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Abstract: Treatments for cognitive impairments associated with neuropsychiatric disorders, such as
attention deficit hyperactivity disorder or narcolepsy, aim at modulating extracellular dopamine
levels in the brain. CE-123 (5-((benzhydrylsulfinyl)methyl) thiazole) is a novel modafinil analog
with improved specificity and efficacy for dopamine transporter inhibition that improves cognitive
and motivational processes in experimental animals. We studied the neuropharmacological and
behavioral effects of the S-enantiomer of CE-123 ((S)-CE-123) and R-modafinil in cognitive- and
reward-related brain areas of adult male rats. In vivo single unit recordings in anesthetized animals
showed that (5)-CE-123, but not R-modafinil, dose-dependently (1.25 to 10 mg/kg i.v.) reduced
firing of pyramidal neurons in the infralimbic/prelimbic (IL/PrL) cortex. Neither compound the
affected firing activity of ventral tegmental area dopamine cells. In freely moving animals, (S)-CE-123
(10 mg/kg i.p.) increased extracellular dopamine levels in the IL/PrL, with different patterns when
compared to R-modafinil (10 mg/kg i.p.); in the nucleus accumbens shell, a low and transitory increase
of dopamine was observed only after (S)-CE-123. Neither (5)-CE-123 nor R-modafinil initiated the
emission of 50-kHz ultrasonic vocalizations, a behavioral marker of positive affect and drug-mediated
reward. Our data support previous reports of the procognitive effects of (S)-CE-123, and show a
minor impact on reward-related dopaminergic areas.

Keywords: cognitive enhancer; prefrontal cortex; dopamine; dopamine transporter; modafinil;
reward; psychostimulants

1. Introduction

The mesocorticolimbic dopamine system is involved in processing motivation, salience,
and reward, with dopamine also being a neuromodulator in brain areas that are involved in diverse
cognitive processes. Reuptake and compartmentalization have a pivotal role in neurotransmission,
balancing extracellular/cytosolic synaptic neurotransmitters. The dopamine transporter (DAT) is located
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in the presynaptic plasma membrane, where it spatially and temporally produces an accumulation of
dopamine [1]. Given its multifaceted role, increasing dopamine levels by inhibition of DAT provides
the opportunity to target diverse neuropsychiatric conditions. Moreover, the selective modulation
of dopamine levels, particularly in the prefrontal cortex (PFC), is considered a major goal for the
enhancement of mental performance in both healthy and diseased individuals [2,3]. Among the
inhibitors of dopamine reuptake, cocaine produces an accumulation of dopamine in the synaptic cleft,
whereas amphetamines operate as substrates for DAT to enter the presynaptic bouton, switching the
activity of DAT, ultimately resulting in the efflux of dopamine. DAT-modulating drugs are approved
for several medical conditions in both adults and minors. For instance, methylphenidate (MPH) and
dexamphetamine are the first-choice treatment for attention deficit hyperactivity disorder (ADHD),
while MPH and modafinil are prescribed for narcolepsy. Modafinil is also being clinically tested in
ADHD, depression, schizophrenia, and mood disorders [4-9]. Finally, modafinil is considered as a
potential therapy against substance abuse disorders at different stages [2,10], in particular against
psychostimulant abuse and withdrawal [11-15], as well as against alcohol dependence [16].

Despite the positive effects of drugs improving cognitive functions, side effects [2] have to be taken
into account, particularly when considering children and adolescents [17]. The repeated administration
of MPH and modafinil is associated with behavioral sensitization and cognitive tolerance in rats [18,19].
Moreover, as these drugs target reward-related brain areas, psychostimulants are well known to carry
a significant risk of abuse [20-22]. Such side effects of available inhibitors of dopamine reuptake are
possibly due to their limited selectivity for the DAT, combined with their multitarget pharmacological
profiles. The prospect of interference with healthy and impaired mental abilities (even during
brain development) requires the thorough pharmacological characterization of psychostimulants as
cognitive enhancers.

CE-123 5-((benzhydrylsulfinyl)methyl) thiazole) is a modafinil analog with increased affinity
and selectivity for DAT. CE-123 has been shown to increase cognitive flexibility in the attentional
set-shifting task paradigm [23] and to enhance memory acquisition and retrieval in a spatial hole-board
task in compromised Sprague-Dawley male rats [24]. The S enantiomer of CE-123, (S)-CE-123,
which was shown to be more potent at inhibiting DAT than the R enantiomer [23,24], reversed the
effort-related effects of tetrabenazine, a blocker of vesicular monoamine transport, showing ameliorative
motivational effects [23-25]. Camats-Perna and colleagues also demonstrated that the administration
of CE-123 (racemate and S enantiomer) protected the consolidation of long-term social memory against
interference for defined durations after learning [26].

Cognitive flexibility in humans and animals cannot be homologated. However, evidence
that dopamine takes part in the control of cognitive flexibility is derived both from human and
animal studies [27] showing its involvement in reversal learning, set-shifting, and task-switching.
Clinical studies have shown that individuals with poor cognitive flexibility exhibit increased severity or
progression in several psychiatric and neurological disorders, and deficits in cognitive flexibility
are common traits in affective, anxiety, post-traumatic stress disorder and neurodegenerative
disorders [28-33]. Thus, the modulation of cortical and subcortical dopamine achieved by dopaminergic
drugs, such as DAT inhibitors [27], or by nonpharmacological interventions (i.e., cognitive flexibility
training) [33], might ameliorate deficits in cognitive flexibility.

In this study, in vivo neurochemical, electrophysiological, and behavioral experiments were
performed in adult male rats. The effect of (5)-CE-123 was compared to its parent compound,
R-modafinil, which displays a more favorable pharmacokinetic profile and stronger wakefulness effects
than racemic modafinil [34]. (S)-CE-123 and R-modafinil were tested at several doses in brain areas
associated with cognition, such as the infralimbic/prelimbic (IL/PrL) cortex, and in areas associated
with positive reinforcement induced by drugs of abuse, such as the ventral tegmental area (VTA) and
the shell of the nucleus accumbens (NAc shell).
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2. Materials and Methods

2.1. Subjects

Male Sprague-Dawley rats (Envigo, Italy) weighing 250-350 g were maintained under standard
conditions (temperature 22 + 2 °C, humidity 60%, on a 12 h light/dark cycle) with ad libitum access
to food and water until the experiment day. All procedures were performed in accordance with the
European legislation EU Directive 2010/63 were approved by the Animal Ethics Committees of the
University of Cagliari and by the Italian Ministry of Health (legislative decree 116/92). We made all
efforts to minimize pain and suffering and to reduce the number of animals used.

2.2. Drugs and Treatments

(5)-CE-123 ((5)-5-((benzhydrylsulfinyl)methyl)thiazole) was synthesized from the Lubec laboratory
(University of Vienna, Austria) as reported previously [23]. In short, diphenylmethanol and thiourea
were reacted to yield [(diphenylmethyl)sulfanylJmethanimideamide hydrobromide. In the following
step, [(diphenylmethyl)sulfanylJmethanimideamide hydrobromide was reacted under alkaline
conditions with 5-(chloromethyl)thiazole hydrochloride to yield 5-((benzhydrylthio)methyl)thiazole,
that was, in the subsequent synthetic step, oxidized using 30% hydrogen peroxide under acidic
conditions to yield the final product, 5-((benzhydrylsulfinyl)methyl)thiazole (CE-123). CE-123 was
further separated into individual enantiomers (S- and R-CE-123, respectively) using a Shimadzu 10AVP
HPLC System (Shimadzu Corporation, Tokyo, Japan) equipped with Chiralpak IA semipreparative
column (10 mm diameterx 20 cm length) (Chiral Technologies Europe, France).

R-modafinil, (R)-2-(benzhydrylsulfinyl)acetamide was also synthesized in house as reported
previously [35] via a procedure based on the US 7,812,193 B2 patent application.

On the day of the experiments, (S)-CE-123 or R-modafinil were freshly dissolved in DMSO 4%,
TWEEN 80 5%, and physiological solution (NaCl 0.9%), and then either intravenously (i.v.) administered
at cumulative doses 1.25 to 10 mg/kg/mL for electrophysiological experiments, or intraperitoneally
(i.p.) injected at 1, 5, or 10 mg/kg in 3 mL for in vivo microdialysis studies and ultrasonic vocalizations
(USVs) recordings.

2.3. In Vivo Single-Unit Extracellular Recordings

Rats were anesthetized with 1.3 g/kg i.p. urethane. For intravenous administration of
pharmacological agents, a cannula was inserted into the femoral vein. Rats were placed in a stereotaxic
apparatus (Kopf, Tujunga, CA, USA) with their body temperature maintained at 37 + 1 °C by a
heating pad. The extracellular activity of neurons was recorded (bandpass filter 0.1-10,000 Hz) with
glass micropipettes filled with 2% Pontamine sky blue dissolved in 0.5 M sodium acetate. Individual
action potentials were isolated and amplified by means of a window discriminator (Neurolog System,
Digitimer, Hertfordshire, UK) and displayed on a digital storage oscilloscope (TDS 3012, Tektronics,
Marlow, UK). Experiments were sampled online and offline with Spike2 software by a computer
connected to the CED1401 interface (Cambridge Electronic Design, Cambridge, UK). The single-unit
activity of putative IL/PrL neurons (AP: 3.0 mm from bregma, L: £0.8-1.0 mm from the midline)
located in layers III-VI (V: 1.0-3.5 mm from the cortical surface) was recorded. The electrophysiological
characteristics of the recorded cells corresponded to those attributed to pyramidal neurons, as described
previously [36]. They presented “regular-spiking” or “intrinsically bursting” activity, the firing rate
never exceeded 10 Hz, and the action potentials were > 2ms wide. The single-unit activity of neurons
located in the ventral tegmental area (VTA, AP: —6.0 mm from bregma; L: £0.4-0.6 mm from the midline;
V:7.0-8.0 mm from the cortical surface) was recorded extracellularly (bandpass filter 0.1-10,000 Hz).
Putative dopamine neurons were isolated and identified according to published criteria [37,38],
i.e., a firing rate < 10Hz and >2.5 ms duration of the action potential. Bursts were defined as the
occurrence of two spikes at an interspike interval of <80 ms, and terminated when the interspike
interval exceeded 160 ms.
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2.4. In Vivo Brain Microdialysis: Dopamine Extracellular Levels

In vivo brain microdialysis allows us to monitor the extracellular concentration of endogenous
transmitters and to estimate it as a correlate of neurotransmission. Vertical microdialysis probes were
prepared with AN69 fibers (Hospal Dasco, Bologna, Italy), as previously described [39,40]. In order to
evaluate dopamine extracellular levels by in vivo brain microdialysis, rats were anaesthetized with
Equithesin (3 mL/kg i.p.; chloral hydrate 2.1 g, sodium pentobarbital 0.46 g, MgSO, 1.06 g, propylene
glycol 21.4 mL, ethanol (90%) 5.7 mL, H,O 3 mL) and were implanted with microdialysis probes.
The microdialysis probe was implanted in the NAc shell (AP: +2.2 mm, L: +1.0 mm from bregma,
V: 7.8 mm from dura; 1.5 mm dialyzing portion) or in the IL/PrL cortex (AP: +3.7 mm, L: +0.8 mm
from bregma, V: =5.0 mm from dura; 3 mm dialyzing portion) according to the rat brain atlas [41].
The day of the experiment, probes were perfused with Ringer’s solution (147 mM NaCl, 4 mM KCl,
2.2 mM CaClp) at a constant rate of 1 pL/min. Dialysate samples (20 pL) were injected into an HPLC
equipped with a reverse-phase column (C8 3.5 um, Waters, Sesto San Giovanni (MI), Italy USA) and a
coulometric detector (ESA, Coulochem II) to quantify dopamine. The first electrode of the detector
was set at +130 mV (oxidation) and the second at —175 mV (reduction). The composition of the mobile
phase was 50 mM NaH;POj, 0.1 mM Naj-EDTA, 0.5 mM n-octyl sodium sulfate, 15% (v/v) methanol,
pH 5.5. The sensitivity of the assay for dopamine was 5 fmol/sample. After the evaluation of basal
levels, estimated as the mean of three consecutive samples whose values did not differ more than
+10%, animals received an i.p. injection with (5)-CE-123, R-modafinil or vehicle, and the dopamine
extracellular levels were monitored up to 3 h after the injection. At the end of the experiments,
localization of probes for microdialysis was shown by histological examination

2.5. Recording of 50-kHz USV's

USV emissions were recorded from individual rats during microdialysis experiments by means of
ultrasonic microphones (CM16/CMPA, Avisoft, Berlin, Germany) connected to an ultrasound recording
device (UltraSoundGate 116 Hb, Avisoft, Berlin, Germany), as previously described [42]. Intensity
gain was kept at a constant level during the recordings. USV emissions were recorded for 3 h after the
administration of (S)-CE-123, R-modafinil or vehicle, starting immediately after injection.

2.6. Data Analysis

Sample sizes were determined based both on our previous experience in the experimental protocols
and the expected effect size. Experiments were excluded from analysis if incomplete or following
histological verification of the recording site (for electrophysiology experiments) or localization of
microdialysis probe. To reduce animal pain and suffering, we minimized the number of animals used
for each experimental set to the minimum required for statistical analysis validation.

For all experiments, statistical analyses were performed using either Statistica (StatSoft, Tulsa, OK,
USA), or Prism (GraphPad, La Jolla, CA, USA) software.

For dose-curve electrophysiological experiments, drug-induced changes in firing activity were
calculated by averaging the effects of the drugs for the 2 min period following drug administration.
Statistical significance was then assessed using one-way ANOVA for repeated measures, followed
by Dunnett’s correction for multiple comparisons. For single-dose in vivo microdialysis experiments,
data were analyzed by two-way ANOVA (treatment X time) for repeated measures followed by
Tukey’s post-hoc test. Data analysis of USVs was performed as previously described [42]. Briefly,
USV recordings were converted into spectrograms by means of the software SASLab Pro 4.52 with
the following settings: 512 Fast Fourier Transform (FFT)-length, Hamming window, and 75% overlap
frame set-up. Spectrograms were manually processed to remove background noise and signals that
could not be unambiguously classified as USVs. Thereafter, the total number of 50-kHz USVs isolated
in each spectrogram was automatically counted by means of SASLab Pro 4.52. The total numbers
of 50-kHz USVs emitted after administration of (S)-CE-123, R-modafinil, or vehicle were analyzed
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by two-way ANOVA (treatment X time). All the numerical data are expressed as means + S.E.M.
Significance level was set at p < 0.05 for each analysis.

3. Results

3.1. Effects of (5)-CE-123 and R-Modafinil on In Vivo Firing Rate of Putative Pyramidal Neurons from the
IL/PrL Cortex

We examined the in vivo electrophysiological effects of (S)-CE-123 and R-modafinil on putative
pyramidal neurons recorded from the IL/PrL cortex of anesthetized rats (Figure 1C). Cumulative i.v.
administration (1.25-10 mg/kg) of (S)-CE-123 produced a dose-dependent decrease in the cell firing
rate (example rate histogram in Figure 1A,B; one-way ANOVA for repeated measures, F 24) = 19.26,
p = 0.0009, Dunnett’s multiple comparisons test). By contrast, R-modafinil at the same doses did not
produce a significant effect on the neuron firing rate (example rate histogram in Figure 1A,B; one-way
ANOVA for repeated measures Fgp4) = 0.231, p = 0.684). As expected, vehicle administration was
also ineffective (example rate histogram in Figure 1A,B; one-way ANOVA for repeated measures,

4 16) =0.928, p= 0. 414)
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Figure 1. Effect of (5)-CE-123 and R-modafinil on in vivo electrical activity of putative pyramidal
cells. Representative firing rate histograms of putative pyramidal neurons (A) from rats that received
cumulative intravenous injections of vehicle (left), (S)-CE-123 (10 mg/kg; middle) or R-modafinil
(10 mg/kg; right). Arrows indicate the time of injections and number of the dose (mg/kg). (5)-CE-123
reduced firing frequency (B) in a dose-dependent manner (vehicle n = 5; R-modafinil n = 7, (S)-CE-123
n = 7). Symbols and bars represent means + SEM, * p < 0.05, ** p < 0.01, RM one-way ANOVA and
Dunnett’s test. (C) Histological brain section showing the recording site in the prelimbic/infralimbic
cortex. The black triangle indicates the pontamine sky blue dye. Abbreviations: PrL, prelimbic cortex;
IL, infralimbic cortex; aca, anterior commissure, anterior part; fmi, forceps minor of the corpus callosum.
Scale bar 1 mm.

3.2. Effects of (5)-CE-123 and R-Modafinil on In Vivo Firing Activity of Putative VTA Dopamine Neurons

We next studied the effects of (S)-CE-123 and R-modafinil (cumulative doses: 1.25-10 mg/kg
i.v.)) on the firing activity of putative VTA dopamine neurons (Figure 2D). Neither (5)-CE-123 nor
R-modafinil (example rate histograms in Figure 2A) affected the firing frequency (Figure 2B; one-way
ANOVA for repeated measures, Fgp4) = 1.304, p = 0.303 and F(550) = 1.343, p = 0.305, respectively).
Similarly, neither (5)-CE-123 (Figure 2C; one-way ANOVA for repeated measures, Fo4) = 1.671
p = 0.242) nor R-modafinil (Figure 2C; one-way ANOVA for repeated measures, F(5 59) = 2.810, p = 0.133)
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changed the burst firing of putative VTA dopamine cell. Finally, the vehicle (example rate histogram in
Figure 2A) was ineffective with regard to both the firing rate (Figure 2B; one-way ANOVA for repeated
measures, F4 16) = 1.682, p = 0.254) and burst firing (Figure 2C one-way ANOVA for repeated measures,
Fa,16) = 2.612,p = 0.171).
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Figure 2. Effect of (S)-CE-123 and R-modafinil on in vivo electrical activity of putative dopamine cells.
Representative firing rate histograms of putative ventral tegmental area (VTA) dopamine neurons
(A) from rats that received cumulative intravenous injections of vehicle (left), (S)-CE-123 (10 mg/kg;
middle) or R-modafinil (10 mg/kg; right). Arrows indicate the time of injections and number of the dose
(mg/kg). R-modafinil and (S)-CE-123 did not change firing frequency (B) or bursting activity (C) of
putative VTA dopamine neurons (vehicle n = 5; R-modafinil n = 6, (5)-CE-123 n = 7). Symbols and bars
represent means + SEM, RM one-way ANOVA. (D) Histological brain section showing the recording
site in the VTA. The black triangle indicates the pontamine sky blue dye. Abbreviations: Aq, aqueduct;
RN, red nucleus; IP, interpeduncular nucleus; SN, substantia nigra; VTA, ventral tegmental area. Scale

bar, 0.5 mm.
3.3. Effect of (5)-CE-123 and R-Modafinil on Dopamine Transmission in the IL/PrL Cortex and in the NAc Shell

In these experiments, we studied the effect of three doses of (S)-CE-123 and R-modafinil (1, 5 and
10 mg/kg i.p.) on extracellular dopamine levels in the IL/PrL cortex (Figure 3) and in the NAc shell
(Figure 4).

Considering IL/PrL cortex, a three-way ANOVA showed a main effect of dose [F 325 = 8.09;
p = 0.000062], of time [F(g 255y = 4.21; p = 0.00005], a significant treatment X time interaction [F(g 505) = 4.42;
p = 0.000025], dose X time interaction [F(»7 205 = 2.87; p = 0.018], and treatment X dose X time interaction
[F27,205) = 2.57; p = 0.00008]. Tukey’s post hoc tests showed a significant increase of dialysate dopamine
at 40 min after the administration of (S)-CE-123 (10 mg/kg i.p.), as compared to basal value, to vehicle
and to the lower dose of (5)-CE-123 (1 mg/kg i.p.). A Tukey’s post hoc tests also showed a significant
increase of dopamine at 100, 120, and 160 min after administration of the higher dose of R-modafinil
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(10 mg/kg i.p.) with respect to basal value, from 100 to 160 min concerning the vehicle group, but also at
80, 100, 120, and 160 min with respect to the lower dose of R-modafinil (1 mg/kg i.p.). Moreover, Tukey
post hoc tests revealed significant differences at 160 and 180 min after the administration of 5 mg/kg i.p.
of R-modafinil with respect to both basal value and vehicle-treated animals, and significant differences
at 160 min between animals treated with (5)-CE-123 (10 mg/kg i.p.) or R-modafinil (10 mg/kg i.p.).

Considering the NAc shell, three-way ANOVA showed a main effect of time [Fg2s5) = 2.98;
p = 0.0021], and a significant dose X time interaction [F(27,257) = 1.54; p = 0.045]. Tukey’s post hoc tests
showed a significant increase of dialysate dopamine at 40 min after the administration of (S)-CE-123
(10 mg/kg i.p.), to the basal value; it also showed significant differences at 40 min between rats treated
with (5)-CE-123 (10 mg/kg i.p.) and R-modafinil (10 mg/kg i.p.).

F vehicle L} 1mgkg 1} 5mgkg {J 10 mgkg

8
S

Dopamine levels
(% of basal)
3

1004

(S)-CE-123 (R)-modafinil

0 60 120 180 g 50 120 180
Time (min) Time (min)

Figure 3. Effect of (5)-CE-123 and R-modafinil on dopamine transmission in the IL/PrL cortex.
Graphs showing the effects of (S)-CE-123 (left) or R-modafinil (right) on dopamine levels in the IL/PrL
cortex. The arrow indicates i.p. injection of (S)-CE-123 or R-modafinil at the dose of 1 mg/kg (blue),
5 mg/kg (green), 10 mg/kg (red) or vehicle (black). Results are presented as mean + SEM of change in
dopamine extracellular levels expressed as the percentage of basal values. Solid symbol: p < 0.05 with
respect to basal values; * p < 0.05 (S)-CE-123 10 mg/kg vs. vehicle; § p < 0.05 (S)-CE-123 10 mg/kg vs.
(S)-CE-123 1 mg/kg dose; # p < 0.05 (S)-CE-123 5 mg/kg vs. veh; ° p < 0.05 R-modafinil 10 mg/kg vs.
(S)-CE-123 10 mg/kg ((S)-CE-123 n = 21; R-modafinil n = 12). Three-way ANOVA, Tukey’s post hoc.

{7} vehicle {}+1mg/kg {}5mg/kg {1} 10mglkg

NAc shell

Dopamine levels
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- [~]
3 8

2
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Figure 4. Effect of (S)-CE-123 and R-modafinil on dopamine transmission in the NAc shell.
Graphs showing the effects of (S)-CE-123 (left) or R-modafinil (right) on dopamine levels in the
shell of the NAc. The arrow indicates i.p. injection of (5)-CE-123 or R-modafinil at the dose of 1 mg/kg
(blue), 5 mg/kg (green), 10 mg/kg (red) or vehicle (black). Results are presented as mean + SEM of
change in dopamine extracellular levels expressed as the percentage of basal values. Solid symbol:
p < 0.05 with respect to basal values; ° p < 0.05 (5)-CE-123 10 mg/kg vs. R-modafinil 10 mg/kg ((S)-CE-123
n = 21; R-modafinil n = 15). Three-way ANOVA, Tukey’s post hoc.
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3.4. Effect of (S)-CE-123 and R-Modafinil on the Emission of 50-kHz USV's

We tested the effect of 1, 5, and 10 mg/kg (S)-CE-123 and R-modafinil on the emission of 50-kHz
USVs, a behavioral marker of positive affect and drug-induced reward, in a subset of freely moving
rats during brain microdialysis. Acute administration of (S)-CE-123 (1-10 mg/kg, i.p.) did not
increase the numbers of 50-kHz USVs emitted, as compared to vehicle administration (Figure 5, left).
Two-way ANOVA revealed no significant effect of treatment (F(3 1) = 0.76, p = 0.54) and no significant
treatment X time interaction (Fp4,128) = 0.77, p = 0.76), although a significant effect of time was observed
(F(g128) = 4.92, p = 0.00002). Similarly, acute administration of R-modafinil (1-10 mg/kg, i.p.) did
not elevate the numbers of 50-kHz USVs emitted, as compared to vehicle administration (Figure 5,
right). Two way ANOVA revealed no significant effect of treatment (F3 15y = 0.79, p = 0.51) and time
(F,128) = 1.06, p = 0.39), and no significant treatment x time interaction (F(p4,128) = 1.28, p = 0.18).
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Figure 5. Effect of (S)-CE-123 and R-modafinil on the emission of 50-kHz ultrasonic vocalizations.
Graphs showing the effects of (5)-CE-123 (left) or R-modafinil (right) on the emission of 50-kHz USVs.
The arrow indicates i.p. injection of (S)-CE-123 or R-modafinil at the dose of 1 mg/kg (blue), 5 mg/kg
(green), 10 mg/kg (red) or vehicle (black). Results are presented as means + SEM of the absolute numbers
of 50-kHz USVs emitted. (S)-CE-123 or R-modafinil did not increase the numbers of 50-kHz ultrasonic
calls emitted, as compared to vehicle. USVs = ultrasonic vocalizations, vehicle n = 7; (S)-CE-123 n = 13;
R-modafinil n = 13. Two-way ANOVA.

4. Discussion

Dopaminergic neuromodulation in frontal lobes and in subcortical brain areas is involved in
processing cognitive skills, such as attention and associative learning [43,44], and motivation [45],
respectively. In spite of the common origin from the VTA, mesocorticolimbic dopamine projections
to the NAc and to the IL/PrL cortex are differently involved in behavioral tasks, and differently
influenced by drugs [46]. Successful cognitive enhancement with a reduced risk potential for addiction
should be then based on the selective modulation of the mesocortical dopamine pathway, such that
cognition-enhancing doses of dopamine modulators preferentially elevate extracellular dopamine
within the IL/PrL cortex [3,47]. Interestingly, the administration of modafinil in humans has been
associated with increased prefrontal cortical activation [4]. Our experiments in the rat IL/PrL cortex
showed that pyramidal neuron firing frequency was not affected by R-modafinil (cumulative 10 mg/kg
i.v.) in anesthetized rats, while (S)-CE-123 produced a dose-dependent decrease.

R-modafinil (5 and 10 mg/kg i.p.) increased extracellular dopamine levels with a delayed and
protracted effect, while (S)-CE-123 (10 mg/kg) rapidly stimulated dopamine transmission. This is
consistent with a microdialysis study showing that 128 mg/kg modafinil enhanced dopamine levels in
prefrontal cortex, with the highest dopamine levels occurring within 2-3 h [48].

Itis well established that cognitive and executive functions are modulated by dopamine, depending
on cellular localization of postsynaptic receptors and their downstream signaling, which can be
excitatory or inhibitory [49,50]. D1- and D2-like receptors are expressed in both pyramidal cells and
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inhibitory interneurons [51], accounting for various effects of dopamine. D1-like dopamine receptors,
highly expressed in GABAergic prefrontal interneurons [51], were demonstrated to mediate the
signal to noise ratio in an inverted-U dose-response [52], suggesting that neuromodulation requires
highly regulated extracellular dopamine levels. Accordingly, psychostimulant drugs targeting the
DAT are promising as cognitive enhancers, but have also been demonstrated to produce behavioral
effects associated with abuse liability in experimental animals [53] and humans [54]. Hence, we also
tested (S)-CE-123 and R-modafinil for neuropharmacological effects in rat brain areas related with
reinforcement. The selective increase of dopamine neurotransmission in the NAc shell plays a
pivotal role in processing reward and motivated behaviors following intake of drugs of abuse [45,55].
Our microdialysis experiments showed that i.p. administration of (5)-CE-123 does not increase
dopamine levels (except for a low and transitory increase at 40 min at the 10 mg/kg dose). In contrast,
at 10 mg/kg a downward trend of dopamine levels was observed from 80 to 180 min following
administration. This lack of stimulation of dopamine transmission in the NAc shell is consistent
with what observed at the dose of 24 mg/kg ip [25], although a recent study reported that (5)-CE-123
at doses of 10 and 100 mg/kg increased dopamine extracellular levels in the NAc shell of mice [26].
Differences in the utilized doses of (5)-CE-123 in the metabolic pathway of species (mice vs. rats),
together with the specificity of the brain area implanted, might be the reason of the lack of increase
observed in the present study. Similar to (5)-CE-123, none of the tested doses of R-modafinil stimulated
dopamine transmission in the NAc shell. This observation is inconsistent with previous findings,
since both Mereu et al. (2017) [56] and Keighron et al. (2019) [57] reported that modafinil increases
dopamine levels in NAc shell. However, discrepancies between our results and previous reports might
be due to differences in dose regimen, as well as in the route of administration. Indeed, similarly to
Keighron et al. (2019) [57], preliminary experiments performed in our laboratories revealed increased
dopamine levels in the NAc shell after intravenous administration of 30 mg/kg of R-modafinil.

Differences between the mechanisms of action of (5)-CE-123 and the parent compound modafinil
might explain our results. Multiple neurotransmitter systems have been implicated in modafinil
activity [10,58], as several studies have reported significant occupancy of NET, beside activity at
DAT [59]. Hence, in cells expressing human DAT, R-modafinil inhibits DAT (ICsq 6.4-13 uM) and NET
activity (ICsp 35.6-182 uM), albeit with lower potency in the case of the latter [34,60,61]. On the other
hand, (5)-CE-123 shows negligible activity at NET or SERT, and blocks DAT (ICsy = 4.6 uM) without
acting as a substrate [24]. Moreover, a pharmacokinetic analysis indicated that (S)-CE-123 undergoes a
more rapid brain uptake and reaches higher brain levels than those of R-modafinil [24].

Our in vivo electrophysiological recordings showed that VTA dopamine cell firing frequency
and bursting activity were not substantially affected by the intravenous administration of either
(S)-CE-123 or R-modafinil up to the 10 mg/kg cumulative dose. Analogous doses of well-known
drugs of abuse targeting DAT (such as cocaine and amphetamine) have been consistently shown to
reduce dopamine neuron firing [62], possibly by dendritic dopamine release and feedback inhibition
through somatodendritic D2 autoreceptors [63], and to increase extracellular dopamine in the rat shell
of the NAc [64]. In agreement with this, MRI data highlighted that modafinil robustly activates the
fronto-cortical areas involved in higher cognitive functions and a network of pro-arousing areas [65],
though reward-associated brain areas are not functionally modulated by modafinil, even at higher
doses [66,67].

As a behavioral marker of positive affect and drug-induced reward in rats [68], we evaluated the
emission of 50-kHz USVs after the administration of (S)-CE-123 and R-modafinil. Indeed, the activation
of dopamine receptors in the NAc shell has been shown to be a critical mechanism that initiates the
emission of 50-kHz USVs [69,70]. Moreover, rats treated with psychostimulants targeting DAT or other
drugs of abuse may emit high numbers of 50-kHz USVs, so that such calling behavior is considered a
marker for the rewarding and motivational properties of drugs [71-76]. Noteworthy, in our study is the
fact that different doses of acutely administered (S)-CE-123 and R-modafinil (1-10 mg/kg, i.p.) did not
alter 50-kHz USV emissions in adult male rats, consistent with the weak effects that both drugs elicited
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on dopamine release in the NAc shell. The lack of effect of (S)-CE-123 on 50-kHz USV emissions marks
a clear difference with other DAT-inhibiting compounds with abuse potential.

5. Conclusions

In conclusion, the differential effects of (S)-CE-123 and R-modafinil in the mesocorticolimbic system
are in accordance with published studies showing the behavioral and neurochemical peculiarities of
analogue compounds, despite their chemical similarities to the drug from which they were derived [57].
The present study suggests that low doses of (5)-CE-123 are effective in frontal brain areas associated
with cognition, with minimal effect in brain areas typically related to the rewarding properties of drugs
of abuse.

Author Contributions: Conceptualization, M.P., G.L.,, M.A.D.L.; formal analysis, C.S.,, M.A.D.L., N.P,, G.P, N.S.;
investigation, C.S., N.P,, M.A.D.L., G.P, N.S; resources, PK., V.D., ].L.; writing—original draft preparation, C.S.,
N.P, M.P, G.L.; writing—review and editing, C.S., M.P, G.L.; M.A.D.L.; ].L.; visualization, C.S.; supervision, M.P,,
G.L.; project administration, M.P,, G.L.; funding acquisition, M.P,, G.L, M.A.D.L. All authors have read and agreed
to the published version of the manuscript.

Funding: This work was supported by Progetti di Rilevante Interesse Dipartimentale (PRID), University of Cagliari,
by Fondazione Di Sardegna (Progetti cofinanziati Universita di Cagliari, Bando 2017), by “FSC 2014-2020—Patto
per lo Sviluppo della Regione Sardegna, Legge Regionale n. 7 del 7 agosto 2007 (Bando 2017)” and by “Progetti di
Rilevante Interesse Nazionale” (PRIN) 2017 (2017YH3SXK).

Acknowledgments: We thank Marta Tuveri and Barbara Tuveri for their skillful assistance.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Lohr, K.M.; Masoud, S.T.; Salahpour, A.; Miller, G.W. Membrane transporters as mediators of synaptic
dopamine dynamics: Implications for disease. Eur. ]. Neurosci. 2017, 45, 20-33. [CrossRef] [PubMed]

2. Bisagno, V.; Gonzalez, B.; Urbano, FJ. Cognitive enhancers versus addictive psychostimulants: The good and
bad side of dopamine on prefrontal cortical circuits. Pharmacol. Res. 2016, 109, 108-118. [CrossRef] [PubMed]

3. Schmeichel, B.E.; Zemlan, F.P.; Berridge, C.W. A selective dopamine reuptake inhibitor improves prefrontal
cortex-dependent cognitive function: Potential relevance to attention deficit hyperactivity disorder.
Neuropharmacology 2013, 64, 321-328. [CrossRef] [PubMed]

4. Scoriels, L.; Jones, P.B.; Sahakian, B.J. Modafinil effects on cognition and emotion in schizophrenia and its
neurochemical modulation in the brain. Neuropharmacology 2013, 64, 168-184. [CrossRef]

5. DeBattista, C.; Lembke, A.; Solvason, H.B.; Ghebremichael, R.; Poirier, J. A prospective trial of modafinil as
an adjunctive treatment of major depression. |. Clin. Psychopharmacol. 2004, 24, 87-90. [CrossRef]

6.  Amiri, S.; Mohammadi, M.R.; Mohammadi, M.; Nouroozinejad, G.H.; Kahbazi, M.; Akhondzadeh, S.
Modafinil as a treatment for Attention-Deficit/Hyperactivity Disorder in children and adolescents: A double
blind, randomized clinical trial. Prog. Neuropsychopharmacol. Biol. Psychiatry 2008, 32, 145-149. [CrossRef]

7. Ketter, TA.; Yang, R.; Frye, M.A. Adjunctive armodafinil for major depressive episodes associated with
bipolar I disorder. J. Affect. Disord. 2015, 181, 87-91. [CrossRef]

8.  Perugi, G.; Vannucchi, G.; Bedani, F; Favaretto, E. Use of Stimulants in Bipolar Disorder. Curr. Psychiatry Rep.
2017, 19, 7. [CrossRef]

9. Ketter, T.A.; Amchin, J.; Frye, M.A.; Gross, N. Long-term safety and efficacy of armodafinil in bipolar
depression: A 6-month open-label extension study. J. Affect. Disord. 2016, 197, 51-57. [CrossRef]

10. Mereu, M.; Bonci, A.; Newman, A.H.; Tanda, G. The neurobiology of modafinil as an enhancer of cognitive
performance and a potential treatment for substance use disorders. Psychopharmacology 2013, 229, 415-434.
[CrossRef]

11.  Mahler, S.V.; Hensley-Simon, M.; Tahsili-Fahadan, P.; LaLumiere, R.T.; Thomas, C.; Fallon, R.V.; Kalivas, PW.;
Aston-Jones, G. Modafinil attenuates reinstatement of cocaine seeking: Role for cystine-glutamate exchange
and metabotropic glutamate receptors. Addict. Biol. 2014, 19, 49-60. [CrossRef] [PubMed]

12. Howell, L.L.; Kimmel, H.L. Monoamine transporters and psychostimulant addiction. Biochem. Pharmacol.
2008, 75, 196-217. [CrossRef] [PubMed]


http://dx.doi.org/10.1111/ejn.13357
http://www.ncbi.nlm.nih.gov/pubmed/27520881
http://dx.doi.org/10.1016/j.phrs.2016.01.013
http://www.ncbi.nlm.nih.gov/pubmed/26826399
http://dx.doi.org/10.1016/j.neuropharm.2012.07.005
http://www.ncbi.nlm.nih.gov/pubmed/22796428
http://dx.doi.org/10.1016/j.neuropharm.2012.07.011
http://dx.doi.org/10.1097/01.jcp.0000104910.75206.b9
http://dx.doi.org/10.1016/j.pnpbp.2007.07.025
http://dx.doi.org/10.1016/j.jad.2015.04.012
http://dx.doi.org/10.1007/s11920-017-0758-x
http://dx.doi.org/10.1016/j.jad.2016.02.050
http://dx.doi.org/10.1007/s00213-013-3232-4
http://dx.doi.org/10.1111/j.1369-1600.2012.00506.x
http://www.ncbi.nlm.nih.gov/pubmed/23017017
http://dx.doi.org/10.1016/j.bcp.2007.08.003
http://www.ncbi.nlm.nih.gov/pubmed/17825265

Biomolecules 2020, 10, 779 11 of 14

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Anderson, A.L; Li, S.H.; Biswas, K.; McSherry, F.; Holmes, T.; Iturriaga, E.; Kahn, R.; Chiang, N.; Beresford, T.;
Campbell, J.; et al. Modafinil for the treatment of methamphetamine dependence. Drug Alcohol Depend. 2012,
120, 135-141. [CrossRef] [PubMed]

Anderson, A.L.; Reid, M.S.; Li, S.H.; Holmes, T.; Shemanski, L.; Slee, A.; Smith, E.V,; Kahn, R.; Chiang, N.R,;
Vocci, E; et al. Modafinil for the treatment of cocaine dependence. Drug Alcohol Depend. 2009, 104, 133-139.
[CrossRef] [PubMed]

Heinzerling, K.G.; Swanson, A.N.; Kim, S.; Cederblom, L.; Moe, A.; Ling, W.; Shoptaw, S. Randomized,
double-blind, placebo-controlled trial of modafinil for the treatment of methamphetamine dependence.
Drug Alcohol Depend. 2010, 109, 20-29. [CrossRef] [PubMed]

Schmaal, L.; Goudriaan, A.E.; Joos, L.; Kruse, A.M.; Dom, G.; van den Brink, W.; Veltman, D.J. Modafinil
Modulates Resting-State Functional Network Connectivity and Cognitive Control in Alcohol-Dependent
Patients. Biol. Psychiatry 2013, 73, 789-795. [CrossRef] [PubMed]

Urban, K.R.; Gao, W.J. Psychostimulants As Cognitive Enhancers in Adolescents: More Risk than Reward?
Front. Public Health 2017, 5, 260. [CrossRef] [PubMed]

Alam, N.; Choudhary, K. Haloperidol attenuates Methylphenidate and Modafinil induced behavioural
sensitization and cognitive enhancement. Metab. Brain Dis. 2018, 33, 893-906. [CrossRef]

Robinson, T.E.; Browman, K.E.; Crombag, H.S.; Badiani, A. Modulation of the induction or expression of
psychostimulant sensitization by the circumstances surrounding drug administration. Neurosci. Biobehav. Rev.
1998, 22, 347-354. [CrossRef]

Volkow, N.D.; Fowler, J.S.; Logan, J.; Alexoff, D.; Zhu, W,; Telang, F.; Wang, G.J.; Jayne, M.; Hooker, ].M.;
Wong, C.; et al. Effects of Modafinil on Dopamine and Dopamine Transporters in the Male Human Brain
Clinical Implications. JAMA ]. Am. Med. Assoc. 2009, 301, 1148-1154. [CrossRef]

Jerry, ].M.; Shirvani, N.; Dale, R. Addiction to Armodafinil and Modafinil Presenting With Paranoia.
J. Clin. Psychopharmacol. 2016, 36, 98-100. [CrossRef] [PubMed]

Alacam, H.; Basay, O., Tumkaya, S.; Mart, M., Kar, G. Modafinil Dependence: A Case with
Attention-Deficit/Hyperactivity Disorder. Psychiatry Investig. 2018, 15, 424-427. [CrossRef] [PubMed]
Nikiforuk, A.; Kalaba, P; Ilic, M.; Korz, V.; Dragacevic, V.; Wackerlig, J.; Langer, T.; Hoger, H.; Golebiowska, J.;
Popik, P; et al. A Novel Dopamine Transporter Inhibitor CE-123 Improves Cognitive Flexibility and
Maintains Impulsivity in Healthy Male Rats. Front. Behav. Neurosci. 2017, 11, 222. [CrossRef] [PubMed]
Kristofova, M.; Aher, Y.D.; Ilic, M.; Radoman, B.; Kalaba, P.; Dragacevic, V.; Aher, N.Y.; Leban, J.; Korz, V.;
Zanon, L.; et al. A daily single dose of a novel modafinil analogue CE-123 improves memory acquisition and
memory retrieval. Behav. Brain Res. 2018, 343, 83-94. [CrossRef] [PubMed]

Rotolo, R.A.; Dragacevic, V.; Kalaba, P; Urban, E.; Zehl, M.; Roller, A.; Wackerlig, J.; Langer, T.; Pistis, M.;
De Luca, M.A.; et al. The Novel Atypical Dopamine Uptake Inhibitor (S)-CE-123 Partially Reverses the
Effort-Related Effects of the Dopamine Depleting Agent Tetrabenazine and Increases Progressive Ratio
Responding. Front. Pharmacol. 2019, 10, 682. [CrossRef]

Camats-Perna, J.; Kalaba, P.; Ebner, K.; Sartori, S.B.; Vuyyuru, H.; Aher, N.Y.; Dragacevic, V.; Singewald, N.;
Engelmann, M.; Lubec, G. Differential Effects of Novel Dopamine Reuptake Inhibitors on Interference with
Long-Term Social Memory in Mice. Front. Behav. Neurosci. 2019, 13, 63. [CrossRef] [PubMed]

Klanker, M.; Feenstra, M.; Denys, D. Dopaminergic control of cognitive flexibility in humans and animals.
Front. Neurosci. 2013, 7. [CrossRef] [PubMed]

Brockmeyer, T.; Ingenerf, K.; Walther, S.; Wild, B.; Hartmann, M.; Herzog, W.; Bents, H.; Friederich, H.-C.
Training cognitive flexibility in patients with anorexia nervosa: A pilot randomized controlled trial of
cognitive remediation therapy. Int. J. Eat. Disord. 2013, 47, 24-31. [CrossRef]

Chamberlain, S.R.; Fineberg, N.A.; Blackwell, A.D.; Robbins, T.W.; Sahakian, B.]J. Motor Inhibition and
Cognitive Flexibility in Obsessive-Compulsive Disorder and Trichotillomania. Am. ]. Psychiatry 2006,
163, 1282-1284. [CrossRef]

Dickstein, D.P,; Nelson, E.E.; McClure, E.B.; Grimley, M.E.; Knopf, L.; Brotman, M.A.; Rich, B.A.; Pine, D.S.;
Leibenluft, E. Cognitive Flexibility in Phenotypes of Pediatric Bipolar Disorder. |. Am. Acad. Child.
Adolesc. Psychiatry 2007, 46, 341-355. [CrossRef]

Tchanturia, K.; Davies, H.; Roberts, M.; Harrison, A.; Nakazato, M.; Schmidt, U.; Treasure, J.; Morris, R.
Poor Cognitive Flexibility in Eating Disorders: Examining the Evidence using the Wisconsin Card Sorting
Task. PLoS ONE 2012, 7, €28331. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.drugalcdep.2011.07.007
http://www.ncbi.nlm.nih.gov/pubmed/21840138
http://dx.doi.org/10.1016/j.drugalcdep.2009.04.015
http://www.ncbi.nlm.nih.gov/pubmed/19560290
http://dx.doi.org/10.1016/j.drugalcdep.2009.11.023
http://www.ncbi.nlm.nih.gov/pubmed/20092966
http://dx.doi.org/10.1016/j.biopsych.2012.12.025
http://www.ncbi.nlm.nih.gov/pubmed/23399373
http://dx.doi.org/10.3389/fpubh.2017.00260
http://www.ncbi.nlm.nih.gov/pubmed/29034227
http://dx.doi.org/10.1007/s11011-018-0190-x
http://dx.doi.org/10.1016/S0149-7634(97)00020-1
http://dx.doi.org/10.1001/jama.2009.351
http://dx.doi.org/10.1097/JCP.0000000000000446
http://www.ncbi.nlm.nih.gov/pubmed/26658262
http://dx.doi.org/10.30773/pi.2016.10.25
http://www.ncbi.nlm.nih.gov/pubmed/29593204
http://dx.doi.org/10.3389/fnbeh.2017.00222
http://www.ncbi.nlm.nih.gov/pubmed/29230168
http://dx.doi.org/10.1016/j.bbr.2018.01.032
http://www.ncbi.nlm.nih.gov/pubmed/29410048
http://dx.doi.org/10.3389/fphar.2019.00682
http://dx.doi.org/10.3389/fnbeh.2019.00063
http://www.ncbi.nlm.nih.gov/pubmed/31031603
http://dx.doi.org/10.3389/fnins.2013.00201
http://www.ncbi.nlm.nih.gov/pubmed/24204329
http://dx.doi.org/10.1002/eat.22206
http://dx.doi.org/10.1176/ajp.2006.163.7.1282
http://dx.doi.org/10.1097/chi.0b013e31802d0b3d
http://dx.doi.org/10.1371/journal.pone.0028331
http://www.ncbi.nlm.nih.gov/pubmed/22253689

Biomolecules 2020, 10, 779 12 of 14

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Tchanturia, K.; Lloyd, S.; Lang, K. Cognitive remediation therapy for anorexia nervosa: Current evidence
and future research directions. Int. J. Eat. Disord. 2013, 46, 492-495. [CrossRef] [PubMed]

Chaby, L.E; Karavidha, K.; Lisieski, M.].; Perrine, S.A.; Liberzon, I. Cognitive Flexibility Training Improves
Extinction Retention Memory and Enhances Cortical Dopamine With and Without Traumatic Stress Exposure.
Front. Behav. Neurosci. 2019, 13. [CrossRef] [PubMed]

Loland, C.J.; Mereu, M.; Okunola, O.M.; Cao, J.; Prisinzano, T.E.; Mazier, S.; Kopajtic, T.; Shi, L.; Katz, J.L.;
Tanda, G.; et al. R-Modafinil (Armodafinil): A Unique Dopamine Uptake Inhibitor and Potential Medication
for Psychostimulant Abuse. Biol. Psychiatry 2012, 72, 405-413. [CrossRef]

Shanmugasundaram, B.; Aher, Y.D.; Aradska, J.; Ilic, M.; Daba Feyissa, D.; Kalaba, P.; Aher, N.Y.; Dragacevic, V.;
Saber Marouf, B.; Langer, T.; et al. R-Modafinil exerts weak effects on spatial memory acquisition and dentate
gyrus synaptic plasticity. PLoS ONE 2017, 12, e0179675. [CrossRef]

Secci, M.E,; Mascia, P; Sagheddu, C.; Beggiato, S.; Melis, M.; Borelli, A.C.; Tomasini, M.C,;
Panlilio, L.V.; Schindler, C.W.; Tanda, G.; et al. Astrocytic Mechanisms Involving Kynurenic Acid Control
(9)-Tetrahydrocannabinol-Induced Increases in Glutamate Release in Brain Reward-Processing Areas.
Mol. Neurobiol. 2019, 56, 3563-3575. [CrossRef]

Grace, A.A.; Bunney, B.S. The control of firing pattern in nigral dopamine neurons: Burst firing. J. Neurosci.
Off. ]. Soc. Neurosci. 1984, 4, 2877-2890. [CrossRef]

Grace, A.A.; Bunney, B.S. The control of firing pattern in nigral dopamine neurons: Single spike firing.
J. Neurosci. Off. ]. Soc. Neurosci. 1984, 4, 2866-2876. [CrossRef]

De Luca, M.A.; Bimpisidis, Z.; Bassareo, V.; Di Chiara, G. Influence of morphine sensitization on the
responsiveness of mesolimbic and mesocortical dopamine transmission to appetitive and aversive gustatory
stimuli. Psychopharmacology 2011, 216, 345-353. [CrossRef]

Tanda, G.; Valentini, V.; De Luca, M.A,; Perra, V.; Serra, G.P,; Di Chiara, G. A systematic microdialysis
study of dopamine transmission in the accumbens shell/core and prefrontal cortex after acute antipsychotics.
Psychopharmacology 2015, 232, 1427-1440. [CrossRef]

Paxinos, W. The Rat Brain Aatlas, 6th ed.; Academic Press: Cambridge, MA, USA, 2007.

Simola, N.; Morelli, M. Repeated amphetamine administration and long-term effects on 50-kHz ultrasonic
vocalizations: Possible relevance to the motivational and dopamine-stimulating properties of the drug.
Eur. Neuropsychopharmacol. 2015, 25, 343-355. [CrossRef] [PubMed]

Nieoullon, A.; Coquerel, A. Dopamine: A key regulator to adapt action, emotion, motivation and cognition.
Curr. Opin. Neurol. 2003, 16 (Suppl. 2), S3-59. [CrossRef]

Puig, M.V.; Antzoulatos, E.G.; Miller, E.K. Prefrontal dopamine in associative learning and memory.
Neuroscience 2014, 282, 217-229. [CrossRef] [PubMed]

Salamone, ].D.; Pardo, M.; Yohn, S.E.; Lopez-Cruz, L.; SanMiguel, N.; Correa, M. Mesolimbic Dopamine and
the Regulation of Motivated Behavior. Curr. Top. Behav. Neurosci. 2016, 27, 231-257. [CrossRef] [PubMed]
Juarez, B.; Han, M.H. Diversity of Dopaminergic Neural Circuits in Response to Drug Exposure.
Neuropsychopharmacol. Off. Publ. Am. Coll. Neuropsychopharmacol. 2016, 41, 2424-2446. [CrossRef]
[PubMed]

Berridge, C.W.; Devilbiss, D.M.; Andrzejewski, M.E.; Arnsten, A.F,; Kelley, A.E.; Schmeichel, B.; Hamilton, C.;
Spencer, R.C. Methylphenidate preferentially increases catecholamine neurotransmission within the prefrontal
cortex at low doses that enhance cognitive function. Biol. Psychiatry 2006, 60, 1111-1120. [CrossRef] [PubMed]
de Saint Hilaire, Z.; Orosco, M.; Rouch, C.; Blanc, G.; Nicolaidis, S. Variations in extracellular monoamines in
the prefrontal cortex and medial hypothalamus after modafinil administration: A microdialysis study in rats.
Neuroreport 2001, 12, 3533-3537. [CrossRef] [PubMed]

Ott, T.; Nieder, A. Dopamine and Cognitive Control in Prefrontal Cortex. Trends Cogn. Sci. 2019, 23, 213-234.
[CrossRef]

Beaulieu, ].M.; Gainetdinov, R.R. The physiology, signaling, and pharmacology of dopamine receptors.
Pharmacol. Rev. 2011, 63, 182-217. [CrossRef]

Santana, N.; Artigas, F. Laminar and Cellular Distribution of Monoamine Receptors in Rat Medial Prefrontal
Cortex. Front. Neuroanat. 2017, 11, 87. [CrossRef]

Vijayraghavan, S.; Wang, M.; Birnbaum, 5.G.; Williams, G.V.; Arnsten, A.F. Inverted-U dopamine D1 receptor
actions on prefrontal neurons engaged in working memory. Nat. Neurosci. 2007, 10, 376-384. [CrossRef]
[PubMed]


http://dx.doi.org/10.1002/eat.22106
http://www.ncbi.nlm.nih.gov/pubmed/23658098
http://dx.doi.org/10.3389/fnbeh.2019.00024
http://www.ncbi.nlm.nih.gov/pubmed/30881293
http://dx.doi.org/10.1016/j.biopsych.2012.03.022
http://dx.doi.org/10.1371/journal.pone.0179675
http://dx.doi.org/10.1007/s12035-018-1319-y
http://dx.doi.org/10.1523/JNEUROSCI.04-11-02877.1984
http://dx.doi.org/10.1523/JNEUROSCI.04-11-02866.1984
http://dx.doi.org/10.1007/s00213-011-2220-9
http://dx.doi.org/10.1007/s00213-014-3780-2
http://dx.doi.org/10.1016/j.euroneuro.2015.01.010
http://www.ncbi.nlm.nih.gov/pubmed/25638025
http://dx.doi.org/10.1097/00019052-200312002-00002
http://dx.doi.org/10.1016/j.neuroscience.2014.09.026
http://www.ncbi.nlm.nih.gov/pubmed/25241063
http://dx.doi.org/10.1007/7854_2015_383
http://www.ncbi.nlm.nih.gov/pubmed/26323245
http://dx.doi.org/10.1038/npp.2016.32
http://www.ncbi.nlm.nih.gov/pubmed/26934955
http://dx.doi.org/10.1016/j.biopsych.2006.04.022
http://www.ncbi.nlm.nih.gov/pubmed/16806100
http://dx.doi.org/10.1097/00001756-200111160-00032
http://www.ncbi.nlm.nih.gov/pubmed/11733706
http://dx.doi.org/10.1016/j.tics.2018.12.006
http://dx.doi.org/10.1124/pr.110.002642
http://dx.doi.org/10.3389/fnana.2017.00087
http://dx.doi.org/10.1038/nn1846
http://www.ncbi.nlm.nih.gov/pubmed/17277774

Biomolecules 2020, 10, 779 13 of 14

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Ritz, M.C,; Boja, ].W.; George, ER.; Kuhar, M.J. Cocaine Binding-Sites Related to Drug Self-Administration.
Probl. Drug Depend. 1989, 95, 239-246.

Volkow, N.D.; Wang, G.J.; Fischman, M.W.,; Foltin, RW.; Fowler, ].S.; Abumrad, N.N.; Vitkun, S.; Logan, J.;
Gatley, S.J.; Pappas, N.; et al. Relationship between subjective effects of cocaine and dopamine transporter
occupancy. Nature 1997, 386, 827-830. [CrossRef] [PubMed]

Di Chiara, G.; Bassareo, V.; Fenu, S.; De Luca, M.A ; Spina, L.; Cadoni, C.; Acquas, E.; Carboni, E.; Valentini, V.;
Lecca, D. Dopamine and drug addiction: The nucleus accumbens shell connection. Neuropharmacology 2004,
47 (Suppl. 1), 227-241. [CrossRef]

Mereu, M.; Chun, L.E.; Prisinzano, T.E.; Newman, A.H.; Katz, J.L.; Tanda, G. The unique psychostimulant
profile of (+/-)-modafinil: Investigation of behavioral and neurochemical effects in mice. Eur. J. Neurosci.
2017, 45, 167-174. [CrossRef]

Keighron, J.D.; Quarterman, J.C.; Cao, J.; DeMarco, EM.; Coggiano, M.A.; Gleaves, A.; Slack, R.D,;
Zanettini, C.; Newman, A.H.; Tanda, G. Effects of ( R)-Modafinil and Modafinil Analogues on
Dopamine Dynamics Assessed by Voltammetry and Microdialysis in the Mouse Nucleus Accumbens
Shell. ACS Chem. Neurosci. 2019, 10, 2012-2021. [CrossRef]

Gerrard, P.; Malcolm, R. Mechanisms of modafinil: A review of current research. Neuropsychiatr. Dis. Treat.
2007, 3, 349-364.

Minzenberg, M.].; Watrous, A.J.; Yoon, ].H.; Ursu, S.; Carter, C.S. Modafinil Shifts Human Locus Coeruleus
to Low-Tonic, High-Phasic Activity During Functional MRI. Science 2008, 322, 1700-1702. [CrossRef]
Karabacak, Y.; Sase, S.; Aher, Y.D.; Sase, A.; Saroja, S.R.; Cicvaric, A.; Hoger, H.; Berger, M.; Bakulev, V,;
Sitte, H.H.; et al. The effect of modafinil on the rat dopamine transporter and dopamine receptors D1-D3
paralleling cognitive enhancement in the radial arm maze. Front. Behav. Neurosci. 2015, 9. [CrossRef]
Madras, B.K,; Xie, Z.; Lin, Z.; Jassen, A.; Panas, H.; Lynch, L.; Johnson, R.; Livni, E.; Spencer, T.J.;
Bonab, A.A; et al. Modafinil Occupies Dopamine and Norepinephrine Transporters in Vivo and Modulates
the Transporters and Trace Amine Activity in Vitro. J. Pharmacol. Exp. Ther. 2006, 319, 561-569. [CrossRef]
Pistis, M.; Perra, S.; Pillolla, G.; Melis, M.; Muntoni, A.L.; Gessa, G.L. Adolescent exposure to cannabinoids
induces long-lasting changes in the response to drugs of abuse of rat midbrain dopamine neurons.
Biol. Psychiatry 2004, 56, 86-94. [CrossRef] [PubMed]

Einhorn, L.C.; Johansen, P.A.; White, FJ. Electrophysiological effects of cocaine in the mesoaccumbens
dopamine system: Studies in the ventral tegmental area. J. Neurosci. Off. ]. Soc. Neurosci. 1988, 8, 100-112.
[CrossRef]

DiChiara, G.; Imperato, A. Drugs abused by humans preferentially increase synaptic dopamine concentrations
in the mesolimbic system of freely moving rats. Proc. Natl. Acad. Sci. USA 1988, 85, 5274-5278. [CrossRef]
[PubMed]

Gozzi, A.; Colavito, V.; Etet, PES.; Montanari, D.; Fiorini, S.; Tambalo, S.; Bifone, A.; Zucconi, G.G.;
Bentivoglio, M. Modulation of Fronto-Cortical Activity by Modafinil: A Functional Imaging and Fos Study
in the Rat. Neuropsychopharmacol. Off. Publ. Am. Coll. Neuropsychopharmacol. 2012, 37, 822-837. [CrossRef]
Engber, TM.; Dennis, S.A.; Jones, B.E.; Miller, M.S.; Contreras, P.C. Brain regional substrates for the actions
of the novel wake-promoting agent modafinil in the rat: Comparison with amphetamine. Neuroscience 1998,
87,905-911. [CrossRef]

Akaoka, H.; Roussel, B;; Lin, J.S.; Chouvet, G.; Jouvet, M. Effect of Modafinil and Amphetamine on the Rat
Catecholaminergic Neuron Activity. Neurosci. Lett. 1991, 123, 20-22. [CrossRef]

Simola, N.; Brudzynski, S.M. Rat 50-kHz ultrasonic vocalizations as a tool in studying neurochemical
mechanisms that regulate positive emotional states. J. Neurosci. Methods 2018, 310, 33—44. [CrossRef]
Burgdorf, J.; Knutson, B.; Panksepp, J.; Ikemoto, S. Nucleus accumbens amphetamine microinjections
unconditionally elicit 50-kHz ultrasonic vocalizations in rats. Behav. Neurosci. 2001, 115, 940-944. [CrossRef]
Thompson, B.; Leonard, K.C.; Brudzynski, S.M. Amphetamine-induced 50 kHz calls from rat nucleus
accumbens: A quantitative mapping study and acoustic analysis. Behav. Brain Res. 2006, 168, 64-73.
[CrossRef]

Ahrens, AM.; Ma, S.T.; Maier, E.Y.,; Duvauchelle, C.L.; Schallert, T. Repeated intravenous amphetamine
exposure: Rapid and persistent sensitization of 50-kHz ultrasonic trill calls in rats. Behav. Brain Res. 2009,
197, 205-209. [CrossRef]


http://dx.doi.org/10.1038/386827a0
http://www.ncbi.nlm.nih.gov/pubmed/9126740
http://dx.doi.org/10.1016/j.neuropharm.2004.06.032
http://dx.doi.org/10.1111/ejn.13376
http://dx.doi.org/10.1021/acschemneuro.8b00340
http://dx.doi.org/10.1126/science.1164908
http://dx.doi.org/10.3389/fnbeh.2015.00215
http://dx.doi.org/10.1124/jpet.106.106583
http://dx.doi.org/10.1016/j.biopsych.2004.05.006
http://www.ncbi.nlm.nih.gov/pubmed/15231440
http://dx.doi.org/10.1523/JNEUROSCI.08-01-00100.1988
http://dx.doi.org/10.1073/pnas.85.14.5274
http://www.ncbi.nlm.nih.gov/pubmed/2899326
http://dx.doi.org/10.1038/npp.2011.260
http://dx.doi.org/10.1016/S0306-4522(98)00015-3
http://dx.doi.org/10.1016/0304-3940(91)90148-M
http://dx.doi.org/10.1016/j.jneumeth.2018.06.018
http://dx.doi.org/10.1037/0735-7044.115.4.940
http://dx.doi.org/10.1016/j.bbr.2005.10.012
http://dx.doi.org/10.1016/j.bbr.2008.08.037

Biomolecules 2020, 10, 779 14 of 14

72.

73.

74.

75.

76.

Simola, N. Rat Ultrasonic Vocalizations and Behavioral Neuropharmacology: From the Screening of Drugs
to the Study of Disease. Curr. Neuropharmacol. 2015, 13, 164-179. [CrossRef] [PubMed]

Simola, N.; Fenu, S.; Costa, G.; Pinna, A.; Plumitallo, A.; Morelli, M. Pharmacological characterization
of 50-kHz ultrasonic vocalizations in rats: Comparison of the effects of different psychoactive drugs and
relevance in drug-induced reward. Neuropharmacology 2012, 63, 224-234. [CrossRef] [PubMed]

Simola, N.; Frau, L.; Plumitallo, A.; Morelli, M. Direct and long-lasting effects elicited by repeated drug
administration on 50-kHz ultrasonic vocalizations are regulated differently: Implications for the study of the
affective properties of drugs of abuse. Int. ]. Neuropsychopharmacol. 2014, 17, 429-441. [CrossRef] [PubMed]
Taracha, E.; Kaniuga, E.; Chrapusta, S.J.; Maciejak, P; Sliwa, L.; Hamed, A.; Krzascik, P. Diverging
frequency-modulated 50-kHz vocalization, locomotor activity and conditioned place preference effects in
rats given repeated amphetamine treatment. Neuropharmacology 2014, 83, 128-136. [CrossRef] [PubMed]
Williams, S.N.; Undieh, A.S. Brain-derived neurotrophic factor signaling modulates cocaine induction of
reward-associated ultrasonic vocalization in rats. J. Pharmacol. Exp. Ther. 2010, 332, 463—468. [CrossRef]
[PubMed]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.2174/1570159X13999150318113800
http://www.ncbi.nlm.nih.gov/pubmed/26411760
http://dx.doi.org/10.1016/j.neuropharm.2012.03.013
http://www.ncbi.nlm.nih.gov/pubmed/22465816
http://dx.doi.org/10.1017/S1461145713001235
http://www.ncbi.nlm.nih.gov/pubmed/24138707
http://dx.doi.org/10.1016/j.neuropharm.2014.04.008
http://www.ncbi.nlm.nih.gov/pubmed/24769001
http://dx.doi.org/10.1124/jpet.109.158535
http://www.ncbi.nlm.nih.gov/pubmed/19843976
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Subjects 
	Drugs and Treatments 
	In Vivo Single-Unit Extracellular Recordings 
	In Vivo Brain Microdialysis: Dopamine Extracellular Levels 
	Recording of 50-kHz USVs 
	Data Analysis 

	Results 
	Effects of (S)-CE-123 and R-Modafinil on In Vivo Firing Rate of Putative Pyramidal Neurons from the IL/PrL Cortex 
	Effects of (S)-CE-123 and R-Modafinil on In Vivo Firing Activity of Putative VTA Dopamine Neurons 
	Effect of (S)-CE-123 and R-Modafinil on Dopamine Transmission in the IL/PrL Cortex and in the NAc Shell 
	Effect of (S)-CE-123 and R-Modafinil on the Emission of 50-kHz USVs 

	Discussion 
	Conclusions 
	References

