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Abstract: Previous studies have shown that atypical dopamine-transporter-inhibitors such as modafinil
and its analogues modify behavioral and cognitive functions in rodents. Here, we tested potential
promnestic effects of the novel, more dopamine-transporter selective modafinil analogue CE-158 in
the social discrimination memory task in male mice. Systemic administration of CE-158 1 h before the
social learning event prevented the impairment of social-recognition memory following retroactive
interference 3 h after the learning session of a juvenile conspecific. This effect was dose-dependent,
as mice treated with 10 mg/kg, but not with 1 mg/kg CE-158, were able to discriminate between
the novel and familiar conspecific despite the presentation of an interference stimulus, both 3 h and
6 h post learning. However, when 10 mg/kg of the drug was administered after learning, CE-158
failed to prevent social memory from interference. Paralleling these behavioral effects, the systemic
administration of 10 mg/kg CE-158 caused a rapid and sustained elevation of extracellular dopamine
in the nucleus accumbens, a brain area where dopaminergic signaling plays a key role in learning and
memory function, of freely moving mice, while 1 mg/kg was not sufficient for altering dopamine
levels. Taken together, our findings suggest promnestic effects of the novel dopamine-transporter-
inhibitor CE-158 in a social recognition memory test that may be in part mediated via increased
dopamine-neurotransmission in the nucleus accumbens. Thus, selective-dopamine-transporter-
inhibitors such as CE-158 may represent interesting drug candidates for the treatment of memory
complaints observed in humans with cognitive impairments and dementia.

Keywords: cognitive enhancement; social recognition memory; retroactive interference; dopamine
transport inhibitor; nucleus accumbens; microdialysis; long-term memory

1. Introduction

Memory is key for behavior and survival. Recognition memory refers to the ability
to recognize a previously encountered stimulus such as a context, object, or individual.
In rodents, it is evident by the spontaneous preference for exploring novelty in a variety
of paradigms [1,2]. For example, their social recognition memory is based on the innate
drive to investigate novel conspecifics and, thus, represent intrinsically motivated behav-
ior [3–7]. Moreover, the social discrimination procedure allows for the investigation of
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long-term social recognition and provides an elegant experimental approach to test the
durability and sensibility of social memories in mice [8,9]. Unfortunately, memories are
prone to forgetting, which occurs more often during aging and in age-related neurologi-
cal degenerative disorders, such as Alzheimer’s disease, and neuropsychiatric disorders,
including depression, schizophrenia, and multiple sclerosis. One of the major causes of
forgetting is interference phenomena [10–12], whereby conflicting information impairs
consolidating and/or recollecting a previously acquired memory that can explain severe
memory impairments in amnestic and Alzheimer’s disease with increased susceptibility
to interference effects [13–15]. Specifically, retroactive interference involves the disruption
of previously encoded information by newly learned information and, thus, may impair
the consolidation of long-term memory [16–18]. Such an “interference stimulus” may be
introduced into the social memory paradigm in rodents in order to gain insight into the
cellular mechanisms underlying the generation of long-term social memory [19,20].

Several brain regions including the hippocampus, amygdala, medial prefrontal cortex,
and the nucleus accumbens have been implicated in social behavior and/or social recogni-
tion memory [21–23]. In particular, the nucleus accumbens is a site receiving inputs from
the medial prefrontal cortex, amygdala, and the hippocampus during memory processing
for emotional events [24]. Furthermore, it is highly innervated by dopaminergic fibers
originating in the ventral tegmental area and substantia nigra pars compacta [25,26]. The
central dopamine system is well known for its role in reward processes in a context (defined
behavioral parameter) and brain area-specific manner [27]. In conditioning behavioral
paradigms, the relevance of local dopamine signaling for the generation of “rewards” to
promote learning and memory seems easily plausible (for review [28,29]; see also [30]).
However, for intrinsically rewarded learning and memory tasks such as recognition of ob-
jects and conspecifics in laboratory rodents, a modulatory role for brain dopamine signaling
has also been reported [31–34]. Stimulated by studies showing that dopamine transients
are induced by brief social interactions in rats [35], it has been proposed that social interac-
tion is a highly rewarding/motivating experience that engages the dopaminergic reward
circuitry [36].

Dopamine transporter inhibitors, such as the approved modafinil, enhance central
dopamine signaling, but—due to the low specificity of these drugs to other monoamine
neurotransmitters—cause numerous additional CNS effects. Consequently, there is great
interest in synthesizing novel modafinil analogues with improved pharmacological prop-
erties, in particular with a higher selectivity towards the dopamine transporter than the
noradrenaline and serotonin transporters [37,38]. Thereby, a series of modafinil deriva-
tives have been developed in the last few years, in which the carboxy-amide moiety has
been replaced with unsubstituted and substituted 5-membered ring aromatic heterocyclic
moieties, yielding compounds such as CE-123 and CE-125 [38]. Through substantial
structure−activity relationship optimization of CE-123, a highly specific dopamine trans-
porter inhibitor, CE-158, was obtained. Compared to the parent compound modafinil,
in CE-158, the carboxy amide moiety has been replaced with an unsubstituted thiazole
ring attached through position 5, while another chiral center has been introduced through
meta-bromo-substitution on a single phenyl ring. Among those, the cognitive enhancing
properties of these novel modafinil derivatives are reported in various rodent memory
tasks, including spatial memory and social memory interference [31,39–43]. For example,
CE-158 has been shown to improve the cognitive flexibility and to restore learning and
memory in aged rats, along with the restoration of reduced dendritic spine densities in
hippocampal regions [44]. Moreover, CE-158 facilitates effort-related choice in rats [45].
Thus, while CE-158 exerts positive effects on extrinsically motivated cognitive behavior, it
remains to be demonstrated whether it also affects intrinsically motivated behaviors.

The objective of the present study was to evaluate whether CE-158 could modulate so-
cial memory and/or attenuate deficits in social recognition that is experimentally disrupted
by retroactive interference. In this context, we aimed to gain insight into the potential effect
of the drug to affect either acquiring and/or early consolidation of social memory and the
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behavior of this intrinsically motivated behavioral task. Furthermore, in vivo microdialysis
was applied to investigate the effects of a single systemic administration of CE-158, similar
to that used in our behavioral experiments on extracellular dopamine levels in the nucleus
accumbens of freely moving mice. This brain area was chosen due to its role in the correct
processing of short-term social recognition memory in rodents [22], where dopaminergic
signaling seems to play a significant role [46–48].

2. Materials and Methods
2.1. Animals

For behavioral testing, adult male C57BL-6/OlaHSD mice (8–15 weeks old; bred
in-house) were used as experimental subjects, while juveniles (25–35 days old, same back-
ground) of both sexes were used as the social stimuli. If not stated otherwise, all animals
were housed in groups of 3–5 per cage (size: 20 × 37 × 15 cm) for at least 1 week before
starting the experiments, under standard laboratory conditions (temperature 22 ± 1 ◦C,
humidity 60 ± 5% with a 12/12 h light/dark cycle, lights on at 07:00 a.m., free access to food
and water). For the microdialysis experiments, adult male C57BL/6J mice (Janvier-Labs,
Saint Berthevin, France) were used. These animals were kept under the same conditions as
the in-bred conspecifics. All experimental manipulations were approved by the Committee
on Animal Health and Care of the local governmental bodies (Regierungspräsidium, Halle,
Germany, registering and approval code: 42502-2-1365 UniMD; microdialysis procedures
were approved by the Austrian Animal Experimentation Ethical Board; Bundesministerium
für Wissenschaft, Forschung und Wirtschaft, Kommission für Tierversuchsangelegenheiten)
and performed in strict compliance with the EEC recommendations for the care and use of
laboratory animals (2010/63/EU). Particular effort was taken for minimizing the number
of animals used, as well as their pain and suffering during experiments.

2.2. Drugs and Treatment

(S, S)-CE-158 (Supplementary Figure S1) was synthesized from the Lubec laboratory
(University of Vienna, Austria), as described previously [44]. On the day of the experiments,
CE-158 was diluted in 10% (behavioral experiments) or 30% (microdialysis experiments)
Kolliphor EL (BASF, Mannheim, Germany) and sterile 0.9% saline (Berlin Chemie AG,
Berlin, Germany). The Kolliphor/saline solution was administered as the vehicle control
treatment. CE-158 was administered intraperitoneally at a dose of 1 and/or 10 mg/kg in a
volume of 10 mL/kg body weight. In the behavioral experiments, the animals received
CE-158 only once, either at a concentration of 1 mg/kg or 10 mg/kg using a cross-over
design. In the microdialysis experiments, CE-158 treated animals received the drug twice
via two injections (1 mg/kg and 10 mg/kg) separated by a time interval of 2 h. The dosage
of the drug and the time point of administration were selected based on its relative affinity
for the dopamine transporter and according to previous studies [44].

2.3. Behavioral Testing in the Social Discrimination Task

The social discrimination test was modified by inducing retroactive memory interfer-
ence according to previous protocols [31,49]. Initially, experimental subjects were isolated
in a small polycarbonate cage (size: 14 × 20 × 15 cm) with fresh bedding for at least 2 h
before the start of the experiment. In the learning (training) session, an unknown juvenile
was presented to the experimental subject in the home cage of the latter. In the memory
retrieval test (choice) session performed 24 h later, this familiar juvenile together with a
novel juvenile were exposed to the experimental subject (Figure 1A and Supplementary
Figure S2). During both the training and test session, the time spent in investigatory be-
havior, including sniffing and licking, towards the juvenile(s) was measured by a trained
observer in a treatment-blinded manner (for details, see [49]. In addition, aggressive and
sexual behaviors were monitored (Supplementary Table S2). A significant longer investiga-
tion of the novel over the familiar subject during the test session indicated an intact social
recognition memory [4,49]. Recognition interference was introduced by presenting another
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novel juvenile (different from both the familiar and novel conspecific in test session) to
the experimental animal for 4 min in the test cage 3 h or 6 h after the training session
(Figure 1B).
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Figure 1. Experimental procedure for retroactive interference with juvenile recognition memory.
Standard procedure for social discrimination memory (A) and modified procedure for testing the
impact of a potentially interfering stimulus (hatched triangle) on juvenile recognition memory (B).
Training (learning) session and “interference stimulus”-exposure were separated by a defined time
interval (Ti; 3 h or 6 h). In all cases, juvenile recognition memory was assessed 24 h after training
during a 4-min test session. The graphs below show intact social memory without an interference
session (no interference, left) and impaired social memory after exposure of an interfering stimulus
juvenile (retroactive interference, right). Data are shown as means + SEM. ** p < 0.01 novel vs. familiar
social stimulus, as analyzed by the paired Student’s t-test.

In the social memory discrimination test, a randomly assigned and balanced cross-
over design, i.e., each experimental subject received both vehicle and drug in two sessions
separated by at least one week, was used in order to reduce the number of animals needed
according to the 3Rs. Thus, each animal was used as its own internal control. The ve-
hicle or drug was administered either 60 min before or 60 min after the training session
(Figures 2 and 3).

2.4. In Vivo Microdialysis in Freely Moving Mice

Under isoflurane anesthesia (at 5% and 1.5% for induction and maintenance, respec-
tively), a commercially available guide cannula (MAB 4.15.IC with OD 0.48 mm, ID 0.35 mm,
Microbiotech, Stockholm, Sweden) was implanted above the right nucleus accumbens (AP:
+1.0 mm, ML: +0.8 mm, DV: 3.6 mm from Bregma) and closed with a dummy probe, as de-
scribed previously [31,38]. After surgery, the animals received buprenorphine (0.5 mg/kg
s.c.) and meloxicam (1.0 mg/kg p.o. via the drinking water) for analgesic care. They
were allowed to recover for 5–7 days while being single-housed and habituated to the
experimenter and experimental procedures. On the day before the experiment, the dummy
stylet was replaced by a microdialysis probe (MAB 4.15.1.PES, Microbiotech, Sweden)
that extended the guide cannula by 1 mm, thus, reaching into the nucleus accumbens.
Microdialysis probes were connected to a microinfusion pump (CMA, Stockholm, Sweden)
and a swivel-tether system via polyethylene tubing. Probes were constantly superfused
with artificial cerebrospinal fluid (aCSF; in mM: 140 NaCl, 3.0 KCl, 1.2 CaCl2, 1.0 MgCl2,
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and 1.0 Na2HPO4, pH 7.4) at a flow rate of 0.5 µL/min overnight and 1.0 µL/min during
sample collection, respectively. Microdialysis experiments started at 08:00–08:30 a.m. Mi-
crodialysis fractions were collected every 20 min in pre-cooled microtubes containing an
antioxidative protection solution (in mM: 0.27 Na2EDTA, 100 acetic acid, and 0.0125 ascor-
bic acid), vortexed and immediately frozen at −80 ◦C until further analysis. After the
collection of six baseline samples (from −120 to 0 min), the vehicle or CE-158 (1 mg/kg,
i.p.) was administered at 10 mL/kg, and six samples were collected. Thereafter, a vehicle or
CE-158 at a higher dose (10 mg/kg, i.p.) was injected and another six microdialysates were
collected. At the end of the experiment, aCSF containing 100 mM KCl was used in order to
elicit local depolarization, which served as a positive control for testing the functionality of
the microdialysis system. Finally, animals were euthanized with an overdose of thiopental,
decapitated, and their brains were removed. The localization of the microdialysis probe
was verified by observing cresyl violet stained coronal sections (40 µm) under a light
microscope (Figure 4A).
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Figure 2. Effect of a single pre-training administration of CE-158 on deficient social memory in mice
following retroactive interference. Animals were injected before training with either vehicle or CE-158
at a dose of 1 (A) or 10 mg/kg (B,C). In the test (choice) session, the recognition memory was assessed
by exposing the experimental animal to two stimulus juveniles, the familiar one encountered in the
training session and a novel one. While 1 mg/kg CE-158 did not affect memory interference (A), the
higher dose of CE-158 (10 mg/kg) reversed the experimentally induced interference 3 h (B) and 6 h
(C) after learning. Data are shown as means + SEM. * p < 0.05 and ** p < 0.01 novel vs. familiar social
stimulus as analyzed by a paired Student’s t-test.
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Figure 3. Effect of a single post-training administration of CE-158 on deficient social memory in
mice following retroactive interference. Animals were injected after training with either vehicle or
CE-158 at a dose of 10 mg/kg. In the test (choice) session, the recognition memory was assessed
by exposing the experimental animal to two stimulus juveniles, the familiar one encountered in the
training session and a novel one. The graph shows that the post learning administration of CE-158
failed to block interference, as drug treated animals were not able to discriminate between novel and
familiar juvenile in the test session. Data are shown as means + SEM.

2.5. Quantification of Dopamine in Microdialysates

The quantification of dopamine in microdialysates was performed using a high-
performance liquid chromatography (HPLC) system with electrochemical detection, as
previously described [31,38]. The HPLC system consisted of a system controller (CBM-20A,
Shimadzu Europe GmbH, Duisburg, Germany), degassing unit (DGU-20A3R, Shimadzu
Europe GmbH) and a micro HPLC pump (LC-20AD, Shimadzu Europe GmbH) operated
at a flow rate of 55 µL/min. Microdialysis samples (5 µL) were injected via autosampler
(SIL-20ACHT, Shimadzu,) and separated on a C18 reversed-phase column (Inertsil ODS-3;
50 mm × 1.0 mm ID; 3 µm particle sizes, GL Sciences Inc., Tokyo, Japan) placed in a
DECADE II electrochemical detector equipped with an amperometric flow cell (Antec,
Zoeterwoude, The Netherlands). Detection was carried out at 35 ◦C with an applied po-
tential of +460 mV vs. Ag/AgCl reference electrode. The mobile phase consisted of 93%
v/v buffered aqueous solution (50 mM phosphoric acid, 50 mM citric acid, 2.36 mM octane-
sulfonic acid, 0.1 mM Na2EDTA, pH adjusted to 5.6) and 7% (v/v) methanol. Under these
conditions, the detection limit for dopamine was 0.15 fmol per sample. Instrument control
and data acquisition were carried out by LabSolution chromatography software (version 5;
Shimadzu, Kyoto, Japan). The actual dopamine concentrations in the microdialysates were
calculated based on a linear regression equation of external calibration standards.
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Figure 4. Effect of systemic administration of CE-158 on extracellular dopamine levels in the nucleus
accumbens of freely moving mice. (A) Representative image and overview of the placement of
microdialysis probes throughout the nucleus accumbens in schematic diagrams of coronal mouse
brain sections (in mm from bregma). (B) A final local stimulation with high potassium (100 nM; K+)
increased dopamine levels compared to the baseline and pre-K+ levels. (C) Dynamic changes in
the extracellular dopamine levels after the administration of CE-158 at a dose of 1 mg/kg followed
by 10 mg/kg. The arrows denote the time point of the systemic drug administration. Data are
means ± SEM. n = 8–10 per experimental group. ** p < 0.01 and *** p < 0.001 CE-158 vs. vehicle and
### p < 0.001 K+-stimulation vs. baseline and pre-K+-stimulation. Analyzed by two-way ANOVA
with repeated measures and a post Fisher‘s LSD test.

2.6. Statistics

Data are presented as means ± SEM. As the social discrimination test measures
memory performance in a categorical manner, behavioral parameters were analyzed by
paired t-tests for the presence or absence of memory. For in vivo microdialysis in freely
moving mice, a two-way ANOVA with repeated-measures and a Fisher’s LSD post-hoc
test, if allowed, were conducted for the statistical analysis using Statistica Software v13
(StatSoft GmbH, Hamburg, Germany). A p-value < 0.05 was considered as an indicator for
a statistically significant effect.

3. Results
3.1. Effect of CE-158 on Retroactive Social Memory Interference

During the training session, all experimental mice showed a high interest in the
juvenile conspecific (Supplementary Table S1). When the experimental mice were exposed
to the familiar stimulus mouse in the presence of a novel mouse during test performed
24 h later, they spent more time investigating the novel juvenile than the juvenile that
had already been encountered before (Figure 1A, left graph; t = 3.805, df = 23, p < 0.001),
indicating intact recognition memory. However, the presentation of an interference stimulus
3 h after the training session blocked the social recognition abilities of the experimental
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mice, as indicated by similar investigation times for both juveniles during the test session
(Figure 1B, right graph; t = 0.931, df = 23, p = 0.362).

As shown in Figure 2, the administration of CE-158 at a dose of 1 mg/kg before
the learning (training) session did not affect the social recognition performance in mice
exposed to retroactive memory interference (Figure 2A). The vehicle and CE-158 treated
animals failed to recognize the juvenile encountered during learning session indicated
by similar investigation durations towards both juveniles in the test session (vehicle:
t = 1.620, df = 23, p = 0.119 and CE-158: t = 1.294, df = 23, p = 0.208). In contrast, the
animals treated with the higher dose (10 mg/kg) of CE-158 rescued social recognition
memory from retroactive interference, indicated by the fact that the investigation durations
of the experimental subjects towards the already encountered vs. the novel stimulus
animal differed significantly (Figure 2B; t = 2.088, df = 22, p = 0.049 vs. vehicle group:
t = 0.1113, df = 22, p = 0.912). Moreover, the treatment of CE-158 at this dosage also blocked
interference effects on memory performance when the time interval between the training
session and interference was extended to 6 h (Figure 2C; t = 2.746, df = 23, p = 0.011). The
vehicle-treated animals could not remember a juvenile already encountered during the
learning session when an interference stimulus was presented 6 h after the initial learning
session (t = 1.237, df = 23, p = 0.228). Thus, these findings suggest that treatment with
CE-158 dose-dependently blocked the induction of retroactive social memory interference.

Systemic treatment with CE-158 immediately after the training session did not protect
social recognition memory from interference (Figure 3; t = 1.958, df = 25, p = 0.061 vs. vehicle
group: t = 1.043, df = 25, p = 0.307). The administration of CE-158 had no significant effects
on other social behavioral parameters monitored during testing (e.g., aggressive/sexual
behavior; Supplementary Table S2).

3.2. CE-158 Enhances Extracellular Dopamine Levels in the Nucleus Accumbens

Next, to assess the possible mechanisms underlying the promnestic effects of CE-
158, we performed in-vivo microdialysis to monitor extracellular dopamine concentra-
tions in the nucleus accumbens of mice following systemic drug administration. In the
mouse nucleus accumbens, the extracellular dopamine levels were stable at an average
of 0.44 ± 0.08 fmol/sample 80 min prior drug injection (Figure 4B). Drug treatment sig-
nificantly affected the extracellular dopamine levels over time (time effect: F(15,210) = 2.34;
p = 0.004; drug treatment effect: F(1,14) = 10.2, p = 0.007; drug treatment × time interaction:
F(15,210) = 3.44, p < 0.001). While CE-158 at a dose of 1 mg/kg did not alter the extracellular
dopamine levels in the nucleus accumbens, the administration of 10 mg/kg caused a fast
increase (+48%) in extracellular dopamine (Figure 4C). Subsequently, dopamine levels
declined, constantly reaching baseline levels approximately 80 min after the drug admin-
istration. At the end of the microdialysis experiment, stimulation with high K+ caused a
pronounced increase in extracellular dopamine levels in the nucleus accumbens compared
with baseline and pre-K+ conditions (K+ effect: F(2,24) = 14.5, p < 0.001; drug treatment × K+
interaction: F(2,24) = 0.01, p = 0.993; Figure 4B) indicating that microdialysis systems were
functional and that CE-158 did not exhaust dopamine reserves.

4. Discussion

In the present study, we demonstrate that the systemic administration of the novel,
atypical dopamine transporter inhibitor CE-158 prior learning suppressed the retroactive
interference phenomenon induced by a conspecific stimulus presented during the consoli-
dation of the social recognition memory. In contrast, when CE-158 was administered after
learning, it did not prevent deficits in memory consolidation following interference. These
results suggest that CE-158 “stabilized/strengthened” the engram during acquisition for
social recognition against interference in mice.

The present data extend recent studies investigating the promnestic effects of CE-158 in
rats. So far, it has been found to normalize the spatial learning and memory deficits of aging
rats following both chronic and acute treatment, to improve attentional set-shifting, and to
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ameliorate impaired discrimination learning and cognitive flexibility [44]. Furthermore, it
reverses the pharmacologically-induced impaired motivational behavior in an effort-related
task [45]. Overall, these data suggest that CE-158 exerts positive effects on incentive-based
learning processes during motivational and intrinsic reward-related tasks. Similarly, CE-123,
another modafinil analogue with an improved pharmacodynamic profile [37,38,44,50,51],
has been recently shown to protect social recognition memory against interference induced
3 h, but not 6 h, post social learning [31,51,52], suggesting that CE-158 administered at the
same dosage is able to protect the memory trace for a longer duration than CE-123. The
differential efficacy of the two modafinil analogues could be explained by differences in the
maximal increases, as well as by the temporal changes in central dopamine levels. Given
that the administration of CE-158 does not appear to produce detectable toxic or adverse
effects [31,44,45,51,52], the data so far suggest that this modafinil-analogue may represent
an interesting drug for treating cognitive deficits in humans.

Notably, the effect on recognition memory appeared to be dose-dependent, as 10 mg/kg
but not 1 mg/kg were effective in preventing deficits in social memory following interfer-
ence. The higher dose of CE-158 was also effective when the interval between the learning
and interference session was extended from 3 to 6 h, suggesting that CE-158 can stabilize a
memory engram formed already during and immediately after learning. To address the
question whether the promnestic effect of CE-158 was linked to the stabilization of the
engram and/or the acquisition of the relevant information, we administered CE-158 also
after learning (Figure 3). Then, however, CE-158 did not prevent interference induced im-
pairments in social recognition. These findings suggest that CE-158 improved the learning
processes operating at the time of information acquisition for the social signature of the
“to be recognized” stimulus animal, rather than the consolidation process itself. However,
it remains to be shown which processes are operative at the time of acquisition and, thus,
may be strengthened by the drug. Nevertheless, it cannot be excluded that drugs applied
before training might exert effects that also also during subsequent processes, including
consolidation [53].

The consolidation of long-term social recognition memory is processed within defined
brain areas/circuits including the hippocampus, medial prefrontal cortex, and nucleus
accumbens [32,47,48,54]. Specifically, activity dynamics in projections from the ventral
tegmental area to the nucleus accumbens encode and predict key features of social, but not
novel object interaction [46], while social behavior is modulated via type 1 dopamine recep-
tors in the nucleus accumbens [46]. On the other hand, projections from an ensemble of CA1
neurons that was preferentially reactivated in the presence of a previously encountered
conspecific compared with an unfamiliar conspecific to the nucleus accumbens are neces-
sary for social discrimination [55]. Finally, inhibition of prefrontal social-associated neurons
projecting to the nucleus accumbens impairs social recognition, whereas reactivation of
their projections enables recall of a previously encountered but “forgotten” conspecific [56]
(see also [57]). Accumbal dopaminergic neurotransmission has been shown to be implicated
in various cognitive processes including spatial memory, taste, and object recognition and
social memory [22,58–60]. Dopamine transients are induced by brief social interactions
in both adult and adolescent rats; however, adult dopamine responses habituate, while
adolescent dopamine responses persist in subsequent peer interactions [35]. It has been
proposed that social interaction itself is a highly rewarding/motivating experience that
engages the dopaminergic reward circuitry, perhaps especially during adolescence [36].

Stimulated by these studies, we measured the dynamics in extracellular dopamine
levels in the nucleus accumbens of mice after the systemic administration of CE-158. While
the low dose of 1 mg/kg did not affect dopamine levels, 10 mg/kg produced a rapid
increase in extracellular dopamine concentrations within 20 min following administration
that remained elevated for 80 min. The temporal curve is in line with those obtained
in the hippocampus of rats, as well as in pharmacokinetic studies [44]. The accumbal
dopamine dynamics following the systemic administration of CE-158 in mice (Figure 4C)
parallels that reported previously in rats [44,45], indicating that the impact of CE-158
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on accumbal dopamine release is similar in both species. Interestingly, a similar obser-
vation of an improved memory performance, which is accompanied by an increased
extracellular dopamine levels in the nucleus accumbens has been found previously in
experiments using CE-123, another atypical dopamine uptake inhibitor [31,41,51]. Both
compounds showing higher activities on the dopamine transporter and a higher selectivity
toward this transporter vs. serotonin and norepinephrine transporters than the parent
compound modafinil [37,38,44,50,51]. This improved pharmacological profile was achieved
by substituting modafinil’s amide moiety by five- and six-membered aromatic heterocy-
cles [37,38,44]. Pharmacokinetic studies showed that CE-158 penetrates the blood−brain
barrier and reaches its site of action in the brain within 30 min after intraperitoneal admin-
istration in rats [44]. Moreover, CE-158 demonstrated an apparent half-life of 60–70 min
and was detectable up to 10 h in the brain and plasma following a single intraperitoneal
injection [44]. Thus, it can be assumed that CE-158 availability in the brain was sufficient
to induce behavioral changes observed in our behavioral experiments and that found in
previous studies [44,45]. However, the exact mechanisms underlying the observed effects
of CE-158 on the formation and consolidation of social recognition memory at the molecular
and anatomic levels are, at present, not fully understood.

5. Conclusions

In summary, we demonstrate that the recently developed atypical dopamine reuptake
inhibitor CE-158 prevented deficits in social recognition memory in mice following retroac-
tive interference in a dose-dependent manner. As the CE-158 action is closely associated
with the detected changes in the extracellular concentration of dopamine, our data fit
the hypothesis of a selective increase of dopamine signaling in brain areas thought to be
involved in motivational behavior and learning and memory, such as nucleus accumbens.
Thus, these findings provide additional support for the therapeutic potential of atypi-
cal dopamine reuptake inhibitors for the treatment of cognitive deficits associated with
psychiatric and neurodegenerative disorders.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/biom12040506/s1: Table S1: Investigation durations (mean ± SEM)
during training and—if applicable—interference sessions of the data presented in Figures 1–3.
Table S2: A. Measured duration of aggressive/sexual behavior (mean ± SEM); B. Measured bouts of
aggressive/sexual behavior (mean ± SEM). Figure S1: Chemical structure of (S, S)-CE-158. Figure S2:
Experimental design and schedule of behavioral and microdialysis experiments. Figure S3: Effect of
a single pre-training administration of vehicle (40% Kolliphor) (A) or CE-158 at a dose of 10 mg/kg
diluted in 40% Kolliphor (B) on deficient social memory in mice following retroactive interference
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