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People with depression and other neuropsychiatric disorders can experience motivational dysfunctions such as fatigue and anergia,
which involve reduced exertion of effort in goal-directed activity. To model effort-related motivational dysfunction, effort-based
choice tasks can be used, in which rats can select between obtaining a preferred reinforcer by high exertion of effort vs. a low
effort/less preferred option. Preclinical data indicate that dopamine transport (DAT) inhibitors can reverse pharmacologically-
induced low-effort biases and increase selection of high-effort options in effort-based choice tasks. Although classical DAT blockers
like cocaine can produce undesirable effects such as liability for misuse and psychotic reactions, not all DAT inhibitors have the
same neurochemical profile. The current study characterized the effort-related effects of novel DAT inhibitors that are modafinil
analogs and have a range of binding profiles and neurochemical actions (JJC8-088, JJC8-089, RDS3-094, and JJC8-091) by using two
different effort-related choice behavior tasks in male Sprague-Dawley rats. JJC8-088, JJC8-089, and RDS3-094 significantly reversed
the low-effort bias induced by the VMAT-2 inhibitor tetrabenazine, increasing selection of high-effort fixed ratio 5 lever pressing vs.
chow intake. In addition, JJC8-089 reversed the effects of tetrabenazine in female rats. JJC8-088 and JJC8-089 also increased
selection of high-effort progressive ratio responding in a choice task. However, JJC8-091 failed to produce these outcomes,
potentially due to its unique pharmacological profile (i.e., binding to an occluded conformation of DAT). Assessment of a broad
range of DAT inhibitors with different neurochemical characteristics may lead to the identification of compounds that are useful for
treating motivational dysfunction in humans.
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INTRODUCTION
Motivational symptoms such as psychomotor slowing, fatigue,
anergia, and reduced exertion of effort are debilitating symptoms
of major depressive disorder (MDD) and other neuropsychiatric
conditions [1–5]. The severity of the motivational symptoms of
depression is correlated with problems in daily functioning, social
life, and employment [6], making it important to focus on for a
more complete remission of symptoms. However, motivational
dysfunctions are relatively treatment resistant, and commonly
prescribed antidepressants such as selective serotonin reuptake
inhibitors (SSRIs) are relatively ineffective at treating motivational
symptoms. Moreover, SSRIs have been shown to exacerbate these
symptoms [7, 8]. Drugs that stimulate dopamine (DA) transmission
such as the DA and norepinephrine transport inhibitor bupropion
(Wellbutrin) have been reported to reduce motivational symptoms
such as fatigue in patients with MDD [7]. Similarly, the wakefulness
agent and DA transport (DAT) inhibitor modafinil was found to
reduce depressive symptoms [9] as well as avolition (goal-directed
behavior) in schizophrenic patients [10]. Thus, therapeutics that
target DAT have been suggested to improve motivational

dysfunctions that are observed in multiple psychiatric disorders
[1–3, 5, 11, 12].
To promote the development of improved therapeutics,

preclinical research using paradigms that employ effort-related
decision-making tasks can be used as models of effort-related
motivational symptoms. These paradigms typically offer a choice
between a high-effort instrumental response to obtain a preferred
reinforcer versus a low-effort/low-reward alternative [1, 2, 13, 14].
Examples of these animal models of effort-based choice behavior
include the fixed ratio (FR) 5/chow feeding choice task [13] and
the progressive ratio (PROG)/chow feeding choice task [15–18].
With the FR5/chow feeding choice task, well-trained rats get most
of their food by FR5 lever pressing reinforced by high
carbohydrate food pellets, while eating small amounts of the
concurrently available but less preferred lab chow. With the PROG/
chow choice task, rats prefer to lever press to a certain extent and
then reach a break point at which they switch to the concurrently
available lab chow when the work requirement is too high [15].
Pharmacological manipulations such as DA D1 or D2 receptor
antagonism and neurotoxic or pharmacological depletion of DA
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can induce a low-effort bias by decreasing the selection of high-
effort options in effort-based choice tasks [2, 13, 16, 19–24].
Tetrabenazine (TBZ) is a vesicular monoamine transporter type-

2 (VMAT-2) inhibitor that increases depressive symptoms includ-
ing fatigue and apathy in clinical studies [1, 25]. TBZ reversibly
depletes neostriatal and accumbens DA in rats [23, 26], and
induces low effort bias in effort-related decision-making tasks
[16, 23, 27] in male and female rats [24]. Consistent with the
clinical literature, SSRIs were found to be ineffective at reversing
the effects of TBZ in rats tested on effort-based choice tasks
[28, 29]. However, bupropion and DAT inhibitors such as
methylphenidate, modafinil, and various modafinil analogs (CE-
123, CE-158, MK-26) can reverse the effects of TBZ and enhance
the selection of high-effort/high-reward options [1, 3, 23, 28–34].
Some of these DAT inhibitors also increase the selection of high-
effort options in rats tested on the PROG/chow feeding choice
task when administered alone [17, 18, 32–34]. Overall, these
studies illustrate the potential utility of DAT inhibitors as
treatments for effort-related motivational dysfunction.
Classical DAT inhibitors like cocaine, as well as substrates that

combine DAT inhibition and release stimulation such as amphe-
tamines, have been associated with unfavorable effects such as
substance use liability [35, 36] and psychotic symptoms [37, 38],
constraining their therapeutic utility. However, not all compounds
binding to DAT exhibit the same neurochemical characteristics as
cocaine. Benztropine, GBR 12909, and modafinil have been
identified as atypical DAT inhibitors that have neurochemical
and behavioral characteristics distinct from those of cocaine, and
thus could be used as parent compounds for the development of
novel drugs [39–44]. Atypical DAT inhibitors differ from cocaine in
terms of the kinetics of their interaction with the DAT, and their
different binding characteristics, resulting in varying behavioral
and neurochemical actions [36, 45–48]. Based on research using
mutant mice with alterations of the DAT that influence the
conformational state of the protein, as well as computational
modeling, Schmitt and Reith [43] concluded that the binding of
modafinil gives rise to an inward facing conformation of the DAT,
which is different from the open, outward facing conformation
that cocaine prefers. Modafinil reversed the low-effort bias
induced by TBZ [3], and subsequent research showed that
modafinil analogs that are more selective than modafinil for the
DAT compared to the norepinephrine or 5-HT transporters also
reverse the effects of TBZ and increase selection of high effort
PROG lever pressing [30–32]. Researchers at the National Institute
on Drug Abuse (NIDA) are interested in studying atypical DAT
inhibitors, including modafinil analogs, for their potential as
treatments for psychostimulant use disorders [36, 40, 49]. For
example, JJC8-091 binds to an occluded conformation of the DAT,
in contrast to the open conformation that cocaine prefers, and
preclinical studies suggest that this compound could be useful for
treating stimulant use disorders [36, 40]. Similarly, JJC8-089 was
reported to have reduced substance use liability in animal studies
when compared to cocaine-like drugs [48]. In contrast, JJC8-088
shows signs of being more cocaine-like in its binding and overall
neurochemical and behavioral profile [36]. This spectrum of
properties across compounds may offer the potential for finding
compounds with an optimal balance between moderate increases
in extracellular DA, heightened effort-based motivation, and
minimal side effects at therapeutic doses.
Fatigue is the most common psychiatric complaint in general

medicine [6], and effort-related motivational symptoms such as
fatigue and anergia pose a challenge in achieving more complete
remission for MDD and other disorders. Consequently, there is a
compelling imperative to use preclinical research to explore novel
therapeutic strategies targeting motivational symptoms. The
present studies were undertaken to assess the efficacy of novel
modafinil analogs that are DAT inhibitors with a broad range of
neurochemical and behavioral characteristics, using two tests of

effort-based choice behavior, the FR5/chow feeding choice task
and the PROG/chow feeding choice task. It was hypothesized that
these compounds would show a range of behavioral effects, with
some being able to increase selection of high-effort activities due
to strong DAergic activity (e.g. JJC8-088), and others being less
effective (e.g., JJC8-091).

MATERIALS AND METHODS
Subjects
A total of 87 adult male and 7 adult female Sprague Dawley Rats (Envigo
Sprague Dawley, Indianapolis, IN, USA) were pair-housed in a 23 °C colony
with a 12-h light/dark cycle. The animals were initially restricted to 85% of
their free-feeding weight and then allowed modest growth throughout the
experiment. Their weights were recorded and supplemental lab chow was
provided as needed, and water was provided ad libitum. All animal
procedures were approved by the University of Connecticut Institutional
Animal Care and Use Committee (IACUC).

Pharmacological agents and selection of doses
TBZ (Tocris Bioscience; 9,10-dimethoxy-3-(2-methylpropyl)−1,3,4,6,7, 11b
hexahydro benzo[a]quinolin-2-one) was dissolved in 20% DMSO, 80% 0.9%
saline, and titrated with HCl (pH around 4.5). The DMSO/saline solution was
administered as the vehicle control for TBZ. The dose selection for male
rats (1.0 mg/kg) was based on previous studies (e.g. [3, 31–33]). The 2.0
mg/kg dose used in female rats was based on recent work demonstrating
that 1.0 mg/kg was ineffective in females, while 2.0 mg/kg was required for
producing both a shift in choice behavior and in increase in nucleus
accumbens cFos expression in females [24]. JJC8-088, JJC8-089, JJC8-091,
and RDS3-094 were synthesized as previously reported [45, 50] in the
Medicinal Chemistry section, NIDA Intramural Research Program, and were
dissolved in 10% DMSO, 15% Tween-80, and 75% 0.9% saline. As vehicle
for each NIDA compound, a solution consisting of 10% DMSO, 15% Tween-
80, and 75% 0.9% saline was used. The doses of all NIDA compounds were
based on pilot experiments conducted in our laboratory, previous
behavioral studies [48], and information about their relative affinities for
DAT [45, 50], with a 30-min lead time for each compound.

Behavioral procedures
FR5/chow feeding choice task. Behavioral sessions (30 min/day, 5 days/
week) were conducted in operant chambers (28 × 23 × 23 cm; Med
Associates, Fairfax, VT, USA) in which rats were trained to lever press for
reinforcement pellets (Bio-Serv, Flemington, NJ, USA) high-carbohydrate
45mg pellet. Rats initially had magazine training, which was followed by
lever press training with an FR1 reinforcement schedule for one week.
Next, rats were trained on FR5 schedule for five weeks followed by the
introduction of lab chow to the chamber (Laboratory Diet, 5P00 Prolab
RMH 3000, Purina Mills, St. Louis, MO; about 17–21 g). FR5/chow feeding
choice training continued for another five weeks, and drug testing began
after this training period was over. At the end of each session, the number
of lever presses and the amount of chow consumed (including spillage)
were recorded.

PROG/chow feeding choice task. Behavioral sessions (30 min/day, 5 days/
week) were conducted in operant chambers (28 × 23 × 23 cm; Med
Associates, Fairfax, VT, USA) in which rats were trained to lever press for
pellet reinforcement (Bio-Serv, Flemington, NJ, USA) high-carbohydrate
45mg pellets. Rats initially had magazine training, which was followed by
lever press training with an FR1 reinforcement schedule for one week.
Next, rats were trained on the PROG schedule [15, 16, 32] in which the ratio
started at FR1 and then was increased by 1 additional response every time
15 reinforcements were obtained (FR1 × 15, FR2 × 15, etc.). The response
lever was deactivated (i.e., timeout) for the rest of the session whenever
2 minutes elapsed without a completed ratio. After nine weeks of PROG
training, lab chow was introduced into the chamber (Laboratory Diet, 5P00
Prolab RMH 3000, Purina Mills, St. Louis, MO; about 17–21 g). PROG/chow
feeding choice training continued for another five weeks and drug testing
began after this training period was over. At the end of each session, the
number of lever presses and chow intake (including spillage) were
recorded.

Experimental design: FR5/chow feeding choice. To assess the effects of the
modafinil analogs when co-administered with TBZ on the FR5/chow
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feeding choice task, 31 trained male rats that were trained on FR5/chow
feeding choice procedure were administered either TBZ or vehicle and
doses of their respective analog (JJC8-088, JJC8-089, JJC8-091, RDS3-094)
or vehicle in separate groups of rats for each compound. All the
experiments used a repeated measures design in which each rat received
each of the five combined drug treatments in a randomized order once per
week. For JJC8-088 (n= 7), rats received: TBZ vehicle + JJC8-088 vehicle,
1.0 mg/kg TBZ + JJC8-088 vehicle, 1.0 mg/kg TBZ + 7.5 mg/kg JJC8-088,
1.0 mg/kg TBZ + 15mg/kg JJC8-088, 1.0 mg/kg TBZ + 30mg/kg JJC8-088.
For JJC8-089 (n= 8) rats received: TBZ vehicle + JJC8-089 vehicle, 1.0 mg/
kg TBZ + JJC8-089 vehicle, 1.0 mg/kg TBZ + 3.75 mg/kg JJC8-089, 1.0 mg/
kg TBZ + 7.5 mg/kg JJC8-089, 1.0 mg/kg TBZ + 15.0 mg/kg JJC8-089. For
RDS3-094 (n= 8) rats received: TBZ vehicle + RDS3-094 vehicle, 1.0 mg/kg
TBZ + RDS3-094 vehicle, 1.0 mg/kg TBZ + 3.75 mg/kg RDS3-094, 1.0 mg/
kg TBZ + 7.5 mg/kg RDS3-094, 1.0 mg/kg TBZ + 15.0 mg/kg RDS3-094. For
JJC8-091 (n= 8) rats received: TBZ vehicle + JJC8-091 vehicle, 1.0 mg/kg
TBZ + JJC8-091 vehicle, 1.0 mg/kg TBZ + 15.0 mg/kg JJC8-091, 1.0 mg/kg
TBZ + 30.0 mg/kg JJC8-091, 1.0 mg/kg TBZ + 60.0 mg/kg JJC8-091. In an
additional study with female rats (n= 7), animals received: TBZ vehicle +
JJC8-089 vehicle, 1.0 mg/kg TBZ + JJC8-089 vehicle, 1.0 mg/kg TBZ +
3.75mg/kg JJC8-089, 1.0 mg/kg TBZ + 7.5 mg/kg JJC8-089, 1.0 mg/kg TBZ
+ 15.0 mg/kg JJC8-089. All injections were given intraperitoneally in a total
volume of 1.0 ml/kg. TBZ or vehicle were administered 120 min before, and
all NIDA compounds were administered 30min before testing.

Experimental design: PROG/chow feeding choice. For the assessment of
each modafinil analog on PROG/chow feeding choice procedure, a total of
56 rats that were trained on PROG/chow feeding choice procedure were
administered with doses of their chosen modafinil analog (JJC8-088, JJC8-
089, RDS3-094, JJC8-091) or vehicle. All compounds were administered
30min before testing. In each experiment, a repeated measures design
was used in which four drug treatments for each modafinil analog were
given in a randomized order, once per week, to separate groups of rats.
Drug treatments were as follows: JC8-088 (n= 8), VEH, 7.5, 15.0, and
30.0 mg/kg; JJC8-089 (n= 24), VEH, 3.75, 7.5, and 15.0 mg/kg; RDS3-094
(n= 16), VEH, 3.75, 7.5, and 15.0; JJC8-091 (n= 8) VEH, 15.0, 30.0, and
60.0 mg/kg. All injections were given intraperitoneally in a total volume of
1.0 ml/kg.

Data analysis. The data were analyzed using Statistical Package for the
Social Sciences (SPSS, IBM, US) software 28. Lever pressing and chow
intake were analyzed with repeated measures analysis of variance
(ANOVA), and F values, probability, and effect size (ηp

2) are reported. To
follow up a significant ANOVA, planned comparisons using the overall
error term and a restricted number of comparisons (the number of
treatments minus one [51]); For the TBZ reversal FR5 experiments,
comparisons were made vs. TBZ/VEH and in the PROG experiments, the
comparisons were vs. VEH. Power analyses were performed with the
G*Power tool and used the effects size values from the ANOVA. This
analysis revealed that the sample sizes used in cases where statistical
significance was obtained were appropriate. However, in the RDS3-094
PROG experiment, the effect size was so low that a very large sample size
(n= 64) would have been required (see below). Graphs were made with
GraphPad Prism 8, and include individual rat data (open circles) as well as
mean+ SEM.

RESULTS
Effects of JJC8-088 on FR5/Chow and PROG/chow feeding
choice performance
In the JJC8-088 experiment (Fig. 1A, B), there was an overall
treatment effect on lever pressing (F(4, 24) = 12.35, p < 0.01,
ηp

2=0.67). Planned comparisons showed that TBZ/VEH signifi-
cantly decreased lever pressing compared to VEH/VEH (F (1, 24) =
45.22, p < 0.001), and that the 7.5 and 30.0 mg/kg doses of JJC8-
088 plus TBZ significantly increased lever pressing compared to
TBZ/VEH (F (1, 24) = 7.82, p < 0.05 and F (1, 24) = 8.39, p < 0.01,
respectively). There also was a significant overall treatment effect
on chow intake (F (4, 24) = 8.44, p < 0.001, ηp

2=0.58). Planned
comparisons revealed that TBZ significantly increased chow intake
compared to VEH/VEH and increased chow intake (F(1, 24) =
27.68, p < 0.01), and that the 15.0 and 30.0 mg/kg doses of JJC8-
088 plus TBZ significantly decreased lever pressing compared to

TBZ/VEH (F(1, 24) = 11.74, p < 0.01 and F(1, 24) = 17.31, p < 0.01,
respectively).
The results for the JJC8-088 study on PROG/Chow feeding

choice (Fig. 1C, D) showed a statistically significant treatment
effect on lever presses (F(3, 21) = 4.34, p = 0.05, ηp

2=0.38, Huynh-
Fieldt), and planned comparisons showed that there was a
significant increase at the 30.0 mg/kg dose (F(1, 21) = 10.74, p <
0.01). There also was a significant overall effect on chow intake
(F(3, 21) = 15.95, p < 0.001, ηp

2=0.70), with significant decreases
seen at the 15.0 and 30.0 mg/kg doses (F(1, 21) = 15.86, p < 0.001
and F(1, 21) = 30.19, p < 0.001, respectively).

Effects of JJC8-089 on FR5/Chow and PROG/Chow feeding
choice performance
In the JJC8-089 study (Fig. 2A, B), there was an overall treatment
effect on lever pressing (F(4, 28) = 14.22, p < 0.01, ηp

2=0.67).
Planned comparisons showed that TBZ/VEH significantly decreased
lever pressing compared to VEH/VEH (F (1,28) = 43.66, p < 0.01),
and that the 7.5 and 15.0mg/kg doses of JJC8-089 plus TBZ
significantly increased lever pressing compared to TBZ/VEH (F(1,
28) = 22.26, p < 0.01 and F (1, 28) = 19.49, p < 0.01, respectively).
There was a significant overall treatment effect on chow intake
(F(4, 28) = 10.26, p < 0.01, ηp

2=0.59). Planned comparisons
revealed that TBZ significantly increased chow intake compared to
VEH/VEH (F(1, 28) = 17.71, p < 0.001), and that the 7.50 and
15.0 mg/kg doses of JJC8-089 plus TBZ significantly decreased
lever pressing compared to TBZ/VEH (F(1, 28) = 11.56, p < 0.01 and
F (1,28) = 31.32, p < 0.01, respectively).
In the PROG/Chow feeding choice study JJC8-089 (Fig. 2C, D),

showed a statistically significant treatment effect on lever presses
(F(3, 69) = 3.49, p = 0.04, ηp

2=0.24, Huynh-Fieldt), and planned
comparisons showed that there was a significant increase at the
15.0 mg/kg dose (F(1, 69) = 7.21, p < 0.05). There also was a
significant overall effect on chow intake (F(3, 69) = 19.11, p < 0.001,
ηp

2=0.62, Huynh-Fieldt), with significant decreases seen at the 7.5
and 15.0 mg/kg doses (F(1, 69) = 17.07, p < 0.001 and F(1, 69) =
49.81, p < 0.001, respectively).

Effects of RDS3-094 on FR5/Chow and PROG/Chow feeding
choice performance
For the RDS3-094 experiment (Fig. 3A, B) on reversal of the effects
of TBZ on FR5/Chow feeding choice, there was an overall
treatment effect on both lever pressing and chow intake F(4, 28)
= 9.70, p < 0.01, ηp

2=0.58 and F(4, 28) = 9.49, p < 0.01, ηp
2=0.58,

respectively. TBZ decreased lever pressing and increased chow
intake (F(1, 28) = 29.26, p < 0.01 and F(1, 28) = 25.90, p < 0.01,
respectively). Coadministration of TBZ and 15.0 mg/kg dose RDS3-
094 caused an increase in lever pressing (F(1, 28) = 6.55, p < 0.05)
and a decrease in chow consumption (F(1, 28) = 20.95, p < 0.01)
compared to TBZ/VEH.
Regarding the effects of RDS3-094 (Fig. 3C, D) on PROG/Chow

feeding choice performance, no significant effects were observed
for RDS3-094 on lever pressing (F(3, 45) = 1.19, p = 0.33,
ηp

2=0.07). Power analysis revealed that with this very low effect
size, an N= 64 would have been required to achieve significance.
There was a treatment effect on chow intake (F(3, 45) = 14.47,
p < 0.01, ηp

2=0.49) in which all the doses (3.75, 7.5. 15.0 mg/kg)
were significantly lower than vehicle (F(1, 45) = 5.88, p < 0.05, F(1,
45) = 27.83, p < 0.01 and F (1, 45) = 33.46, p < 0.01, respectively).

Effects of JJC8-091 on FR5/Chow and PROG/Chow feeding
choice performance
Analysis of the results from coadministration of TBZ and JJC8-091
on FR5/Chow feeding choice (Fig. 4A, B) showed that there was an
overall treatment effect on both lever pressing and chow intake
(F(4, 28) = 15.44, p < 0.001, ηp

2=0.69 and F(4, 28) = 13.83, p <
0.01, ηp

2=0.66, respectively). TBZ was found to decrease lever
pressing and increase chow intake (F(1, 28) = 32.67, p < 0.001 and
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F(1, 28) = 34.43, p < 0.001, respectively). There was no significant
increase in lever presses compared to the TBZ/VEH condition, but
there was a decrease in chow intake compared to TBZ/VEH at the
60.0 mg/kg dose (F(1, 28) = 15.17, p < 0.01).
In the JJC8-091 TBZ reversal study PROG/Chow feeding choice

(Fig. 4A, B), there was an overall treatment effect on lever presses
(F(3, 21) = 3.08, p = 0.05, ηp

2=0.31), which was significant at the
60.0 mg/kg dose, with planned comparisons showing that there
was a significant decrease in lever presses (F(1, 21) = 6.36, p <
0.05). There was no significant effect on chow intake (F(3, 21) =
2.58, p = 0.08, ηp

2=0.27).

Ability of JJC8-089 to reverse the effects of TBZ on FR5/Chow
feeding choice in female rats
In the JJC8-089 female study (Fig. 5), there was an overall
treatment effect on lever pressing (F(4, 24) = 3.64, p = 0.019,
ηp2=0.38). Planned comparisons revealed that TBZ/VEH signifi-
cantly decreased lever pressing compared to VEH/VEH (F (1, 24) =

11.03, p < 0.01), and the 7.5 mg/kg dose of JJC8-089 plus TBZ
significantly increased lever pressing compared to TBZ/VEH (F(1,
24) = 4.52, p < 0.05). There was a significant overall treatment
effect on chow intake (F(4, 24) = 31.46, p < 0.01, ηp2=0.84).
Planned comparisons showed that TBZ significantly increased
chow intake compared to VEH/VEH (F(1, 24) = 36.21, p < 0.001),
and each dose of JJC8-089 plus TBZ significantly decreased chow
intake compared to TBZ/VEH (F(1, 24) = 31.73, p < 0.01, F(1, 24) =
77.31, p < 0.01, and F (1,24) = 107.59, p < 0.01, respectively).

Comparison of effects across compounds
To compare these different compounds in terms of their ability to
restore the effects of TBZ on lever pressing, a percent restoration
measure was calculated as follows: [Lever pressing numbers under
TBZ plus the most effective of the DAT inhibitor/Lever pressing
numbers under VEH/VEH * 100] for each compound separately.
Table 1 shows that in male rats JJC8-089 had the highest
restoration level compared to VEH, followed by JJC8-088 and

Fig. 1 The effects of JJC8-088 on TBZ-induced changes on the FR/chow feeding choice procedure during the 30min session (A-B). A Lever
presses (mean±SEM), #p < 0.01, TBZ/VEH significantly different from VEH/VEH; *p < 0.05, TBZ/7.5 mg/kg JJC8-088 significantly different from
TBZ/VEH; **p < 0.01, TBZ/30.0 mg/kg JJC8-088 significantly different from TBZ/VEH. B Chow intake in grams (mean±SEM), #p < 0.01, TBZ/VEH
significantly different from VEH/VEH; **p < 0.01, TBZ/15.0 and TBZ/30.0 mg/kg JJC8-088 significantly different from TBZ/VEH. The effects of
JJC8-088 on PROG/chow feeding choice procedure during the 30min session (C, D). C Lever presses (mean±SEM), **p < 0.01, 30.0 mg/kg JJC8-
088 significantly different from VEH. D Chow intake in grams (mean ± SEM), **p < 0.01, 15.0 mg/kg, and 30.0 mg/kg JJC8-088 was significantly
different from VEH.

Fig. 2 The effects of JJ8-089 on TBZ-induced changes on the FR/chow feeding choice procedure during the 30 min session (A-B). A Lever
presses (mean±SEM), #p < 0.01, TBZ/VEH significantly different from VEH/VEH; **p < 0.01, TBZ/7.5 and TBZ/15.0 mg/kg JJ8-089 significantly
different from TBZ/VEH. B Chow intake in grams (mean±SEM), #p < 0.01, TBZ/VEH significantly different from VEH/VEH; **p < 0.01, TBZ/7.5 and
TBZ/15.0 mg/kg JJ8-089 significantly different from TBZ/VEH. The effects of JJ8-089 on PROG/chow feeding choice procedure during the
30min session (C, D). C Lever presses (mean ± SEM), *p < 0.05, 15.0 mg/kg JJ8-089 significantly different from VEH. D Chow intake in grams
(mean ± SEM), **p <0.01, 7.5, and 15.0 mg/kg JJ8-089 significantly different from VEH.
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RDS3-094, and lastly, JJC8-091. In female rats, the 0.75 mg/kg JJC8-
089 increased lever pressing by 79.0% compared to TBZ/VEH.
Furthermore, to compare these compounds for their capacity to
increase the lever pressing in the PROG/Chow feeding choice
studies, the percent increase was calculated by dividing [Lever
pressing under most effective dose/Lever pressing under
VEH*100]. We observed (Table 1) that JJC8-088 had the highest
percent increase followed by JJC8-089 and RDS3-094, and with an
effect in the opposite direction for JJC8-091.

DISCUSSION
The present study assessed four novel DAT inhibitors using two
effort-related choice tasks. In agreement with earlier research [23,
30–33], administration of 1.0 mg/kg TBZ induced a low-effort bias
in effort-based decision-making, significantly reducing FR5 lever
pressing while simultaneously increasing intake of the concur-
rently available chow. Considerable evidence indicates that the
effects of TBZ on the FR5/Chow feeding choice task are related to

the allocation of time on the lever pressing requirement and not
to impairments in primary food motivation or appetite for
palatable foods [1, 2, 52]. Previous work has shown that 1.0 mg/kg
TBZ did not suppress ‘hedonic eating’ of chocolate in rats [2], and
that the low-effort bias induced by TBZ is not due to changes in
food intake or preference between the two foods (i.e., high
carbohydrate pellets vs. laboratory chow [23]); Two of the DAT
inhibitors studied, JJC8-088 and JJC8-089, reversed the effects of
TBZ in the FR5/chow feeding choice task, increasing lever pressing
and decreasing chow intake in TBZ-treated rats, and also
increased the selection of high-effort lever pressing in rats tested
on the PROG/chow task. RDS3-094 reversed the TBZ-induced
impairment of FR5/Chow feeding choice, but did not enhance
high-effort selection in the PROG/chow feeding task. Notably,
JJC8-091 did not enhance selection of the high-effort options in
any of the tasks, and in fact it reduced lever pressing in the PROG/
chow feeding choice study. Overall, JJC8-089 had the greatest
percent restoration on the FR5/chow task and JJC8-088 had the
highest percent increase in the PROG/chow tasks. RDS3-094

Fig. 4 The effects of JJC8-091 on TBZ-induced changes on the FR/chow feeding choice procedure during the 30min session (A-B). A Lever
presses (mean ± SEM), #p < 0.01, TBZ/VEH significantly different from VEH/VEH. B Chow intake in grams (mean ± SEM), #p < 0.01, TBZ/VEH
significantly different from VEH/VEH; **p < 0.01, TBZ/60.0 mg/kg JJC8-091 significantly different from TBZ/VEH. The effects of JJC8-091 on
PROG/chow feeding choice procedure during the 30min session (C, D). C Lever presses (mean±SEM), *p < 0.05, 60.0 mg/kg JJC8-091
significantly different from VEH. D Chow intake in grams (±SEM), ns.

Fig. 3 The effects of RDS3-094 on TBZ-induced changes on the FR/chow feeding choice procedure during the 30 min session (A-B).
A Lever presses (mean±SEM), #p < 0.01, TBZ/VEH significantly different from VEH/VEH; *p < 0.05, TBZ/15.0 mg/kg RDS3-094 significantly
different from TBZ/VEH. B Chow intake in grams (mean ± SEM), #p < 0.01, TBZ/VEH significantly different from VEH/VEH; **p < 0.01, TBZ/15.0
mg/kg RDS3-094 significantly different from TBZ/VEH. The effects of RDS3-094 on PROG/chow feeding choice procedure during the 30 min
session (C, D). C Lever presses (±SEM), ns. D Chow intake in grams (mean±SEM), *p < 0.05, RDS3-094 is significantly different than VEH;
*p < 0.05, 3.75 mg/kg RDS3-094 is significantly different than VEH; **p < 0.01, 7.5 and 15.0 mg/kg RDS3-094 was significantly different
from VEH.
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yielded intermediate results, whereas JJC8-091 did not restore or
increase lever pressing in any of the tasks. Given the range of
behavioral outcomes across compounds, the evaluation of DAT
inhibitors with diverse neurochemical properties holds the
potential for identifying compounds that are potentially effective
in addressing motivational dysfunction in humans.
Previously, the bupropion and DAT inhibitors including

modafinil and its analogs (CE-123, CE-158, and MK-26) have been
reported to partially reverse the effects of TBZ and increase the
selection of high-effort choices [3, 17, 18, 23, 28–34]. However, the
four compounds tested in the present studies showed a wide
range of behavioral effects, which is potentially related to their
diverse neurochemical characteristics. All four compounds show
relatively high selectivity for binding to DAT compared to the
norepinephrine and serotonin transporters [36, 45, 48, 50], with
DAT binding affinities ranging from 2.6 nM (JJC8-088) to 289 nM
(JJC8-091) and JJC8-089 and RDS3-094 being in between (16.7 and
23.1 nM respectively). JJC8-088 appears to share a typical binding
profile more akin to cocaine, as characterized by binding more to
the outward facing conformation of DAT [36], and administration
of this compound leads to a rapid and robust increase in
extracellular dopamine levels in the NAc [47]. As expected, it has
cocaine-like effects and preclinical signs of substance use liability
in rodents, including self-administration and drug-seeking beha-
vior in rats [36, 40]. Furthermore, recent primate studies showed
that JJC8-088 suppressed cocaine self-administration, possibly by
acting as a substitute [53]. In the present studies, JJC8-088

significantly reversed the effects of TBZ, and produced a very
robust increase in PROG lever pressing (Fig. 1, Table 1).
In contrast, JJC8-091 has a different binding profile, with a

relatively low DAT affinity and a relative preference for binding to
the occluded inward facing conformation of DAT [36]. In
microdialysis studies, JJC8-091 produced only a very limited
increase in extracellular DA in the NAc compared to JJC8-088 [47].
Newman et al. [36]. reported that JJC8-091 failed to act as a
reinforcer, and that IP administration of 30.0 mg/kg JJC8-091 in
rats significantly reduced the progressive ratio breakpoint for
cocaine reinforcement. Furthermore, JJC8-091 blunted escalation
of methamphetamine self-administration and reduced reinstate-
ment of cocaine-seeking behavior in rats [36, 40, 48]. Taken
together, these data indicate that JJC8-091 is an atypical DAT
inhibitor in both its neurochemical and behavioral characteristics.
Consistent with that observation, JJC8-091 differed from the other
DAT inhibitors tested in that it failed to increase selection of high-
effort activity on either of the behavioral tests used (Fig. 4). It is
possible that the relatively low affinity of JJC8-091 for DAT was a
factor, and that higher doses should have been used. However,
the only significant effect on lever pressing was a decrease in
PROG responding at the highest dose, which makes it unlikely that
increasing the dose further would have increased lever pressing
output. Furthermore, the doses of JJC8-091 used in the present
work were based on published reports of behavioral effects of this
compound in the 30.0–56.0 mg/kg dose range [36].
JJC8-089 has a robust brain penetration, and was reported to

blunt methamphetamine escalation in rats trained with extended
access self-administration sessions [48], which is a characteristic
also shown by JJC8-091 but not JJC8-088. Moreover, while IP
administration of JJC8-088 produced a substantial increase in
locomotor activity, 30.0 mg/kg JJC8-089 failed to significantly
increase locomotion, which is similar to JJC8-091 (supplementary
material shown in ref. [48].). These data suggest that JJC8-089 may
be intermediate between JJC8-088 and JJC8-091 in terms of some
its neurochemical and behavioral characteristics. Interestingly, this
compound also showed positive effects in both effort-based
choice tasks, with a robust reversal of the low-effort bias induced
by TBZ, and a significant increase in selection of high-effort PROG
lever pressing (Fig. 2). Given this overall profile, JJC8-089 appears

Table 1. Comparison of effects across compounds.

Compound FR5: Percent Restoration
of Lever Pressing

PROG: Percent
Increase in Responding

JJC8-088 55.52% +397.04%

JJC8-089 78.17% +183.78%

RDS3-094 57.31% +150.14%

JJC8-091 18.54% − 44.46%a

FR5: JJC8-089 produced a 79.0% restoration of lever pressing in females.
aSignificant decrease from VEH.

Fig. 5 The effects of JJ8-089 on TBZ-induced changes on the FR/chow feeding choice procedure in female rats (A, B). A Lever presses
(mean ± SEM), #p < 0.01, 2.0 mg/kg TBZ/VEH significantly different from VEH/VEH; *p < 0.05, TBZ/7.5 mg/kg JJ8-089 significantly different from
TBZ/VEH. B Chow intake in grams (mean ± SEM), #p < 0.01, TBZ/VEH significantly different from VEH/VEH; **p < 0.01, TBZ/7.5, 3.75 and
15.0 mg/kg JJ8-089 significantly different from TBZ/VEH.
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to be a compound with atypical characteristics (e.g., lack of broad
major stimulant effects), which nevertheless does have actions
that promote selection of high-effort instrumental activities.
Furthermore, RDS3-094 showed a mixed pattern of results, being
able to recover effort-related motivation from the challenge
provided by TBZ, but not stimulating exertion of effort in the
PROG study. This may mean that RDS3-094 would have minimal
side effects resulting from DAergic overstimulation, such as mania
or compulsive behavior. Additional research with these com-
pounds should focus on their potential as a treatment for effort-
related motivational dysfunction.
Given the prevalence of depression in women [54], future

animal studies should include both sexes [24, 55–57]. Errante et al.
[58] reported that haloperidol decreased PROG lever pressing in
both male and female rats. Studies with fluoxetine showed that
this antidepressant decreased high-effort choices (FR5 lever
pressing and wheel running) in both male and female rats, but
did not increase intake of food alternatives [59]. Recent research
has identified a sex difference in the effects of TBZ, with male rats
showing an effect on FR5/chow feeding choice at 1.0 mg/kg, while
this dose in females was ineffective [24]. In that study, 2.0 mg/kg
TBZ produced a low-effort bias and increased cFos expressing in
nucleus accumbens in female rats [24]. Thus, in the present work,
the ability of JJC8-089 to reverse the effects of 2.0 mg/kg TBZ in
female rats was assessed to explore the feasibility of using a DAT
inhibitor to reverse the effects of TBZ in females. As shown in
Fig. 5, 7.5 mg/kg JJC8-089 was able to significantly increase lever
pressing in TBZ-treated females, a finding that should be explored
further in future research.
Taken together, these data support the idea that all drugs that

bind to the DAT do not necessarily have the same behavioral
characteristics. This likely depends upon a number of neurochem-
ical factors, including the binding kinetics, the conformational
changes induced, the resulting impact on extracellular DA, and off
target effects. These observations are consistent with what is
known about modafinil, which has been shown to bind to DAT
though it does not have all the classic characteristics of a major
psychomotor stimulant. Observations of the neurochemical and
behavioral effects of modafinil, as well as GBR12909 and
benztropine, led to the idea that there are typical (i.e., cocaine-
like) and atypical DAT inhibitors [39–43]. As more compounds are
synthesized and tested, it seems evident that this distinction is not
dichotomous, and that there is a continuum of ‘atypicality’ across
which many drugs can vary. In the present studies, JJC8-088 and
JJC8-089 were active on both tests of effort-based choice, while
RDS3-094 was only active on one, and JJC8-091, the most atypical
of this series, failed to induce any increase in effort-related
responding. The fact that DAT inhibitors vary across a spectrum of
neurochemical and behavioral characteristics may allow for
exploitation of some compounds for their therapeutic utility. For
example, it is possible that one or more DAT inhibitors could be
identified that promote effort-related motivational effects, yet
have lower substance use liability or fewer side effects than
cocaine-like drugs. This balanced profile could yield a drug that
would be useful for treating effort-related motivational dysfunc-
tions such as fatigue or anergia in MDD and other disorders.
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