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Abstract
Charles University

Faculty of Pharmacy in Hradec Kréalové
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Supervisor: Assoc. Prof. PharmDr. Jaroslav Roh, Ph.D.
Specialized supervisors: Nicolas Pietrancosta, Ph.D.
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Title: Preparation and Evaluation of New Ligands Targeting Organic Cation Transporters in

the Central Nervous System for the Treatment of Depression

Brain organic cation transporters (OCT2, OCT3) are polyspecific facilitated diffusion
transporters that regulate aminergic tonus and have a complementary role to high-affinity
monoamine transporters (serotonine transporter SERT, noradrenaline transporter NET and
dopamine transporter DAT) in monoamine clearance in the brain. Their complementary
characteristics compared to the high-affinity transporters (widespread distribution, broader
pharmacological profile) and their involvement in mood-related functions make brain OCT
relevant and original targets for the development of novel antidepressants.

H2-cyanome is a newly developed prodrug of cyanome that targets OCT. This prodrug
showed promising antidepressant efficacy in a rodent model of chronic depression. Despite
the positive impact of this prodrug on antidepressant efficacy, its limitation is its high affinity
for a1 adrenergic receptors that may confer potential cardiovascular side effects. The aim of
this project was therefore to prepare designed hybrid derivative of cyanome and its analogues
that would overcome the above-mentioned disadvantage while maintaining selectivity to
brain OCT and antidepressant efficacy.

Interaction of two novel designed and synthesized compounds with brain OCT were
predicted via molecular docking and scoring in BIOVIA Discovery Studio software using
previously generated homology models of OCT2, OCT3 and o adrenoreceptors. TLC, NMR
spectroscopy, MS and HRMS analysis were used for characterization of prepared compounds.
One of these compounds was assessed for potential toxic effects in cell viability assays using
a colorimetric CCK-8 assay, flow cytometry and a trypan blue exclusion test, and its

antidepressant-like efficacy was evaluated in the forced swim test (FST) in mice.



The predicted virtual affinities of the designed and synthesized compounds showed
high selectivity to OCT3 and ac adrenoreceptors and lack of binding at a1 adrenoreceptors.
The viability assays revealed some toxicity on the cell lines HEK-293T and CHO-K1. Gradual
dose escalation, up to 3 mg/kg (i.p.) over four days in test mice showed no lethal toxicity.
Acute administration of this compound at 0.2 mg/kg showed significant antidepressant-like
effect in the FST, a classical test for antidepressant activity. It therefore appears to be a very
promising compounds for further testing in a rodent model of chronic depression. In terms of
predicted affinities, the second molecule as well appears suitable for chemical synthesis and

further evaluation.



Abstrakt
Univerzita Karlova
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Student: Andrea Monteiro
Skolitel: doc. PharmDr. Jaroslav Roh, Ph.D.
Skolitelé-specialisti: Nicolas Pietrancosta, Ph.D.

Sophie Gautron, Ph.D.
Nazev: Pfiprava a hodnoceni novych ligandli transportérd organickych kationt( v centralnim

nervovém systému pro lé¢bu deprese

Transportéry organickych kationtd v mozku (OCT2, OCT3) jsou polyspecifické
prenasece, které zajistuji facilitovanou difuzi, reguluji aminergni tonus a maji komplementarni
roli k vysokoafinitnim monoaminovym transportériim (serotoninovy transportér SERT,
noradrenalinovy transportér NET a dopaminovy transportér DAT) pfi zpétném vychytavani
monoaminl v mozku. Jejich komplementarni charakteristika ve srovnani s vysokoafinitnimi
transportéry (rozsifena distribuce, SirsSi farmakologicky profil) a jejich zapojeni do funkci
souvisejicich s naladou cini z OCT v mozku relevantni a originalni cile pro vyvoj novych
antidepresiv.

Nové vyvinuty H2-cyanome je prekurzor cyanomu, ktery cili na OCT. Toto prolécivo
vykazovalo slibnou antidepresivni G¢innost v mysSim modelu chronické deprese. Limitaci v uziti
tohoto proléciva je jeho vysoka afinita k o1 adrenergnim receptorlim, coz mlze mit za
nasledek kardiovaskularni nezddouci ucinky. Cilem tohoto projektu bylo proto pfipravit
navrzeny hybridni derivdt cyanomu a jeho analoga, kterd by prekonala vySe uvedenou
nevyhodu, se zachovalou selektivitou k OCT v mozku a zachovalou antidepresivni Gcinnosti.

Interakce dvou nové navrzenych sloucenin s OCT v mozku byla predikovana pomoci
molekulového dockingu a skérovani v softwaru BIOVIA Discovery Studio s pouzitim jiz dfive
vytvorenych modelll OCT2, OCT3 a a adrenoreceptord pomoci homologniho modelovani. K
charakterizaci pfipravenych slouéenin byla pouzita TLC, NMR spektroskopie, MS a HRMS
analyza. U jedné z pfipravenych latek bylo sledovano ovlivnéni viability vybranych bunécénych

linii pomoci kolorimetrického testu CCK-8, pritokové cytometrie a testu vylu¢ovani trypanové



modfFi. U¢innost podobajici se antidepresiviim byla hodnocena v testu nuceného plavani (FST)
u mysi.

Predikce virtualni afinity navrzenych sloucenin ukazala vysokou selektivitu k OCT3 a a.xc
a zdroven Zadnou interakci s a1 adrenoreceptory. Viabilitni testy odhalily urcitou toxicitu na
bunécnych liniich HEK-293T a CHO-K1. Postupné zvySovani davky aZ po davku 3 mg/kg (i.p.)
po dobu ¢tyf dnl u testovanych mysi nevykazovalo Zadnou letdlni toxicitu. Akutni podavani
testované slouceniny v davce 0,2 mg/kg ukazalo vyznamny ucinek podobny antidepresivim v
FST, ktery je klasickym testem pro hodnoceni antidepresivni aktivity slouc¢enin. Mohlo by se
tedy jednat o velmi slibnou slouceninu pro dalsi testovani na mySim modelu chronické
deprese. | druha sloucenina testovana v molekulovém dokovani se jevi jako vhodnd pro

chemickou syntézu a dal$i hodnoceni.
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1 List of abbreviations

5-HT Serotonin

ACTH Adrenocorticotropic hormone

AMPA a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
AR Adrenoreceptors

BBB Blood-brain barrier

CCK Cell counting kit

CDSs Chemical delivery systems

CHO Chinese hamster ovary (cell line)

CNS Central nervous system

COMT Catechol-O-methyl transferase

CRF Corticotropin-releasing factor

D22 Decynium 22

D24 Disprocynium 24

DA Dopamine

DAT Dopamine transporter

DMEM Dulbecco’s modified Eagle’s medium
DMSO Dimethyl sulfoxide

DNA Deoxyribonucleic acid

DPBS Dulbecco’s phosphate-buffered saline
EDTA Ethylenediaminetetraacetic acid

EMA European Medicine Agency

FBS Fetal bovine serum

FSC Forward scatter light

FST Forced swim test

GABA v-aminobutyric acid

H-bond Hydrogen bond

HBSS Hank's balanced salt solution

HEK Human embryonic kidney (cell line)
Hela Human cervix adenocarcinoma (cell line)
His-Pro Histidyl-proline

hOCT Human OCT

HPA Hypothalamic-pituitary-adrenocortical (axis)
ICso Half-maximal inhibitory concentration
ICD International classification of diseases
KO Knock-out

LBM Laboratory of biomolecules

L-DOPA Levodopa

MAOIs Monoamine oxidase inhibitors

MFS Major facilitator superfamily

mGlu2/3 Metabotropic glutamate receptors
MPP 1-methyl-4-phenylpyridinium

mRNA Messenger ribonucleic acid
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MS Mass spectrometry

NAD(P)* Nicotinamide adenine dinucleotide (phosphate)
NAD(P)H Reduced nicotinamide adenine dinucleotide (phosphate)
NaSSAs Noradrenergic and specific serotonergic antidepressants
NDRIs Noradrenaline-dopamine reuptake inhibitors

NE Noradrenaline

NET Noradrenaline transporter

NMDA N-methyl-D-aspartate

NMDAR NMDA receptor

NMR Nuclear magnetic resonance

NRIs Noradrenaline reuptake inhibitors

NRTIs Nucleoside/nucleotide reverse transcriptase inhibitors
NSF Novelty-suppressed feeding

OCT Organic cation transporters

PMAT Plasma membrane monoamine transporter

PVN Paraventricular nucleus

SARIs Serotonin antagonist and reuptake inhibitors

SERT Serotonin transporter

SLC22 Organic solute carrier 22

SNRIs Serotonin and noradrenaline reuptake inhibitors

SSC Side scatter light

SSRI Selective serotonin reuptake inhibitor

TLC Thin-layer chromatography

TST Tail suspension test

VMAT Vesicular monoamine transporters

WST Water-soluble tetrazolium salt
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2 Introduction

This Diploma Thesis was processed as a part of the Erasmus+ programme 2020/2021
at Sorbonne University at the Laboratory of Biomolecules in cooperation with the
Neuroscience Paris-Seine. The team's research focuses on identifying novel processes
underlying the emergence of depression and the action of antidepressants, on a family of
atypical monoamine transporters in the brain and on developing new therapeutic strategies.
Within the intellectual property, some parts of this work are included in the Attachment

including the Aims described in more detail.

Among the above-mentioned atypical monoamine transporters are brain organic
cation transporters (OCT). In the theoretical part of this work, | first summarized some
knowledge about depression and OCT. The work then describes the preparation of new OCT

ligands and their evaluation.
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3 Aims of the work

The aim of this Diploma Thesis was to develop new compounds that are selective for
brain organic cation transporters (OCT) and do not interact with a1 adrenergic receptors.
These compounds are expected to have antidepressant effects through their interaction with

brain OCT.

The main tasks were:

e to synthesise new compounds and to characterize them by TLC, NMR spectroscopy,
MS and HRMS analysis;

e to predict binding affinities of synthesized and designed compounds with brain OCT
and o adrenergic receptors using grid-based molecular docking and scoring;

e to assess possible cytotoxic effects of chosen compounds on culture cell lines using
CCK-8 assay, flow cytometry and a trypan blue exclusion tests;

e to verify lack of toxicity in mice and to assess the antidepressant-like efficacy of chosen

compounds using the forced swim test

The aim of the theoretical section was to summarize the basic facts about depression
with a focus on its neurobiological bases and pharmacotherapy, as well as the basic facts about

OCT and their involvement in mood-related functions.
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4 Theoretical section

4.1 Depression

Depression is a serious mental disorder whose one of the main symptoms is a
persistent depressed mood. Major depressive disorder affects about 4.7% of the world
population with a significant gender gap (more affecting women) (Ferrari, Somerville et al.,
2013; James et al., 2018). Estimates indicate that 11 % of people experience at least one
depressive episode in their lifetime (Ferrari, Charlson et al., 2013). Depression is one of the
three leading causes of disability in the world, which has a negative impact on the lives of

individuals and society (Ferrari, Charlson et al., 2013; James et al., 2018).

According to the International Classification of Diseases (ICD-11), depression is
classified among mood disorders (“ICD-11 - ICD-11 for Mortality and Morbidity Statistics,”
n.d.). For diagnosis, a certain number of symptoms must be present most of the day for a
period of at least two weeks. Key symptoms include persistent low mood, anhedonia, anxiety
and fatigue. These symptoms can be accompanied by additional ones such as disturbed sleep,
changes in appetite, indecisiveness, cognitive impairment, guilt, irritability, low self-esteem,
suicidal thoughts or acts (“ICD-11 - ICD-11 for Mortality and Morbidity Statistics,” n.d.).
Depressive disorder is a risk factor for suicide. Once diagnosed, adequate treatment is

necessary.

4.2 Neurobiology of depression

Depression is multifactorial and polygenic disorder that is associated with
environmental causes (Nestler et al., 2002). Neural circuits of emotion include several brain
regions and systems comprising the limbic system which are interconnected in a complex
manner (LeDoux, 2000). Functional and structural abnormalities of these regions have been
implicated in mood-related disorders. Patients with depression show altered metabolic
activity and blood flow in various areas of the brain, along with morphometric and histological
changes (Drevets, 2000; Drevets, 2001). Depression is associated with neurotransmitter
dysfunction such as monoamines, glutamate and y-aminobutyric acid (GABA), reduced brain
neurotrophins and altered inflammatory and stress response system (Krishnan & Nestler,
2008; Hasler et al., 2007). The hypothalamic-pituitary-adrenal (HPA) axis seems to have a

central position in the pathophysiology of depression (Pariante and Lightman, 2008).
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4.2.1 Involvement of the HPA axis

The HPA axis has a prominent role in mediating the stress response; in the case of
activation HPA axis neurons in paraventricular nucleus (PVN) of the hypothalamus release
corticotropin-releasing factor (CRF), which stimulate synthesis and secretion of
adrenocorticotropin (ACTH) from the anterior lobe of pituitary gland. ACTH subsequently
induces the synthesis and release of glucocorticoids (cortisol in humans, corticosterone in
rodents) from adrenal cortex. By binding to its intracellular receptors (the high-affinity
mineralocorticoid and low-affinity glucocorticoid receptors), cortisol affects DNA transcription
and thus metabolism as well as mood. In turn, cortisol exerts negative feedback at pituitary

and hypothalamic level.

Dysregulation of the HPA axis has been associated with mood disorders. Many
individuals with depression shows signs of abnormal activation of HPA axis (Hindmarch, 2002).
The response to stress implicates a number of interconnected circuits in the brain (Ulrich-Lai
and Herman, 2009). The stress response has an adaptative role, however chronically elevated
activation of the HPA axis and thus elevated levels of cortisol may be damaging (Lupien et al.,
2009). Abnormal HPA activity resulting in vulnerability to depression may be caused by
environmental factors such as exposure to prenatal stressors and psychosocial stress, and

genetic factors (Pariante and Lightman, 2008; Lupien et al., 2009).

4.2.2 Brain monoaminergic systems in depression

Decreased monoamine levels have been associated with the pathophysiology of
depression (Hamon & Blier, 2013) but are not a direct cause, as proposed by the monoamine
theory of depression. In healthy individuals there are no mood swings associated with
decreases in monoamines (serotonin, noradrenaline, dopamine) (Charney, 1998; Ruhé et al.,
2007). Moreover, most of common antidepressants acutely increase the levels of
monoamines, which, however, do not correlate with the onset of antidepressant effect. The
action of antidepressant is believed to implicate numerous adaptative processes such as the
progressive disinhibition of regulatory autoreceptors (Artigas, 2013), neurotrophic effects and
activation of second messengers inducing neuroplastic changes in the long term (Nestler et

al., 2002; Pittenger & Duman, 2008).
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Serotonin

The major area of serotonin (5-HT) production in the central nervous system is the
raphe nuclei in the brainstem, where serotonin is biosynthesized from L-tryptophan. 5-HT
then reaches other regions of the brain from the raphe through diffuse projections (Berger et
al., 2009). Serotonin affects behaviour — mood, perception, memory, anger, aggression, fear,
stress responses, appetite, addiction, sexuality (Berger et al., 2009). When serotonin is
released from serotonergic nerve terminals into the synaptic cleft, it can bind to serotonin
receptors. There are seven classes of serotonin receptors (5-HT1.7) that differ in signalling
mechanisms; all receptors are G-protein-coupled except the 5-HT3 receptor, which is a ligand-
gated ion channel (Nichols & Nichols, 2008). The serotonin transporter (SERT) transports
extracellular serotonin back into nerve endings. Patients with depression show changes in the

levels of some 5-HT receptors and SERT (Stockmeier, 2003; Kambeitz & Howes, 2015).

Noradrenaline

In central nervous system (CNS), noradrenaline (NE) is biosynthesized from dopamine
in the locus coeruleus in the pons. Noradrenaline functions include evaluation of stressful
events, inhibition of irrelevant or unacceptable behaviour, the regulation of verbal and
nonverbal working memory, regulation of affect, motivation and arousal, planning, decision-

making, self-monitoring and self-evaluation (Moret & Briley, 2011).

Extracellular NE binds to adrenergic receptors which are G-protein-coupled receptors.
Adrenoreceptors (AR) are divided into a-receptors, which are further divided into a1 and a;-
AR, each of which includes three other subtypes, and B-adrenergic receptors which also
contain three subtypes (Alexander et al., 2015). Patients with depressive disorder show
altered central adrenoreceptor density (Brunello et al., 2002; Cottingham & Wang, 2012).
Presynaptic aza-AR that mediates feedback inhibition of noradrenaline release (Brede et al.,
2004) seems to be particularly involved in pathophysiology of depression. The noradrenaline
transporter (NET) carries out the reuptake of NE from the synaptic cleft back into the

presynaptic neuron and is thus one of the targets of antidepressants.
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Dopamine

Dopamine (DA) is biosynthesized from L-DOPA mainly in the substantia nigra and
ventral tegmental area in CNS. When released from dopaminergic neurons, dopamine binds
to G-protein-coupled dopamine receptors (D1, D2, D3, Da, Ds) and is reinternalized into the
aminergic terminals by the dopamine transporters (DAT) (Beaulieu & Gainetdinov, 2011).
Dopamine affects voluntary movement, feeding, affect, reward, sleep, attention, working

memory, and learning (Beaulieu & Gainetdinov, 2011).

In depressive disorders, alterations in dopaminergic system concerns changes in
dopamine receptor expression as well as in endogenous dopamine production (Dunlop &
Nemeroff, 2007). Dysregulation in dopaminergic transmission has been also associated with

schizophrenia and Parkinson's disease (Beaulieu & Gainetdinov, 2011).

Current antidepressants targets are mostly the high-affinity reuptake transporters
(SERT, NET, DAT) and certain monoamine receptors. Other actors in the monoaminergic
system are enzymes that metabolize and thus inactivate monoamines - monoamine oxidase
(inhibition of type A, which primarily metabolizes 5-HT and NE, is used clinically) and catechol-
O-methyl transferase (COMT), which metabolizes catecholamines, i.e., NE and DA. Besides the
high-affinity plasma membrane reuptake transporters, other transporters involved in
monoamine homeostasis are vesicular monoamine transporters (VMAT), organic cation
transporters (OCT) (Koepsell et al., 2007; Couroussé & Gautron, 2015) and plasma membrane

monoamine transporter (PMAT) (Engel et al., 2004).

4.3 Pharmacotherapy of depression — brief history
4.3.1 Drugs targeting monoaminergic systems

The 1950s were a turning point in the treatment of depression, since until then there
was no effective treatment. Tricyclic antidepressants, specifically imipramine, were
discovered by chance in the development of antihistamines and antipsychotics (Pereira &
Hiroaki, 2018). Around the same time, the now obsolete iproniazid, a monoamine oxidase
inhibitor, was discovered during the development of new antituberculotics (Hillhouse &
Porter, 2015). The common mechanism of action of these drugs, which in both cases leads to

an increase of monoamine concentration in the synaptic cleft, contributed to the
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development of the “monoamine” theory of depression —which stipulates that the underlying
pathophysiologic basis of depression is a deficiency in monoamines (especially serotonin and

noradrenaline) in the central nervous system (Hirschfeld, 2000).

The subsequent development of more selective antidepressants, based on this theory,
was aimed at reducing side effects. Since the first tricyclic antidepressants, new
antidepressant classes have been created. Among the ones developed next, were selective
serotonin reuptake inhibitors, SSRIs, which are now the first line for the treatment of
depression. Most antidepressants used today modulate the amounts of monoamines,
preferentially 5-HT and NE at synapses by blocking high-affinity monoamine reuptake
transporters in the nerve terminals (Tab. 1). More recent drugs are vortioxetine targeting
monoaminergic systems and agomelatine, melatonin M1/M2 agonist (Mathew et al., 2008;

Mandrioli et al., 2018).

The general drawbacks of these drugs are the onset of an antidepressant effect only
after weeks of administration, and the occurrence of resistance to treatment in approximately
one third of patients with major depressive disorder (Rush et al., 2006). Studies show that 40-
85% of individuals who recover from a depressive episode experience at least one more

episode (Hughes & Cohen, 2009).
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Type of antidepressant

Representatives

Tricyclic and tetracyclic antidepressants

Monoamine oxidase inhibitors (MAOIs)

imipramine, amitriptyline, nortriptyline,
desipramine,  dosulepine, dibenzepine,
clomipramine, maproptiline, amoxapine,

dothiepine, doxepine, lofepramine

tranylcypromine, isocarboxazid, phenelzine,
moclobemide

Selective serotonin reuptake inhibitors (SSRIs)

citalopram, escitalopram, fluoxetine,

paroxetine, sertraline

Serotonin and noradrenaline reuptake inhibitors

(SNRIs)

Noradrenergic and specific

antidepressants (NaSSAs)

serotonergic

Serotonin antagonist and reuptake inhibitors (SARIs)

Noradrenaline-dopamine reuptake inhibitors (NDRIs)

Noradrenaline reuptake inhibitors (NRIs)
Melatonergic antidepressant
Multi-modal antidepressant

Other

Tab. 1 List of antidepressants.
Adapted from Svihovec et al., 2018

4.3.2 Drugs targeting glutamatergic systems

venlafaxine, duloxetine, desvenlafaxine,
milnacipran

mirtazapine, mianserine

trazodone, nefazodone
bupropion

reboxetine, viloxazine
agomelatine
vortioxetine, vilazodone

tianeptine, Hypericum perforatum

A recent turning point in the field of the pharmacotherapy and neurobiology of

depression was the discovery of the antidepressant effects of ketamine in 2000 (Berman et

al., 2000). Compared to substances affecting monoaminergic neurotransmission, the onset of

the antidepressant effect of ketamine was rapid (within hours) and long-lasting (within days)

(Berman et al.,, 2000; Zarate et al.,

2006).

Ketamine is a non-selective antagonist of

glutamatergic NMDA receptors (NMDAR), used to induce dissociative anaesthesia. At low

doses, NMDAR blockade releases glutamate, which subsequently binds to AMPA receptors,

while ketamine also affects other receptors outside the glutamatergic system (Pereira &

Hiroaki, 2018).
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Although the clinical use of ketamine in the treatment of depression was limited by its
psychomimetic effects, these findings opened up a new therapeutic pathway. Compounds
that show clinical or preclinical fast antidepressant onset act on NMDA receptors, AMPA
receptors, as-containing GABAa receptors or mGlu2/3 receptors. (Witkin et al., 2019). The
currently approved substances targeting the glutamatergic system for the therapy of
depression system are esketamine (Mahase, 2019) and brexanolone (Azhar & Din, 2021).
However, the administration mode remains complicated (Commissioner, 2020; Wilkinson &
Sanacora, 2019). These fast-acting antidepressants targeting NMDA or mGlu2/3 receptors
have recently raised high hopes in clinical studies for the management of depression
associated with suicidal risk but concerns relating to their efficacy in large patient groups, the
persistence of their effects and potential side-effects still have to be addressed (Witkin et al.,

2019).

4.4 Organic cation transporters
4.4.1 Tissular distribution

Organic cation transporters (OCT) are polyspecific membrane proteins of the SLC22
(solute carrier) transporter family which belong to the major facilitator superfamily (MFS)
(Griindemann et al., 1994; Koepsell et al., 2007). OCT exist as three subtypes - OCT1 (SLC22A1),
OCT2 (SLC22A2) and OCT3 (SLC22A3). These transporters mediate the transport of various
xenobiotics and physiological compounds in the organism, where their location and
expression levels vary depending on the OCT subtype (Tab. 2). In humans, OCT1 is highly
expressed in the liver (Gorboulev et al., 1997) where it is located in the sinusoidal membrane
of hepatocytes (Nies et al., 2008), but is also moderately expressed in other organs. OCT2,
with a more limited expression pattern, is abundantly expressed in the kidney (Gorboulev et
al., 1997; Nies et al., 2008). OCT3 shows a broader expression pattern, with high abundance
in placenta, but also expression in lung, heart, liver, kidney, intestine, skeletal muscle, salivary
gland and adipose tissue (Koepsell et al., 2007, Koepsell et al., 2020). Both OCT2 and OCT3 are

expressed in the brain, in neurons and in some cases glial cells (Couroussé & Gautron, 2015).
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Organs, Tissue, or Cells OCT1 0OCT2 OCT3

Adipose tissue + n.d. ++,*
Adrenal gland + n.d. +++
Brain T + +
Heart + n.d. ++
Kidney ++,* +++,* +
Liver ++++* n.d. ++,*
Lung +* +* ++,*
Placenta + + ++,*
Prostate i + +++
Salivary glands + n.d. +++*
Skeletal muscle + n.d. ++++
Small intestine +,* n.d +*

Tab. 2 Abundance of mRNA and protein of human organic cation transporters in chosen organs, tissue
and cells.
++++, very high expression of mRNA; +++, high expression of mMRNA; ++, expression of mRNA; +,
low but significant expression of mRNA; n.d., no expression of mRNA detected; *, detection of
protein by Western blotting, immunochemistry, or proteomics. Adapted from Koepsell et al.,
2020

4.4.2 Pharmacological properties of OCT

Substrates

OCT mediate the sodium and proton-independent transport of substrates across the
plasmatic membrane in both directions according to their concentration gradient and
membrane potential, with low affinity and high capacity (Griindemann et al., 1998; Koepsell
et al.,, 2020). These transporters exhibit broadly overlapping substrate (and inhibitor)
specificities with some divergences. In general, OCT transport mostly small cations, weak
bases that are positively charged at physiological pH, and some noncharged compounds. To
name a few, endogenous substances (Tab. 3) that are transported by OCT are acetylcholine,
choline, dopamine, epinephrine, histamine, serotonin. Transported xenobiotics include model
cations such as 1-methyl-4-phenylpyridinium (MPP) and various drugs for example cisplatin

and metformin (Koepsell et al., 2020).
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Compounds OCT subtype References

Acetylcholine OCT1, OCT2 \ Lips et al., 2005

Choline 0OCT2 Gorboulev et al., 1997

Creatinine 0CT2 ' Urakami et al., 2004

Cyclo (His-Pro) = OCT1, OCT2, OCT3 Taubert et al., 2007

Dopamine OCT1, OCT2, OCT3 \ Busch et al., 1998; Amphoux et al. 2006
Epinephrine OCT1, OCT2, OCT3 | Amphoux et al., 2006

Histamine OCT2, OCT3 \ Busch et al., 1998; Amphoux et al. 2006
Noradrenaline | OCT1, OCT2, OCT3 | Busch et al., 1998; Amphoux et al. 2006
Salsolinol OCT1, OCT2, OCT3 \ Taubert et al., 2007

Serotonin OCT1, OCT2, OCT3 | Busch et al., 1998; Amphoux et al. 2006

Tab. 3 Chosen endogenous substrate of human organic cation transporters (OCT).

Inhibitors

Polyspecific OCT are inhibited by a broad spectrum of compounds including numerous
organic cations, organic anions and neutral compounds, with varied efficacy and often low
selectivity (Koepsell et al., 2007; Couroussé & Gautron, 2015). Although the three OCT
subtypes show broadly an overlapping range of structurally distinct inhibitors, there are

differences in selectivity between individual OCT subtypes (Koepsell et al., 2020).

Many OCT inhibitors can be found among prescribed drugs. Moderately to highly
potent inhibitors (ICso less than 10 uM) can be found among proton pump inhibitors (Nies et
al., 2011), antineoplastic tyrosine kinase inhibitors (Minematsu and Giacomini, 2011),
antiretroviral drugs (Minuesa et al., 2009) and certain a-adrenoceptor ligands as
antihypertensive drugs and cyanine dye derivatives (Hayer-Zillgen et al., 2002; Amphoux et
al., 2010), of which disprocynium 24 (D24) is the most potent drug, with I1Cso in nanomolar
range for OCT (Amphoux et al., 2010). Other cyanine dyes such as decynium 22 (D22) are also
OCT inhibitors, with overall less affinity than D24 (Hayer-Zillgen et al., 2002). D22 was often

used as a pharmacological tool to study the OCT properties (Couroussé & Gautron, 2015).

4.4.3 Physiological and pharmacological importance

The polyspecificity and wide distribution of OCT result in their involvement in many
physiological functions, in particular excretion and clearance (Koepsell et al.,, 2007).
Experiments using knock out mice also showed the implication of OCT1 and OCT3 in lipid and

glucose metabolism (Liang et al., 2018; Song et al., 2019). OCT2 and OCT3 in brain regulate
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aminergic tonus and thus contribute to the modulation of mood-related functions such as
anxiety, response to stress and antidepressant efficacy (Couroussé & Gautron, 2015). OCT2
also transport a neurotoxic metabolite of DA, salsolinol and its derivative histidyl-proline
diketopiperazine [Cyclo (His-Pro)], which have been implicated in the pathogenesis of
Parkinson disease (Taubert et al., 2007). OCT contribute to absorption and/or excretion of an
essential choline in small intestine and are involved in its renal secretion/reabsorption
(Gorboulev et al., 1997; Dantzler et al., 1998). In the kidney, OCT are also actively implicated
in the secretion of creatinine, the product of muscle creatine catabolism (Urakami et al.,

2004).

A large number of drugs are transported by OCT and/or inhibit OCT, which implies a
high risk of potential drug-drug interaction. OCT affect the pharmacokinetics of metformin
(Wang et al., 2002; Koepsell et al., 2020) and so which may interfere with the transporter’s
inhibition. Studies with OCT1 and OCT2 deficient mice showed their implication in cisplatin-
induced nephrotoxicity (Filipski et al.,, 2009). Guideline on the investigation of drug
interactions from European Medicine Agency (EMA) recommends preclinical in vitro testing
of novel compounds for inhibition of human OCT1 and OCT2 due to their clinical relevance

(European Medicine Agency, 2012).

4.5 Organic cation transporters in the brain
4.5.1 OCT as an alternate monoamine clearance system

Two subtypes of the OCT family, OCT2 and OCT3, are expressed in the central nervous
system and in sympathetically-innervated tissues where they are implicated in aminergic
neurotransmission (Couroussé & Gautron, 2015). As mentioned previously, OCT have the
capacity to transport monoamine neurotransmitters. Although in vitro studies on transfected
cells have shown that OCT2 and OCT3 have similar preferences for individual monoamines
(Amphoux et al. 2006), knock-out mice studies revealed fine differences in low-affinity
monoamine transport in brain. OCT2 and OCT3 genetic deletion in mice led to a significant
decrease of monoamine concentrations in brain tissue extracts. According to these studies,
OCT2 seems to have a preference for 5-HT and NE (Bacq et al., 2012) while OCT3 deletion had

higher impact on DA concentration (Vialou et al., 2008).
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Use of OCT2 mutant mice and decynium22, a selective OCT inhibitor (Russ et al., 1993)
demonstrated the participation of OCT2 in 5-HT and NE clearance in the brain. The transport
properties of endogenous OCT2 were assessed ex vivo in fresh cell suspensions from two
regions with high OCT2 expression, hippocampus and cortex, in the presence of high-affinity
monoamine transporter inhibitors. Decreased D22-sensitive 5-HT and NE uptake was found in
OCT2 knock-out mice while DA uptake was not significantly impaired in these mice devoid of
OCT2 (Bacq et al., 2012). Furthermore, in this study, the in vivo clearance of NE and 5-HT was
evaluated using microionophoretic and electrophysiological approaches; clearance was
reduced in mutant mice compared to wild type in the presence of venlafaxine, a serotonin and
noradrenaline reuptake inhibitor. Hence, OCT2 has a key role in the modulation of
postsynaptic neuronal activity when the NET and SERT are saturated or inhibited. Another
study using OCT3-antisense oligonucleotides confirmed the implication of OCT3 in DA

homeostasis (Nakayama et al., 2007).

In contrast to the classical monoamine uptake transporters, brain OCT are located in
postsynaptic neurons, and also astrocytes for OCT3 (Vialou et al., 2008; Couroussé & Gautron,
2015). Furthermore, they are also expressed in areas of lower high-affinity transporter density
at a distance from the aminergic varicosities. Thus, OCT operate as an alternate monoamine
clearance system in case of high-affinity transporters saturation or inhibition, as well as in
areas with lower density of these classical transporters (Fig. 1). They regulate aminergic tonus
and have a complementary role to high-affinity monoamine transporters in monoamine

clearance in the brain.
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Fig. 1 Schematic representation of the OCT involvement in monoamine clearance in central nervous
system.
After release of monoamines (5-HT, NE and DA) in the synaptic cleft, high affinity SERT, NET and
DAT transporters transport the monoamines back into the presynaptic neuron (1).
Pharmacological inhibition of these transporters for instance by antidepressants (2) increases
the amount monoamines available in the synapse. Brain OCT located at proximal postsynaptic
sites (3) contribute to monoamine clearance, in the event of inhibition or saturation of the high
affinity transporters. Furthermore, they are also expressed in areas of lower high-affinity
transporter density at a distance from the aminergic varicosities (4) where they contribute to
clearance. OCT blockers (5) potentiate the neurochemical and behavioural effects of high-affinity
monoamine reuptake inhibitors (2). Taken from: Couroussé & Gautron, 2015

4.5.2 Roles of OCT in mood

Immunostaining and in situ hybridization in rodent brain revealed significant
expression of OCT in main aminergic projections such as the cortex, hippocampus, thalamus,
hypothalamus, amygdala and hindbrain, as well as in some aminergic nuclei, raphe, locus
coeruleus and tuberomammillary nucleus (Busch et al., 1998; Vialou et al., 2008; Gasser et al.,
2009; Bacq et al., 2012; Couroussé & Gautron, 2015). Based on their implication in aminergic
clearance, it is not surprising that OCT2 and OCT3 contribute to mood-related functions such
as anxiety, immobility in resignation tests, response to stress and antidepressant efficacy

(Couroussé & Gautron, 2015), assessed in specific rodent behavioural tests.
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Mood related behaviours and depression models

Anxiety

To assess anxiety level, tests in which a rodent is exposed to a stressful environment
(an open-field, an elevated plus-maze, an elevated O-maze) and conflict-based test, novelty-
suppressed feeding (NSF) were used (Couroussé & Gautron, 2015). The open field is used to
evaluate both general locomotor activity and anxiety level by measuring the activity and time
spent in the inner (anxiogenic) and outer zone (Bacq et al., 2012). Elevated plus and O-maze
consists of closed and open (anxiogenic) sectors where the time spent and number of sector
entries are measured (Bacq et al., 2012). The NSF paradigm evaluates the latency to begin
eating in a novel stressful environment (David et al., 2007; Bacq et al., 2012); anxiolytic drugs

act on these parameters.

Invalidation of either OCT2 or OCT3 were associated with anomalies in behavioural
responses to anxiety. Consistent with the OCT2 presence in the limbic system, OCT2-deficient
mice showed alterations in anxiety-related behaviour, concretely a decreased anxiety level in
the elevated O-maze, in the NSF test and in the open-field without altered locomotor activity
compared to wild-type mice (Bacq et al., 2012). Mice lacking OCT3 presented a similar
anxiolytic-like phenotype in the elevated-plus maze and open-field test (Wultsch et al., 2009).
However, in another study, results from the open-field test of OCT3-deficient animals
indicated an increased anxiety level (Vialou et al., 2008). The reason for this discrepancy is not

known and might be related to genetic background (Couroussé & Gautron, 2015).

Behavioural despair

Typical tests for assessing behavioural despair are the forced swim test (FST) and the
tail suspension test (TST) (Fig. 2). An animal is exposed to an inescapable stressful situation
i.e., plunged into a beaker filled with water (Porsolt et al., 1977) or hung on the hook by the
tail with an adhesive tape (Steru et al., 1985). The time the animal spends motionless is
measured. Escape attempt is thought to reflect an antidepressant-like state, whereas the
immobility reflects a state of behavioural despair, or resignation. Most antidepressants induce
robust antiimobility effect in these tests even though it does not reproduce symptoms of

depression (Porsolt et al., 1977, Steru et al., 1985).
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Swimming Tail suspension
Fig. 2 Representation of behavioural despair tests.
Adapted from: Planchez et al., 2019

Antisense knock-down of OCT3 in mice was shown to decrease immobility time in the FST
(Kitaichi et al., 2005). D22, a potent OCT inhibitor, showed antidepressant like effects only in
SERT KO mice and not in wild type mice (Baganz et al., 2008), suggesting that one or both OCT
may modulate this behaviour. This result may be skewed by inhibition of adrenergic receptors
or PMAT, another low affinity monoamine transporter blocked by D22 (Engel & Wang, 2005;
Amphoux et al., 2010; Couroussé & Gautron, 2015). In a recent study, H2-cyanome, a newly
developed OCT2-selective prodrug, had a moderate antidepressant-like effect on immobility

in the forced-swim test (Orrico-Sanchez et al., 2020).
Antidepressant efficacy

FST and TST assessing behavioural despair are classically used for the screening of the
antidepressant potential of new compounds, as most known antidepressants induce robust
effects in this test. OCT2 and OCT3 are involved in the response to 5-HT/NE antidepressants
in the behavioural despair paradigms (Bacq et al., 2012; Kitaichi et al., 2005). However, these
tests are not a paradigm of depression since they lack symptomatic dimensions of depression

and naive "non-depressed "animals are used.

To induce depression-like behaviours, chronic corticosterone exposure which is a
validated model of depression was used to evaluate implication of OCT2 in the long-term
response to common antidepressants and in the antidepressant efficacy of H2-cyanome, a

novel prodrug (Bacq et al.,, 2012; Orrico-Sanchez et al., 2020). Chronic corticosterone
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treatment via drinking water induces behaviours mimicking symptoms of depression such as
anhedonia, increased anxiety, social aversion and resignation (Bacq et al., 2012). Further
resembling human depression, these depression-like alterations can be improved by long-

term antidepressant treatment, contrarily to behavioural despair paradigms.

The use of this model of chronic depression and OCT2 mutant mice has shown a critical
role for OCT2 in the long-term efficacy of antidepressants (Bacq et al., 2012). Long-term
administration of the prodrug H2-cyanome induced rapid positive effect on several
depression-like symptoms, such as anhedonia, anxiety, social withdrawal, and memory
impairment; H2-cyanome showed in particular a faster onset of action on behaviours
reflecting anhedonia, a main symptom of depression, and better anxiolytic effects compared

to fluoxetine (Orrico-Sanchez et al., 2020).

4.6 Targeting brain organic cation transporters

The complementary characteristics of brain OCT compared to the high-affinity
transporters (widespread distribution, broader pharmacological profile) and their
involvement in mood-related functions make brain OCT relevant and original targets for the
development of novel antidepressants. Devising improved more selective OCT ligands is
necessary as no selective agents have been identified. OCT inhibitors and substrates include a
wide range of compounds with varied efficacy and often low selectivity whose primary target
is frequently another transporter or receptor (Couroussé & Gautron, 2015; Koepsell et al.,
2020). Furthermore, for molecules to interact with the brain transporters, they must first cross

the blood-brain barrier (BBB).

4.6.1 The blood-brain barrier and chemical delivery systems

The blood-brain barrier (BBB) is a highly selective semi-permeable barrier formed by
endothelial cells with tight junctions associated with perivascular elements such as astrocytes
and pericytes (Fig. 3). It regulates the entry of molecules from the blood into the brain tissue
and extracellular fluid in the central nervous system (CNS) and thus maintains homeostasis of
the brain. This precise control of CNS homeostasis ensures proper function and protection of

the brain from toxins and pathogens circulating in blood (Daneman & Prat, 2015).
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Fig. 3 Schematic representation of a brain capillary.
The capillary wall is formed by endothelial cells with tight junctions, which thus form a
semipermeable blood-brain barrier (BBB). Only lipid soluble molecules can cross the BBB by
passive diffusion. Furthermore, the molecules can be also transposed by carriers. Taken from:
Bodor & Buchwald, 2003
In the development of CNS-acting therapeutics, it should be borne in mind that these
structures and controlling permeability may prevent the entry of therapeutic molecules. The
cerebral capillaries, which comprise more than 95% of the total surface area of the BBB,
represent the principal route by which chemicals enter the brain (Smith, 1989). The molecules
can either enter the brain by passive diffusion according to their concentration gradient, or
the transport can be facilitated by passive and active transporters located in by endothelial
cells of the capillaries (Fig. 3). There is a correlation between passive diffusion and chemical-
physical properties of molecules such as lipid solubility, polar surface area, molecular weight,
H-bond donors and acceptors and rotatable bonds (Lipinski, 2004). However, there are many
CNS-active agents that do not comply with the general rules for crossing the BBB and use a
different pathway than passive diffusion (Abbott et al., 2010; Bodor & Buchwald, 2003). Brain

delivery of therapeutic agents that do not meet the rules for passive diffusion into the brain

requires some strategy to overcome the BBB (Bodor & Buchwald, 2003).

Chemical delivery systems (CDSs) are one of the alternative approaches (Bodor et al.,
1992; Bodor & Buchwald, 2003). CDSs are inactive prodrugs providing the site-specific or site-
enhanced delivery of a drug through multistep enzymatic and/or chemical transformations

(Bodor & Buchwald, 2003). This strategy, specifically a redox chemical drug-delivery system,
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has been used for the targeting of cyanome, a selective OCT ligand, through generation of a
prodrug H2-cyanome (Orrico-Sanchez et al., 2020). The lipophilic dihydro form (the prodrug
H2-cyanome) enters more easily the brain where is converted to the hydrophilic (charged
cyanome) form. This conversion is closely related to the ubiquitous NAD(P)H <> NAD(P)*

coenzyme system (Bodor & Buchwald, 2003; Orrico-Sanchez et al., 2020).

4.6.2 H2-cyanome and cyanome

Cyanome, a positively charged isocyanine derivative, is a newly developed potent
ligand of OCT2 with increased selectivity. Cyanome is derived from dysprocynium 24 (D24)
and shows similar 1Cso for OCT2 compared to D24 (in the nanomolar range) and reduced
affinity for a2 adrenergic receptors compared to other isocyanine derivatives (Amphoux 2010;
Orrico-Sanchez et al., 2020). Virtually cyanome showed similar interaction pattern as D24 with
OCT — presence of ionic interaction. Position 6 of D24 was substituted with a methoxy group
in the cyanome (Fig. 4), thus hindering interaction with the fourth helix of the aac
adrenoceptor (Orrico-Sanchez et al.,, 2020). Transport across the BBB was increased by
modification of cyanome into a neutral prodrug, H2-cyanome (Fig. 4), that is metabolized in
vivo into the active cyanome via a redox brain system. This prodrug showed promising
antidepressant efficacy in a rodent model of chronic depression compared with a classical
antidepressant, fluoxetine, a serotonin reuptake inhibitor (SSRI). Despite the positive impact
of this prodrug on antidepressant efficacy, its limitation was its high affinity for o1 adrenergic

receptors (unpublished data), conferring potential cardiovascular side effects.

NE NN
~~ D24 A Cyanome

Fig. 4 Chemical structure of D24 (red), cyanome (blue), and H2-cyanome (black).
Adapted from Orrico-Sanchez et al., 2020
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4.6.3 Hybrid derivative of cyanome

Hybride derivative of cyanome has been included into Attachment due to intellectual

property reasons.

5 Experimental section
5.1 Synthesis

Synthesis has been included into Attachment due to intellectual property reasons.

5.2 Binding affinity prediction of OCT ligands via docking/scoring method

Binding affinity prediction of OCT ligands via docking/scoring method has been included

into Attachment due to intellectual property reasons.

5.3 Effect of OCT ligand A2 on cultured cell viability
5.3.1 Reagents and apparatus

Cell culture reagents used were Dulbecco’s modified Eagle’s medium (DMEM), Dulbecco's
Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F-12), fetal bovine serum (FBS),
Dulbecco’s phosphate-buffered saline (DPBS), Hank's balanced salt solution (HBSS), trypan
blue stain 0.4%, trypsin 0,25% (Trypsin-EDTA) from Thermo Fisher Scientific (Massachusetts,
USA). Poly-L-Lysine solution (0.01%), triton X-100 and DMSO (dimethyl sulfoxide) were
supplied from Sigma-Aldrich (Missouri, USA) and Cell Counting Kit-8 (CCK-8) was from Dojindo

Molecular Technologies (Japan).

Apparatus used were Biological safety cabinet Safemate ECO Class Il (LAF Technologies Pty
Ltd, Australia), Microscope Primo Vert Binocular (Zeiss, Germany), Automated Cell Counter
Countess Il FL (The Thermo Fisher Scientific, Massachusetts, USA), Microplate reader
POLARstar OPTIMA (BMG Labtech, Germany) and Flow cytometer FACSCalibur (BD Bioscience,
New Jersey, USA).

5.3.2 Methods
Cell Culture

New cell cultures were prepared by members of Prof. Arnaud Gautier’s team at the

Laboratory of Biomolecules (LBM). The Hela cell line derived from human cervical cancer cells
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and the human embryonic kidney 293T (HEK-293T) cell line were maintained in DMEM
containing 10% FBS and the Chinese Hamster Ovary (CHO-K1) cell line in DMEM/F-12
containing 10% FBS at 37 °Cin a humidified atmosphere (5% CO,). Medium was replaced every

1 to 3 days. Cells were passaged when they reached 80 — 90% confluency.

For cell subcultures, cell culture reagents were pre-warmed in the water bath (37 °C).
The original medium was aspirated from the side of the flask. Cells were gently washed two
times with 10 ml DPBS. 2 ml of trypsin in DPBS (1:10) were added (for T-75 flask) and incubated
for 5 minutes (37 °C, 5% CO;) to harvest the cells. Trypsinization was neutralized by adding 10
ml of media with FBS. Cells were resuspended in the fresh medium and transferred to a Falcon
tube. According to the number of cells per ml (see Trypan blue exclusion test) and the
subsequent experiment, the cell suspension was diluted with medium and transferred to a

flask or wells. Procedures were performed under sterile conditions.

A2 solution

The stock solution of A2 consisted of dissolved A2 in DMSO. This solution was a
thousand times more concentrated than the highest concentration used in the experiment.
This ensured that the cells would be exposed to a maximum of 0.1% DMSO, a concentration
that is non-toxic to the cells. The stock solution was then added to the medium and other

solutions were prepared by serial dilutions.

Cell viability assays used

e Trypan blue exclusion test

The method is based on the membrane integrity. Living cells do not take up trypan

blue, whereas this dye passes the membrane of dead cells and stains the nucleus.

10 pl of cell suspension was mixed with 10 pl of trypan blue in Eppendorf tube. 10 pl
of the sample with the trypan blue was pipetted into a chamber slide (Countess, The Thermo
Fisher Scientific, Massachusetts, USA). Chamber slide was inserted into the counter which
counted the number of live and dead cells. Measures were done twice and averaged. Trypan
blue staining was used during cell subculture preparation and for estimation of A2 effect on

cells.
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For A2 effect, a cell suspension of HEK-293T was seeded into 6-well plate in a volume
of 1 ml/well (20 x 104 cells/well and 15 x 104 cells/well) and incubated for 24 hours (37 °C, 5%
CO2) until 95% confluence. The original medium was removed, and cells were rinsed with
DPBS. Different concentrations of pre-prepared solutions of A2 were added (1 uM, 3 uM, 10
uM, 30 uM, 100 uM). Cells with medium and DMSO (0.1%) served as a negative control. The
cells were incubated for 24 hours (37 °C, 5% CO2). The cells were resuspended after DPBS

washing and trypsinization to count viability.

e Flow cytometry assay

Flow cytometer measurement was performed by Dr. Francoise lllien at the Laboratory
of Biomolecules (LBM). The method is based on the different morphology of living, apoptotic
and necrotic cells, resulting in a different scattering of light. The assay was made with Hela

cells with three duplicate wells in each group.

Hela cell suspension was inoculated into 24-wells plates in a volume of 500 pL/well
(25 x 104 cells/well) and incubated for 24 hours (37 °C, 5% CO2) until they reached 95%
confluence. The original medium was removed, and cells were rinsed with HBSS. Different
concentration of pre-prepared solution of A2 were added (10 uM, 30 uM, 100 uM, 200 pM).
Negative controls were untreated cells i.e., with only medium added, and untreated cells i.e.,
with medium plus DMSO (0.1%). A positive control was carried out with cells lysed with 0.1%
detergent triton. The cells were incubated for one hour (37 °C, 5% CO2). The original medium
was removed, and cells were rinsed two times with HBSS. 100 pl of trypsin in DPBS (1:10) were
added per well and incubated for 5 minutes (37 °C, 5% CO2) to harvest the cells. Trypsin was
neutralized by adding 1 ml of HBSS and 200 pl of FBS. Cell suspensions were transferred from
the wells to flow cytometry tubes and wells were rinsed with 500 ul HBSS, that was added to
the cell suspension. Cells were centrifuged at 300 g at 4 °C for 5 min, the supernatant was
removed and placed into the ice. 500 pl HBSS were added by tube and cells were resuspended.
BD CellQuest software was used for analysis. 20 000 cells were measured per tube at the
wavelength of 488 nm. Cells were analysed from scattered light. Forward scatter light (FSC)

refers to cell size and Side scatter light (SSC) refers to cellular granularity.
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e CCK-8 assay

The colorimetric assay is based on reduction of water-soluble tetrazolium salt (WST-8)
by dehydrogenase activities in cells to give a yellow-colour formazan dye. The amount of

generated formazan dye is directly proportional to the number of living cells.

Cytotoxicity of A2 was estimated in CHO-K1 and HEK-293T cells. The assay was made

with three duplicate wells in each group.

Cell suspension of CHO-K1 was inoculated into 96-wells plates (Nunc MicroWell, The
Thermo Fisher Scientific, Massachusetts, USA) in a volume of 100 pL/well (2 x 104 cells/well)
and incubated for 24 hours (37 °C, 5% CO2) so they reached 80% confluence. After rinsing cells
with buffer, different concentration of pre-prepared solution of A2 were added (1 uM, 3 uM
, 10 uM, 30 uM, 100 uM, 200 uM) with two negative controls (medium and 0.1% DMSO) and
two positive controls — blank (medium with no cell and for the second positive control,
detergent triton 0.1% for lysing cells). After 24-hour incubation and subsequent removal of
original medium, cells were rinsed two times with FBS-free DMEM/F-12 and 10% CCK-8 in FBS-
free DMEM/F-12 was added (100 pL/well). The absorbance was measured at 450 nm with a

microplate reader after 3 hours of incubation.

In the case of HEK-293T, the microplates were treated with poly-L-Lysine 3 hours
before the cell inoculation to enhance cell adhesion. DMEM was used instead of DMEM/F-12.
Cells (1 x 104 cells/well) were incubated for 48h to reach 80% confluence before adding A2

solution. The next procedure was the same as for CHO-K1 cells with addition of 50 uM A2.

Cell viability was determined from the mean optical density (OD, absorbance). ICso
(half-maximal inhibition concentration; A2 concentration that modified the absorbance to
50% in comparison with the control) values were determined from the nonlinear dose-

response curve.

Cell viability (%) = 0’2 ](;Z‘:Tf;:j;‘f_);ﬁfbi’lfg‘) X 100

PRISM (GraphPad Software, California, USA) was used for the data analysis of
cytotoxicity on HEK and CHO-K1 cells (mean + SEM).
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5.4 Mouse behaviour

Carole Gruszczynski or Dr. Vincent Vialou in the team manipulated directly the animals.
Male C57BL/6JRj mice were provided from Janvier Labs and from another project. Mice were
housed in cages in groups of four or five and maintained under controlled environmental
conditions (23+1°C, 40+5%, 12-h light/dark cycle) with food and water freely available. For the
behavioural test, the experimenters were blinded to the treatment of mice during the
evaluation. The behavioural experiments were performed with age-matched (8-13 weeks)
mice during the inactive phase (i.e., between 9 a.m. and 1 p.m.) to avoid the circadian rhythm
influence. All experiments and animal treatment were in compliance with the European
Communities Council Directive for the Care and the Use of Laboratory Animals (2010/63/EU)
and approved by the French ethical committee (#5786-2016062207032685).

5.4.1 Verification of non-toxicity of A2 prior to the forced swim test

Day Dose (mg/kg)
1 0.01
2 0.10
3 0.50
4 3.00

Tab. 4 Increasing doses of A2 administered i.p. to mice (n = 5) for four days.

Male mice (n = 5) were administered daily with increasing doses of A2 i.p. using 1 ml
syringe (Terumo, Japan) with 26-gauge needle (0.45x12mm) (Henke-Sass Wolf GmbH,
Germany) at a volume of 10 ml/kg over four days (Tab. 4). The corresponding concentration
of A2 was prepared on the day of testing by dissolving in saline (0.9 % [wt/vol]) and heating
50°C for 5 minutes. Mice were observed for 1 hour after injection and the next day. Mice were

also observed periodically during two weeks after treatment.

5.4.2 Forced swim test (FST)

The FST was carried out to evaluate the antidepressant-like efficacy of A2. The tested
mice are placed individually in a transparent beaker (30x10 cm) filled with tap water at room
temperature (23-25 °C) to a depth of 20 cm. The time spent immobile is considered a sign of
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behavioural despair (or resignation) and most current antidepressants reduce immobility time
in this paradigm. A mouse was considered motionless when floating in an upright position
with only small movements to keep its head above the water. Active behaviour was swimming
or climbing (Fig. 5). The mice were administered saline (0.9% [wt/vol]) for the control group
or fluoxetine (15 mg/kg, 18 mg/kg, 20 mg/kg) dissolved in saline using 1 ml syringe (Terumo,
Japan) with 26-gauge needle (0.45x12mm) to validate the method. During the experiments,
different brands of fluoxetine hydrochloride were tested to validate the method — fluoxetine
hydrochloride, Sigma (Missouri, USA), LKT Labs (Minnesota, USA) and Biotrend (Germany),
that was used for the final experiments. After this validation, A2 (0.2mg/kg; 10 ml/kg; i.p.) was
tested. The 6-minute test session was recorded by a camera (Camcorder FDR-AX53 4K
Handycam (Sony, Japan) and the immobility time was measured for 4 minutes after the first 2

minutes of habituation by the same observer.

Certain measures and care for animal manipulation were taken. Sterilized material was
used. Mice were injected in a different room than the test room and quickly processed.
Untested mice were separated from those tested. Non-transparent barriers were placed

between the beakers. The experimenters were not present in the room of the test session.

Each group was represented in every FST session. Immobility time measurements were
performed by two independent observers. Data analysis was performed with PRISM
(GraphPad Software, California, USA) and unpaired Mann-Whitney test was used for statistical

analysis.
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Immobility Swimming Climbing

20 cm

Fig. 5 Schematic representation of immobility, swimming and climbing in forced swim test.
Adapted from Cryan et al. (2002)

6 Results
6.1 Synthesis of OCT ligands

Synthesis of OCT ligands has been included into Attachment due to intellectual
property reasons.
6.2 Binding affinity prediction of OCT ligands via docking/scoring method

Binding affinity prediction of OCT ligands has been included into Attachment due to
intellectual property reasons
6.3 Effect of OCT ligand A2 on cell viability in culture

To get insight on the potential toxicity of A2, a number of experiments assessing cell

viability in presence of this compound of various cells lines were carried out.

A first experiment was performed to evaluate the effect of various doses of A2 on HEK-
293T cells by trypan blue staining of the dead cells. This experiment showed a reduced number
of living cells per ml after treatment with A2 at a concentration of 100 UM and to some extent
3 uM (Fig. 6), suggesting toxicity of A2 on this cell line. The trypan blue positive cells were

detached or did not have a typical shape. However, a definite conclusion could not be drawn,
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and statistical analysis was not possible because the experiment did not include duplicates or

triplicates, nor was replicated.
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Fig. 6 Number of living HEK-293T cells per ml after a 24h incubation with increasing concentrations of A2 or
control (CTRL) DMSO 0.1%.
Trypan blue exclusion test was used to count dead and live cells with an Automated Cell Counter
Countess Il FL apparatus

To confirm this finding, in a second experiment, HEK-293T cells, and another cell line,
CHO-K1 were exposed for 24 hours to various concentrations of A2, and cytotoxicity was
evaluated by a CCK-8 assay. The ICso for CHO-K1 was evaluated at 78.62 uM, and for HEK-293T
ICso at 8.67 uM (Fig. 7).
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In a last experiment, short-term (1 h) exposure of Hela cells to A2 did not affect their

viability, as quantified using a flow cytometer. This experiment showed no change in the

proportion of subpopulations, with a majority of live cells after treatment with up to 200 uM

A2 (Fig. 8). No toxicity was detected after 1 hour of exposure.

This latter manipulation suggests that this Hela line is less sensitive than other cell lines

or there is no acute A2 toxicity within one hour compared to triton 0.1%. It would be advisable

to expose the Hela cell line to A2 for a longer period of time and also to test the sensitivity of

other cell lines within one hour in order to compare individual cell lines.
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Fig. 8 Hela cells analyzed by flow cytometry.
(A) Hela cells were sorted by flow cytometry — R1 area represents all measured cells. R2 represents living cells. Dead
cells are included in R3 area and R4 area represents debris. Chosen dot plots display sorted cells of control (CTRL)
DMSO 0.1% and triton 0.1% (4200 events) and of 100 pM and 200 uM A2 after 1 hour of incubation. (B) Percentage of
cells included in R3 area in the portion of R1. 20,000 events were recorded in one experimental session. The result was
calculated as a mean of triplets. *Less than 5000 events were recorded due to detachment of cells caused by triton
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6.4 Effects of A2 in mice
6.4.1 Verification of non-toxicity of A2 prior to the forced swim test

To verify the innocuity of A2 before planning the FST experiments, we administered
mice daily with increasing doses of A2 up to 3 mg/kg. Gradual dose escalation over four days
in test mice (n = 4) showed no lethal toxicity. After the injection, some mice licked the injection
site. Few minutes after injection, they would start cleaning themselves and one hour later

they would usually sleep.

6.4.2 Anti-depressant-like effects of A2 in the forced swim test

A FST was carried out to evaluate antidepressant-like efficacy of A2. A preliminary
validation of the experimental conditions was carried with various fluoxetine brands and delay
between injection and testing. The most significant anti-immobility effect compared to the
control saline group was achieved with 18 mg/kg fluoxetine (i.p.; Biotrend) administered one

hour before testing (Fig. 9).
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Fig. 9 Fluoxetine reduced immobility time in forced swim test.
Fluoxetine (FLUOX) administrated (i.p.) one hour before testing reduced immobility time in forced swim
test compared to saline (SAL) group (*P < 0.05, unpaired Mann-Whitney test).
Data are presented as mean + SEM.
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The same scheme was followed for testing of A2. A2 (0.2 mg/kg), fluoxetine (18 mg/kg) or
saline were administered to naive mice one hour before the FST. The dose of A2 tested was
established based on the comparison of the virtual affinities for OCT2 of cyanome and A2, and
the preliminary tests showing no lethal toxicity at 0.2 mg/kg. From this experiment, we

deduced that A2 (0.2 mg/kg) showed a significant antidepressant-like efficacy in FST (Fig. 10).
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Fig. 10 Antidepressant-like efficacy of A2 in the forced swim test.
A2 (i.p.) significantly decreased immobility time compared to saline (SAL) group (*P <0.05, unpaired

Mann-Whitney test), although less strongly than fluoxetine (FLUOX) (**P < 0.01, unpaired Mann-
Whitney test). Pooled data are presented as mean + SEM.

7 Discussion

Discussion has been included into Attachment due to intellectual property reasons.

8 Conclusion

Conclusion has been included into Attachment due to intellectual property reasons.
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