

10, 30 56 ↓ short access METH self-administration
↓ long access METH self-administration

RATS, [28]
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