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ABSTRACT

Neurological shortages, often a process of natural aging, affect mental health, daily output,
emotional response and social relations in a negative and harmful way, causing further
socioeconomic worry and mental illness. Research in the field of neurophysiology and
neuropharmacology have shown that decreasing levels of dopamine, and corresponding
dopamine signaling caused by the aging process, is linked to neurological impairments.
These scientific findings have led to idea of producing novel and selective dopamine
transporter (DAT) inhibitor aimed to therapeutically counter the decreasing endogenous
dopamine levels and enhance cognitive function. Following in house findings of Lubec
Lab, two new compounds CE-196.2.1 & CE-196.2.2 were synthesized and
pharmacologically examined as specific DAT inhibitor, which increases dopamine
concentration in areas in the brain linked to cognition. We here performed classical ex vivo
electrophysiological experiments on male Sprague Dawley rats in order to examine
possible effects of CE-196.2.1 and CE-196.2.2 on basal synaptic transmission and synaptic
plasticity. Through the data we obtained, it is possible to propose a significant
enhancement on basal synaptic transmission and synaptic plasticity in hippocampal slices.
These observations encourage further experimental research in order to explore, in vivo,
the possible application of the compounds CE-196.2.1 and CE-196.2.2 in aging-related,

hippocampus-dependent, memory dysfunctions.



ABSTRACT DEUTSCH

Neurologische Méngel, sind oft ein Produkt des natiirlichen Alterungsprozesses und
konnen die psychische Gesundheit, den Tagesumsatz, die emotionale Antwort des Korpers
und soziale Verkniipfungen in negativer Weise beeinflussen, wodurch ausgedehntere
sozio0konomische Sorgen auftreten, sowie zusétzliche psychische Erkrankungen in der
Vordergrund treten.

Durch  wissenschaftliche Forschung 1im Bereich der Neurophysiologie &
Neuropharmakologie konnte festgestellt werden, dass ein verringerte Konzentration von
Dopamin und dem damit verbundenen Dopamin-Signaling eine Folge des
Alterungsprozesses ist und direkt mit neurologischen Stérungen in Verbindung steht.
Durch die oben genannte wissenschaftlichen Erkenntnisse entstand die Idee der
Entwicklung von selektiven Dopamin Transporter (DAT) Inhibitoren um dem fallenden
endogenen Dopamin Konzentrationen entgegenzuwirken. Im Zuge der wissenschaftliche
Arbeiten von Lubec Lab, wurden zwei Analoga von Modafinil CE-196.2.1 und CE-
196.2.2 synthetisiert und in einer pharmakologischen Sichtweise als spezifischer DAT-
Inhibitor untersucht, mit dem Ziel die Erh6hung von Dopamin in Hirnarealen wesentlich
fir Kognition zu erreichen. In dieser Arbeit wurden klassische ex vivo
elektrophysiologische Experimente an méannlichen Ratten der Gattung Sprague Dawley
durchgefiihrt um die moglichen Effekte von CE-196.2.1 und CE-196.2.2 auf die basale
synaptische Ubertragung sowie synaptische Plastizitit zu untersuchen. Aufgrund der
erhaltenen experimentellen Daten ist es mdglich einen statistisch signifikanten Effekt von
CE-196 auf die basale synaptische Ubertragung sowie synaptische Plastizitit in
Gewebsschnitten aus dem Hippocampus von Ratten zu postulieren. Diese Beobachtungen
bestidrken die Notwendigkeit von zusétzlichen in vivo Experimenten um eine mogliche
Anwendung der Substanzen CE-196.2.1 und CE-196.2.2 in altersbedingten,

Hippocampus-abhingigen Gedéchtnisstorungen zu realisieren.
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1. INTRODUCTION

Human population is continuously aging, with an overall rising life expectancy projected
to surpass the mark of 80 years for people born in 2016'. A natural occurrence in the older
group of the population is the development of the so called “Geriatric Syndromes”, which
can be further characterized in several types of health conditions including general
weakness, depression and dementia!. In addition to the average age-related memory
retention problems that occur during cognitive deterioration, conditions such as impaired
mental flexibility, poor decision-making ability and slowed processing pace, negatively
affect overall life quality?. Consequently it is evident that even initially minor cognitive
impairment might progress as to very detrimentally affect a person’s daily social
interactions and universal independence, which are essential parts of the human well-
being, therefore signifying the importance of appropriate psychiatric care of the elderly

population to secure quality of life3.

The neurotransmitter dopamine (DA) plays central roles in the regulation of a variety of
vital functions in humans and in many animal species, modulating, e.g.,
neurodevelopment; attention; mood and motivation; motoric functions; and learning and
memory processes®>:678910,

Neurotransmission, carried by dopamine signaling, is essential for important brain
functions, involving learning-process, memory-retention, emotions, somatomotor activity
and motivation'!.

Accordingly, alterations in dopamine signaling can be found in many neurodegenerative
maladies including Alzheimer; Parkinson; Huntington, and Lewy body diseases!? 13141516,
Aging, which is generally characterized by the presence of significant deficiencies in DA
signaling, is to the date the number one natural high-risk factor for the development of

DA-related maladies and other neurological conditions, which apart of Parkinson and

Alzheimer diseases might also include mood-related disorders, depression and

dementia!7-18:19.20,21,22,23,24,25

Indeed, foregoing studies of the human brain have revealed a progressive decay of 5-10%
in dopaminergic signaling every decade, especially in connection to age-related cognitive

decline!'s.



The phenomenon of decreased dopamine type 1 and 2 receptor (DRD1/2) mRNA levels
in the striatum of humans®, along with the relevance of the DRDI1/2-mediated
dopaminergic signaling interaction with neuronal circuits of the frontal cortex, is also
connected to the cognitive deterioration that occurs during the process of aging!’. The
fundamental neurochemical mechanism known as synaptic plasticity and the associated
principles of memory and learning are also tightly regulated by the neurotransmitter

dopamine and affected by aging?’.

Therefore, the reinstatement of dopamine neurotransmission is a desired goal in the search
for therapeutic tools aiming to stopping cognitive decline in affected aging population?s,
Therapeutic strategies using DRD1/2 agonists have shown unwanted down-stream
signaling incidents?’, and also adverse functional effects have been described*. Therefore,
newer pharmacological approaches are aiming to the development of highly specific
compounds directed at the inhibition of dopamine transporter (DAT) as molecular target
in order to reinstate dopaminergic signaling in central synapses®!. Unfortunately, the large
majority of the currently available pharmacological treatments against DA-related
maladies have also several limitations due to issues such as poor bioavailability;
substantial unwanted side effects, quickly developed tolerance, or the possibility to
manifesting drug dependence and abuse®?3*. The need for the development of novel
pharmacological compounds circumventing all these adverse side effects is therefore of

central importance in the fields of experimental and applied bio-medical research.

The main purpose of this project, was to continue the research on selective DAT-inhibitors
by conducting ex vivo electrophysiological experiments in order to examine the effect of
the compounds CE-196.2.1 and CE-196.2.2 on basal synaptic transmission and synaptic

potentiation in hippocampal slices from rats.

Specifically, the neuronal mechanisms classically labeled as Long-Term Potentiation
(LTP) and Long-Term Depression (LTD) were the center focus of this project, since here
we used them as experimental tools to examine the effects of our newly developed
compounds on synaptic plasticity in brain neuronal circuits critical for learning and

memory functions.



Both forms of synaptic plasticity, LTP and LTD, have been proposed as potential
mechanisms regulating learning and memory in vivo, as memory have been essentially
described as the process of storing information via changes in the morphological and
functional properties of synapses, a hypothesis largely explored by Nobel Laureate Dr.
Eric Kandel** and widely studied in the field of neurophysiology.

Consequently, we herein implemented specific protocols of electrical stimulation to
memory-related synaptic circuits of rat hippocampal slices in order to experimentally
induce synaptic potentiation and depression, following the experimental principles

described in the pioneering works of Hebb, D. O.% and Bliss, T V, and T Lomo?°.

Furthermore, it was our aim to explore the biological impact and functional significance
of the chemical modifications introduced to Modafinil, a DAT reuptake inhibitor used for
treatment of narcolepsy®’’, yielding compounds CE-196.2.1 and CE-196.2.2, as
pharmacological screenings had been done prior to this project by other researchers from

our group in the Prof. Gert Lubec’s laboratory.

As stated previously, the compounds used in this study are derived from the molecule
known as Modafinil, and were modified for improved affinity as well as potency regarding
the DAT transporter in order to increase dopamine concentrations in specific brain regions,

while diminishing possible side effects due to binding to off-targets.

My work on Modafinil analogues and cognitive enhancers constitutes a part of a larger
scale effort oriented to the identification of novel compounds capable of modulating the
reuptake of dopamine with potential therapeutical applications. An example of this
experimental endeavor is reflected the recent scientific publication in the journal
Biomolecules, in which I was honored to contribute as a co-author (Biomolecules. 2022
Jun 24;12(7):881. Doi: 10.3390/biom12070881 (see also a PDF copy of the referred

article in the section “Published Paper”).



1.1 DOPAMINE TRANSPORTER

The dopamine transporter also known as “DAT” or “SLC6A3” belongs to the family of
solute carrier transporter proteins. It is inserted into the cell membrane and acts a
symporter that moves liberated dopamine in the synapse out of the synaptic cleft back into
the cytosol thus ending the signal of the neurotransmitter®8. The function of the DAT is to
regulate the signaling of DA in the extracellular space and, therefore, directly plays a role

in the regulation of dopamine levels in the cytoplasmic compartment™.

In terms of localization, the DAT transporter is found in the brain with dopaminergic
circuits including the hippocampus, substantia nigra, VTA and ACB*. Therefore, it is
established that the DAT-receptor is participating in mesolimbic, mesocortical and
nigrostriatal pathways®*!.

Studies have also shown that there are significant differences in DAT levels amongst the

motor and limbic compartment of rodent forebrain®?.

Figure (1): Tertiary molecular structure representation of dopamine transporter
(DAT): Rendering of the crystal structure of a dopamine transporter from drosophila
melanogaster, taken from RCSB PDB,(doi: 10.2210/pdb4xpl/pdb) and published from
Wang,K.H., et. Al (Nature, 2015)



1.2 THE HIPPOCAMPUS

1.2.1 FUNCTION

From the perspective of brain anatomy, in humans and vertebrates, the hippocampus is a
relatively large subcortical structure found in the medial temporal lobe, which has been
associated to memory creation, strengthening and preservation, as it has been described in
many studies over several decades***#, The hippocampus obtains signals from cortical
brain structures and has been precisely connected to link sensory inputs to the episodic

memory system*® 47, beside spatial memory and memory** .

Bregma -3.10 mm |

. Interaural 6.90 mm Figure 116 .

Figure (2): Generated representative overview of a rodent brain: Horizontal cut of a
rat’s brain taken from Rat Brain Atlas. Marked red hippocampal areas CA1-CA3 and DG,
were main areas of focus on in this study. With permission from Matt Gaidica: Altlas Source
Paxinos; A tool by Matt Gaidica; Atlas Source: Paxinos, George, and Charles Watson,

http://labs.gaidi.ca/rat-brain-atlas/;

Additionally, there is a two-way connection between the hippocampus and the amygdala,
a segment in the brain responsible for emotional responses, therefore implying a key role

of the hippocampus in fear conditioning® 3!,


http://labs/

The hippocampus is structurally and functionally organized in two key structural parts
known as the dentate gyrus and the ram’s horn>2. It’s worth mentioning that the dentate
gyrus is capable of neurogenesis (the making of new neurons), which makes it one of two
known regions in adult mammalian brain capable of such process’?. The other region is

the so called subventricular zone of the third ventricle 334,

Given the relatively easy access to the hippocampal formation of many animals, including
different rodents, several of the neuroelectrical pathways of the hippocampus have been
comprehensively studied by neuroscientists in the last decades, enabling the identification
of fundamental mechanisms of synaptic plasticity, including Long-Term Depression
(LTD) and Long-Term Potentiation (LTP)3%%, Indeed, many studies have, cumulatively,
provided abundant experimental evidence supporting the hypothesis that both these
electrically induced synaptic alterations (LTP and LTD) may be similar to the process

responsible for the storing information at the synaptic level in vivo3°.



1.2.2 ANATOMY

The hippocampus is a relatively large brain structure localized in the medial temporal lobe,
anatomically and functionally incorporating major parts of the entorhinal,

parahippocampal and perirhinal cortex®’.

A3 A4

Figure (3): A1-A4 represent histological sections of the rat hippocampus. Cuts are
executed vertically to the long axis of the hippocampus followed by thionin-staining to help
with orientation and electrode placement. The upper inset shows the relative localization of
the CA3, CAI and dentate gyrus regions. Images modified as taken from Puchades MA et. Al
2019.

From a macroscopic perspective, the hippocampus can be anatomically apportioned into
three major structures, comprising, firstly the ram’s horn, which is known as Cornu
Ammonis (CA); secondly, the dentate gyrus (DG); and thirdly, the subiculum (Figure 3).
The hippocampus receives the key inputs from the entorhinal cortex and the macroscopic
view reveals that the CA is again split up into four segments called CA1-CA4>2.

The CA is arranged in a laminar manner and the main layer is characterized by cell bodies
of pyramidal neuronal cells, consequently known as the pyramidal layer>2. The axons are
reaching into thin alveus while passing a layer comprised of regulatory interneurons,
known as the stratum oriens>2.

In contrast to the axons, the dendrites of the pyramidal cells reach deep into areas called
the stratum radiatum, stratum lacunosum and stratum moleculare, in which the perforant
pathway synapse are located®?. The dentate gyrus (DG) which was the focus of this study

(as it is the region here examined electrophysiologically) is located caudally to CA and



presents three individual layers: the molecular layer, the inner molecular layer and the
granular layer. The neurons found in the granular layer are named granule cells and where

the target of the electrophysiological experiments described in “Material & Methods”.

1.2.3 PATHWAYS

Hippocampal circuitry presents itself with a large range of neurological inputs and
outputs®®>?. At its core we can find the so-called trisynaptic pathway, which consist of the
following pathways: Schaffer collateral pathway, Mossy fiber pathway and the Perforant
fiber pathway®°.

Pyramidal cells and stellate cells project from the medial entorhinal cortex all the way to
the dentate gyrus an make a connection with the granule cells. This projection is called the
perforant pathway. Continuing through the mossy fibers the DG granule cells make a
connection with pyramidal neurons of the CA3 segment. Through the Schaffer collateral
fibers are linked to CA1 segment®’. The CA1 segment makes a projection to the entorhinal
cortex across the subiculum. Research provided through experiments an indication that

this whole circuitry plays a factor in spatial and temporal processing 6!:62.63,

Schaffer collateral pathway

Mossy fiber pathway Perforant fiber pathway

Figure (4) : Schematic drawing of central hippocampal pathways. The main input for
the hippocampus occurs through the Entorhinal cortex (EC). A projection reaches the dentate
gyrus (DG) through perforant fiber pathway and delivers an additional important input to
CA3 through the mossy fiber pathway. Furthermore, a projection from CA3 to CAl through
the Schaffer collateral pathway is depicted. Another projection starting from EC goes directly
to CA3, CAl and subiculum (Sub). The hippocampus sends important output signals to the
EC and Fornix. Arrows indicate in which way the impulses flow. (Courtesy of Xing-Mei and

Jie; current neuropharmacology 2011)



Whereas most entorhinal projections found in the hippocampus are of glutamatergic
nature, many further key inputs for modulation are managed from cholinergic,

dopaminergic, serotonergic and GABAergic neurons>2.

1.3 MODAFINIL

The drug Modafinil was firstly developed by Professor Michel Jouvet, a neurophysiologist
from France, in collaboration with Lafon Laboratories®. Modafinil was part of a group of
compounds produced in the 1970s in a series of benzhydryl sulfinyl derivates®*. Adrafinil,
a close relative to Modafinil, was used as an experimental therapy against narcolepsy in
France in 1986%*. Approval of Modafinil by the U.S. Food and Drug Administration (FDA)
was granted in 1998 for the treatment of narcolepsy, and expanded in 2003 for conditions
like work sleep disorder and obstructive sleep apnea®.

Modafinil and its R-enantiomer (R-MOD) have been used off-label as a cognitive
enhancer to attempt an alternative approach to treat patients with mental disorders,

involving substance abuse and impaired cognitive function®’.

Potentially cognitive enhancing effects were subject of intensive investigational studies
preclinically in rodents and clinically in humans®. Studies have experimentally concluded
that Modafinil has no measurable affinity at monoamine receptors®®’%7!, yet demonstrates
direct inhibition of numerous neurotransmitter transporter systems, including the

dopamine transporter (DAT)®S,

Modafinil provides thus an excellent structural backbone for the development of novel
analogue compounds, which can be investigated in bio-medical research. Consequently,
this had resulted in the development of novel selective dopamine transporter (DAT)
inhibitors>737475.76  ag is the case of the research group lead by Prof. Gert Lubec and his
team of researchers’”-’87%-80 Another reason for the ongoing search for novel analogue
compounds is the fact that Modafinil requires higher doses to show cognitive enhancing
effects in experimental animals compared to novel analogue compounds like CE-123 and

CE-158 created in the Lubec’s Lab81:82,



In comparison, R-modafinil (Smg and 10mg/kg intraperitoneal) produced increased
dopamine levels in rodents, with a delayed and lingering effect, while the novel compound
CE-123 (10mg/kg intraperitoneal) quickly stimulated dopamine transmission®'. These
findings are consistent with a different study showing via microdialysis that 128mg/kg
Modafinil enhances dopamine levels in prefrontal cortex, resulting in the highest

dopamine concentration within 2-3 hours after application®?.

1.4 CHEMICAL CHARACTERISTICS OF CE-196

In the search for novel atypical dopamine reuptake inhibitors, the Lubec’s Lab has
substantially modified Modafinil (1)- drug used for treatment of narcolepsy, shift work

sleep disorder, and obstructive sleep apnea?!, 84,35 8679 78,

Kalaba et al.” have firstly reported a series of compounds showcasing higher activities on
the DAT and a higher selectivity toward DAT versus serotonin (SERT) and
norepinephrine (NET) transporters as compared to modafinil. This was achieved by
substituting the amide moiety with five- and six-membered aromatic heterocycles. Upon
27 heterocyclic replacements and testing in subsequent reuptake inhibition assays the most

active and specific compound was identified (2)7°.

This lead compound had a parent structure of modafinil, yet the carboxy-amide moiety
was replaced with thiophene through ring position 2. As such, lead compound (2)
possesses a chiral center and hence was synthesized as a mixture of two enantiomers. The
influence of stereochemistry was not investigated in this work, yet Kalaba et al’®. have
subsequently demonstrated that further fine-tuning of activity and selectivity of modafinil
derivatives towards DAT can be achieved through manipulation of stereochemistry, i.e.,
introduction of the second chiral center and subsequent separation of all four individual
stereoisomers. These results served as further inspiration for design of compound S, S-CE-

158 (3)- a selective dopamine transporter (DAT) inhibitor to restore endogenous dopamine



levels and improve cognitive function. This novel highly selective DAT inhibitor with
superior properties compared to the parent scaffold (1) was able to halt age-related
cognitive decline in rodents thereby showcasing strong potential for further translation-

clinical trials and human use?’.

N
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(1) (2) 3) 4)
Figure (5): Chemical structures of Modafinil and its derivatives. (/) Modafinil, (2) lead
compound, (3) S,S-CE-158, (4) CE-196

By establishing detail structure-activity-relationship and taking into consideration high
costs of production of (3), Lubec Lab was searching for alternative compound to (3).
Hence, CE-196 (4) was designed and synthesized. This compound carries the basic
scaffold of Modafinil, further modified through introduction of thiophene ring instead of
carboxy-amide moiety (design applied in (2)) and a single bromine substitution at one of

the biphenyl rings in meta-position (design applied in (3)).

Structurally, this compound has two chiral centers and exists as mixture of four
stereoisomers. Indeed, it was originally obtained in racemic form in the lab. Nevertheless,
racemic CE-196 can be further separated into two individual pairs of enantiomers by
means of MPLC system equipped with glass column filled packed with silica gel. Mixture
of toluol/Ethyl-acetate = 80/20 is used the mobile phase and the separation is carried out
with the flow rate of 5 ml/min. Individual pairs of enantiomers are further separated into
individual enantiomers (CE-196.1.1, CE-196.1.2, CE-196.2.1, CE-196.2.2) by means of
semipreparative chiral HPLC method. Semipreparative HPLC is equipped with
CHIRALPAK IA column (10 mm ® x 25 cm L) (Daicel Inc, Tokyo, Japan) and ethyl-

acetate is used as the mobile phase.



Although synthesis, analytical characterization, in vitro pharmacology and some in vivo
studies are not within the scope of this thesis (manuscript in preparation), it is important
to mention that both CE-196.2.1 and CE-196.2.2 (enantiomers to each other) exert both
higher potency and selectivity towards DAT as compared to parent scaffold when tested

for binding affinity and monoamine transporter reuptake inhibition.

1.5 KOLLIPHOR

In adherence to previously conducted experiments in the CE-series by Lubec et al.,! an
adequate experimental vehicle as well as control was needed. The compound Kolliphor-
EL® by Sigma-Aldrich was used as a vehicle solution for CE-196 and as an experimental
control group. Kolliphor-EL® contains “Macrogolglycerolricinoleat” which is a
combination of polyethylenglycol, glycerol and castor oil, used to emulsify and solubilize
water-insoluble compounds and belongs to the group on non-ionic detergents. It was
administered in the same dosage in one experimental group of rats (See

Material&Methods).

1.6 LONG-TERM SYNAPTIC POTENTIATION (LTP)

The phenomenon of Long-Term Potentiation (LTP) can be described as a form of
experimentally induced synaptic plasticity, which in the long-term results in the functional
strengthening of synapses, and which can be elicited, e.g., by the application of various

high frequency electrical stimulation protocols36-88:89.90.91,

Pioneering research from Bliss and Lomo?¢ focused on the hippocampus, indicated that
the phenomenon LTP could also be found in vivo. This occurrence was described as the
result of having delivered high frequency electrical discharges to hippocampal neuronal

circuits in charge that are involved in the formation of memories and their maintenance’®

88, 89,90

What happens at the molecular level during hippocampal LTP? In CA3-CA1l synapses,

due to the parallel activation of NMDA and AMPA receptors, several downstream



mechanisms are subsequently induced, which lead to an increased stimulation of this

particular neural circuit®>%.

Molecular elements that participate in the action mediated by these receptors include
calcium ions, whose influx via NMDA receptors induce a cascade of associated
mechanisms such as the late transcription, translation, transport and insertion of new
glutamatergic AMPA receptors via vesicles, as well as the initiation of enzymatic
phosphorylation of several targets through the calmodulin-activated kinase II (CaMKII),

all of which together results in an increased conductivity for sodium ions®>%3-%4,

Another suggested way to strengthen long-term memory storage is the ongoing

posttranscriptional “self-phosphorylation” of the kinases like CaMKII®,

Follow up investigations focused on this molecular mechanism “self-phosphorylation”
were able to observe this phenomenon with AMPA receptors but postulated this to be an
insignificant effect. This claims are explained via the transitory nature of this occurrence
and quick signal termination, which is achieved by dephosphorylation and receptor

internalization, in nerve cells3.

A different research group found evidence that an isoform of the known Protein Kinase C
(PKC), identified as Protein Kinase M zeta (PKM-() could play a role in upholding
potentiated synapses. They postulate that this protein is continuously active and modulates
the internalization of AMPA receptors in the postsynaptic, which increase the AMPA

receptor amount®’.

In comparison to this recent findings, other mechanisms have been suggested for long-
lasting creation of potentiated synapses. The discovery of the transcription factor “cAMP
responsive element of binding protein” (CREB) directed the thought into the possibility
that specific upregulation of the transcription of genes and the subsequent emergence of
protein products was a vital part of creating long lasting LTP. In addition, recent findings
have provided evidence that the initiation of LTP is a result of changes at the molecular
level, which occur also with morphological alterations of the neuronal circuits involved.
In agreement with this, the establishment of new dendritic spines in postsynaptic neurons
has been documented” %, A different study has also observed an increase in absolute
spine size'?!. Hill TC and Zito Karen, have further described the increased expansion and

strengthening of freshly formed dendritic spines as an effect of LTP induction'?2,



The extensive use of high frequency stimulation protocols during LTP studies on different
parts of mammalian brains have contributed to the formulation of a variety of complex
underlying mechanisms that could potentially mediate in vivo of memory formation,

consolidation and memory maintenance?6-88:89.9091,

This experimental approach therefore has proven to provide a powerful tool to model some

of the electrophysiological effects likely underlying the learning acquisition process.
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Figure (6): Illustration of a classical experiment involving LTP and LTD. (a)
Recordings in the CAl region in the hippocampus. Due to the application of high frequency
tetanic stimulation (100Hz), LTP is induced (left graph), or low frequency stimulation (5Hz)
which induced LTD (right graph), (courtesy of W Morishita). (b) Graphic representation of
the rodent hippocampal slice with placement of the electrodes in the CAI to CA3 region
(SC=Schaffer collateral, MF=mossy fiber pathway). (c) Basic model of synaptic transmission.
Throughout basal synaptic transmission (left side), the released glutamate interacts with
NMDA and AMPA receptors. Firstly Na* only flows through AMPA channel due to the
Mg block of NMDA receptor. Depolarization of the postsynaptic synapse releases the
Mg?*block and allows the flow of ions (Na*/Ca’*) through the NMDA channel. The increased
Ca’* levels are vital for subsequent mechanisms that facilitate synaptic plasticity (right

side)!?.(Image taken from Citri A and Malenka RC 2007)



1.7 LONG - TERM SYNAPTIC DEPRESSION (L.TD)

In contrast to LTP, there is also an effect called Long-term synaptic depression (LTD)
which can be also experimentally induced. The effect of this phenomenon is a progressive
reduction of both the morphological and functional properties of synapses. Similar to LTP,
a particular electrical stimulation protocol is applied to specific neurons, but in the case of
LTD, the patterns are of a low frequency nature, which reduce the overall efficacy of

synaptic transmission89>1°4’105’106’107’108’109’110.

Predicted by the research of Dudek and Bear>®, the effect of synaptic depression is
proposed to play a role in certain forms of learning and memory and, consequently, the
LTD process have been described as the experimental equivalent to “forgetting”!!!.
Additional reports have further provided strong evidence in support of the existence of

this phenomenon in vivo!!2113:114,

The occurrence of LTD has been attributed in part to the weak excitatory activity which
is mediated by transitorily activated NMDA receptors and which results in no
potentiation®>. Similar to LTP stimulation protocols, it is possible to induce synaptic
depression by applying specific low frequency electrical stimulation protocols which are
largely in the 0.5 to S0Hz range®. Overall, LTD also exemplifies a key principle of
neuronal plasticity that has additionally been experimentally detected in separate cortical

structures in mammalian and human brains>3-115-116.117,



2. STUDY OBJECTIVE

This study was conducted as a continuation of an ongoing research line originally
conceived and initiated by Prof. Gert Lubec, and continued in collaboration with Dr. Jana
Lubec and several other researchers working in the field of cognitive enhancement and
associated disciplines. Following up the experiments of Lubec J37 with the DAT-inhibitor
compound CE-158, the focus of the work hereby described lies on the characterization of
modified versions of the CE- Series named CE-196.2.1 and CE-196.2.2, which were

synthetized in the Lubec laboratory (University of Vienna, Austria).

Comprehensive description of chemical structures and modification in comparison to
similar compounds of the CE-series as well the inspiration to the established drug

Modafinil is found in the section “1.3 Chemical characteristics of CE-196”.

Hence, the main purpose of this investigation, was to assess the effect of certain chemical
modifications of modafinil-analogue compounds by the means of traditional
electrophysiological experiments in rat hippocampal slices. Experiments were organized
and carried out in a similar fashion to previously conducted trials by Lubec J¥’ to ensure

comparability and good laboratory practice.

We applied established stimulation protocols for LTP (see Material and Methods) in the
dentate gyrus of hippocampal slices, and recorded and analyzed the physiological

responscs.



3. HYPOTHESES AND EXPERIMENTAL METHODOLGY

Medical therapies for cognitive diseases linked to neuropsychiatric disorders, for example
attention deficit hyperactivity disorder (ADHD) or narcolepsy, focus on moderating
extracellular dopamine levels in various regions of the brain®!. The compounds CE-
196.2.1 & and CE-196.2.2 belong to the experimental series of cognitive enhancers like
CE-123 and CE-158, which are novel modafinil analogues previously examined for their
target specificity and efficacy for DAT-receptor inhibition®”8!. Prior to the
electrophysiological experiments, the Lubec’s Laboratory had conducted screening tests
for DAT affinity with CE-196 compounds. We therefore hypothesize that both CE-196.2.1
& and CE-196.2.2 have the capability of influence the properties of synaptic transmission
and plasticity in hippocampal neuronal circuits known to be important for learning

acquisition and memory storage.

3.1 BASAL SYNAPTIC TRANSMISSION & SYNAPTIC PLASTICITY

The assignment for us was to examine, via ex vivo electrophysiological experiments, the
effects of CE-196.2.1 & CE 196.2.2 in relation to basal synaptic transmission and

plasticity in hippocampal slices from young male rats (See Material & Methods).

For the experiments, we created three test groups, each containing ten animals. The first
group would receive the experimental control “Kolliphor”, which is the vehicle for the
CE-196 compounds. The second and third groups received CE-196.2.1 or CE-196.2.2,
respectively, (see also Material & Methods).



4. MATERIAL & METHODS

4.1 ANIMALS

Ex vivo electrophysiological experiments were carried out using wild type male Sprague
Dawley rats, which were 3 months of age. The animals were bred and stored at the Core
Unit of Biomedical Research, Division of Laboratory Animal Science and Genetics,

Medical University of Vienna.

The rats were either single or double housed in normal Makrolon housing cages in a colony
room which is temperature (22 + 2) °C, humidity: 55 £ 5% and light (200 + 20) Ix
controlled for suitable living conditions. The lighting in the housing room was controlled
by an automatic time switch resulting in an 12h light/dark cycle which starts at 6am.

Resources like food and water were checked daily and provided ad libitum''®,.

This study was conducted following the directives of the “Bundesministerium fiir

Wissenschaft und Forschung” of Austria (BMBWF-66.009/235/V/3b/2018). The

organisation and care of the experimental animals were supervised by experienced
veterinarians and in agreement with the ARRIVE guidelines and the U.K. Animals
(Scientific Procedures Act, 1986 and associated guidelines, EU Directive 2010/63/EU for

animal experiments).



4.2 ELECTROPHYSIOLOGY

4.2.1 HIPPOCAMPAL SLICE PREPARATION

The freshly separated hippocampal slices were harvested following foregoing
reports!!%120.121 " One hour preceding the brain extraction, the animals received a single
dose, via intraperitoneal injection, of either vehicle, CE-196.2.1 or CE-196.2.2 (10mg/kg),

respectively.

In summary, the animals were anesthetized through isoflurane inhalation exposure and
checked for corneal reflexes. The animals were subsequently sacrificed by decapitation
using a special rodent sharp-blade Guillotine'?> (DCAP-M, World Precision Instruments,
Inc. Sarasota, FL USA). The brain was quickly extracted from the skull of the animal and
instantly immersed in an ice-cold artificial Cerebrospinal Fluid (aCSF) solution containing
following components (in mM): 125 NaCl, 2.5 KCl, 20 NaHCO3, 2.5 CaCl,, 1 MgCl, 25
D-glucose, 1 NaH,PO4 (pH 7.4).

After a minute of resting in ice-cold aCSF, the hippocampi were carefully extracted paying
special attention to the extraction time in order to guarantee reproducibility and the
integrity of the tissue. Afterwards, transverse slices were made using a tissue chopper
(Mcllwain TC752, Campden Instruments LTD., Loughborough, England).

The harvested slices were allowed to recover from the extraction for a minimum of 1h
while being submerged in a customized recovery-chamber perfused with carbogenated

aCSF at room temperature (22 + 2 °C).



4.2.2 EXTRACELLULAR RECORDINGS OF FIELD EXCITATORY
POSTSYNAPTIC POTENTIALS

The recordings from slices were performed in a small 2ml recording chamber which was
continuously perfused with a rate of 3-4 mL/min of carbogenated aCSF solution at 30 +
2 °C. Electrically-elicited field excitatory postsynaptic potentials (fEPSPs) were acquired
using a borosilicate glass pipette filled with aCSF, which was made in a horizontal puller
(Sutter Instrument, Novato, CA). These recording pipettes have a resistance of 3(+ 1) MQ.
Through applying electrical stimulus steps via a home-customized Teflon-coated tungsten
wire bipolar electrode, which was isolated to the tip (~50 um diameter tip), fEPSPs could

be induced.

The source for the electrical stimulation was an ISO-STIM 01D instrument (NPI
Electronics, Tamm, Germany). Stimulation was delivered at the medial perforant pathway

of the DG and the field recordings obtained from the middle granular layer region.!?}

Stimulating bipolar electrode

Granular layer of the perforant pathway
in the DG

Recording pipette filled with aCSF

Figure (7): Representative photo taken through the eyepiece of the microscope.
Hippocampal rat slice showing the experimental placement of the borosilicate recording
pipette containing aCSF (left) and the Teflon-coated tungsten bipolar stimulating electrode.
Both are placed in the granular layer in the perforant pathway of the DG without damaging

the tissue.



Basal synaptic transmission was inspected by administering square pulses of rising
electrical stimulation (200 us pulse length, 5s inter-pulse interval, 0-9 V, 1 V increments)

and measuring the corresponding changes in fEPSP slopes (input/output (I/O) curves).

Baseline: 0V

CE-196.2.2

0,5 mV

5 ms

Max. Stimulus: 9V

Figure (8): Representative raw traces of field potentials taken in response to the
delivery of 0-9 volts of spaced electrical stimulation as obtained using the Clampex
recording software. Changes in the field amplitude or slopes were used to generate 1/0

curves from hippocampal slices treated with CE-196.2.2 or untreated.

An AxoClamp-2B amplifier (Bridge mode) and a Digidata-1440 interface (Axon
Instruments, Molecular Devices, Berkshire, UK) were used as acquisition instruments.
Data was acquired and analyzed using the pClamp-10 (Clampex11.1 and ClampFit)

program software (Molecular Devices, Berkshire, UK).

Paired-pulse-induced synaptic inhibition (PPI) was elicited by delivering two consecutive
pulses of electrical stimulation that provoked 40%—-50% of the maximum obtainable field
amplitude (resolved from input-output curves). Stimulation was delivered by given

increasing inter-pulse intervals of 20, 40, 60, 80, 100, 120, 140 and 160ms.
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Figure (9): Diagram of illustrative sample raw traces as obtained from slices using
the Axon recording software. Paired pulse protocols were used to assess the effects of our
compounds on short-term synaptic plasticity. Two consecutive pulses were administered, with

growing increments of inter-pulse intervals starting with 20ms, until 160ms.

Hippocampal synaptic potentiation was induced by delivering 4 trains of 20 pulses at 100
Hz (200us/pulse) with a 500ms inter-train interval. This type of stimulation protocols has
been previously described by other groups as capable of inducing Post-Tetanic
Potentiation (PTP) and Long-Term Potentiation (LTP) in hippocampal CA3-CAl

hippocampal synapses of rodents!!®120.121,124,125

LTP was induced by administering stimulating pulses of voltage that elicited 40-50% of
the maximum field amplitude, determined for every slice from the values gathered with
I/O recording. The fEPSP slopes change in time (decaying phase) was measured after
finishing the stimulation protocol and was used to evaluate synaptic plasticity. Synaptic
responses were recorded at a frequency of 0.033 Hz. LTP-inducing stimulation protocols
were delivered at baseline stimulation intensities. The averaged baseline values were used
for the normalization of the slope values obtained after having given the high frequency
stimulation (AFTER-Phase). Data on synaptic plasticity was averaged for all slices of one
rat, normalized between groups and compared between the Cognitive Enhancer-treated

groups and the vehicle-treated group used as experimental control.



before HFS after HFS

stimulation

field potential

|0.5 mV
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Figure (10): Cartoon with representative traces during LTP recordings from a rat
hippocampal slice, before and after delivering the pulses of High frequency stimulation
(HFS). Note how the amplitude of the field response obtained after HF'S is markedly larger
than the one obtained before HF'S.

4.3 STATISTICAL ASSESSMENT

For the statistical assessment, a two-way RM-ANOVA with Sidak post hoc test was
used to detect differences between the experimental groups (See also Kouhnavardi
et.al.). Further information on statistics is described in the figure legends in the results

section.



5. RESULTS

5.1 CE-196.2.2 ENHANCES BASAL SYNAPTIC TRANSMISSION

Previous studies have shown the role of DAT-receptor inhibition in the modulation of
synaptic plasticity!26:127:128.129.130.131 "Tpy this experiment, we examined the effect of CE-
196.2.1 and CE-196.2.2 on basal synaptic transmission and synaptic plasticity at DG

synapse in young rats.

Firstly, we generated I/O curves as derived from the data obtained after applying gradual
augmenting stimulus (0-9 V, 1 V increments, see Material and Methods) to the DG as

depicted above (Figure 7 & Figure 8).

As depicted in Figure (11), the mean I/O values of induced fEPSPs at DG synapses was
significantly increased in CE-196.2.2 slices in comparison to vehicle slices F (1,16) = 8.359,
P =0.0106, n = 8-10 / group (RM-ANOVA). However, no significant differences were
detected between CE-196.2.1-treated slices and vehicle-treated slices (F(1,16) = 0.7079,
P =0.412, n=8-10 / group (RM-ANOVA)!'%,
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Figure (11): Synaptic transmission and plasticity are boosted in rats which received
CE-196.2.2. Diagram of hippocampal slices shows that CE-196.2.2 influences basal synaptic
transmission in contrast to the less significant effect of CE-196.2.1 and control(Kolliphor).
(A) /O curve recorded at DG synapses showing the averaged amplitude values plotted
against stimulation voltage. (B) Averaged field EPSP (fEPSP) values generated in 1/0O
recordings plotted against stimulation voltage (3 months, n= 8-10/group, two-way RM-

ANOVA). Data are presented as mean = SEM; *P<0.05.



5.2 CE-196.2.1 AND CE-196.2.2 INFLUENCE PAIRED-PULSE-INDUCED
SHORT-TERM SYNAPTIC PLASTICITY

Secondly, in order to examine the impact of our compounds on the properties of
presynaptic-dependent short-term forms of plasticity we examined the properties of
paired-pulse-induced synaptic inhibition (PPI) by conducting electrophysiological
measurements in the dentate gyrus of rat brain slices (See Material and Methods). The
acquired recordings presented a statistically significant difference in PPI responses when
the CE-196-treated and the control-treated groups were compared, as seen in (Figure 12).
Two-way ANOVA with Dunnett’s multiple comparisons test (single pooled variance)
reported values of F (2, 2000 = 16.46 (P < 0.0001) for the effect of the treatment and post hoc
analysis indicated that the effects of the tested compounds on short-term forms of synaptic
plasticity varies depending on the frequency of repetitive activity. Specifically, both CE-
196.2.1 and CE-196.2.2 enhanced the field slopes of the second pulse when the interpulse
interval was 20 ms, whereas only CE-196.2.1 was capable of enhancing the field slopes
of the second pulse at 40, 60, and 80 ms inter-pulse intervals, thus indicating that CE-
196.2.1 has a greater capability to prevent activity-dependent short-term synaptic
inhibition (Figure 12).
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Figure (12): Results from the paired-pulse plasticity examinations in slices from
animals treated with Kolliphor, CE-196.2.1 and CE-196.2.2. The analysis of the field
recordings from PPl measurements showed a statistically significant increase in the second
field slopes in slices treated with both CE-196.2.1 and CE-196.2.2 as compared to the data
obtained from the vehicle-control group (Kolliphor). CE-196.2.1 presented the highest effect
as inhibitor of paired-pulse induced synaptic inhibition across the different inter-pulse

intervals examined.

5.3 CE-196.2.2 ENHANCES POST-TETANIC POTENTIATION

Lastly, we examined the effect of CE-196.2.1 and CE-196.2.2 on synaptic potentiation in
hippocampal neurons of acutely obtained slices via high-frequency stimulation protocol
(See Material and Methods). Ordinary two-way ANOVA analysis (Alpha = 0.05; with
Dunnett’s multiple comparisons test/single pooled variance) of the changes in the values
of fEPSPs field slopes across time reported no interactions (F (106, 1350 = 0.5619; P =
0.9999); a significant (****) effect of time (F (s3, 1350) = 33.10; P < 0.0001); and a minor
yet statistical significant effect (*) of treatment (F (2, 1350) = 3.454; P =0.0319) that revealed
an effect only for CE-196.2.2 as capable of enhancing the PTP response measured at min

6.5 from the beginning of the experiment (Figure 13).
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Figure (13): Graphical representation of fEPSP slope changes in hippocampal rat slices
induced through LTP stimulation protocols in the DG. CE-196.2.2 significantly (*)
increased Post-Tetanic Potentiation (PTP) in hippocampal slices, as compared with the
vehicle-treated control group (as indicated by the large gray-filled down-pointing arrow).
This effect was not observed in slices derived from animals treated with CE-196.2.1. Overall,
none of the treatments resulted in enhanced LTP (as indicated by the large gray-filled left-

pointing arrow).



6. DISCUSSION

6.1 NOVEL MODAFINIL. ANALOGUES AND THEIR EFFECTS ON BRAIN
SYNAPTIC FUNCTIONS

The experimental work presented here focuses on the electrophysiological
characterization of the functional effects of novel pharmacological agents capable of
acting as inhibitors of the dopamine transporter (DAT). The biomedical pertinence of this
type of research endeavours is timely and relevant. DAT is critical in the regulation of the
re-uptake of dopamine into synaptic terminals, promoting its clearance from the inter-
neuronal synaptic cleft, and is thus important for the modulation of brain dopaminergic
signalling. Consequently, pharmacologically-induced inhibition of DAT might ultimately
result in a controlled enhancement in dopaminergic transmission with potential beneficial
purposes, e.g., for pharmacotherapeutic interventions. In fact, brain dopaminergic
signalling has been involved in large diversity of neuropsychiatric disorders, including
Parkinson, Alzheimer diseases, schizophrenia and ADHD. Additionally, dopaminergic
deficiencies have been also involved in several major aging-related motoric and

mental/cognitive maladies, as well as in the mechanisms underlying drug addiction'?-23,

We here examined the acute effects of the modafinil analogues named CE-196.2.1 and
CE-196.2.2, for their capability to influence the functional properties of synaptic circuits
involved in memory-related functions in the rat hippocampus by conducting extracellular
field potential electrophysiological recordings, ex vivo, in hippocampal slices. We
analysed, in dentate gyrus synapses, the effects of these two compounds on the properties
of basal synaptic transmission by constructing input/output curves; we then examined their
effects on short-term synaptic strengthening by implementing paired-pulse-dependent
plasticity protocols; and we finally examined the impact of CE-196.2.1 and CE-196.2.2
on memory-related long-lasting synaptic plasticity by conducting previously published

LTP protocols.



Our results are innovative and enticing, as they encourage future research to explore in
further detail the effects of, e.g., CE-196.2.2 on synaptic plasticity in working-memory
deficiency behavioural paradigms using different concentrations and administration
protocols, given the capability of CE-196.2.2 to promote both basal synaptic transmission
and short-term post-tetanic potentiation, which could potentially influence the early stages

of plasticity during working-memory.

6.1.1 EFFECTS ON SHORT- AND LONG -TERM POTENTIATION

The phenomena of short and long-term potentiation, widely associated to an activity-
induced form of synaptic plasticity, have been proposed as a plausible cellular mechanism
mediating in learning and memory processes’®88:8%9091 In this study, we tested novel
modafinil analogues derived from the compound called CE-196 for their possible effects
on short -and long -lasting plasticity-related functions in dentate gyrus synapses. We here
describe that whereas both CE-196.2.1 and CE-196.2.2 can influence paired-pulse-
induced plasticity, both lack however the capability to enhance LTP, and only CE-196.2.2
showed potency to augment PTP and basal synaptic transmission. These observations, as
a probe of principle, strongly support the possibility that these compounds might exert
plasticity-related modifications in brain areas profusely enriched in dopaminergic
terminals and involved in cognition-related plasticity modifications in vivo, a hypothesis
that requires additional experiments for its verification and independent validation in
combined behavioural and in vitro models. In line with these observations, parallel
experiments using old animals have been conducted by our collaborators also using CE-
196 but in CA1 synapses!'®, whose results corroborate the capability of CE-196-derived
and other modafinil analogue compounds®” 3% 132 to promote hippocampal synaptic
plasticity. Taken together, the different effects of our compounds at different hippocampal
areas and animal ages strongly suggest an age- and region-specific effect for the capability
of our compounds to influence memory-related synaptic plasticity, and therefore our data

begs for the continuation of this line of experimental research.



In comparison to the effects observed upon stimulation with previously described
modafinil analogues characterized in the group of Dr. Lubec (as is the case of the molecule
(S,S)-CE-158 reported by Jana et.al., in 2021) here the CE-196-derived compounds failed
to elicit statistically significant elevations in LTP, naturally indicating that the structural
modifications introduced in these molecules might be the direct responsible for its effects

on synaptic functions.

Future experiments using, e.g., specific blockers of dopamine receptors on hippocampal
slice preparations in experiments testing CE-196.2.1 and CE-196.2.2 could also contribute
to determine its specificity to influence the dopaminergic synaptic transmission that

regulates plasticity.

Nevertheless, one possible account for the observed effects of the hereby examined
compounds could rely on the possibility that a predicted impact on synaptic strengthening
(as hypothesized from the effect or their previously examined analogues) might have been
partially obscured by the lack of the fully stabilization of the responses (in the case of
LTP), which begs for the need to conducting additional replicates with an increased
number of subjects under improved settings and also introducing further controls (e.g., by
also examining the possible differential effects in case that slices from female animals are
examined). Moreover, experiments conducted by our collaborators and other groups have
also described that the hippocampus is not a functionally homogeneous structure, and that
different hippocampal synaptic circuits can differentially respond to the stimulation with
the very same pharmacological agent in a region-dependent manner (even when
compounds are used at the same concentrations), thus demonstrating the capability of the
different hippocampal networks to differentially process similar pharmacologically-
modulated signals in regions critical for emotion and learning and memory functions (see
for example'3?). Additional dose-response experiments aiming to examining possible
differential impact of different concentrations of the CE-196-derived compounds on the
different forms of synaptic plasticity are also required before more conclusive statements
can be formulated (e.g., examining plasticity in the amygdala). However, the study
presented here showed that both the CE-196-derived compounds can indeed influence
some specific properties of the synaptic responses in dentate gyrus synapses at a dose of

10 mg/kg.



6.1.2 EFFECTS ON BASAL SYNAPTIC TRANSMISSION

Here we report that the acute treatment with CE-196.2.2 and not CE-196.2.1, as
administrated via intraperitoneal injection, in our preliminary screenings, result in
increased basal synaptic transmission in DG synapses of young rats. These observations
are in agreement with the previously described observations for the effects of
methamphetamine, as systemic use of methamphetamine can be followed with

deficiencies in LTP!34,

These findings are also correlating with previous studies, which show numerous other
DAT-receptor inhibitors, involving cocaine, GBR12935 and CE-158 to create similar
hippocampal plasticity responses®’-126:135 Interestingly, the results described here for some
of the CE-196-derived compounds also resemble some of the observations published in
experiments examining alterations of brain synaptic properties at the dorsal striatal slices
(enhanced basal synaptic transmission and unaltered paired-pulse-induced short-term
plasticity) as induced by alcohol consumption'?®, thus illustrating (in synapses highly
enriched in dopaminergic signalling) that different synaptic circuits from other parts of the
brain can indeed differentially respond to pharmacological neuromodulation distinctly

affecting selective synaptic properties.

Whether the CE-196-derived compounds can, as a general rule, evoke distinct effects on
the different properties of synapses is however not possible to be fully/conclusively

determined from the thus far obtained preliminary data presented here.

Other examples of differential effects on the different properties of synapses, and resulting
from molecules acting on brain synaptic circuits, are those derived from experiments
examining the neuromodulation induced by brain neurotrophins, where, depending on the
rate of stimulation, enhancements in the properties of long-term synaptic plasticity can be

induced in absence of changes in basal synaptic transmission'?’.

Taken together, all these observations support that the CE-196-derived compounds

examined here could be further investigated for their capability to act as boosters of basal



synaptic transmission and short-term forms of synaptic plasticity, rather than for their

effects on long-term plasticity-related functions.

These observations thus opens the possibility that they can be also studied for their
potential neuroprotective power (in a manner analogue to the action of some steroid
hormones'3®) in response to the exposure to environmental or pharmacological agents
capable of inducing neuronal deteriorations of dopaminergic synaptic circuits that are
crucial for motoric- and cognition-related functions. Additional independent research is
therefore required to further verify our observations using animals from different ages, sex
and on different brain regions (e.g., dorsal vs ventral hippocampus), and to identify
possible additional molecular elements mediating in the specific effects of the hereby
studied CE-196-derived compounds in synaptic functions of the hippocampus and other

brain regions.



6.2 LIMITATIONS

All the experiments presented here are basic and exploratory in its nature, as this research
comprise only an initial investigative contribution to a much larger scientific endeavour
involving several different research groups experimentally addressing different effects of
novel molecules with potential cognition-enhancing properties (see as an example related

studies published recently by our group'??).

It’s therefore important to note that this is not an ended road, and that also we must
acknowledge the fact that several factors impose limits to the empiric weight of this
particular experimental paradigm as developed thus far. An example of this could be the
fact that herein only male rats were used for the experimental groups. It is therefore not
possible to suggest that the witnessed effects of the CE-196-derived compounds are
generalizable to female rats. Another limitation is the statistical power that can be derived
from experiments that don’t use a substantially large number of subjects and sample

intrasubject replicates.

Additionally, further experimental research could also be devoted to the development of
novel forms of CE-196.2.2 that can be delivered orally (e.g., in tablet form) instead of the
intraperitoneal injections, as is the case of modafinil administration. Furthermore, future
independent replicates of the experiments presented here are encouraged using lower and
higher dosages relative to previous studies with, e.g., studies of CE-158%7, which would
allow a better understanding of the effects of all these newly-developed compounds.
Additional electrophysiological experiments addressing the effects of the here described
compounds in other brain regions central for the cognitive function, such as amygdala and

prefrontal cortex, are also highly encouraged.



7. CONCLUSION

Preceding studies have showed evidence that cognitive degeneration is the result of a
number of physiological changes in the brain structure and function, with alterations in

the levels of the neurotransmitter dopamine being a major cause in impairments'®.

The DAT, mediates in several critical downstream neurophysiological responses.
Consequently, in recent years an interesting biomedical challenge has emerged involving
the developing of novel compounds with the capability to efficiently and selectively

inhibit the reuptake of dopamine by directly targeting the DAT.

Given the great potential of using DAT as a molecular target in pharmacotherapeutic
approaches, trying to stabilize dopamine neurotransmission while reducing to maximum
the possible negative side effects has become one of the major scientific endeavors of
many laboratories currently working in experimental and biomedical research. On another
hand, high selectivity is also a critical parameter in the search for new compounds, as
several existing DAT inhibitors are not exclusively targeting DAT, and therefore have
potential for side effects after administration. A possible unwanted molecular target is,
e.g., the norepinephrine transporter, which can become undesirably overstimulated thus

having potential adverse effects on the cardiovascular system®’.

Taken together, all these observations points towards the need to continue promoting the
search for novel and highly selective atypical DAT inhibitors with clear binding
characteristics, and which can improve the cognitive function even at low doses thus
minimizing the risk of unwanted side effects. Looking at the pharmaceutical side of this
study, it’s also necessary to restate that the research presented here is purely basic in its
nature, and therefore none of the herein described results can be used to assume any

possible application in the medical context.



That not all scientific research will always produce satisfactory results in all possible fronts
is a fact that even neophytes in experimental neuroscience can soon experience. However,
this fact should never be used as an excuse to discourage scientific explorations derived
from experimentally-based preceding findings. Indeed, the importance of studies like the
one presented here, with independence its output, relies on its extreme biomedical interest,
given the imperative medical need to developing novel pharmacological compounds
capable of promoting dopaminergic neurotransmission for therapeutic purposes,

particularly relating to aging-related cognitive decline.

Finally, the experiments using the CE-196-derived compounds presented here provide
compelling evidence encouraging further investigations for its possible applications as
selective DAT inhibitors potentially providing neuroprotective effects given their
capability to promote basal synaptic transmission, short-term paired-pulse induced
plasticity and PTP. Additionally, whereas several compounds capable of enhancing
dopaminergic neurotransmission are currently available, including Modafinil as well as
some well-known substances of abuse (e.g., cocaine, amphetamines), however, the clinical
use of these compounds continue to be limited by factors such as oral bioavailability (e.g.,
different metabolic profile in comparison between oral and intravenous application!*);
tolerance, and adverse drug -dependence and abuse -related issues. For instance, the
clinical use of cocaine is limited due to adverse effects against the cardiovascular system
including excessive hypertension, cardiac arrhythmia and myocardial infarction'#’, The
rather rare clinical use of amphetamine-based medication, for example d-amphetamine, is
contributed to its adverse effects, which include anorexia, weight loss and
insomnia'41-142143.144 =~ Additionally further adverse effects, involving vomiting, nausea,
hypertension and tachycardia are described in multiple investigative
studies!4>-146:147.148,149.150 - Compounds like those described in this study, or their newly-
synthetized analogues, might therefore eventually bring us to the identification of very
potent agents with direct applications in human medicine, either for their possible
applications as cognitive enhancers or as therapeutic agents in the management of

dopamine-dependent motor dysfunctions.



8. APPENDIX
8.1 INDEX OF FIGURES

Figure (1): Dopamine Transporter: Crystal structure of dopamine transporter protein from
RCSB PDB 4XP1.Wang, K. H. , et. al (Nature, 2015)
https://doi.org/10.1038/nature14431

Figure (2): Overview rat brain: Horizontal view of a rat’s brain. Rat Brain Atlas.A tool by
Matt Gaidica; Atlas Source: Paxinos, George, and Charles Watson.

http://labs.gaidi.ca/rat-brain-atlas/

Figure (3): Thionin-stained histological sections cut perpendicularly to the long axis of the
hippocampus Puchades MA, Csucs G, Ledergerber D, Leergaard TB, Bjaalie JG (2019)
Spatial registration of serial microscopic brain images to three- dimensional reference
atlases with the QuickNII tool. PLoS ONE 14(5): €0216796.

https://doi.org/ 10.1371/journal.pone.0216796

Figure (4): Schematic drawing of central hippocampal pathways. Xing-Mei and Jie;

Current Neuropharmacology, Volume 9, Number 2, 2011, pp. 388-398(11), Bentham
Science Publishers. https://doi.org/10.2174/157015911795596540

Figure (5): Chemical structures of Modafinil and its derivatives, including the lead com-
pound, S,S-CE-158 and CE-196.

Figure (6): Illustration of a classical experiment involving LTP and LTD.
Image taken from Citri A and Malenka RC 2007. Citri A and Malenka RC. Synaptic
Plasticity: Multiple Forms, Functions, and Mechanisms. Neuropsychopharmacology

2008; 33: 18-41. DOI: 10.1038/sj.npp.1301559.

Figure (7): Representative photo taken through the eyepiece of the microscope:
Hippocampal rat slice and placement of electrodes. Photo taken with permission of Prof.

Monje-Quiroga at Monje-Lab.


https://doi.org/10.1038/nature14431
http://labs.gaidi.ca/rat-brain-atlas/
https://www.ingentaconnect.com/content/ben/cn
https://doi.org/10.2174/157015911795596540

Figure (8): Representative diagram of raw traces taken from recording software Clampfit,

showing generated I/O curve from a rat hippocampal slice.

Figure (9): Representative diagram of raw traces taken from recording software (Clampfit)

showing, generated Paired pulse curves from rat hippocampal slice.

Figure (10): Representative diagram of LTP induced curves of a rat hippocampal slice,

showing before and after high frequency stimulation.

Figure (11): Graphical presentation showing recorded amplitude and slope values during
I/O recordings in DG synapses.

Figure (12): Graphical presentation of recorded amplitude and slope values from DG of

hippocampal slices with “paired pulse protocol” applied.

Figure (13): Graphical representation of fEPSP slope changes in hippocampal rat slices
induced through LTP stimulation protocols in the DG.

8.2 IMAGE RIGHTS

Figure (2): Overview rat brain: Horizontal view of a rat’s brain. With permission from
Matt Gaidica: Altlas Source Paxinos; A tool by Matt Gaidica; Atlas Source: Paxinos,
George, and Charles Watson, http://labs.gaidi.ca/rat-brain-atlas/;
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Abstract: Dopamine (DA), the most abundant human brain catecholaminergic neurotransmitter,
modulates key behavioral and neurological processes in young and senescent brains, including
motricity, sleep, attention, emotion, learning and memory, and social and reward-seeking behav-
iors. The DA transporter (DAT) regulates transsynaptic DA levels, influencing all these processes.
Compounds targeting DAT (e.g., cocaine and amphetamines) were historically used to shape mood
and cognition, but these substances typically lead to severe negative side effects (tolerance, abuse,
addiction, and dependence). DA /DAT signaling dysfunctions are associated with neuropsychiatric
and progressive brain disorders, including Parkinson’s and Alzheimer diseases, drug addiction and
dementia, resulting in devastating personal and familial concerns and high socioeconomic costs
worldwide. The development of low-side-effect, new /selective medicaments with reduced abuse-
liability and which ameliorate DA/ DAT-related dysfunctions is therefore crucial in the fields of
medicine and healthcare. Using the rat as experimental animal model, the present work describes
the synthesis and pharmacological profile of (S)-MK-26, a new modafinil analogue with markedly
improved potency and selectivity for DAT over parent drug. Ex vivo electrophysiology revealed
significantly augmented hippocampal long-term synaptic potentiation upon acute, intraperitoneally
delivered (5)-MK-26 treatment, whereas in vivo experiments in the hole-board test showed only
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lesser effects on reference memory performance in aged rats. However, in effort-related FR5/ chow
and PROG /chow feeding choice experiments, (5)-MK-26 treatment reversed the depression-like
behavior induced by the dopamine-depleting drug tetrabenazine (TBZ) and increased the selection
of high-effort alternatives. Moreover, in in vivo microdialysis experiments, (5)-MK-26 significantly
increased extracellular DA levels in the prefrontal cortex and in nucleus accumbens core and shell.
These studies highlight (5)-MK-26 as a potent enhancer of transsynaptic DA and promater of synaptic
plasticity, with predominant beneficial effects on effort-related behaviors, thus proposing therapeu-
tic potentials for (5)-MK-26 in the treatment of low-effort exertion and motivational dysfunctions
characteristic of depression and aging-related disorders.

Keywords: dopamine; dopamine transporter; synaptic plasticity; leaming and memory; hippocampus;
emotional behavior; effort-related behavior; modafinil

1. Introduction

The neurotransmitter DA participates in the modulation of several key functions in
humans, influencing processes such as cell proliferation and differentiation during em-
bryologic development, as well as emotional processing, attention, motricity, motivation,
and learning and memory in the childhood, adolescence and mature adulthood [1-7].
Consequently, deficiencies in dopaminergic signaling are associated with several neurode-
generative and incurable conditions such as Alzheimer’s, Parkinson’s, Huntington's and
Lewy body diseases [6,8-18]. Aging, which is accompanied by profound alterations in
dopaminergic activity [19-22], is the predominant naturally occurring high-risk factor for
the presence of several maladies associated with dysfunctional dopaminergic signaling,
including Parkinson’s and Alzheimer’s diseases, and others such as delirium, depression,
dementia and mood-related disorders [23-30]. In particular, disorders associated with
DA dysfunctions in the young and aging brains can overlap with profound alterations in
motivation-oriented behavior, classically manifested by apathy, a lack of energy, reduced
initiation of effort-demanding tasks and a debilitating sense of relinquishment, whose
neural bases are thought to involve the nucleus accumbens, hippocampus and prefrontal
cortical regions among other neural circuitries [30-32]. Unfortunately, there are currently
no effective treatments against these motivational disorders and DA-related maladies,
and developing novel treatments for dopaminergic deficiencies is therefore crucial in the
medical and healthcare fields. We synthetized (5)-MK-26, a novel chemical substance with
structural analogy to the cognition-enhancing drugs (R)-Modafinil [33-35], and examined
the affinity /selectivity of (5)-MK-26 for the dopamine transporter (DAT) by competition
binding assays. Our data revealed (5)-MK-26 as a highly selective inhibitor of DAT, with
a binding efficiency about 130 times superior to that of modafinil. Acute treatment with
(S)-MEK-26 only minimally influenced spatial reference memory in aged rats, but acted as a
booster of synaptic plasticity in the hippocampus and as a potent enhancer of transsynaptic
dopamine in the prefrontal cortex and nucleus accumbens, all areas critical for motiva-
tional, effort-exertion, and learning and memory-related functions [32,36-38]. All these
observations suggested potential applications for (5)-MK-26 treatment for effort-related
motivational dysfunctions. Thus, (5)-MK-26 was assessed using two different lever press-
ing tests of effort-based choice, the fixed ratio (FR) 5/chow feeding choice task and the
progressive ratio (PROG)/chow feeding choice task. For the FR5/choice studies, (5}-MK-26
was tested across both low and high dose ranges for its ability to reverse the low-effort
bias (i.e., reduced choice of high-effort lever pressing) induced by the DA storage inhibitor
tetrabenazine (TBZ). TBZ is an inhibitor of the vesicular monoamine transporter type-2
and was used in these studies because it induces depressive-like symptoms in humans [31].
The PROG/chow feeding choice procedure was employed to determine if (5)-MK-26 could
increase the selection of high-effort PROG lever pressing when administered alone. These
behavioral pharmacology procedures have been used previously to assess the effects of
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modafinil and its analogs that act as DAT inhibitors [31,39,40]. These experiments showed
that (5)-MK-26 has the ability to reverse pharmacologically induced motivational dysfunc-
tions and enhance the selection of the high-effort alternatives. Given the importance of
the dopaminergic molecular machinery in young and mature-adult brains in health and
disease, the identification and characterization of (5)-MK-26 is of timely relevance due to
its potential applications in both basic-experimental and applied clinical research.

2. Chemistry

(5)-MEK-26, synthetized following previously described protocols [41], has structural
similarities to the very well-characterized nootropic modafinil [42], with the carboxamide
replaced with thiazole (five-membered heterocycle attached through position 5) and with
a chlorine atom added in the meta position on both phenyl rings, thus also being a close
structural analogue of the previously described compounds (5,5)-CE-158 and (5)-CE-
123 [39,41-43] (Figure 1).

OB D0 QL0

Bl e e

(5)-MK-26 (8,5)-CE-158 ($)-CE-123 (R)-Modafinil

Figure 1. Structures of (5)-MK-26; (S,5)-CE-158; (5)-CE-123; and (R)-Modafinil. The (S)-MK-26
molecule has only one chiral center (having thus only two optical enantiomeric, "R” and “5" stereoiso-
mers). (5)-MK-26 was initially generated as a racemic (an equal mixture of enantiomers) compound
and afterwards separated by means of chiral-phase discrimination using HPLC chromatography.
This physical separation method first yielded a less retained enantiomer ({5)-MK-26), and a second,
stronger retained enantiomer ((R)-MEK-26; 9" in Scheme 1).
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Scheme 1. Synthetic routes for (5)-MEK-26 ((1)"). * Reagents and conditions: (a) BF;eEt:0, CHsCOOH,
rt. overnight; (b) CHyCOOH, H,O5, rt. overnight; (c) chiral separations, Chiralpack LA column,
isocratic 100% EHOAc as mobile phase (d) L (+)-diisopropyl L-tartrate, titanium (V) isopropoxide,
acetone, Hy O, reflux 1 h, I1. DIPEA, cumene hydroperoxide, acetone, r.t. 3 h.

Following their chiral resolution, as outlined above, the separated enantiomers (5)-MK-
26 and (R)-MK-26 (“9” in Scheme 1) were given their respective absolute configurations.
This work was outsourced to BioTools Inc. (Jupiter, Florida, FL, USA). The absolute
configuration of single enantiomers was determined via a comparison of their respective
measured and predicted VCD spectra. For details, please refer to Supplementary Materials.
The analysis attributed (5) the absolute configuration to the less retained (5)-MK-26 and (R)
absolute configuration to the more retained enantiomer (R}-MK-26.
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3. Results
3.1. (S)-MK-26 Is a Potent and Selective DAT Inhibitor

In vitro re-uptake inhibition assays on HEK293 cells expressing hDAT, hWET or hSERT
were used to obtain preliminary pharmacological information on MK-26 enantiomers (5)
and (R) in comparison to (B)-Modafinil. At hDAT, (S)-MK-26 showed an ICs; value of
(0.56 puM (95%Cl: 0.41-0.76), which is a 10-fold lower ICsp value compared to the parent (R)-
Modafinil {ICs; = 5.14 uM; 95%Cl: 3.62-7.31), and approximately 65-fold lower compared to
(R}-MEK-26 (1Csp = 36.25 uM; 95%CL: 27.56—47.69). Both enantiomers, (5)-MEK-26 and (R)-MEK-
26, exhibited low affinity to hNET with ICsp = 63.51 uM (95%CL: 48.76-82.72) and 2161 uM
(95%CI: 1679-2781), respectively. These values are similar to (R)-Modafinil, showing an
ICsp = 127 pM (95%Cl: 68.29-236.9). Moreover, both (5)-MK-26 and (R)-MK-26 did not
show any pharmacological relevant interaction with hSERT (ICsp = 1 mM). Taken together,
these data establish (5)-MK-26 as a dopamine reuptake inhibitor superior to modafinil both
in potency to hDAT and in selectivity to other catecholamine transporters (Figure 2). These
results are in line with the binding affinities, where (5)-MK-26 demonstrated a high binding
affinity to DAT (Ki = 26 nM) and trifling bindings to NET and SERT (Figure 2).

B
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20 O (5)-MK-26
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Figure 2. Uptake inhibition and radioligand binding assays. {A) Uptake inhibition of (5}-MK-28,
(R)-Modafinil, and (E)-MK-26 at DAT (red); (B) NET (blue); (C) SERT (yellow) stably expressed
in HEK293 cells. Uptake substrates used were 0.15 uM [PH]DA, 0.05 uM [PHIMPP+, and 0.1 uM
[3H]5-HT, respectively. (D) Selectivity profile of (5)-MK-26 at DAT, NET and SERT in the substrate
uptake-inhibition assay. Data are mean + SD. (E) Binding affinity of (5)-MK-26 on DAT, NET, and
SERT expressed in CHO cells. Effects were determined by specific antagonist radioligand assays.
ICsp values and details in the main text. ICsy values are derived from non-linear regression using the
equation Y = Bottom + (Top — Bottom)/(1 + 107((X — LoglCsp))).

3.2. Pharmacokinetic Profiling of (5)-MK-26

Pharmacokinetic parameters were determined after i.p. administration of (5)-MK-26
at a dosage of 10 mg/kg of body weight. The mean plasma concentrations peaked within
30 min after i.p. administration (Cpax = 624 £ 51 ng/mL). Mean brain concentrations
reached a maximum of 634 =+ 140 ng/g at 15 min and the mean brain to plasma con-
centration ratio value was 1.12 + 0.19. Pharmacokinetic parameters are summarized in
Table 1. (§}-MK-26 was detectable up to 10 h in the brain and plasma. The plasma and
brain concentrations of (5)-MK-26 at different time points are illustrated in Figure 3. These
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findings suggest that i.p. administration of 10 mg/kg body weight should be sufficient to
achieve brain concentrations above the level necessary for DAT inhibition.

Table 1. Pharmacokinetic parameters of {5)-MK-26 upon i.p. administration with dose of 10mg,/kg
of body weight.

Matrix Tmax Conax Conax Tias Ciaa AUC),y AUC,,,
{hi ImgfmL} inM) thi (nP) (h*ng/mLl (h*nh)
brain 025 634 1665 100 19.2 1959 5143
plasma 0.50 624 1637 10.0 157 1713 4497
800+

<> Plasma (ng/mL)
<O Brain (ng/mL)

Concentration

Nominal Time (h)

Figure 3. Brain (blue) and plasma (red) concentrations of (5)-MK-26 upon ip. administration with
dose of 10 mg /kg of body weight.

3.3, (5)-MK-26 Increases Extracellular Dopaeine Levels In Vivo

In order to examine the effect of (5)}-MK-26 on the dopamine system in vivo, we mea-
sured extracellular dopamine levels in the nucleus accumbens (N Ac) core and shell, and
medial prefrontal cortex (mPFC), both of which are VTA-innervated brain regions involved
in learning and memory [44]. Basal dopamine levels in the mPFC (Figure 4) were 2.20 pg in
20 pL of dialysate, corresponding to an extracellular dopamine concentration of =0.72 nM.
The systemic administration (Lp.) of (5)}-MK-26 augmented dopamine concentrations in
a dose-dependent manner, while no enhancing effect was observed after the treatment
with vehicle. A two-way ANOVA revealed significant effects of Time [Fyy 1434 = 4.161,
p < 0.005], Treatment [Fiz 10 = 28.99, p < 0.0001] and a significant Time x Treatment inter-
action [Fg ap = 1.674, p < 0.032]. Subsequent Tukey’s post hoc comparisons revealed
that (5)-MK-26, at the dose of 10 mg/kg, significantly increased dopamine concentrations
at 90 min after the treatment when compared to basal values and from 30 te 150 min
when compared to vehicle, with peak values at 45 min after the treatment (by about 75%).
A similar trend was observed at 1 myg /kg, with peak values at 30 min after the treatment
{by about 40%; Figure 4).
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Figure 4. Treatment with (5)-ME-26 enhanced brain extracellular concentration of dopamine i vivo.
(A} Schematic representation of a coronal section of the rat brain (adapted from Paxinos and Watson,
2014 [45]) showing the track of the microdialysis probe in the Prl and IL portions of the mPFC. The
square bracket in the microphotograph indicates the portion of the histological section showing
the active part of the dialvizing membrane of the microdialysis probe. (B) Extracellular dopamine
concentrations in the mPFC dialysates obtained from rats treated with (5}-ME-26 (1 and 10 mg/kg)
or vehicle. Rats stereotaxically implanted with a microdialysis probe aimed at the mPFC were placed
individually into the experimental cage and perfused with the dialysis buffer. During the experiment,
four dialy=ate aliquots were collected every 15 min and then vehicle or (5)}-MEK-26 (1 or 10 mg /kg)
was iLp. administered (indicated by the arrow in the figure) and 10 additional dialysate aliquots
were also collected for dopamine determination. Data ane charted as percentages (with 1004 as the
average of the last four dopamine basal values before treatment) with values expressed as means
+ SEM of the measurements obtained by 3-5 rats per group. *: p < 005 compared to basal values
(before treatment ; #: p < (05 with respect to vehicle-treated rats (two-way RM-ANOVA followed
by Tukey’s multiple-comparison test). Abbreviations: Pri, prelimbic area; IL, infralimbic area; AC,

anterior commissura; CC, corpus callosum.

The systemic (i.p.) treatment with (5)-MK-26 dose-dependently increased the dopamine
levels in both the NAc shell (Figure 5A) and NAc core (Figure 5B), while no effect was
observed after the treatment with vehicle. The two-way ANOVA revealed significant effects
of time (Fgy 357 13,51) = 9257, p < 0.0001; Fz 799,27 19 = 11.65, p < 0.0001; for the NAc shell and
MNAc core, respectively), Treatment (Fig jg) = 8.595, p < 0.007 for the NAc shell; Fz 5 = 10,10,
p < 0.004 for the NAe core) and a significant Time = Treatment interaction (Fag 130 = 3.8086,
P < 0.0001; Fiag a0y = 565, p < 0.0001 for the NAc shell and NAc core, respectively) in both
subareas of the NAc. Tukey's post hoc comparisons revealed that in the NAc shell (5)-MEK-
26 at 10 mg,/kg body weight dose significantly increased dopamine concentrations between
60 and 120 min after the treatment compared te basal values and between 30 and 135 min
when compared to vehicle, with peak values 3045 min after the treatment (by about 70%)
(see Figure 5A for individual points of statistical significance). Similarly, Tukey's post hoc
comparisons revealed that in the NAc core (5)-ME-26 at 10 mg kg body weight dosage
significantly increased dopamine concentrations from 15 to 105 min after the treatment
compared to basal values and from 30 to 150 min when compared to vehicle, with peak
values 60-75 min after the treatment (by about 65%). The lower dose of (5 }-ME-26 {1 mg/kg)
was sufficient to significantly increase dopamine concentration in the NAc core (not shell),
with a peak action bebween 3045 and 60-120 min after the treatment when compared to
basal values and /or vehicle treatment, with peaks of about 25% above basal values (see
Figure 5B for individual points of statistical significance).
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Figure 5. Extracellular dopamine concentrations in the accumbal shell (A) and core (B) dialysates
obtained from S0 male rats treated with (5)-ME-36 (1, 10 mg/kg) or vehicle {(Kolliphor EL 30%). Rats
stereotaxically implanted with a microdialysis probe aimed at the acoumbal shell or core were placed
individually into the experimental cage and perfused with dialysis buffer. During the experiment,
four initial dialysate aliquots were collected, one every 13 min, before intraperitoneal administration
{indicated by arrows) of either thee vehicle (Kolliphor EL 30% L3 mL /kg) or (S:-ME-26 (1 or 10mg/kg)
and collection of subsequent 10 dialysate aliquots for dopamine determination commenced. Values
are percentages (with 100% as the average of the last four dopamine basal values before treatment)
and expressed as means + SEM of the values obtained by 3-5 rats per group. *: p < 0105 with respect
to basal values (before treatment); #: pr < 0105 with respect to vehicle-treated rats (twoeway ANOWA
for repeated measures followed by Tukey's multicomparison test). Basal dopamine levels in NAc
wene 6.53 pg (in shell) and 7.29 pg (in core) per 20 ul of dialysate, corresponding to extracellular
dopamine concentrations of approximately 2.13 nM and 2.38 i, in shell and core, respectively:

The above-reported differences were confirmed by two-way ANOVA analysis of areas
under the curves (AUCs), that revealed a significant effect of Treatment (Fpp 3y = 26091,
F = (L0001), but not of Area (Fg 1 = 06768, p > 0.05) nor a significant Treatment* Area
interaction (Fig 5y = 05792, p = 0.05) (see also Table 2).

Table 2. Overall assessment of the effect of {(S-ME-26 on DA concenltrations in the N Ac shell, NAc
core and mPFC dialysate, as measured by the AUCs calculated from the data shown in Figures 4 and 5.
AUCs values are expressed as mean = SEM. One-way ANOVA followed by Bonferroni's multicom-
parison test. *: p < (005 vs. vehicle-treated rats; # p < 005 vs. 1 mg/kp-treated rats.

DA Concentrations {as Determined from AUCs)

Treatment Vehicle (Kolliphor 30%) (5-ME-26 (5)-MEK-26
Brain Area 1.5 mLikg 1 mg/kg 10 mg/kg

MAc shell
MWAE come
mPFC

&b o 525 2972 4 1004 TP & 130
276 4 104 3056 + Add THEL + 1607 2
50+ 129 3159 + 223 4983 = M7 "

3.4 (5)-MEK-26 Hus a Transtent Effect on Spontaneous Locomotton and Exploration

The effect of (5}-ME-26 on spontaneous locomotor achivity in naive voung (12 weeks)
male rats was evaluated in the open-field apparatus. (5)-ME-26 had no effect on total
distance travelled over 10 min {Fj3 j7) = 1.710; p = 0.1886, one-way ANOMNA) as compared
to vehicle (Figure 6C). Time segment analysis of distance travelled showed that {5)}-ME-26
at highest dose moderately increased activity within the initial 5 min of the test session
(p =0.0236; Dunmett test following ANOVA (Fy 2 = 2.899; p = 0.0533)) (Figure 6D). The
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drug-free sessions (habituation H2 to H4) were interpolated to the study to control a possible
cumulative effect of the compound. Baseline activity measured during habituation sessions
{one day prior to the test) revealed no significant difference compared to vehicle (p > 0.05)
{Figure 6F). The drug did not induce stereotypic or anxiogenic behavior (Figure 68,E).
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Figure 6. Effect of (S3-ME-26 (1, 10, 20 mg/kg body weight) on locomotor activity in an open-
field apparatus. (A) Schematbic demonstration of experimental design. (B) Representative traces of
lesermmicsdor ilf."h\'lt}l revorded dLI:I'.i!'IE, H1 sesaon and best session with vehecle and 20 mE;"]&H treatment
wath 15]-M K-, :CI Total distance travelled over Bie 10 mun st session and [ﬂ, over 5 mdn nes;m.l.-nbd.
|E:I Ihstance travellsd 1n center Fone. {FI Baseline arl:'w'l.ty measiired durlns habibuation sessions
{Hl—novelty OF session; H2-4—familiar OF sessions) and vehicle session (0 mg (k). One-way
EM-ANOVA followed by Dunnett post hoc test for mulliple eomparisons; * p = 0.05. Values are
presented ag mean = SEM; n = 10.

3.5, (8)-MK-26 Has Lesser Effects on Reference Memory

We next examined the effects of (S)-MK-26 on cognitive performance in the hole-board
test, which is a standardized behavioral test used to assess different aspects of learning
and memaory, including the impact of aging on reference memaory, in mice and rats [46—15],
To this aim, we randomly assipned some of the aging animals to the (5)-MK-26 treat-
ment (1 = 13; Lp. injected with 10 mg/kg of (5)-MK-26 in Kolliphor) and others to the
control treatment (n = 12; Lp. injected with a weight/equivalent velume of Kolliphor)
groups, and examined the acute responses to the treatments in the hole-board mase in
our experimental conditions (Figure 7AB; see also Section & (Materials and Methods)).
Animals received the first injection 30 min prior to the third habituation (H3) session.
{5)}-MEK-26, however, resulted in only a slight and transitorv—vet statistically significant—
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enhancement of spatial reference memaory (Figure 7C). (5)-MK-26 also induced an increase
in ecology-like exploratory activity (Figure 7E) in the hole-board arena during the H3
session (p = 0.0053, unpaired ttest] (Figure 71,E). We assumed ecology-like exploratory
activity in the hole-board tests on the basis of the absence of exacerbated locomotor activily
during examinations in the open field when (5)-MK-26 was used at the 10 mg /kg concer-
tation, Mo differences in the number of hole dips were found between the two groups
{Figure 7F). Given that in our hole-board assay the animals experienced several consecutive
days of (5-MK-26 presentation, this could have generated a cumulative tolerance-like
effect. We next sought to conduct additional experiments aiming to exploring—in the very
same animals—the effects of unly one si.rl.gh-_r acute exposure to (5)-ME-26. To this aim, we
first let all these animals rest for at least one month without exposure to the (S}MK-26
(a window of time even larger than the one given as drug-free period in the open-field
experiments). Subsequently, we explored the effects of a single acute administration of
(SFME-26, on the same animals, on hippocampal synaptic circuits, which are known to be
important for memory storage, by using ex vivo electrophysiology (see below).
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Figure 7. (5)-ME-26 has only lesser effects on reference memory, (A) Schematic of the hole-board
maze, a paradigm for the evaluation of spatial learning and memory (left) with depictions (right)
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of dimensions (an animal at approximated size scale relative to the size of the hole-board arena is
schemahzed); localization of proximal clues; spatial distribution of the holes; and representation
of baited and unbaited holes (see also Materials and Methods), (B) Flow diagram representing the
methodological strategy used during the preparation and implementation of the hole-board test.
(C) Performance of aged rats (19 months old) in spatial memory task over thirteen trials (over 4 days)
in the (5}-MEK-26-treated and control vehicle-treated control groups showed significance though
franl enhancement of reference memory induced I:l} {.‘;}-MK-?h f‘r.l = [I.mﬁ?_:l clesbectesd h}- Gidak's test
following repeated-measures ANOVA), (D) Representative traces of locomotor activity recorded
during the H3 session in each treatment group. (E) (5)-MK-26 increased distance travelled in 15 min
habituation session (p = (U053, unpaired  test) (H1, H2—drug free; H3—first treatment). (F) Total
number of hole dips in the 15 min habitualion sessions. Values are presented as mean = SEM;
n=10-12%; " p< 005 * p < 001

3.6. (5)-MK-26 Entanced Symaptic Plasticity at CA3-CAT Synapses of Aged Rats

The hippocampus, a structure critical for learning and memory functions [49], is
highly regulated by dopaminergic signaling [50-53]. Given the selective potency of (5)-
ME-26 to inhibit DAT, and as dopaminergic signaling is critical for the modulation of
hippocampal synaptic plasticity [50-52], we sought to examine the effects of (S}-MEK-26
on synaptic transmission and plasticity in CA3CAl hippocampal synapses using ex vivo
slice electrophysiology (Figure 54} as previously described [54-57). For this, old rats
{-20 months old) were injected (i.p.) with 10 mg/kg body weight of (5)-MK-26 dissolved
in Koliphor (BASF Corp., 30Fs in distilled water). Slices were prepared 1 h after (5)-ME-26
injections and left to recover for 1 h before electrophysiological measurements. We first
obtained 1/0 curves (Materials and Methods) in order to examine the impact of (5)-MK-26
on basal synaptic transmission. Our analyses of field excitatory post-synaptic potential
(FEPSPs) slopes vs. voltage stimulabion intensibies showed no effects of (5)-ME-26 on basal
synaptic fransmission, when compared to Koliphor/vehicle control group (Figure HB).
These observations indicate that (5)-ME-26, at the concentrations and administration
conditions used here, does not alter hippocampal synaptic transmission.

B g
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F‘I.B‘l.ll'! B. Effect of {5]—M|{-2h (131 ﬁyrmpl'u: functions in the rak hlppﬂﬂ'?ll'l‘l?uﬁ- as examined electro-
physiologically in slices. (A) llustrative setting of a rat hippocampal slice with positioned bipolar
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stimulation and recording electrodes located at the CA3 and CAl synaptic regions, respectively.
(B) Analysis of basal synaptic transmission (input/output curves) from recordings obtained in slices
derived from animals treated with (5)}-MK-26 or vehicle. No statistically significant differences
were observed between experimental groups (two-way repeated-measures ANOVA; F(j 25, = 0.24086;
p = 0.6286; 1 = 12 animals per group). (C) Averaged values of the fEPSP slopes through time, in slices
obtained from animals that underwent (§)-MK-26 and Koliphor /vehicle treatments. The time of
delivery of the high-frequency stimulation (HFS) protocol, as well as Post-Tetanic Potentiation (PTP)
and Long-Term Potentiation (LTP), are indicated by wide-pointing filled arrows (see also Materials
and Methods). Whereas no differences between groups were apparent during PTP (which was
markedly promoted in both cases), slices derived from animals treated with (5)-MK-26 presented
with a marked increase in LTP compared to controls (repeated-measures ANOVA F (; 59y = 7.258,
p =0.0133, n = 12/group). (D) Histogram for the field slope values specific to min 1 and 25 after LTP
induction. * = p < 0.05. Data are displayed as mean + SEM.

Long-term potentiation (LTT), a proposed neuronal synaptic mechanism for mem-
ory [58], has been shown to occur in vive during hippocampus-dependent learning and
memory functions [59]. We, therefore, next examined the effects of (5)-MK-26 on LTP
(Materials and Methods). Recordings in slices from animals treated with 10 mg/kg of
(5)-MK-26 exhibited Post-Tetanic Potentiation (PTP, examined 1 min after LTP-induction;
see also [60]) comparable to those from the Koliphor/control group but presented with
a significant enhancement in their LTP responses (examined 25 min after LTP induction;

Figure 8C,D).

3.7. (5)-MK-26 Restores Motivational Impairments in Effort-Based Choice Tasks

Figure Y shows the findings of the concurrent FR5/chow and PROG/chow feeding
choice experiments. For FR5/chow feeding choice task, a repeated-measures analysis of
variance (ANOVA) with the low dose of (5)-MK-26 yielded an overall treatment effect on the
lever pressing (F(3 21y = 20.84, p < 0.001; n? = 0.75) and chow intake (F3, 21y = 10.20, p < 0.001;
1’ = 0.59). Planned comparisons showed that TBZ shifted effort-based choice by decreas-
ing lever pressing (F(1 1) = 45.95, p < 0.001) and increasing chow intake (Fj; 21y = 21.01,
p < 0.001).

However, using the low-dose progression (3.75 and 7.5 mg/kg), (5)-MK-26 failed to re-
verse the effects of TBZ (p > 0.05). To test the effects of high-dose progression on FR5/chow
feeding choice task, a repeated-measures ANOVA yielded an overall treatment effect on the
lever pressing (Fy 2s) = 15.80, p < 0.001; n? = 0.69) and chow intake (Fa28) = 14.28, p < 0.001;
1’ = 0.67). Planned comparisons showed that TBZ shifted effort-based choice by decreas-
ing lever pressing (F; 25 = 60.85, p < 0.001) and increasing chow intake (F; 25 = 51.04,
p <0.001). Planned comparisons showed that coadministration of the doses 15.0, 30.0 and
45.0 mg/kg of (5)-MK-26 with TBZ significantly attenuated the effects of TBZ on lever
pressing (Fy agy = 11.57, p < 0.01; Fyy 25y = 9.10, p < 0.01; and Fyy 2g) = 7.12, p < 0.05, respec-
tively) and chow intake (Fjj 25y = 14.60, p < 0.001; Fyy 58) = 26.81, p < 0.001; and Fyy 55y = 27.99,
p < 0.001, respectively).

For analysis of the PROG/chow feeding choice task, non-parametric testing was used
due to high variability in lever pressing (Shapiro-Wilk Normality test, p < 0.05). A non-
parametric test for related samples, Friedman's two-way analysis of variance by ranks,
reported a statistically significant effect of treatment on lever presses (x> (3) = 9.80, p=0.02).
The pairwise comparisons yielded a statistically significant difference between the vehicle
and the highest dose (45.0 mg/kg) after the Bonferroni adjustment (p = 0.011). To analyze
chow intake, a repeated-measures ANOVA showed that there was a significant treatment
effect (F(3 42y = 8.476, p < 0.001). The planned comparisons revealed the two highest dose
(30.0 and 45.0 mg/kg) decreased chow intake (F(y 49y = 5.77, p < 0.05 and Fyy 40y = 23.76,
p < 0.001, respectively).
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Figure 9. The effects of (5}-MEK-26 on effort-based choice using the FR5 /chow and PROG /chow
feeding choice task, For FR5/chow procedure, rats (0 = B) received ip. injections of vehicle plus
vehicle (V /VEH), 1.0 mg,/kg TBZ plus vehicle (T/VEH), or TBZ plus 3.75, 7.5 mg kg for the low-
dose progression (A), and 15.0, 30.0, or 45.0 mg kg for the high-dose progression (B) of (5)-ME-26.
For PROG/chow procedure, rats (1 = 15) received Lp. imections of vehicle (VEH]), 15.0, 30.0, or
45.0 mg kg doses of (5)-ME-26 (C). Top: Mean (=5EM) number of lever presses during the 30 min
session. TBZ plus vehicle significantly differed from vehicle plus vehicle (# p < 0.001); TBZ plus
15.0 and 30.0 mg."kg of [S}-MK-ZIH {"' P 0 ); and TR p||.m 45.0 :|'n-‘;_‘:".ll kﬁ_ of ‘h]-hﬂ K-2h * = ﬂ.IFr].
For PROG/ chow schedule, 45.0 mg/ kg (S}-ME-26 significantly differed from vehicle (* p < 0L05).
Bottom: Mean (£5EM) gram quantity of chow intake. TBZ plus vehicle significantly differed from
vehicle plus vehicle (# p < 0.001); TBZ plus 15.0, 30.0 and 45.0 mg/kg of (S-ME-26 (** p < (L01).
For PROG/ chow schedule, 30.0 and 45.0 mg/ kg of (5)-MK-26 significantly differed from vehicle
(* p < 0,05 and ** p < 0L01, respectively).
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4. Discussion
4.1. Design and Synthesis of (S)-MK-26

The initial efforts in our ongoing development of more potent and selective atypical
DAT inhibitors, using modafinil as the starting scaffold, yielded several candidates [61,62],
the most promising of which were CE-123 [63,64] and its more active (S)-enantiomer
(analogue 3 in Figure 1) [43,64]. Further structure-activity relationship studies revealed that
the introduction of a second chiral center to the scaffold via the para-substitution of one of
its phenyl moieties greatly improves the pharmacological profile of our compounds [65,66].
An additional investigation of diastereomeric analogues’ potential led to the discovery
of (5,5)-CE-158 (Figure 1), a singly meta-bromo substituted analogue of (5)-CE-123 with
a markedly improved pharmacological profile [41]. The enantioselective synthesis of
such diastereomeric compounds can be rather challenging. While the highly desirable
pharmacological profile of (5,5)-CE-158 and its thus far demonstrated in vivo effects more
than off-set difficulties of its current preparation, we developed the herein firstly described
(5)-MK-26, seeking to preserve the desirable features whilst making the enantioselective
synthesis significantly easier.

4.2. Relevance of DAT-Mediated Dopaminergic Regulation in the Young and Aging Brains

DAT plays a crucial role in the regulation of the levels of transsynaptic dopamine in
the central nervous system, modulating a variety of cardinal biological processes, including
motricity, emotion, food intake, reward, and learning and memory functions [67-70]. Con-
sequently, DAT has been also associated with the occurrence of several brain neurological
diseases [10,15,71-75]. The natural course of aging is generally accompanied by a marked
detriment in several cognitive abilities and, in particular, comes with a striking reduction in
cognitive functions, including memory storage and motivational drive [22,76-79]. Aging,
in of itself, brings also profound alterations in dopaminergic activity [19-21]. The com-
bined overlap of aging with alterations in dopaminergic signaling thus becomes a truly
dominant risk factor for the presence of severe brain malaises, motivational disfunctions
and other disorders including dementia and Alzheimer’s and Parkinson’s diseases [8,21].
The physiological relevance of dopaminergic activity in health and disease, in both young
and the aged brains, has positioned the molecular elements of dopaminergic signaling, and
in to particular DAT [10,15,72,74,75], as ideal targets in clinical pharmacotherapeutics and
biomedical research [80]. However, there are several limitations with the commonly avail-
able pharmacological compounds used to aid in dopaminergic signaling deficiency [81,82].
These limitations include—but are not restricted to—poor absorption, blood-brain barrier
impediments, short half-lives, fast neuroadaptation, low or transitory effectiveness, reduced
target specificity, and unwanted side effects such as heart dysfunctions, altered cognition,
and distorted motricity and sleep disturbances [29,81-84]. Other interventions, such as
cell transplantations or deep brain stimulation, are not only not exempted of unwanted
side effects [85,86], but are also very invasive, expensive, and the technology required for
these procedures remains inaccessible in many countries [57,88]. Given all these limitations,
over recent years, many research groups, including ours and collaborators, have embarked
on a search for novel, effective and highly selective eugeroic/nootropic molecules, giving
special emphasis to DAT as a primary target [34,40,41].

Dopaminergic signaling is central for the modulation of neuronal synaptic transmis-
sion and plasticity in the human hippocampus, a brain structure central for learning acqui-
sition and memory retrieval functions [49,59-92] and which is also detrimentally affected
by aging [8,76,75,93-98]. Numerous animal studies, particularly with rodents, have verified
the evolutionarily-conserved relevance of the hippocampus for memory storage [99-102];
corroborated the detriments of hippocampus-dependent learning and memory resulting
from aging [79,93,103-107]; and demonstrated the importance of dopaminergic signal-
ing for hippocampal synaptic plasticity [50,108,109]. Moreover, not only is the human
hippocampus markedly affected by aging, but profound dopaminergic alterations have
been also described in Alzheimer’s disease and dementia [8,10-12,23-25], two neurological
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disorders directly linked to hippocampal morphofunctional deterioration [8,110~113]. The
human hippocampus is moreover both structurally and functionally associated with other
brain structures enriched in molecular dopaminergic complexes that modulate memory
and mood-related functions [114-116]. This morpho-functional dopaminergic intercon-
nectivity is also highly conserved across many species, highlighting its pivotal biological
relevance. For example, immunochemical and functional studies from rodents and pri-
mates have described that the hippocampus receives active dopaminergic regulatory inputs
originating from the nucleus accumbens and the ventral tegmental areas [53,117-119], and
hippocampal dopaminergic complexes participate in the regulation of memory-related
synaptic plasticity [51,120,121].

The fact that the hippocampus itself is not so profusely enriched in the expression
of molecular elements belonging to the dopaminergic system, compared to other brain
structures such as the VTA or the nucleus accumbens, could lead to the misperception that
dopaminergic activity is not that functionally relevant in the hippocampus [122]. However,
abundant evidence highlights the relevance of dopaminergic signaling for hippocampus-
dependent memory functions in vivo and in vitro [51-53,98,115,117,120,123-131]. More-
over, the hippocampus is also structurally and functionally linked to dopaminergically en-
riched brain structures such as the nucleus accumbens, the VTA and the striatum [125,132],
forming a dynamically interactive circuit that has been associated with neurological dis-
orders such as schizophrenia and depression [8,21,110,114,133]. The hippocampus thus
has, in its own right, all the structural and functional elements of classical dopaminergi-
cally hot structures, including of course the presence of uptake areas [134] that could act
in vivo as potential target regions for (S)-MK-26 and other newly generated /selective DAT
inhibitors. Our findings on (S)-MK-26 therefore provide a valuable avenue in the search for
additional potential applications in currently established experimental animal models of
dopamine-related diseases [135], and additional behavioral studies are encouraged using
other modalities of hippocampus-dependent memory tasks.

4.3. (5)-MK-26 Reverses TBZ-Induced Effort-Related Motivational Dysfunctions and Increases
Selection of High-Effort Choices

Consistent with previous studies [31,136], TBZ produced an effort-related motivational
impairment in rats tested on the FR5/chow feeding choice task; it reduced work output
on the lever pressing component, but increased the intake of the concurrently available
chow. In the higher dose range of 15.0-45.0 mg/kg but not the lower dose range, (5)-
MK-26 significantly but partially reversed the effects of TBZ, increasing lever pressing
and decreasing chow intake in TBZ-treated rats. Furthermore, when administered alone
to animals trained on the PROG/chow feeding task, (S)}-MK-26 enhanced the exertion
of effort, significantly increasing high-effort PROG lever pressing, and reducing chow
intake. Taken together, the effects of (5)-MK-26 on these tests of effort-based choice are
similar to the results of several other drugs that inhibit DAT, including the antidepressant
bupropion [136-138], modafinil [31], and the modafinil analogs (5)-CE-123 and (5,5)-CE-
158 [39,40]. When compared to the aforementioned modafinil analogs, (5)-MK-26 appears to
have a lower potency than (5,5)-CE-158 but has a similar potency to (5)-CE-123. Based upon
its ability to enhance effort-related aspects of motivation, it is possible that (5)-MK-26 could
be useful for treating the motivational dysfunctions seen in depression and other disorders.

4.4, (5)-MK-26 and Modafinil

(5)-MK-26 is structurally related to the DAT inhibitor modafinil, which is a eugeroic/
cognition-enhancing compound recently approved by the U.S. Food and Drug Adminis-
tration for specific clinical applications [139,140]. However, (5)-MK-26 is about 130 times
stronger as a DAT blocker compared to modafinil, which has a rather low DAT-inhibiting
power (ICsp = 6.4 pM, [141]) vs. the ICsp = 0.049 uM of (5)-MK-26 described here. Moreover,
modafinil (with a still controversial low-abuse liability [142-145]) is also not exempted of
unwanted side effects [146]; its effectiveness in applications such as the treatment of drug
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dependency remains debated [147,148], and modafinil is also not as specific as (5)-MK-26,
as modafinil also targets and blocks the norepinephrine transporter and alters histamine
and serotoninergic activity [140,141]. The virtual absence of activity of (5)-MK-26 on the
norepinephrine transporter, its superior potency on DAT, and the capability of (5)}-MK-26 to
enhance transsynaptic dopamine and to augment both hippocampal synaptic plasticity and
hippocampus-dependent learning and memory functions in the aging brain thus highlights
(5)-MK-26 as a highly promising and very suitable /selective DAT blocker for its potential
use in clinical research. Moreover, the preliminarily effects of (5)-MK-26 on learning and
memory upon acute dosage administration examined here further suggest that (5)-MK-26
could give rise to fewer abuse-risk concerns due, e.g., to excessively augmented dopamine-
boosting effects on addiction-related brain structures such as the dorsal striatum, which is
highly involved in the development of dopamine-mediated drug dependence [149]. How-
ever, as described in the experiments shown in Figure 2, whereas (5)-MK-26 has more effect
on DAT, there are also some minor yet detectable effects of (5)-MK-26 on other neuronal
receptors that, although very unlikely given the differences in selectivity compared to DAT,
cannot be completely ruled out as potential off-targets mediating in some of the behavioral,
electrophysiological and other effects observed for (5)-MK-26 in this work. Off-target effects
have been described for modafinil and its analogues [150]. Our observations therefore
imply that, together with NET and SERT, other signaling pathways besides DAT could
account for the general physiological effects of (5)-MK-26.

Thus, while a great deal of attention has been paid to modafinil in both experimental
and clinical /applied research [151,152], several limitations regarding the effectivity and
degree of specificity of modafinil have encouraged the search for alternative modafinil
analogues and other molecules acting on the DAT signaling system with potential ther-
apeutic applications [39-41,43,150]. Nevertheless, modafinil continues prevailing as an
attractive compound in experimental biomedical research. Recent findings derived from
electroencephalographic studies in healthy adult humans describe that modafinil promotes
higher-order neuronal circuitry activity by inducing the deactivation of large-scale sensory
networks [153]. Other experiments have also recently addressed the changes in the effects
of modafinil when administrated in combination with approved antidepressant drugs and
obtained very interesting results [154]. However, and while additional research is still
required to reach undisputable final conclusions, potential and quite alarming adverse ef-
fects compromising the safety of modafinil under specific circumstances have also recently
started to emerge [155,156]; see also [157].

5. Limitations

The data presented in this work were exclusively derived from basic research con-
ducted using male rats as the experimental animal model and, therefore, our results must
be interpreted without making biological generalizations. Further independent research
with both male and female rats, as well as with other animal models, must therefore be
conducted in order to investigate any potential positive or possible negative effects of
(5)-MK-26 on other major brain structures not examined here (including the substantia
nigra and the ventral tegmental area [155]), as well as on the peripheral nervous systems,
since (5)-MK-26 could potentially also act on other organs that present with dopaminergic
molecular components, and in which DAT activity might occur (see, for example, [159-162]).
Additionally, controversy still exists around the proper terminology and the definitions
used when referring to concepts relating to the age of animals (see also [163-165] for age-
related (e.g., young vs. old) terminology and definitions). Thus, the appropriate selection
of the age of the animals used in experimental studies is critical not only because age can
dramatically influence the properties of several different brain neuronal functions, but
also when one wants to establish analogies with similar cellular mechanisms and related
systemic functions that can occur in the aged human brain [165-167]. All these different
factors (e.g., strain, sex, etc.; [55,168-175]) could thus distinctly influence the outcome of
the (5)-MK-26 pharmacological treatment. Indeed, several reports have described that
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brain physiological processes and dopamine-associated neuropathological maladies are
differentially manifested depending on the sex of the patient [176—179], as is the case for
Parkinson’s disease, which manifests predominantly in aged men. Our work therefore
invites further independent and exhaustive research aiming to further characterize the
nootropic properties of (5)-MK-26 in different species, on female subjects, and in other
brain areas more classically known as dopaminergic, such as the nucleus accumbens.

6. Materials and Methods
6.1. Synthesis

Reaction conditions and yields were not systematically optimized. Anhydrous solvents
were purchased from Sigma-Aldrich and were used as such without further purification. All
other chemicals and reagents were purchased from Sigma-Aldrich, TCI Europe/Germany,
Synthonix, Acros Organics, Activate Scientific, Fluorochem, Enamine and Alfa Aesar.

'H and ¥C NMR spectra were recorded on a Bruker Avance 500 NMR spectrom-
eter (UltraShield) using a 5 mm switchable probe (PA BBO 5005B BBF-H-D-05-Z, 1H,
BB = 19F and ¥ P-'3N) with z axis gradients and automatic tuning and matching accessory
(Bruker BioSpin). The resonance frequency for 'H NMR was 500.13 MHz and for 13C
NMR was 125.75 MHz. All measurements were performed for a solution in fully deuter-
ated chloroform or DMSO at 298 K. Standard 1D and gradient-enhanced (ge) 2D assays,
such as double-quantum-filtered (DQF) COSY, NOESY, HSQC, and HMBC, was used as
supplied by the manufacturer. Chemical shifts are referenced internally to the residual,
non-deuterated solvent signal for chloroform 'H (4 = 7.26 ppm) or DMSO 'H (§ = 2.50 ppm)
and to the carbon signal of the solvent for chloroform *C (4 = 77.00 ppm) or DMSO *C
(8 = 39.57 ppm).

HRESIMS spectra were obtained on a maXis UHR ESI-Qg-TOF mass spectrometer
(Bruker Daltonics, Bremen, Germany) in the positive-ion mode. Samples were dissolved
in ACN/MeOH/H20 99:99:2 (v/v/v) and directly infused into the ESI source with a
syringe pump. The ESI ion source was operated as follows: capillary voltage: 4.2 kV;
nebulizer: 0.4 bar (N2); dry gas flow: 4 L/min (N2); and dry temperature: 150 or 180 °C.
The sum formulas of the detected ions were determined using Bruker Compass Data-
Analysis 5.1 based on the mass accuracy (A m/z < 5 ppm) and isotopic pattern matching
(SmartFormula algorithm).

The overall purity of the compounds was determined by HPLC on an UltiMate 3000 se-
ries system equipped with VWD detector (Dionex /Thermo Fisher Scientific, Germering,
Germany). Separation was carried out on an Acclaim 120 C18, 2.1 mm ¢ 150 mm, 3 pm
HPLC column (Thermo Fisher Scientific) using LC-MS-grade water and acetonitrile as
mobile phases A and B, respectively. The sample components were separated and eluted
with a linear gradient from 10% to 90% B for 25 min followed by an isocratic column
cleaning and re-equilibration step. The flow rate was 0.2 mL/min and the column oven
temperature was set to 25 “C. The purity was determined from the UV chromatogram
(254 nm) as the ratio of the peak area of the compound to the total peak area (i.e., the sum
of the areas of all peaks that were not present in the solvent blank). Based on the HPLC
data, all final compounds were >95% pure.

The enantioselectivity of asymmetric synthesis of (5)-MK-26, as well as chiral purity
of individual enantiomers ($)-MK-26 and (R}-MK-26 ((1) and (9) in Schema 1, respectively)
accrued after chiral resolution of its racemic synthesis were assessed via an LC-2010A HT
Liquid Chromatograph device (Shimadzu Corporation, Tokyo, Japan) using a Chiralpack
IA analytical column (4.6 % 250 mm, 5 um) (Diacel Inc., Tokyo, Japan) with the column
oven temperature set to 25 °C. HPLC-grade ethyl acetate at 1 mL/min flow rate was used as
the mobile phase to measure chiral purity of enantiomers resolved after racemic oxidation,
while a 7 to 3 mixture of HPLC-grade ethyl acetate and hexane was used as the mobile
phase in analysis of enantioselectively synthesized (5)-MK-26.
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6.2. 5.-(((B(3-chlorophenylhmethyl)thio)methyl)thiazole (7)

An amount of 1.62 g (6.0 mmol) of 3,3-dichlorobenzhydrol was dissolved in 20 mL
of acetic acid in a 100 mL round-bottomed flask equipped with a magnetic stirring bar;
0.78 g (6.0 mmol) of thiazol-5-ylmethanethiol and 1.68 mL (6.6 mol, 1.1 equivalent) of
boron trifluoride diethyl etherate were added to the mixture and the reaction proceeded
under reflux until total expenditure of the starting alcohol and mercaptan, as monitored
via thin-layer chromatography. The reaction mixture was poured into a 500 mL Erlenmeyer
flask equipped with a magnetic stirring bar and containing ice and around 150 mL of water.
Acetic acid was neutralized with gradual addition of 28 g of NaHCQOj; powder, the mixture
was transferred to a 500 mL separation funnel and the product was extracted 3 x with
100 mL portions of ethyl acetate. The extracts were pooled, washed in sequence with
100 mL of 5% NaHCOs and with 100 mL of brine, dried over anhydrous Naz50y, filtered
and condensed under reduced pressure to yield a crude oily mixture which was purified by
column chromatography on silica gel (2 to 1 mixture of petroleum ether and ethyl acetate
was used as the mobile phase) to afford 1.92 g of the desired product, corresponding to an
88.64% vield (see also Schema 1).

6.3. 5.-(((B(3-chlorophenyl )methylsulphinyl)methyl)thinzole (8)

An amount of .64 g (1.8 mmol) of 7 was dissolved in 10 mL of acetic acid in a 100 mL
round-bottomed flask equipped with a magnetic stirring bar; 0.18 mL (1.8 mol) of 30% H>On
was introduced via a syringe and the reaction proceeded overnight at room temperature.
The reaction mixture was poured into a 500 mL Erlenmeyer flask equipped with a magnetic
stirring bar and containing ice and around 150 mL of water. Acetic acid was neutralized
with gradual addition of 14 g of pulverised NaHCO;, the mixture was transferred to a
500 mL separation funnel and the product was extracted 3 = with »x 100 mL portions of
ethyl acetate. The extracts were pooled, washed in sequence with 100 mL of 5% NaHCO,
and with 100 mL of brine, dried over anhydrous Na,;SQy, filtered and condensed under
reduced pressure to afford 0.66 g of the racemate of the desired product, which presented
as a single spot under thin-layer chromatography and was without further manipulation
resolved to individual enantiomers (see also Schema 1).

6.4. (5)-5-(((B(3-chlorophenyl)methyl)sulphinyl)methyl)thiazole (5)-MK-26 and
(R)-5-(((bis(3-chlorophenyl)methyl)sulphinyl)methyl)thiazole (9)

Compound 8 (see also Schema 1), was resolved to individual enantiomers on a Shi-
madzu 10AVP HPLC System (Shimadzu Corporation, Tokyo, Japan) equipped with Chiral-
pak IA semipreparative column (10 mm diameter x 20 cm length) (Chiral Technologies
Europe, France) using pure HPLC-grade ethyl acetate as the mobile phase and employing
stacked injection method, similar to one previously described [180]. This afforded 0.28 g
of the less retained enantiomer, (S)-MK-26, and 0.28 g of the more retained enantiomer,
(R)-MK-26 ((1) and (9) in Schema 1, respectively), corresponding to a total yield of 83.23%.

1. 'H NMR (500 MHz, CDCl;) & 8.88 (1H, s); 7.71 (1H, s); 7.41-7.27 (8H, m);
457 (1H, s); 4.17 (1H, d, sy = 14.45 Hz); 3.92 (1H, d, 2Jyn = 14.45 Hz). PC NMR
(125 MHz, CDCl3) &: 155.16 (CH); 144,29 (CH); 136.20 (C); 135.62 (C); 135.36 (C); 134.85 (C);
130.93 (CH); 130.14 (CH); 129.32 (CH); 129.29 (CH); 129.06 (CH); 128.67 (CH); 127.60 (CH);
126.70 (CH); 124.51 (C); 68.55 (CH); 46.96 (CH,). HRESIMS m/z: 381.9890 [M+H]* (calcu-
lated for Cy7H4,ClNOS;*, 381.9888, err. —0.4 ppm) and 403.9704 [M+Na]* (calculated for
Ci7H13ClLNNaOS;*, 403.9708, err. 1.0 ppm). Overall purity: 99.76%; ret. Time: 23.70 min;
Chiral purity: 99.53%; ret. time: 6.03 min.

9. 'H NMR (500 MHz, CDCls) 6: 8.88 (1H, s); 7.71 (1H, s); 7.41-7.27 (8H, m);
4.57 (1H, s); 4.17 (1H, d, 2y = 14.45 Hz); 3.92 (1H, d, ¥y = 1445 Hz). 13C NMR
(125 MHz, CDCly) &: 155.16 (CH); 144.29 (CH); 136.20 (C); 135.62 (C); 135.36 (C); 134.85 (C);
130.93 (CH); 130.14 (CH); 129.32 (CH); 129.29 (CH); 129.06 (CH); 128.67 (CH); 127.60 (CH);
126.70 (CH); 124.51 (C); 68.55 (CH); 46.96 (CH,). HRESIMS m/z: 381.9889 [M+H]* (calcu-
lated for C17H14CLLNOS;*, 381.9888, err. —0.2 ppm) and 403.9702 [M+Na]* (calculated for
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Cy7H 3 ClNNaOS,*, 403.9708, err. 1.6 ppm). Overall purity: 99.89%; ret. time: 23.72 min;
Chiral purity: 99.50%; ret. time of 9.54 min.

Enantioselective synthesis of 1. An amount of 0.924 g (2.5 mmol) of 7 was dissolved
in 10 mL of HPLC-grade acetone (Sigma-Aldrich) in a 100 mL round-bottomed flask
equipped with a magnetic stirring bar. A total of 0.26 mL (1.5 mmol, 0.6 equivalent) of
(+)-diisopropyl L-tartrate was added to the mixture via a syringe, followed by 0.22 mL
(0.75 mmol, 0.3 equivalent) of titanium (IV) isopropoxide. After 5 min of stirring, 6.75 uL
(0.375 mmol, 0.15 equivalent) of distilled water was added, for a total ratio of alcoxide to
tartrate to water of 1:2:0.5. It is crucial that these three be introduced exactly in the specified
order. Two minutes after addition of water, the flask was connected to a reflux and the
reaction mixture refluxed for 1 h; following this, the mixture was given 10 min to cool
down to room temperature, 90 uL (5 mmol, 0.2 equivalent) of N,N-diisopropylethylamine
was added and after 10 min of stirring the flask was equipped with a dropping funnel
through which 0.51 mL (2.5 mmol, 1 equivalent) of cumene hydroperoxide dissolved in
5 mL of HPLC-grade acetone was introduced over 20 min. The reaction ran for a total
of 3 h, until the complete expenditure of the starting thiol, as monitored via thin-layer
chromatography. An amount of 15 mL of water was added to the reaction mixture, which
was stirred for 20 min to cause precipitation of titanate species, and was filtered through a
layer of celite on a Hirsch funnel connected to a vacuum pump. The celite cake was washed
with 35 mL portions of acetone and the collected filtrate was condensed under reduced
pressure to a brown oily residue, which was dissolved in 75 mL of dichloromethane in a
500 mL Erlenmeyer flask equipped with a magnetic stirring bar. A total of 7S mL of 1 to
1 mixture of brine and 1 M NaOH was added to the organic solution and stirred vigorously
for 1 h to de-esterify residual diethyl tartrate. The mixture was transferred to a 250 mL
extraction funnel, the organic phase was isolated and the aquatic phase was treated with
3 additional 50 mL portions of dichloromethane. Organic extracts were pooled, washed in
sequence with 100 mL of 5% citric acid and with 100 mL of brine, dried over anhydrous
NaySQ,, filtered and condensed under reduced pressure to afford 0.80 g of the colorless
viscous oily desired product, corresponding to an 83.7% yield.

Asymmetrically synthesized 1. 'H NMR (500 MHz, CDCl;) 8: 8.83 (1H, s); 7.66 (1H, s);
7.36-7.23 (8H, m); 4.53 (1H, s); 4.13 (1H, d, ?Jyp1 = 14.45 Hz); 3.88 (1H, d, Y31 = 14.45 Hz).
13C NMR (125 MHz, CDCl3) &: 155.12 (CH); 144,28 (CH); 136.19 ©; 135.58 (C); 135.35 (C);
134.81 (C); 130.90 (CH); 130.12 (CH); 129.26 (CH); 129.30 (CH); 129.03 (CH); 128.64 (CH);
127.58 (CH); 126.68 (CH); 124.49 (C); 68.51 (CH); 46.95 (CH,). HRESIMS m/z: 381.9885 [M+H]*
(calculated for Cy7H14ClNOS;*, 381.9888, err. 1.0 ppm) and 403.9702 [M+Na]* (calcu-
lated for C17H13Cl:NnaQS;*, 403.9708, err. 1.4 ppm). Overall purity: 99.78%; ret. Time:
23.70 min; Chiral purity: 96.43%; ret. Time: 10.27 min.

6.5. Determination of Abselute Configuration

This part of the work was outsourced to BioTools Inc. (Jupiter, Florida, FL, USA).
Absolute configuration of single enantiomers 1 and 9 (see Schema 1) was determined via
comparison of their respective measured and predicted VCD spectra. For detail, please
refer to the Supplementary Materials.

6.6. Uptake Inhibition Assays

Human embryonic kidney 293 cells (HEK293 cells) were cultivated in Dulbecco’s
Modified Eagle Medium (DMEM), containing 10% heat-inactivated fetal calf serum (FCS;
100 mL/L), streptomycin (100 pg/100 mL) and penicillin (100 U x HEK293). Geneticin
(50 pg/mL) was added to select cells stably expressing the human isoforms of dopamine,
norepinephrine and serotonin transporter (hDAT, hNET, and hSERT, respectively) as de-
scribed earlier [181,182]. Cell lines were maintained in culture in humidified atmosphere
(37 °C, 5% C0O»2), and passaged when reached 80-90% confluency. Cells expressing the
desired transporter were seeded the day before the experiment (40,000 cells per well) or
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two days before the experiments (20,000 cells per well) onto poly-D-lysine (PDL)-coated
96-well plates.

Uptake inhibition experiments were carried out as reported previously [144]. Ninety-
six-well plates containing hDAT-, hNET- or hSERT-expressing cells were washed with
Krebs-HEPES buffer (KHB; 25 mM HEPES, 120 mM NaCl, 5 mM KCl, 1.2 mM CaCl,,
and 1.2 mM MgS0y, and 5 mM D-glucose, pH = 7.3). Cells were then preincubated with
increasing concentrations of the compound diluted in KHB for 6 min. Following the pre-
incubation of the cells with the compound, the tritiated substrate (hDAT: 0.15 uM [FHIDA;
hNET: 0.05 uM [*H]JMPP*; hSERT: 0.1 uM [*H]5-HT) was added to the wells. The uptake
was terminated by removal of tritiated substrate and by washing the cells with ice-cold KHB
after 1 min (for hDAT and hSERT) or 3 min (for hNET). Thereafter, 200 uL of Ultima Gold™
XR scintillation cocktail (PerkinElmer, MA, USA) was added, the plates were shaken and
the radioactivity accumulated into the cells determined in a Wal-lac 1450 MicroBeta TriLux
Liquid Scintillation Counter & Lumi (GMI, Ramsey, MN, USA). Non- specific tritiated
substrate uptake was measured in the presence of 100 uM cocaine (for hDAT and hNET) or
10 uM paroxetine (for hSERT), and subtracted from the data. Uptake in the presence of test
drugs was normalized to the uptake in the presence of the vehicle.

6.7. hDAT, hNET and hSERT Binding Assays
Binding affinity to the hDAT, hNET and hSERT expressed in CHO cells was evaluated

in in vitro radioligand binding assays. Binding assays were conducted according to the
standard and validated protocols under conditions defined by the contractor (Eurofins
Cerep SA, Celle-'Evescault, France; study number 100054410). Antagonist radioligand
assays were conducted for the human norepinephrine, the human dopamine, and the
serotonin transporters (using CHO cells), using [*H]nisoxetine (1 nM), [*H]BTCP (4 nM),
and [*Hlimipramine (2 nM) as ligands and desipramine (1 uM), BTCP (10 uM), and
imipramine (10 uM) as non-specific agents, respectively (with scintillation counting as
detection method).

6.8. Plasma and Brain Compound Levels and Pharmacokinetic Parameters

The bioavailability of (5)-MK-26 after intraperitoneal (i.p.) administration in male
Sprague-Dawley rats (260-351 g) was outsourced to Evotec (Toulouse CEDEX, France,
Study Number VDD10431). (5)-MK-26 at dose of 10 mg/kg of body weight was i.p.
administered and blood samples and brains were collected at 0.083, 0.25, 0.5, 1, 3, 7, 10,
and 24 h post-administration (3 rats per time point). Plasma and brain levels of (5)-MK-26
were measured by LC-MS by a standard validated protocol defined by the contractor,
and the pharmacokinetic parameters were calculated from individual concentrations by
WinNonLin7.0 (Phoenix64), a non-compartmental model. No adverse effects were observed
during the study.

6.9. In Vivo Microdialysis

Male Sprague Dawley rats (250-350 g, Janvier, France) were used for all in vivo micro-
dialysis experiments. Animals were kept in groups of four in standard cages
(38 cm x 60 cm x 20 cm) and were acclimated to the facility for at least ten days before
the beginning of the experiment under controlled environmental conditions (22 + 2 °C,
60% humidity, 12 h light /dark cycle, with lights on from 08:00 to 20:00 h), with water and
standard laboratory food provided ad libitum. To limit the stress due to manipulation dur-
ing the experiments, each animal was daily handled for approximately 1-2 min throughout
the habituation period and contact with the animal house maintenance personnel was
limited to a single attendant. The bedding in the home cages was never changed, neither
the day before nor the day of the experiment. All experiments were performed between
10:00-18:00 h. (S)-MK-26 (1 or 10 mg/kg) or vehicle (Kolliphor 30% in distilled water)
were freshly prepared on the day of the experiment and i.p. administered at a volume
of 1.5 mL/kg. The day before the microdialysis experiment, rats were positioned in a
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stereotaxic apparatus (Stoelting Co., Wood Dale, IL, USA) and under isoflurane anaesthesia
(1.5-2%) (Harvard Apparatus, Holliston, MA, USA) implanted with a vertical microdial-
ysis probe. A probe with dialysis membrane of approximately 2-3 mm of free surface
(prepared as previously described [183,184]) was directed unilaterally at the mPFC (PrL
and IL; coordinates: 3.0 mm anterior and 0.7 mm lateral to bregma, and 5.5 mm ventral to
dura), at the NAc shell (coordinates: 2.0 mm anterior and 0.8 mm lateral to bregma, and
8.0 mm ventral to dura) or NAc core (coordinates: 1.6 mun anterior and 1.6 mm lateral
to bregma, and 7.6 mm ventral to dura), according to the rat brain atlas [45]. On the
day of the experiment, the animals were transferred to a sound-proof room and after 1 h
habituation period, the microdialysis probe was connected with polyethylene tubing to a
CMA /100 microinfusion pump (Harvard Apparatus, Holliston, MA, USA) and perfused
with a Ringer’s solution (147 mM NaCl, 3 mM KCl and 1.2 mM CaCl,, pH 6.5) at a flow
rate of 2.5 puL/min. After an equilibration period of a 2 h of the perfusion medium with
the extracellular fluid, dialysate aliquots of 37.5 uL were collected (every 15 min during
the experiment) in polyethylene tubes kept on ice for the determination of dopamine
concentrations. After collecting at least four dialysate aliquots, rats were i.p. injected with
vehicle or (5)-MK-26 (1 or 10 mg/kg), and ten more dialysate aliquots were collected every
15 min. Dopamine concentrations in the dialysates from the NAc (core and shell) and mPFC
were measured by high pressure liquid chromatography (HPLC)on a 7.5 cm » 3.0 mmi.d.,
Supelcosil C18, 3 um particle size column, (Supelco, Supelchem, Milan, Italy) coupled to
electrochemical detection (Coulochem II, ESA, Cambridge, MA, USA) using a 4011 dual
cell, as previously described [183,184]. Detection was performed in reduction mode, with
potentials set to +350 and —180 mV. The mobile phase was 0.06 M citrate /acetate pH 4.2,
containing methanol 20% v/v, 0.1 mM EDTA, 1 uM triethylamine, and 0.03 mM sodium
dodecyl sulphate at a flow rate of 0.6 mL/min. The sensitivity of the assay was 0.125 pg.
At the end of the experiments, the rats were sacrificed by decapitation; the brains were im-
mediately removed from the skull and stored in 4% aqueous formaldehyde for 12-15 days.
After this period, 40 pm coronal brain sections were prepared with a freezing microtome,
stained with Neutral Red and inspected on a phase contrast microscope. The position of the
tip of the microdialysis probe in the N Ac (core and shell) and mPFC were then corroborated
by following the tract of the microdialysis probe through a series of brain sections. Only
rats with the active part of the dialyzing membrane positioned correctly in the NAc (core
and shell) and mPFC were considered for the statistical evaluation of the results.

6.10. Hippocampal Slice Preparation and Electrophysiology

All electrophysiological experiments were conducted post mortem. Hippocampal
slices (n = 12 animals/ group) were prepared 1 h after the pharmacological treatments (ani-
mal experiments conducted under BMBWF-66.009/235/V /3b /2018 regulations). Animals
underwent a brief sedative exposure to low COs inhalation and were immediately after-
wards euthanized using a sharp-blade guillotining (DCAP-M, World Precision Instruments,
Inc., Sarasota, FL, USA). The brains were removed and transferred to an ice-cold artificial
Cerebrospinal Fluid (aC5F) solution containing (in mM): 125 NaCl, 2.5 KCl, 20 NaHCOs,
2.5 CaCly, 1 MgCls, 25 D-glucose, 1 NaH; POy (pH 7.4). Hippocampi were extracted and
cut transversally with a tissue chopper (Mcllwain TC752, Campden Instruments LTD.,
Loughborough, England) to obtain 400 pm-thick slices. Before electrophysiological assays,
the slices rested for at least 1 h in a submerged recovery chamber (filled with aCSF) placed
in a water bath with the temperature set at 30 “C. The aCSF solution was bubbled with a
carbogen gas mixture (95% medical O, + 5% medical CO,).

Slice recordings were carried out in a submerged chamber receiving 3—4 mL /min of
carbogenated aCSF (30 £ 2 °C). Field excitatory postsynaptic potentials (fEPSPs) were
recorded using glass pipettes made of pulled capillary-glass obtained from Harvard Ap-
paratus (Harvard Apparatus, GmbH; Hugo Sachs Elektronik, Germany). Evoked fEPSPs
were recorded at the CA1 stratum-radiatum layer after electrically stimulating the collateral
projections of Schaffer coming from the CA3 region as previously reported [56,185]. For the
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recordings, the hippocampi were divided into four major sections along the septo-temporal
axis, taking its anatomical transversal middle as the absolute center, and slices within
the approximately 30-40% section from the nominal center towards the ventral region
(longitudinally) were selected for recordings; a region that has been previously showing
to display robust LTP responses [1586,187] and that receives inputs from dopaminergic
neurons projecting from the locus coeruleous and ventral tegmental areas [188]. Recording
pipettes were pulled with a P-87 horizontal puller (Sutter Instrument, Novato, CA) and
filled with aCSF (series resistances were of 3 = 1 M(1). fEPSPs were evoked by delivering
square biphasic steps of electrical pulses via bipolar electrodes made of Teflon-coated
tungsten wire isolated to the tip (~50 um diameter tip). An ISO-STIM 01D stimulator (NP1
Electronics, Tamm, Germany) was used to provide electrical stimulation. Basal synap-
tic transmission was assessed by the generation of input/output (1/0) curves, resulting
from the plotting of the field slope values (output; normalized to maximum) against the
presented electrical stimulus intensity (input voltage). Input voltages consisted of increas-
ing square pulses of electrical stimulation of 200 ps (0-9 V pulses were given with 1V
increments and 15 s inter-pulse intervals). LTP was induced by applying 5 stimulation
bursts (each consisting of 10 electrical pulses delivered 100 Hz (200 ps/pulse)) with 500 ms
intervals (see also [54-56,189,190]). I/O curves and LTF measurements were examined
using voltage stimulation intensities that elicited 40-50% of the maximum evoked field
amplitude (with no changes in that 40-50% stimulus intensity introduced for LTP-inducing
high frequency stimulation (HFS)). LTP was determined from the temporal progression of
the fEPSP slope values (decaying phase) after LTP induction, normalized to the averaged
slope values obtained before LTP-induction (base line values). The data for LTP from all
slices were averaged for each animal (2-5 slices per rat were measured and averaged to
yield one single value per animal). Recordings were obtained using a SEC-10L amplifier
(NP1 electronics, Tamm Germany) via an LIH-8+8 interface (HEKA Elektronik, Germany)
and using the PATCHMASTER and the FITMASTER software packages (both from HEKA
Elektronik, Germany) for the acquisition and the analysis of data, respectively.

6.11. Open Field

Animals were habituated to the experimental room twenty-four hours prior to the
start of the experiment. The open field consisted of a black wooden board (1.20 m > 1.20 m)
surrounded by white wooden walls (50 cm in height); light was adjusted to 150 lux. Each
animal was placed in the middle of the open-field arena (animal experiments conducted
under BMBWF-66.009/235/V /3b/2018 regulations) and behavior was recorded for 10 min.
Data analysis was performed using the AnyMaze software (Stoelting Co., IL, USA). The test
consisted of one habituation session on the first day and one test session on the following
day. Each animal received (5)-MK-26 at 10, 20, 0 and 1 mg/kg of body weight with wash-out
period of nine days between each treatment.

6.12. Hole-Board Test

In order to examine the effect of (5)-MK-26 on hippocampus-dependent spatial ref-
erence memory, we used the standardized hole-board test [47,191] (animal experiments
conducted under BMBWF-66.009/235/V /3b /2018 regulations) following published pro-
cedures [47,191-193] with minor modifications. In brief, food restriction and controlled
body weight loss with it (until steadily reaching 85% of the average body weight sus-
tained during ad libitum feeding) was initially imposed for this experimental study as
cognitive/behavioral incentive. A black plastic hole-board maze (1 m? base) with 16 sym-
metrically distributed holes located at the floor (7 cm in diameter and depth) and walls
enriched with spatial cues was used (See Figure 4). Accessory distal cues were also visible
in the walls of the experimental room. Dustless precision food pellets (45 mg, Bioserv®,
Flemington, NJ, USA) were placed as motivational baits in four randomly designated holes,
unchanged throughout the test. Several inaccessible pellets were also placed all across the
entire area immediately below all the holes of the board maze in order to induce a uniform
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distribution of the food smell and thus preventing the acute orientating response of the
sense of smell from prevailing over the evocation of spatial memories associated with the
location of accessible food. Animals were allowed to familiarize to the experimental room
and handled by the same experimenter during 15 min/day for 3 days in order to get them
familiarized to human interaction. Animals went next throughout a 3-day habituation
phase. For this, they were allowed to explore—and familiarize with—the maze environ-
ment (15 min/day; the first habituation day, a number of 10 food pellets were distributed
outside the holes; for the second and third habituation days, all holes were filled with food
pellets). On the third day of the board habituation phase, animals from the experimental
group received the first (S)-MK-26 treatment, whereas the controls just received the Kol-
liphor vehicle. During the learning acquisition and memory retention phases, the animals
were exposed for four days to different sessions as follows: Day-1 (5 learning sessions; with
a first trial of 4 min followed by four trials of 2 min; time intervals between trials were
30 min between 1&2 and 20 min between the following ones); Day-2 (4 learning sessions;
with all trials lasting 2 min and 20 min between trials); Day-3 (3 learning sessions; with
all trials lasting 2 min and 20 min between trials); Day-4 (1 session). Animals were i.p.
injected once every day with either vehicle or (5)-MK-26 (see also Animals and Pharma-
cological Treatments) 30 min before the learning sessions. The entire hole-board maze
was cleaned and disinfected (with 1% Incidin) after every session to eliminate remaining
secretions, excretions and other possible odor cues from the previous animal that could
alter the subsequent behavioral examinations. The behavioral experiments were conducted
in a noise-isolated room; all sessions were monitored by a distal overhead conventional
digital camera and behavioral data digitalized using the ANY-Maze video tracking system
(Stoelting Europe, 8-Terenure Place, Terenure, Dublin, DeW Y006, [reland). Spatial memory
performance was assessed from the number of errors made by the animal, that is, the
number of times the animals visit unbaited holes (reference memory). A reference memory
index (RMI) was estimated from: (the number of total visits to baited holes/the number
of total visits to all available holes). Thus, from these measurements, an RMI value of “1”
would constitute quantifiable indicator of optimal reference memory, with a performance
without empty-hole visiting mistakes. Rats with fewer than 52-hole entries in total over
the thirteen trials were excluded from the analysis. Based on this criterium, two animals
from the vehicle group and one animal from (5)-MK-26 group were removed from the
analysis. All behavioral training/testing was performed during the light phase of the
light—dark cycle.

6.13. Effort-Based Choice Behavior Procedures

Pharmacological agents: (5)-MK-26 was obtained from the Lubec Laboratory (Uni-
versity of Vienna, Austria) and dissolved in dimethyl sulfoxide (DMSQ) (10%), Tween
80 (15%), and 0.9% saline (75%). The DMSO/Tween 80/ saline mixture was administered
as the vehicle control. The dose range was selected as 3.75-45.0 mg/kg based on its DAT
affinity and pilot studies. It was administered 30 min before testing. TBZ (9,10-dimethoxy3-
(2-methylpropyl)-1,3,4,6,7, 11b hexahydrobenzo[a]quinolizin2-one) was obtained from
Tocris Bioscience (Ellisville, MO) and was dissolved in DMSO (20%) and 0.9% saline (80%)
and was titrated with 1.0 N HCI until the drug was dissolved at a pH of 4.04.5. The
DMS0/saline solution with equal amounts of HCl was administered as the vehicle control.
The selected dose was 1.0mg/kg based on the previous research from our laboratory. It
was administered 120 min prior to testing.

FR5/chow feeding choice task: A total of 8 adult male Sprague Dawley rats (Envigo
Sprague Dawley, Indianapolis, IN, USA; weights 275-299 g upon arrival) were pair-housed
in a colony maintained at 23 °C, with a 12 h light/dark cycle (lights on 07:00). Rats were
food deprived to 85% of their free-feeding body weight with modest growth throughout
the experiment and water was available ad libitum in their home cages. All the animal
protocols were approved by the University of Connecticut Institutional Animal Care and
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Use Committee, and the experiments were completed according to National Institutes of
Health guidelines.

Behavioral sessions were conducted in operant chambers (28 x 23 x 23 cm’: Med
Associates, Fairfax, VT, USA) with 30 min sessions 5 days/week. Rats were initially trained
to lever press on magazine training for 3 days, followed by an FR1 schedule for 3 days (high-
carbohydrate 45-mg pellets, Bio-Serv, Frenchtown, NJ, USA), and then moved to the FR5
schedule. After 5 weeks of training on the FR5 schedule, lab chow was introduced as the
concurrently available choice food (Laboratory Diet, 5P00 Prolab RMH 3000, Purina Mills,
St. Louis, MO, USA; typically 15-20 g). At the end of each session, rats were immediately
removed from the chambers. The number of lever pressing was recorded and the amount
of consumed chow was calculated by weighing the remaining food, including spillage.
Rats were trained on the FR5/chow feeding choice task for 5 weeks, after which drug
testing began.

To test the effects of (5)}-MK-26 on FR5/Chow feeding choice task, trained rats were
administered either with TBZ (1.0 mg/kg) or vehicle 120 min before testing, and (5}-MK-26
also with doses of 15.0, 30.0, 45.0 mg/kg or vehicle 30 min before testing, via intraperitoneal
(IP) injections on drug testing days. A repeated-measures design was utilized where each
rat received each drug treatment in a randomly varied order, once per week. The following
five treatment combinations were given: TBZ vehicle + (5)-MK-26 vehicle; 1.0 mg/kg TBZ
+ (5)-MK-26 vehicle; 1.0 mg/kg TBZ + 15.0 mg /kg (5)}-MK-26; 1.0 mg/kg TBZ + 30.0 mg/kg
(5)-MK-26; 1.0 mg/kg TBZ + 45.0 mg/kg (5)-MK-26. Next, to see if the effects of lower
doses, the following four treatment combinations were given in a repeated measure design:
TBZ vehicle + (5)-MK-26 vehicle; 1.0 mg/kg TBZ + (S)-MK-26 vehicle; 1.0 mg/kg TBZ
+3.75 mg/kg (5)-MK-26; 1.0 mg/kg TBZ + 7.5 mg/kg (5)-MK-26.

PROG /chow feeding choice task: A total of 15 adult male Sprague Dawley rats (Envigo
Sprague Dawley, Indianapolis, IN, USA; weights 275-299 g upon arrival) were pair-housed
in a colony maintained at 23 °C, with a 12 h light/dark cycle (lights on 07:00). Rats were
food deprived to 85% of their free-feeding body weight with modest growth throughout
the experiment and water was available ad libitum in their home cages. All the animal
protocols were approved by the University of Connecticut Institutional Animal Care and
Use Committee, and the experiments were completed according to National Institutes of
Health guidelines.

Behavioral sessions were conducted in operant chambers (28 x 23 x 23 cm?; Med
Associates, Fairfax, VT) with 30 min sessions 5 days/week. Rats were initially trained to
lever press on magazine training for 3 days, followed by an FR1 schedule for 3 days (high-
carbohydrate 45-mg pellets, Bio-Serv, Frenchtown, NJ, USA), and then moved to the PROG
schedule [137,138]. During PROG sessions, the ratio started at FR1 and was increased by
one additional response every time 15 reinforcements were obtained (FR1 = 15, FR2 x 15,
etc.). If 2 min have passed without completing a ratio, a “time-out” feature deactivated
the response lever for the rest of the session. After 9 weeks of training on the PROG
schedule, lab chow was introduced as the concurrently available choice food (Laboratory
Diet, 5P00 Prolab RMH 3000, Purina Mills, St. Louis, MO, USA; typically, 15-20 g). At
the end of each session, rats were immediately removed from the chambers. The number
of lever pressing was recorded and the amount of consumed chow was calculated by
weighing the remaining food, including spillage. Rats were trained on the PROG/chow
feeding choice task for 5 weeks, after which drug testing began.

Animals were trained in PROG/Chow Feeding Choice Task was utilized to test the
effect of (5)-MK-26 on the PROG/chow feeding choice task when administered alone
using a repeated measure design. Rats were administered either vehicle or 15.0, 30.0, or
45.0 mg /kg doses of (5)-MK-26, 30 min before testing, via IP injections on drug testing days.
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6.14. Statistical Analysis

GraphPad Prism (GraphPad Software, San Diego, CA, USA), 5PSS Statistics v28
(IBM), and STATISTICA 12 (Statsoft; Tulsa, OK, USA) software packages were used for
the statistical analysis. To analyze the effort-based choice behavior procedures, the total
number of lever presses and chow intake from the 30 min sessions were evaluated using
repeated-measures ANOVA. For all the significant overall F values, nonorthogonal planned
comparisons were performed, using the overall error term to assess differences between
each treatment and the vehicle condition. The number of comparisons was limited to
the number of treatments minus one ([194]). If the lever presses or chow intake were
not normally distributed according to the Shapiro-Wilk Normality test, a non-parametric
test for related samples, Friedman's two-way analysis of variance by ranks, was utilized.
Data from ex vivo electrophysiology were analyzed by a two-way ANOVA with repeated-
measures (RM) followed by Sidak post hoc test. For in vivo microdialysis studies, statistical
analyses were performed with two-way RM-ANOVAs using treatment as the between-
subjects factor and time (i.e., dialysate fractions) as the within-subjects factor. Before
performing ANOVA, raw data were percent transformed (with 100% as the average of
the last four dopamine basal values before treatment) and data sets inspected for normal
distribution with the Shapiro-Wilk’s test and for homogeneity of variances among the
experimental groups with the Levene's test. When significant differences in the variances
of a data set were found, data were analyzed with ANOVAs and Geisser-Greenhouse
correction. Moreover, an overall analysis of dopamine concentration data obtained from
each rat during the microdialysis experiment was conducted by calculating the area under
the curve (AUC) obtained by plotting the values of the concentrations of dopamine vs. time
with the classical trapezoidal rule and then comparing the obtained values by two-way
ANOVA with the treatment and brain area as between-subjects factors. When ANOVA
revealed statistically significant main effects or interactions, pairwise comparisons were
performed by using Bonferroni’s corrected paired f tests or the Tukey’s multicomparison
test, respectively. Statistical analyses were carried out with the software STATISTICA
12 (Statsoft; Tulsa, OK, USA) with the significance level set at p < 0.05. For the hole-
board maze test, RMIs were assessed separately each day as they inform about different
phases of the learning task. Day-1 and Day-2 and Day-3 were examined by two-way
repeated-measures ANOVA followed by Sidak's test with multiple comparisons; Day-4
was evaluated by unpaired | test for two groups comparisons. Data are presented as
Means + standard error of the mean (SEM).

7. Conclusions

Here, we report the synthesis and pharmacological characterization of (S)-MK-26,
a novel modafinil analogue with improved selectivity and increased inhibitory potency to
DAT. In experiments using rats as the animal model, acute (5)-MK-26 treatment significantly
increased synaptic plasticity and enhanced the transsynaptic levels of DA in both the
prefrontal cortex and nucleus accumbens. Additionally, (5)-MK-26 reversed the effort-
related motivational dysfunctions induced by TBZ treatment and increased the selection of
high-effort choices. The capability of (S)-MK-26 to restore motivational deficiencies that
resemble those typical of depression and other neurological disorders in humans suggests
its potential for therapeutic use in the experimental and applied biomedical research fields.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390,/biom12070881 /51, 'H, *C and 2D NMR spectra (Page 2-62),
high-resolution mass spectrometry data (Page 63-70), HPLC-determined purity data (Page 71-76),
VCD report (Page 77-85), binding study (Page 86-97), and molecular formula strings (uploaded as
C5V file).
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