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Abstract

Rationale: Atypical dopamine (DA) transport blockers such as modafinil and its analogs may be 

useful for treating motivational symptoms of depression and other disorders. Previous research has 

shown that the DA depleting agent tetrabenazine can reliably induce motivational deficits in rats, 

as evidenced by a shift towards a low-effort bias in effort-based choice tasks. This is consistent 

with human studies showing that people with major depression show a bias towards low-effort 

activities.

Objectives: Recent studies demonstrated that the atypical DA transport (DAT) inhibitor (S)-
CE-123 reversed tetrabenazine-induced motivational deficits, increased progressive ratio (PROG) 

lever pressing, and increased extracellular DA in the nucleus accumbens. In the present studies, a 
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recently synthesized modafinil analog, (S, S)-CE-158, was assessed in a series of neurochemical 

and behavioral studies in rats.

Results: (S, S)-CE-158 demonstrated the ability to reverse the effort-related effects of 

tetrabenazine, and increase selection of high-effort PROG lever pressing in rats tested on PROG/

chow feeding choice task. (S, S)-CE-158 showed a high selectivity for inhibiting DAT compared 

to other monoamine transporters, and systemic administration of (S, S)-CE-158 increased 

extracellular DA in the nucleus accumbens during the behaviorally active time course, which is 

consistent with the effects of (S)-CE-123 and other DAT inhibitors that enhance high-effort 

responding.

Conclusions: These studies provide an initial neurochemical characterization of a novel atypical 

DAT inhibitor, and demonstrate that this compound is active in models of effort-related choice. 

This research could contribute to the development of novel compounds for the treatment of 

motivational dysfunctions in humans.
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INTRODUCTION

Motivational symptoms such as anergia, fatigue, and effort-related dysfunctions are common 

and debilitating features of major depressive disorder, schizophrenia, Parkinson’s disease 

and other psychiatric and neurological disorders (Tylee et al. 1999; Demyttenaere et al. 

2005; Treadway et al. 2012; Barch et al. 2014; Chong et al. 2015). Motivational symptoms 

are not well treated by many of the most commonly prescribed antidepressant drugs (Tylee 

et al. 1999; Demyttenaere et al. 2005; Cooper et al. 2014; Fava et al. 2014; Ghanean et al. 

2018). Patients treated with drugs that block the serotonin transporter (SERT), such as 

fluoxetine, sertraline, paroxetine or escitalopram, often suffer from residual symptoms of 

apathy, fatigue, and a lack of energy (Katz et al. 2004; Padala et al. 2012; Rothschild et al. 

2013; Cooper et al. 2014; Ferguson et al. 2014), which can be detrimental to daily 

functioning. Clinical reports have revealed a critical link between symptoms related to 

fatigue and energy expenditure and the overall severity of depressive symptoms (Gullion and 

Rush 1998; Fava et al. 2014; Chung et al. 2015; Ghanean et al. 2018). Moreover, self-

reported fatigue is correlated with global functioning deficits and reduced likelihood of 

remission (Ferguson et al. 2014). The array and prevalence of symptoms left unabated by 

antidepressant medications emphasizes the importance of utilizing animal models of fatigue 

and anergia to aid in the development of new and more effective treatments.

In order to conduct preclinical studies of motivational dysfunctions using animal models, 

tasks have been developed to evaluate effort-based decision making in rodents (Salamone et 

al. 2006, 2007, 2016a,b, 2018; Mai et al. 2012; Nunes et al. 2013; Sommer et al. 2014; 

Winstanley and Floresco 2016; Bailey et al. 2016, 2020; Hart et al. 2017; Stutz et al. 2019). 

With these tasks, animals are offered the choice between lever pressing for a highly valued 

reinforcer vs. approaching and consuming a freely available but less preferred reinforcer. 

Tasks such as the concurrent fixed ratio 5 (FR5)/chow feeding choice task and the 
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concurrent progressive ratio (PROG)/feeding choice task are useful for measuring effort-

related choice behavior (Salamone et al. 2002, 2007, 2016a; Salamone and Correa, 2012; 

Randall et al. 2012). Several studies have shown that selection of the high-effort alternative 

is reduced when animals are exposed to manipulations associated with depression and 

negative motivational symptoms, such as stress (Shafiei et al. 2012; Bryce and Floresco, 

2016; Dieterich et al. 2020), proinflammatory cytokine administration (Nunes et al. 2014; 

Yohn et al. 2015; Rotolo et al. 2020, in prep), and dopamine (DA) depletion or antagonism 

(Nunes et al. 2013; Randall et al. 2012, 2014; Yohn et al. 2015a; Hosking et al. 2015; Pardo 

et al. 2015; Yohn et al. 2016a,b,c; Rotolo et al. 2019; Yang et al. 2020; Bailey et al. 2020). 

For example, rats treated with the vesicular monoamine transport (VMAT-2) inhibitor 

tetrabenazine (TBZ) demonstrate a low-effort bias across several tasks, shifting choice away 

from the high-effort alternative (Nunes et al. 2013; Randall et al. 2014; Yohn et al. 2015a; 

Pardo et al. 2015). When administered to humans, TBZ induces depressive symptoms 

including fatigue (Chitnis and Karunapuzha, 2009; Frank, 2010; Chen et al. 2012). 

Importantly, these effort-related dysfunctions in animals are not reversed by co-

administration of inhibitors of SERT or norepinephrine transport (NET) (Yohn et al. 

2016a,b). Unlike drugs that inhibit SERT or NET, several inhibitors of the DA transporter 

(DAT), including bupropion, vanoxerine (GBR12909), lisdexamfetamine, PRX-14040, 

methylphenidate, and modafinil, can reverse the low-effort bias induced by TBZ (Nunes et 

al. 2013, Yohn et al. 2016a,b,c; Salamone et al. 2016b) and by pro-inflammatory cytokines 

(Yohn et al. 2016b,d). Moreover, several DAT inhibitors have demonstrated the ability to 

increase motivation to exert high levels of effort, increasing selection of lever pressing in rats 

tested on the PROG/chow feeding choice task when administered alone (Sommer et al. 

2014; Randall et al., 2015; Yohn et al., 2016b,c,d).

The ability of drugs that block DAT to reverse effort-related impairments and increase 

selection of high-effort activities in rodents is consistent with clinical studies showing that 

DAT inhibitors, including bupropion, amphetamine, and methylphenidate, can improve 

motivational function in people (Stotz et al. 1999; Papakostas et al. 2006; Pae et al. 2007; 

Blockmans and Persoons 2016). The wakefulness agent modafinil, which inhibits DAT 

(Schmitt and Reith 2011), and elevates extracellular DA as measured by microdialysis 

(Mereu et al. 2017) and human imaging studies (Volkow et al. 2009), has been shown to 

improve motivational function in people with depression (Fava et al. 2007; Lam et al. 2007) 

and multiple sclerosis (Shangyan et al. 2018). Moreover, modafinil reduces perception of 

physical task demands during exercise (Rattray et al. 2019), and increases motivation and 

enhances task engagement in humans at doses that do not produce a powerful euphoria or 

‘high’ (Müller et al. 2013). Modafinil has atypical DAT binding characteristics and 

behavioral effects (Schmitt and Reith 2011; Mereu et al. 2013, 2017; Cao et al. 2016; 

Nikiforuk et al. 2017), and is part of an emerging class of drugs (e.g. benztropine and 

GBR12909 analogs) that have binding properties and behavioral effects that are different 

from cocaine. Recently, various stereoisomers of the novel thiazole-based modafinil analog 

CE-123 were demonstrated to have pro-cognitive effects in both rats and mice (Nikiforuk et 

al. 2017; Kristofova et al. 2018; Camats-Perna et al. 2019), as well as the ability to reverse 

the effort-related effects of TBZ in rats at doses that increase extracellular DA in nucleus 

accumbens core (Rotolo et al. 2019). While CE-123 has shown preclinical effectiveness 
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across a variety of rodent behavioral tasks without adverse toxic effects (Kalaba et al. 2017), 

and has a higher specificity for the DAT than other commercially available drugs (Kalaba et 

al. 2020), it is important to provide a detailed characterization of a broad range of modafinil 

analogs to identify the most promising candidate for treating motivational dysfunctions and 

fatigue. The present study investigated a novel modafinil analog, (S, S)-CE-158, for its 

ability to bind to DAT, the specificity of its inhibition of DAT, and its ability to reverse the 

effort-related effects of TBZ, enhance high-effort PROG responding, and increase 

accumbens DA transmission.

METHODS

Animals

Adult male, drug-naïve, Sprague Dawley rats (Envigo, Indianapolis, IN, USA) were housed 

in a colony maintained at 23 °C with 12-h light/dark cycles (lights on 07:00). Rats (n=23 for 

the behavioral pharmacology experiments; n=9 for the microdialysis experiment) weighed 

275–299 g at the beginning of the study, and were initially food restricted to 85% of their 

free-feeding body weight for operant training. Rats were fed supplemental chow to maintain 

weight throughout the study, with water available ad libitum. Rats were allowed modest 

weight gain throughout the experiment. Animal protocols were approved by the University 

of Connecticut animal care and use committee, and followed NIH guidelines.

In vitro binding experiment

To determine binding specificity, in vitro binding assays were conducted using transfected 

HEK293 cells with stable expression of human DAT with [N-Methyl-3H]-WIN35,428 = 

[3H]CFT = 2ß-carbomethoxy-3ß-(4-fluorophenyl) tropane. Cells were seeded in poly-D-

lysine-coated 24-well plates (3 × 104 HEK293 cells/well) and, 2 days later, binding on 

whole cells was performed as described previously (Pifl et al., 2009). Cells were incubated 

on ice for 2 h in 0.25ml buffer (mmol/l: 4 Tris–HCl; 6.25 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES); 120 NaCl; 5 KCl; 1.2 CaCl2; 1.2 MgSO4; 5 D-

glucose; 0.5 ascorbic acid; pH 7.1) containing 6 nM [3H]CFT and various concentrations of 

(S, S)-CE-158. Non-specific binding was measured in the presence of 10 μM mazindol.

In vitro monoamine transporter reuptake inhibition

Monoamine transporter reuptake inhibition was outsourced to Eurofins DiscoverX 

Corporation (Fremont, CA) and performed according to the standard company protocol for 

the Neurotransmitter Transporter Uptake Assay (Molecular Devices). In short, (S, S)-

CE-158 was tested for monoamine reuptake inhibition using a fluorescence-based assay. 

Fluorescent substrates mimicking amine neurotransmitters were taken up into HEK293 cells 

with stable expression of DAT, NET, and SERT, and intensity of intracellular fluorescence 

was quantified.

Pharmacological agents and selection of doses

(S, S)-CE-158 (5-(((S)-((S)-(3-bromophenyl)(phenyl)methyl)sulfinyl)methyl)thiazole) 

(Figure 1) was obtained from the Lubec Laboratory (University of Vienna, Austria) and 

dissolved in dimethyl sulfoxide (DMSO), Tween 80, and 0.9% saline. The DMSO/Tween 
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80/saline solution was administered as the vehicle control. TBZ (9,10-dimethoxy-3-(2-

methylpropyl)-1,3,4,6,7, 11b hexahydrobenzo[a]quinolizin-2-one) was obtained from Tocris 

Bioscience (Ellisville, MO) and was dissolved in DMSO, 0.9% saline, and titrated with HCl. 

The DMSO/saline solution was administered as the vehicle control. The dose of 1.0 mg/kg 

TBZ was based on extensive piloting in our laboratory. The doses of (S, S)-CE-158 were 

selected based on extensive pilot studies and information about its relative affinity for DAT.

Behavioral procedures

Concurrent FR5/chow feeding choice task—Behavioral sessions were conducted in 

operant chambers (28 × 23 × 23 cm; Med Associates, Fairfax, VT). Sessions lasted 30 

minutes a day for 5 days/week. First, rats were trained to lever press on a continuous 

reinforcement schedule to receive 45 mg highcarbohydrate pellets (Bio-Serv; Frenchtown, 

NJ, USA) for one week, then were shifted to the FR5 schedule. After 5 weeks of FR5 

training, chow was introduced. During each FR5/chow feeding choice task session, 15–20 g 

of lab chow (Laboratory Diet, 5P00 Prolab RMH 3000, Purina Mills, St. Louis, MO) was 

concurrently available on the floor of the chamber. Rats were trained on this FR5/chow 

feeding choice procedure for 5 weeks, after which drug testing began. On baseline and drug 

treatment days, rats consumed all of the operant pellets that were delivered during each 

session.

Concurrent PROG/chow feeding choice task—A second behavioral experiment was 

conducted to determine if (S, S)-CE-158 had an effect on rats’ behavior on the PROG/chow 

feeding choice task when administered alone. Sessions were conducted in operant chambers 

(28 × 23 × 23 cm; Med Associates, Fairfax, VT) with 30-minute sessions 5 days/week. Rats 

were initially trained to lever press on a continuous reinforcement FR1 schedule (high-

carbohydrate 45 mg pellets, Bio-Serv) and then shifted to the PROG schedule (Randall et al. 

2012, 2014, 2015). For PROG sessions, the ratio started at FR1 and was increased by 1 

additional response every time 15 reinforcements were obtained (FR1×15, FR2×15, etc.). A 

“time-out” feature deactivated the response lever for the rest of the session whenever 2 

minutes elapsed without a completed ratio. After 9 weeks of training on the PROG schedule, 

chow was introduced and was concurrently available on the floor of the chamber during the 

PROG/chow feeding choice task sessions as previously described. Rats were trained on the 

PROG/chow feeding choice procedure for 5 weeks, after which drug testing began. On 

baseline and drug treatment days, rats consumed all of the operant pellets that were 

delivered during each session.

Surgical implantation of dialysis guide cannulae

Animals were anesthesized with an intraperitoneal injection of 100.0 mg/kg ketamine 

hydrochloride and 10.0 mg/kg xylazine prior to placement in a stereotaxic device (incisor 

bar 5.0 mm above interaural line). Microdialysis guide cannulae (Bioanalytical Systems) 

were implanted 2.0 mm dorsal to the accumbens core (AP +2.8 mm, ML +1.8 mm, DV −6.8 

mm from bregma). Cannulae were surgically implanted in nine drug-naïve adult male 

Sprague Dawley rats, and placements were counterbalanced, with four rats implanted on the 

left and five rats implanted on the right. After placement, guide cannulae were secured to the 

skull by stainless steel screws and cranioplastic cement. A stainless-steel stylet was inserted 
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through each cannula while not in use. Rats were allowed 7 days to recover from surgery 

before undergoing dialysis procedures.

DA microdialysis and high performance liquid chromatography

On sample collection days, dialysis probes (Bioanalytical Systems; 2.0 mm active surface) 

were inserted through the microdialysis guide cannulae. Artificial CSF (aCSF; 147.2 mm 

NaCl, 2.4 mm CaCl2, 4.0 mm KCl) was continuously perfused through the probe at a rate of 

2.0 μL/min. Neurochemical samples were collected every 30 min in tubes containing 2.0 μl 

of ascorbic acid and sodium metabisulfite to prevent oxidation of DA. Up to 7 baseline 

samples were collected before an intraperitoneal injection of 8.0 mg/kg (S, S)-CE-158 to 

establish a stable DA level. The last three of those baseline samples were used as the 

statistical baseline. Samples were either immediately frozen or analyzed fresh using reverse-

phase high-performance liquid chromatography (HPLC) with electrochemical detection 

(ESA Coulochem II system). The electrochemical parameters were as follows: channel 1 = 

−100 mV, channel 2 = +200 mV, and guard cell = +350 mV. Each liter of mobile phase 

contained 27.5 g sodium phosphate monobasic, 7.0 % methanol, 750 μl of 0.1 m EDTA, and 

2200 μl of 0.4 m sodium octyl sulfate dissolved in deionized ultrapure H2O with a final pH 

of 4.5. The flow rate was 1.0 ml/min. DA standards were run each day before the dialysate 

samples. Probe placements were verified with histological analyses and only probes with 

placement in the nucleus accumbens core were used for analyses.

Nissl staining for identifying probe placements

At the completion of behavioral testing in the intracranial injection and microdialysis 

experiments, each animal was anesthetized with CO2 and then perfused intracardially with 

physiological saline followed by a 3.7 % formaldehyde solution. The brains were removed 

and stored in formaldehyde and then sliced with a vibratome in 60 μm sections, which were 

mounted on glass microscope slides. After mounting, slides were stained with cresyl violet 

for microscopic observation by a blind observer. Any animal with improper cannulae 

placement or significant damage around the injection site was excluded from the statistical 

analyses of behavioral data.

Experimental procedures

General design features for behavioral pharmacology experiments—The effort-

related choice experiments used a within-groups design, with each rat receiving each drug 

treatment in a randomly varied order, once per week over the course of four weeks (no-drug 

baseline days were conducted four days per week). Rats were generally tested five days per 

week, with four baseline days and one drug treatment day. In most cases, rats were not tested 

the day after drug treatment, so that body weights could be adjusted with supplemental food. 

In the small number of cases in which rats were tested the day after treatment, behavior 

largely recovered to pre-treatment baseline levels.

Effects of systemic administration of TBZ on the concurrent FR5/chow 
feeding choice procedure and reversal with (S, S)-CE-158—Trained rats (n=7) 

were administered either TBZ (1.0 mg/kg) or vehicle, and (S, S)-CE158 (2.0, 4.0, 8.0 

mg/kg) or vehicle, via intraperitoneal (IP) injections on drug testing days. Rats received TBZ 
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or vehicle 120 minutes before testing and (S, S)-CE-158 or vehicle 30 minutes before 

testing. The experiment used a within-groups design, with each rat receiving each drug 

treatment in a randomly varied order. The following five treatment combinations were given: 

TBZ vehicle + (S, S)-CE-158 vehicle; 1.0 mg/kg TBZ + (S, S)-CE-158 vehicle; 1.0 mg/kg 

TBZ + 2.0 mg/kg (S, S)-CE-158; 1.0 mg/kg TBZ + 4.0 mg/kg (S, S)-CE-158; 1.0 mg/kg 

TBZ + 8.0 mg/kg (S, S)-CE-158.

Effects of systemic administration of (S, S)-CE-158 on the concurrent PROG/
chow feeding choice procedure—Thirty minutes prior to the testing session, trained 

rats (n=16) were administered either vehicle or 2.0, 4.0, or 8.0 mg/kg (S, S)-CE-158. This 

experiment used a within-groups design, with each rat receiving each drug treatment in a 

randomly varied order, once per week over the course of four weeks.

Effects of (S, S)-CE-158 on extracellular DA in the nucleus accumbens—Rats 

were implanted with dialysis probes in nucleus accumbens core as described earlier. On the 

test day, after baseline dialysis samples were collected, rats received intraperitoneal 

injections of either vehicle (n=4) or 8.0 mg/kg (S, S)-CE-158 (n=5). Seven post-injection 

samples were collected.

Statistical Analysis

Repeated measures ANOVA was used to determine the effect of drug treatment on lever 

pressing and chow intake in the behavioral pharmacology experiments. Since there were 

significant overall F values for the two behavioral measures being used, nonorthogonal 

planned comparisons were performed, using the overall error term to assess differences 

between each treatment and the control condition. The number of comparisons was 

restricted to the number of treatments minus one (Keppel, 1991). Statistical outliers were 

predefined as any point that is more than two standard deviations from the mean. No data 

from this study were excluded as outliers.

Changes in extracellular DA levels in the microdialysis experiment were calculated as the 

percent change from baseline, with the mean of the three samples immediately preceding the 

drug injections serving as the 100% baseline level. A 2 × 7 factorial ANOVA with the 

treatment (drug vs. vehicle) factor being between groups, and the sample factor (samples 

collected after drug injection) being repeated measures, was used to test for post-injection 

differences in extracellular levels of DA. The raw DA levels of the baseline samples were 

analyzed using t test to verify that the baseline DA levels were not different between 

conditions. Nonorthogonal planned comparisons were performed using the error term from 

the between-subjects analysis to assess differences between the two treatments at each 

particular sample.
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RESULTS

Binding experiments on DAT expressing cells and inhibition of monoamine transporters 
(DAT, NET, SERT) by (S, S)-CE-158

(S, S)-CE-158 concentration-dependently displaced [3H]CFT from human DAT with an IC50 

of 0.052 ± 0.017 μM (Figure 2). As shown in Figure 3, (S, S)-CE-158 selectively and 

potently blocked DAT (IC50 = 0.2271 μM), while having a weak effect on NET (IC50 = 

11.97 μM) and no effect on SERT.

Ability of (S, S)-CE-158 to reverse the effects of TBZ on the concurrent FR5/chow feeding 
choice procedure

As shown in Figure 4, a repeated measures ANOVA revealed that there was an overall 

significant effect of drug treatment on lever pressing [F(4,24)=34.940, p<0.001; effect size 

ηp2 = 0.853]. Planned comparisons showed that TBZ significantly decreased lever pressing 

compared to vehicle treatment [F(1,24)=63.675, p<0.001], and that co-administration of the 

dose of 8.0 mg/kg (S, S)-CE-158 with TBZ significantly attenuated the effects of TBZ on 

lever pressing [F(1,24)=39.06, p<0.001]. A two-tailed t-test revealed no difference in lever 

pressing between the vehicle plus vehicle and TBZ plus (S, S)-CE-158 8.0 mg/kg treatments 

(p=0.17) (Figure 4a). There was also a significant overall effect of drug treatment on chow 

intake [F(4,24)=22.086, p<0.001; effect size ηp2 = 0.786]. Additional planned comparisons 

revealed that TBZ alone significantly increased chow intake relative to vehicle treatment 

[F(1,24)=38.098, p<0.001], and that co-administration of 8.0 mg/kg (S, S)-CE-158 with 

TBZ significantly reduced chow intake compared to the TBZ plus vehicle condition 

[F(1,24)=21.786, p<0.001]. Furthermore, a two-tailed t-test revealed no difference in chow 

intake between the vehicle plus vehicle and TBZ plus 8.0 mg/kg (S, S)-CE-158 treatment 

groups (p=0.42) (Figure 4b).

Ability of (S, S)-CE-158 to increase high-effort responding on the concurrent PROG/chow 
feeding choice procedure

Repeated measures ANOVA revealed an overall main effect of drug treatment on lever 

pressing [F(3,45)=3.583, p<0.05; effect size ηp2 = 0.193], and planned comparisons 

demonstrated that lever presses were significantly increased at 4.0 mg/kg (S, S)-CE-158 

[F(1,45)=9.433, p<0.01] and at 8.0 mg/kg (S, S)-CE-158 [F(1,45)=5.54, p<0.05] compared 

to vehicle treatment (Figure 5a). Drug treatment with (S, S)-CE-158 also had a significant 

effect on chow intake during the PROG/chow session [F(3,45)=3.686, p<0.05; effect size 

ηp2 = 0.197], with a significant reduction in chow intake at the 4.0 mg/kg dose 

[F(1,45)=7.118, p<0.05] and at the 8.0 mg/kg dose [F(1,45)=5.613, p<0.05] compared to 

vehicle (Figure 5b).

Systemic administration of (S, S)-CE-158 increased extracellular DA in the nucleus 
accumbens

Administration of 8.0 mg/kg (S, S)-CE-158 significantly increased extracellular DA content 

in the nucleus accumbens (Figure 6). Factorial ANOVA with repeated measures on the 

sample factor demonstrated that there was a significant overall difference across samples 
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[F(6,42)=3.339, p<0.01] and a significant sample x treatment interaction [F(6,42)=3.011, 

p<0.05]. The factorial ANOVA also revealed a significant quadratic trend for the sample x 

treatment interaction [F(1,7)=912.422, p<0.001], which statistically characterized the 

tendency for DA levels to show a transient increase, followed by a decrease, after injection 

of (S, S)-CE158. In addition, there was a significant overall difference between treatment 

groups across the seven samples [F(1,7)=703.162, p<0.001], showing that (S, S)-CE-158 

produced a significant overall difference in DA across samples relative to vehicle injection. 

Nonorthogonal planned comparisons assessing the difference between the two treatments at 

each sample revealed significant differences at sample 2 (S2) [F(1,7)=14.376, p<0.01] and 

sample 3 (S3) [F(1,7)=10.509, p<0.05].

DISCUSSION

DAT inhibitors with atypical binding characteristics are being studied for their ability to 

ameliorate effort-related symptoms of fatigue and motivational dysfunction in rodents. The 

present work focused on the pharmacodynamic, neurochemical, and behavioral profile of the 

recently synthesized modafinil analog, (S, S)-CE-158. To determine the selectivity of (S, S)-

CE158 for the DAT, in vitro binding and monoamine transporters reuptake inhibition 

experiments were conducted using transfected HEK293 cells expressing human isoforms of 

DAT, NET, and SERT. In the present study, the IC50 of (S, S)-CE-158 binding to the DAT 

was reported to be 0.052 μM, while its DAT inhibition was greater than 50-fold selective 

relative to NET (SERT reuptake inhibition was undetected; Figures 2 and 3). These patterns 

are consistent with results from inhibition assays measuring the EC50 for inhibition of 

monoamine transporters of the previously synthesized compound, (S)-CE-123, which 

revealed a 30-fold selective inhibition of DAT relative to NET and more than 400-fold 

selective compared to SERT (Nikiforuk et al. 2017). By direct comparison, (S, S)-CE-158 is 

even more selective for the DAT than (S)-CE-123, supporting its potential use as a DAT 

inhibitor with limited off-target effects.

The FR5/chow feeding choice experiment was performed to investigate the effects of (S, S)-

CE-158 for its ability to reverse the effort-related effects of TBZ. Consistent with previous 

findings (Nunes et al. 2013; Randall et al. 2014; Yohn et al. 2015a,b,c; Rotolo et al. 2019), 

administration of 1.0 mg/kg TBZ shifted choice behavior, decreasing high effort lever 

pressing and increasing low-effort chow intake (Figure 4). TBZ was used to induce a low 

effort bias because this drug has been shown to induce depressive symptoms including 

fatigue in humans (Chitnis and Karunapuzha, 2009; Frank 2010; Chen et al. 2012). In 

addition, previous research has shown that doses of TBZ that alter effort-related choice do 

not suppress intake of Bio-serv pellets or chow in free-feeding preference tests and do not 

alter preference between the two foods used in the FR5/choice task (Nunes et al. 2013), do 

not affect discrimination of reinforcer magnitude or reference memory in a T-maze task 

(Yohn et al. 2015a), and fail to alter sucrose preference or hedonic reactivity (Pardo et al. 

2015). Furthermore, the effects of TBZ on effort-based tasks do not resemble the effects of 

reinforcer devaluation by reduction in food motivation, or appetite suppressant drugs 

(Randall et al. 2012, 2014; Yang et al. 2020).
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Co-administration of 8.0 mg/kg (S, S)-CE-158 with TBZ resulted in a significant reversal of 

the effects of TBZ on both lever pressing and chow intake. There was a very large effect size 

for the overall ANOVA, and the magnitude of the reversal effect can be observed by 

comparing the average number of lever presses at the dose that produced a significant 

reversal to the number of lever presses in the vehicle group. Here, the co-administration of 

8.0 mg/kg (S, S)-CE-158 with TBZ yielded a lever pressing average which was 85% of the 

vehicle/vehicle average (Figure 4a), whereas Rotolo et al. (2019) reported only a 40% 

restoration of the vehicle/vehicle lever pressing average when the highest dose of (S)-
CE-123 (24.0 mg/kg) was co-administered with TBZ. The ability of (S)-CE-123 to only 

partially reverse the effects of TBZ was attributed to possible appetite suppressant actions, 

which were not observed in the present experiment. Moreover, the efficacy of (S, S)-CE-158 

for reversing the effort-related motivational dysfunction induced by TBZ is comparable to a 

group of DAT inhibitors including GBR12909, lisdexamfetamine, and methylphenidate in 

terms of their relatively large effects in terms of reversing the effects of TBZ (Salamone et 

al., 2016a; Yohn et al., 2016a,b,c).

To measure its effect when administered alone, (S, S)-CE-158 was administered to rats 

trained on the concurrent PROG/chow feeding choice task. This task is well suited for 

assessing the effects of a drug when administered alone, in terms of increasing the 

motivation to exert high levels of effort on a more highly demanding task. In the present 

study, (S, S)-CE-158 modestly but significantly increased the selection of the high-effort 

option (lever pressing) and reduced selection of the low-effort option (chow intake) at both 

the 4.0 mg/kg and 8.0 mg/kg doses (Figure 5). These results are consistent with previous 

experiments demonstrating that DAT inhibitors such as bupropion, lisdexamfetamine, 

MRZ-9547, and PRX-14040 significantly increased PROG lever pressing and decreasing 

chow consumption (Sommer et al. 2014; Randall et al., 2015; Yohn et al., 2016b,c,d), 

whereas drugs that inhibit NET and SERT did not (Yohn et al. 2016d). These results also are 

consistent with the findings of Cagniard et al. (2006), who reported that DAT knockdown 

increased selection of lever pressing in mice tested on an effort-based choice task, and with 

Wardle et al. (2011), who reported that amphetamine increased selection of high-effort 

activity in human participants.. Furthermore, it was shown that systemic administration of 

(S, S)-CE-158 at a dose of 8.0 mg/kg significantly increased extracellular DA in the nucleus 

accumbens core as measured by microdialysis (Figure 6). The peak increase in DA at 30–90 

minutes post-injection is aligned with the time course used for the behavioral pharmacology 

experiments (i.e. 30 min injection lead time prior to a 30 min task). Systemic administration 

of DAT inhibitors in rodents has been reported to increase extracellular DA in the nucleus 

accumbens core, which has been associated with increased motivation (Yohn et al. 2016d; 

Rotolo et al. 2019) and pro-cognitive effects such as enhanced recognition memory 

(Carnats-Perna et al. 2019). The magnitude of the increases in extracellular DA induced by 

CE-123 (approximately 200% of baseline; Rotolo et al. 2019) and by CE-158 in the present 

study (145.4 ± 20.5 % of baseline) are in the low end of what is generally seen for cocaine 

microdialysis studies (150–1500% of baseline) as reported in a meta-analysis by Frank et al. 

(2008).

The ability of (S)-CE-123 and (S, S)-CE-158 to increase motivation and ameliorate effort-

related impairments can be seen as complimentary to the known effects of their parent 
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compound, modafinil. In addition to its prescribed indication as a treatment for narcolepsy, 

modafinil is frequently used by many individuals as a nootropic, for off-label effects such as 

cognitive enhancement (Sahakian and Morein-Zamir, 2011; Battleday and Brem, 2015; 

Sousa and Dinis-Oliveira, 2020; Teodorini et al. 2020). Memory and cognitive flexibility 

have been described as effects of both the S-configuration and the racemic mixture of the 

thiazolecontaining modafinil analog, CE-123 (Nikiforuk et al. 2017; Kristofova et al. 2018; 

CarnatsPerna et al. 2019). Interestingly, it has been suggested that modafinil’s effects related 

to cognitive processes and task engagement may be dependent on fronto-striatal circuitry, 

rather than hippocampal (Müller et al. 2013), which further supports the utility of these 

drugs as treatments for effort-related dysfunction. Moreover, it has been suggested that 

modafinil and its derivatives possess anti-inflammatory properties in vitro (Jung et al. 2012) 

and in vivo (Zager et al. 2017; Han et al. 2018; Brandão et al. 2019), and may reduce 

multiple sclerosis fatigue in humans (Shangyan et al. 2018), underlying possible utility of 

these compounds to attenuate symptoms of various disorders that are propagated by 

inflammatory cascades. Therefore, results from the current studies may be useful to guide 

future assessments of atypical DAT inhibitors to expand the clinical indications for modafinil 

and similar compounds.

In summary, these experiments contributed to the characterization of a recently developed 

group of atypical DAT inhibitor compounds, by demonstrating the ability of (S, S)CE-158 to 

reverse the effort-related effects of TBZ, and increase high-effort responding in tasks 

measuring effort-based choice. Additionally, it was shown that systemic administration of 

(S, S)CE-158 increased extracellular DA in the nucleus accumbens during the behaviorally 

active time course. The behavioral assessment of atypical DAT inhibitors such as analogs of 

benztropine, GBR12909 and modafinil has led to the discovery that not all inhibitors of DA 

uptake show signs of abuse liability to the same extent as the classical DAT inhibitors that 

are major psychostimulants such as cocaine (Sogaard et al. 1990; Preti 2000; Woolverton et 

al. 2001; Loland et al. 2008; Schmitt et al. 2008; Esumi et al. 2012; Tanda et al. 2013; Mereu 

et al. 2013). These results suggest it is possible that atypical DAT inhibitors may be effective 

at reducing motivational impairments with minimal induction of major psychomotor side 

effects or abuse liability. Ultimately, this research will guide future studies to advance target 

identification for treatments of motivational dysfunction. These and other similar findings 

could lead to the development of atypical DA uptake blockers that could potentially treat 

motivational symptoms of depression, chronic fatigue syndrome, or other disorders, while 

reducing undesirable side effects.
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Fig. 1. 
Chemical structure of (S, S)-CE-158 (5-(((S)-((S)-(3-bromophenyl)

(phenyl)methyl)sulfinyl)methyl)thiazole)
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Fig. 2. 
Effect of (S, S)-CE-158 on binding to DAT expressing cells. HEK293 cells with stable 

expression of the human DAT and seeded in 24-well plates were incubated with [3H]CFT 

for 2 hrs in the absence (dashed line) or presence of (S, S)-CE-158 at the concentration 

indicated (open circles, solid line) or 10 μM mazindol (dotted line) at 4°C, and binding of 

tritium was determined as described under “Experimental procedures”. Symbols represent 

means of binding ± standard error of four independent experiments, each performed in 

duplicates
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Fig. 3. 
In vitro monoamine transporter reuptake inhibition of (S, S)-CE-158 using HEK293 cells 

with stable expression of DAT, NET, and SERT. (S, S)-CE-158 selectively and potently 

blocked DAT (IC50 = 0.2271 μM), while having a weak effect on NET (IC50 = 11.97 μM) 

and no effect on SERT. Symbols represent means of uptake inhibition ± standard error of 

three independent experiments, each performed in duplicates. The percent response was 

calculated using the following formulas: % Control = 100 x (mean relative luminescence 

units (RLU) of test sample - mean RLU of DAT, NET, or SERT blocker control) / (mean 

RLU of vehicle control - mean RLU of DAT, NET, or SERT blocker control). Percent of 

Control was then converted to percent response using formula: Percent Response = (100 - 

Percent Control). The percent response for NET came out to be negative is because the mean 

RLU of test sample was higher than the mean RLU of vehicle control.
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Fig. 4. 
The effects of the DAT blocker (S, S)-CE-158 on TBZ-induced changes in performance on 

the concurrent lever pressing/chow-feeding choice procedure. (a) Mean (± SEM) number of 

FR5 lever presses in 30 min across drug treatment conditions. There was an overall 

significant effect of drug treatment on lever pressing. (b) Mean (± SEM) gram quantity of 

chow intake in 30 min across drug treatment conditions. There was an overall significant 

effect of drug treatment on chow intake. VEH= vehicle control, TBZ= tetrabenazine, CE= 
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(S, S)-CE-158 # p < 0.001, TBZ/VEH different from VEH/VEH; *** p < 0.001, TBZ/8.0 

mg/kg (S, S)-CE-158 different from TBZ/VEH
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Fig. 5. 
The effects of the DAT blocker (S, S)-CE-158 on performance on the concurrent PROG 

lever pressing/chow-feeding choice procedure. (a) Mean (± SEM) number of lever presses in 

30 min across drug treatments with vehicle (VEH) and various doses of (S, S)-CE-158. 

There was an overall significant effect of drug treatment on lever pressing. (b) Mean (± 

SEM) gram quantity of chow intake in 30 min across drug treatment conditions. There was 

an overall significant effect of drug treatment on chow intake.

*p < 0.05, different from VEH; ** p < 0.01, different from VEH
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Fig. 6. 
Effect of (S, S)-CE-158 on extracellular DA in the nucleus accumbens. TOP: 

Photomicrograph and schematic showing a representative probe placement in nucleus 

accumbens. Abbreviations: acb: nucleus accumbens; cpu: caudate nucleus-putamen 

(neostriatum) (Pellegrino et al. 1979). BOTTOM: Mean (± SEM) extracellular DA 

(expressed as percent baseline) in 30-min samples. Three baseline (BL) samples were 

collected prior to injection of vehicle or 8 mg/kg (S, S)-CE-158, followed by seven post-
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drug samples (S1–7). There was a significant overall between-groups difference between 

vehicle and (S, S)-CE-158 across the seven post-drug samples

*p<0.05, (S, S)-CE-158 significantly differs from vehicle at S3; **p<0.001, (S, S)-CE-158 

significantly differs from vehicle at S2
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