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Abstract
(±)-cis-4,4'-Dimethylaminorex (4,4'-DMAR) is a psychostimulant that has been associated with 31
fatalities and other adverse events in Europe between June 2013 and February 2014. However, the
pharmacology of 4,4'-DMAR remains largely unexplored. In this thesis, its binding capabilities to
monoamine receptors and transporters were assessed. In vitro uptake inhibition and transporter
release assays were conducted to determine the effects of 4,4'-DMAR on human high-affinity
transporters for dopamine (DAT), norepinephrine (NET) and serotonin (SERT). Furthermore, the
interaction of 4,4'-DMAR with the vesicular monoamine transporter 2 (VMAT2) in rat
phaeochromocytoma (PC12) cells and synaptic vesicles prepared from human striatum was
explored. 4,4'-DMAR inhibited uptake mediated by human DAT, NET or SERT, respectively in
the low micromolar range (IC50 values < 2 µM) and is therefore a more potent inhibitor than
MDMA. Release assays identified 4,4'-DMAR as a substrate type releaser, capable of inducing
transporter-mediated reverse transport via DAT, NET and SERT. In addition, 4,4'-DMAR inhibited
both

the

rat

and

human

isoforms

of

VMAT2

at

a

potency

similar

to

3,4-

methylenedioxymethylamphetamine (MDMA). This thesis identified 4,4'-DMAR as a nonselective monoamine releasing agent. In contrast to the known effects of its parent substances
aminorex and 4-methylaminorex, 4,4'-DMAR exerts profound effects on human SERT. The latter
finding is consistent with the idea that fatalities associated with its abuse may be linked to
monoaminergic toxicity including serotonin syndrome. The activity at VMAT2 suggests that
chronic abuse of 4,4'-DMAR may result in long-term neurotoxicity.
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H-MPP+
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MDMA
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NET

Norepinephrine transporter
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Serotonin transporter

SLC

Solute carrier membrane transporter

SNRI

Serotonin–norepinephrine reuptake inhibitor
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Selective serotonin reuptake inhibitor

TAAR1

Trace amine associated receptor 1
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Tricyclic antidepressant

VMAT2

Vesicular monoamine transporter2
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Introduction
Between June 2013 and February 2014, 31 people in Europe died from the consumption of the new
psychoactive

substance

(NPS)

(±)-cis-4,4'-Dimethylaminorex

[(±)-cis-4-methyl-5-(4-

methylphenyl)-4,5-dihydro-1,3-oxazol-2-amine; 4,4'-DMAR] (EMCDDA, 2014). 21 of those 31
deaths occurred in the United Kingdom. To put this figure into context: Between 2003 and 2013,
76 people died from the consumption of NPS in the U.K. 21 of those deaths, approximately one
quarter, were caused by 4,4'-DMAR, even though the substance had only been available for half a
year (ONS, 2016).
Brandt et al. (2014) and McLaughlin et al. (2015) have analysed the chemical features of the
substance and determined its monoamine transporter activity using rat brain synaptosomes. They
concluded that 4,4'-DMAR acts as a potent releaser at DAT (SLC6A3), NET (SLC6A2) and SERT
(SLC6A4), the monoamine transporters of dopamine, norepinephrine and 5-HT respectively. As
will be examined in more detail, amphetamines and amphetamine-like substances, such as 4,4'DMAR, increase the synaptic monoamine concentration via the induction of efflux through reverse
transport and their interaction with the vesicular monoamine transporter VMAT2 (SLC18A2) (Sitte
& Freissmuth 2015).
In comparison to its predecessors and structural analogues Aminorex and 4-MAR (4Methylaminorex), 4-4'-DMAR has been shown to be a more potent releaser at SERT (Brandt et al,
2014). Aminorex and 4-MAR are amphetamine-like substances (Hofmaier et al. 2014; Kankaanpää
et al. 2001) that are more potent DAT and NET than SERT releasing agents (Brandt et al. 2014).
4,4'-DMAR, on the other hand, is a potent non-selective monoamine releasing agent.
The European Monitoring Centre for Drugs and Drug Addiction (EMCDDA), hypothesises that
serotonin syndrome and cardiovascular effects caused by norepinephrine as well as the
combination of 4,4'-DMAR with various other drugs might have been possible causes of death
(EMCDDA, 2014). Consequently, in 2015, the EU Council, advised by Brandt and the EMCDDA,
decided to add the substance to the list of controlled substances, not readily available for the general
public (EMCDDA, 2015).
This thesis is the first study to provide a human cell (HEK 293) based transporter binding and
monoamine transporter interaction profile of the substance and therefore might shed light on 4,4'5

DMAR’s short-term pharmacological effects and toxicity. Secondly, the thesis, utilising human
striatal tissue and PC12 rat cells, both expressing VMAT2, offers an explanation of the possible
long-term toxicity of 4,4'-DMAR, involving an inhibition of VMAT2, which has already been
established for amphetamine and other amphetamine-related drugs before (Pifl et al. 2015). In
addition, knowledge about deadly substances of abuse is not only relevant for the field of
pharmacology and toxicology but also pertaining to the fields of public health, addiction, illicit
drug use, drug regulation and policy.
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Theoretical Framework
NET (SLC6A2), DAT (SLC6A3) and SERT (SLC6A4), as well as VMAT2 (SLC18A2), are part
of the solute carrier (SLC) family of eukaryotic membrane transport proteins, which, via facilitative
and secondary active transport, allow for the uptake or efflux of solutes (Schlessinger et al. 2010)1.
While the exact number still remains enigmatic, current knowledge suggests that more than 400
genetically different SLCs are recognized (Perland & Fredriksson 2017; César-Razquin et al.
2015). If a transporter has a genetic sequence identity of at least 20% with another SLC, they belong
to the same family (Hediger et al. 2013; Hediger et al. 2004). SLCs are currently grouped into 52
different families, with most (an exception is for example the SLC22 family – Colas et al. 2016)
structurally similar SLCs having similar substrates (Perland & Fredriksson 2017; Schlessinger et
al. 2010). It is established that most SLC families share very little sequence similarities amongst
each other which distinguishes them from other membrane protein families, such as, e.g., GProtein-coupled receptors (Colas et al. 2016; Höglund et al. 2011; Fredriksson et al. 2003). A
search of SLC protein sequences against the Pfam (Protein families) database was conducted and
the heterogenous results reveal that the known SLC families belong to 24 different Pfam
superfamilies (Höglund et al. 2011; Perland et al. 2017). Only four clans (the major facilitator
superfamily [MFS; approximately containing one third of all SLCs], the amino acid-polyamineorganocation (APC) superfamily, the cation:proton antiporter (CPA) superfamily and the
drug/metabolite transporter (DMT) superfamily) encompass more than one SLC family (Höglund
et al. 2011; Perland et al. 2017). Phylogenetic analyses unveil that 26 of the known 52 families can
be further classified into four clusters, the α-, β-, γ- and δ-groups (Höglund et al. 2011; Fredriksson
et al. 2008). Hidden Markov Models (HMMS) are being applied in order to identify novel SLCs,
unique and repeated SLC sequences and orthologues (Perland et al. 2017; Perland and Fredriksson
2017; Höglund et al. 2011; Fredriksson et al. 2008; Sundberg et al. 2008). Still, even though 10%
of the human genome contain sequences pertaining to transporters (Hediger et al. 2013) and SLCs
are the largest transporter family, they are among the least (well-)researched gene groups (CésarRazquin et al. 2015).

1

Some special corner cases are for example the SLC51A and B, as well as the SLC3 family in conjunction with certain
SLC7 members, in the sense that they are heterodimers that only demonstrate transporter function when interacting
with each other (Colas et al. 2016).
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All SLCs have in common that they are (trans-)membrane proteins that allow for specific
substrates’ lipid bilayer crossing (Perland et al. 2017). While a preponderance of cell membrane
transporters is noteworthy, there nonetheless are intracellular exceptions such as the mitochondrial
carrier family SLC25 (Pebay-Peyroula et al. 2003) or the vesicular glutamate and amine transporter
families (SLC17 and 18 – Reimer 2013; Lawal & Krantz 2013). Another commonality is that, in
general, SLCs contain ten to fourteen transmembrane α-helices (Colas et al. 2016; Schlessinger et
al. 2010). While more and more crystal structures of SLCs have been solved over the last couple
of years (Hediger et al. 2013), only four human SLC transporters’ structures have been identified
to date (Colas et al. 2016). A lot of knowledge could be garnered from working with eu- and
prokaryotic homologues of human SLCs. An example are the insights gained from working with
the bacterial, prokaryotic, leucine transporter (LeuT) (e.g. Rudnick et al. 2014; Shi et al. 2008;
Singh et al. 2007; Zhou et al. 2007) and the homologous eukaryotic Drosophilia melanogaster
structure (Penmatsa et al. 2013), which have contributed to the current understanding of how the
human SLC6 family functions. X-ray crystallography has also led to a rise of molecular dynamics
(MD) simulations on an atomic level trying to detail the exact mechanism of SLC action (Tamura
& Hayashi 2017; Grouleff et al. 2015). Transport is illustrated with the alternating access model
where SLC transporters alternate between inward and outward facing conformations via
intermediate, i.e. occluded, states (Tamura & Hayashi 2017; Colas et al. 2016; Jardetzky 1966).
Depending on the occupational state of the binding sites, the transporter alternates between
conformational changes (Rudnick et al. 2014; Kristensen et al. 2011). Still, as Grouleff et al. (2015)
highlight, the exact binding locations of many inhibitors, releasers and ions are currently heavily
debated.
Approximately 190 SLCs have been linked to diseases but most have not yet been explored as drug
targets (César-Razquin et al. 2015; Lin et al. 2015; Rask-Andersen et al. 2013). Most current drugs
are inhibitors of SLC transporter activity (Lin et al. 2015). SLC families are for example targeted
in the treatment of depression, epilepsy and addiction (SLC6), Parkinson and movement disorders
(SLC18), gout (SLC22), diabetes (SLC5), utilized for diuresis (SLC12) and anti-neoplastic, as well
as cardiovascular, applications are being investigated (Lin et al. 2015; Rask-Andersen et al. 2013).
The, by far, most popular and well-researched SLC targeting drugs are inhibitors of SLC6A2, A3
and A4 (César-Razquin et al. 2015).
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The SLC6 transporter family, containing more than 300 eu- and prokaryotic proteins, at least 20 of
which can be found in humans, is, via the inclusion in the neurotransmitter:sodium symporter
(NSS) family, part of the APC superfamily (Bala et al. 2013; Rudnick et al. 2014). Contrary to
what the family name suggests, not all SLC6 members transporter neurotransmitters but rather also
amino acids, taurine, creatine and betaine (Bröer & Gether 2012). It is possible to subdivide the
family into four groups: First of all, a group labelled GABA transporters, containing three GABA
transporters (SLC6A1, SLC6A11, SLC6A13), one taurine transporter (SLC6A6), one creatine
transporter (SLC6A8) and one betaine transporter (SLC6A12); secondly, the subfamily of
monoamine transporters comprising the aforementioned transporters of norepinephrine, dopamine
and 5-HT (SLC6A2, SLC6A3 and SLC6A4); thirdly, neurotransmitter amino acid transporters for
glycine (SLCA5, SLCA9), proline (SLC6A7) and neutral and cationic amino acids (SLC6A14)
and lastly the nutrient amino acid transporters (SLC6A15-20), mostly transporting neutral amino
acids (Rudnick et al. 2014; Bröer & Gether 2012). The four subfamilies share their mechanism of
action. As their family name suggests, all SLC6 members are sodium symporters, transporting one
to three sodium ions, with some additionally moving one chloride ion in conjunction with the
substrate, while SLC6A4 further couples the efflux of potassium to substrate influx, as an antiport
mechanism (Rudnick et al. 2014; Bröer & Gether 2012; Kristensen et al. 2011)2. Raising
intracellular sodium levels, by blocking the Na+/K+-ATPase or dissipating the sodium gradient by
administering the ionophore monensin, leads to an increase in neurotransmitter efflux (Sitte &
Freissmuth 2015; Mollenhauer et al. 1990). Cellularly, SLC6 expression is regulated via steps of
the secretory pathway (e.g. oligomerization and N- or C-terminus binding), post-translational
modifications, such as glycosylation, ubiquination, phosphorylation (mostly via PKC [protein
kinase C]) and dephosphorylation and various ways of transporter trafficking (internalization
influenced by PKC, substrates and inhibitors) (Pramod et al. 2012; Kristensen et al. 2011;
Ramamoorthy et al. 2011; Sager & Torres 2011; Melikian 2004). In addition, the presence of other
molecules, such as membrane cholesterol, seems to be essential for transporter function (Vaughan
& Foster 2013; Hong & Amara 2010; Scanlon et al. 2001; North & Fleischer 1983).
SERT (SLC6A4), located on chromosome 17q11.1-17q12 and expressed peripherally in the
intestinal tract, the adrenal gland and platelets and centrally mostly in the median and dorsal raphe
nuclei, is important for the regulation of emotions, mood, cognitive and motor functions and
2

For the exact stoichiometry see Grouleff et al. (2015).
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comprises 14 exons and polymorphic regions (Sara & Bouret 2012; Murphy et al. 2008; Canli &
Lesch 2007; Torres et al. 2003; Kim et al. 1999; Heils et al. 1996; Lesch et al. 1994). Epigenetic
DNA methylation is being discussed as a biomarker of adversities such as traumatic and stressful
life events (Provenzi et al. 2016; van der Knaap et al. 2015; Dunam & Canli 2015). Certain SERT
polymorphisms are associated with ulcerative colitis and IBS, as well as anxiety, affective
disorders, substance abuse, attention deficit hyperactivity disorder, pulmonary hypertension and
depression, seeming to influence individuals’ reactions and responsiveness to antidepressants
(Sikander et al. 2015; Acosta & Camilleri 2015; Murphy et al. 2008; Park et al. 2006; Kim et al.
1999; Gelernter et al. 1997). Genetically, depressive disorders seem to be highly heterogenous but
SLC6A4 is being investigated as one possible locus of origin (Flint et al. 2014; Ripke et al. 2012;
Risch et al. 2009). Medically, SERT is being targeted by antidepressant compounds, such as
serotonin reuptake inhibitors (SSRIs, TCAs, SNRIs - Rask-Andersen et al. 2013). Drugs that
exhibit a serotonergic profile of action, such as MDMA, a non-selective monoamine releasing
agent, and cocaine or SSRIs and MAOIs can, when overdosed or combined with each other cause
serotonin toxicity, serotonin syndrome (Greenier et al. 2014). The SLC6A4’s crystallography
structure reveals a central and allosteric binding site, as well as ion-binding sites and illuminates
antidepressants’ mechanism of action, with the drug locking the transporter in an outward-open
confirmation by attaching to the central binding site (Coleman et al. 2016). The endogenous ligand
of SERT, serotonin (5-Hydroxytryptamine), and its ways of synthesis and degradation, as well as
the associated 5-HT receptors have been concisely described elsewhere (Spies et al. 2015; Bockaert
et al. 2010; Eisenhofer et al. 2004; Barnes & Sharp 1999; Boadle-Biber 1993).
DAT (SLC6A3), located on chromosome 5p15.3, mostly expressed in the brain’s mesolimbic,
mesocortical and mesostriatal pathways and peripherally in the pancreas, stomach and kidney, is,
like SERT, essential for the regulation of emotions, mood, cognitive and motor functions and
contains 15 exons and a VNTR (variable number tandem repeat), responsible for polymorphisms
(Costa et al. 2011; Torres et al. 2003; Vandenbergh et al. 2000; Ciliax et al. 1999; Vandenbergh et
al. 1992). DAT polymorphisms correlate with addiction, attention deficit hyperactivity disorder,
posttraumatic stress disorder, Parkinson’s disease, bipolar disorder and depression (Li et al. 2016;
Tong et al. 2015; Hansen et al. 2014; Zhai et al. 2014; Spencer et al. 2013; Vaughan & Foster
2013; Li et al. 2006; Erblich et al. 2005; Vandenbergh et al. 2000). Dopamine reuptake inhibitors
are used to treat attention deficit hyperactivity disorder, narcolepsy, Parkinson’s disease, as
10

antidepressants and consumed illicitly as well, e.g. cocaine (Huot et al. 2016; Kesselheim et al.
2012; Loland et al. 2012; Carroll et al. 2006; Adler & Chua 2002). In addition, partial uptake
blockers that are allosteric DAT ligands are being identified as potential novel therapeutics
(Rothman et al. 2015). Notable dopamine releasing agents, often consumed as illicit drugs, are
amphetamine, cathinones, MDMA and tryptamine derivatives (Reith et al. 2015; Blough et al.
2014). DAT-SPECT (single-photon emission computed tomography) is applied in the diagnosis
of Parkinsonism and early parkinsonian syndromes and increasingly used for research purposes
(Suwijn et al. 2014; Scherfler et al. 2007). The fact that transport via SLC6A3 can be inhibited by
extracellular zinc (Norregaard et al. 1998), was utilized to develop a human DAT model via MD
simulation and zinc binding site-directed mutagenesis experiments (Stockner et al. 2013). In
addition, Drosophila melanogaster DAT was crystallized to highlight the interaction between DAT
and antidepressant drugs with the inhibitor occupying the substrate-binding site to the effect that
the transported is stabilized in an outward-open confirmation (Penmatsa et al. 2015; Wang et al.
2015; Penmatsa et al. 2013). The endogenous ligand of the DAT, dopamine (3,4‐
dihydroxyphenylalanine), and its ways of synthesis and degradation, as well as the associated
dopamine receptors have been concisely described elsewhere (Beaulieu et al. 2015; Broadley 2010;
Eisenhofer et al. 2004). Interestingly, DAT and NET can substitute reciprocally in transporting
dopamine and norepinephrine (Torres et al. 2003).
NET (SLC6A2) is located on chromosome 16q12.2, encoded by 14 exons and, similar to the
aforementioned transporters, subject to genetic variation (Tellioglu & Robertson 2001; Brüss et al.
1993). NET is expressed in the plasma membranes of noradrenergic neurons in the central and
peripheral nervous system, the lung and placenta and constitutive of the sympathetic nervous
system (Zhou 2004; Schroeter et al. 2000). The locus coeruleus, located in the brainstem, is a
noradrenergic nucleus, involved in the regulation of mood, sleep, behaviour, alertness and arousal
(Sara & Bouret 2012; Zhou 2004). Polymorphisms and epigenetic DNA methylation have been
associated with major depression, attention deficit hyperactivity disorder, heart failure,
hypertension, tachycardia and orthostatic intolerance (Bayles et al. 2013; Zolk et al. 2012; Dong
et al. 2009; Kim et al. 2008a; Kim et al. 2008b; Kim et al. 2006; Ono et al. 2003; Backs et al.
2001; Tellioglu & Robertson 2001; Shannon et al. 2000). Selective and non-selective
norepinephrine reuptake inhibitors and releasing agents are utilised in the treatment of depression,
anxiety, attention deficit hyperactivity disorder and narcolepsy (Schlessinger et al. 2011; Dell’Osso
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et al. 2010; Billiard 2008; Hajos et al. 2004; Spencer et al. 2002; Gorman & Kent 1999; Luque &
Rey 1999). The releasing agents amphetamine, MDMA and mephedrone and the reuptake inhibitor
cocaine are seminal representatives of illicit substances targeting the SLC6A2 transporter
(Rothman et al. 2001). In contrast to the previously described monoamine transporters, the
crystallographic structure of NET remains, as of yet, unknown. The endogenous ligand of the
norepinephrine transporter, norepinephrine, or noradrenaline, and its ways of synthesis and
degradation, as well as the associated adrenergic α and β receptors have been concisely described
elsewhere (Alexander et al. 2015; Broadley 2010; Eisenhofer et al. 2004).
The vesicular monoamine transporter 2, VMAT2 (SLC18A2), located on chromosome 10q25.3
and comprising 16 exons, can, in contrast to the exclusively in peripheral neuroendocrinal cells
expressed VMAT1, be detected in enteric, peripheral and, predominately, central neurons (NCBI
2017; Wimalasena 2011; Fei et al. 2008; Eiden et al. 2004; Erickson et al. 1996; Peter et al. 1993;
Surratt et al. 1993). SLC18A2 is part of the SLC18 family of vesicular neurotransmitter
transporters, consisting of SLC18A1 (VMAT1), SLC18A2 (VMAT2), SLC18A3 (VAchT, the
vesicular acetylcholine transporter), SLC18A4 (that is only expressed in insects) and SLC18B1,
VPAT, the vesicular polyamine transporter, transporting spermine and spermidine (Takeuchi et al.
2017; Hiasa et al. 2014; Lawal & Krantz 2013). The first three transporters share between 40 and
60% sequence identity amongst each other (Eiden et al. 2004). Other vesicular transporters
belonging to the SLC family are the vesicular glutamate transporters (SLC17) and the vesicular
inhibitory amino acid transporter (SLC32) (Anne & Gasnier 2014). The SLC18 family’s vesicular
transporters, located in the membrane of secretory vesicles, operate via an antiport mechanism
constituted by the exchange of one cytosolic cationic transmitter molecule for two luminal protons
(Anne & Gasnier 2014; Lawal & Krantz 2013; Eiden et al. 2004; Parsons 2000). The necessary
electrochemical gradient for transport is generated by a Mg2+-dependent vacuolar (V-type) H+ATPase, residing on the membrane of cells involved in the secretory pathway (Chaudhry et al.
2008). Similar to the aforementioned monoamine transporters, (de-)phosphorylation and
glycosylation are the most well-researched and -known mechanisms in the regulation and
trafficking of the VMAT2 (Ramamoorthy et al. 2011; Fei et al. 2008). SLC18A2’s exact structure
has not been discovered yet but there exist 3D homology models built from known prokaryotic
structures also belonging to the MFS superfamily (Liu et al. 2016; Anne & Gasnier 2014; Yaffe et
al. 2013). In addition, it is pointed out that VMAT2 displays homology to bacterial resistance genes
12

and its mechanism of action bears resemblance to bacterial efflux pumps rather than other
monoamine transporters, recognising many of the same cytotoxic compounds that bacterial drugresistance pumps can identify (Eiden & Weihe 2011; Guillot & Miller 2009; Chaudhry et al. 2007).
Current findings suggest that the multiple confirmations MFS models undergo during the transport
cycle are consistent with the alternating access model (Yaffe et al. 2016). While many authors
(Solovieff et al. 2014; Wimalasena 2011; Lin et al. 2010; Eiden et al. 2004) describe associations
between impaired VMAT2 function and Parkinson’s disease, schizophrenia, alcoholism and posttraumatic stress disorder, others emphasise the lack of unequivocal association of diseases and
SLC18A2 polymorphisms (Lawal & Krantz 2013). One reason might be the extraordinary
importance of a functioning SLC18A2 and that some mutations (and the full knockout of the
SLC18A2 gene) might be incompatible with life (Lawal & Krantz 2013; Eiden & Weihe 2011; Lin
et al. 2010; Takahashi et al. 1997). SLC18A2 prevents the inhibition of oxidative phosphorylation
in mitochondria (and apoptosis), for example, caused by the active metabolite N-methyl-4phenylpyridinium (MPP+) of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) (Guillot &
Miller 2009; Chaudhry et al. 2007; Staal & Sonsalla 2000). VMAT2 is therefore not only important
for the controlled storage and release of monoamines but also for the prevention of cytosolic
toxicity (Lohr et al. 2015). Interestingly, monoamine receptors can influence the expression of
VMAT2 and vice versa (Guillot & Miller 2009; Fleckenstein et al. 2009). In addition, the function
of VMAT2 is influenced by cytosolic neurotransmitter levels (Eiden & Weihe 2011).
Pharmacological agents that increase the activity of the SLC18A2 (indirectly), such as pramipexole
or apomorphine, are neuroprotective (Chaudhry et al. 2007). Analogously, inhibitors of VMAT2,
such as the reserpine, a formerly used antihypertensive drug, and tetrabenazine, utilized in the
treatment of hyperkinetic disorders (for example Huntington’s disease), which bind to distinct sites,
as well as many illicit drugs, cause, through the increase of cytosolic catecholamines, oxidative
stress, leading to neurotoxic effects in catecholaminergic neurons (Wimalasena 2011; Guillot &
Miller 2009; Zheng et al. 2006). Amphetamine-like drugs, such as methamphetamine or MDMA,
inhibit VMAT2 and increase the concentration of catecholamines intra- and extracellularly (Guillot
& Miller 2009). Still, other researchers argue that amphetamines, in fact, do not cause the inhibition
of VMAT2 but rather act as releasing agents (Freyberg et al. 2016). A long-term effect of drug
abuse is the reduction of VMAT2 expression (Narendran et al. 2012). This mechanism seems to
be drug specific, with having been proven for cocaine users and also, while still debated, seeming
likely for methamphetamine consumers (Narendran et al. 2012; Eiden & Weihe 2011; Fleckenstein
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et al. 2009). Lohr et al. (2015) have demonstrated that mice overexpressing SLC18A2 are protected
from methamphetamine caused neurotoxicity. The increase of VMAT2 availability might be a
future therapeutic angle to consider in the development of a treatment for psychostimulant abuse
and Parkinson’s disease (Zheng et al. 2006). Reduced VMAT2 function is a consequence of
Parkinson’s disease and Alzheimer’s disease and has been used as a marker to monitor the diseases’
progression (Lawal & Krantz 2013; Wimalasena 2011; Chaudry et al. 2007; Chen et al. 2008;
Miller et al. 1999)3. A hypermethylated SLC18A2 promoter region has been discussed as an
indicator of prostate cancer (Haldrup et al. 2016). Various pesticides and environmental toxins
inhibit VMAT2-mediated neurotransmitter uptake (Lawal & Krantz 2013). The endogenous
ligands of the VMAT2 are 5-HT, dopamine, (nor-)epinephrine and histamine, listed by their
binding affinities in descending order (Lawal & Krantz 2013).
Physiologically, after the synthesis, or (re)uptake, of monoamine neurotransmitters, VMAT2
(SLC18A2) aids the storage of monoamines into intracellular vesicles to avoid the neurotoxic
effects of free cytosolic monoamines (Lin et al. 2010; Pifl et al. 2015). After an action potential
reaches the presynaptic neuron and causes the influx of Ca2+, VMAT2 mediates the process of
releasing neurotransmitters from the intracellular vesicles into the synaptic cleft via exocytosis
(Watson et al. 2006). The synaptic vesicles are retrieved and recycled via three distinct
mechanisms: kiss and stay, kiss and run and clathrin-mediated endocytosis (Südhof & Rizo 2011;
Egana et al. 2009). The monoamine release-caused chemical signal can be terminated via
enzymatic degradation, diffusion (which is currently greatly debated – e.g. Matsson et al. 2015) or
reuptake through neurotransmitter transporters (Watson et al. 2006). The subfamily of monoamine
transporters (SLC6A2, SLC6A3 and SLC6A4) oversees the presynaptic reuptake of the
monoamine neurotransmitters norepinephrine, dopamine and serotonin (Grouleff et al. 2015). The
following VMAT2-mediated uptake into vesicles allows for the described transmitter cycle to start
anew as soon as the next action potential is registered (Sitte & Freissmuth 2015). SLC18A2
mediates uptake not only into secretory synaptic vesicles but also large dense core vesicles where
monoamines are stored until release (Grygoruk et al. 2014; Zhang et al. 2011; Fei et al. 2008;
Bruns & Jahn 1997; Nirenberg et al. 1995). It has, additionally, been shown for DAT that the
synaptic vesicle protein synaptogyrin-3, VMAT2 and the monoamine transporter form a spatially
proximate complex that facilitates the ability to efficiently replenish synaptic vesicles (Egana et al.
3

For a list of imaging agents and radioligands used for disease progression monitoring see Wimalasena (2011).
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2009). Monoamine transporters are among the most common targets for illicit, new psychoactive,
substances (NPS) (Kristensen et al. 2011). Amphetamines and amphetamine-type stimulants
(ATS), such as 4,4'-DMAR, have to be substrates of monoamine transporters and the VMAT2 in
order to exert their effects (Zheng et al. 2006; Chaudhry et al. 2007; Freyberg et al. 2016).
Amphetamine-type stimulants, a subfamily of the NPS, including methamphetamine, cathinones
and MDMA (3,4-Methylenedioxymethamphetamine), have the second highest number of drug
users worldwide, only preceded by the number of cannabis consumers, and are, after opioids, the
second most frequent cause of diseases due to substance abuse (United Nations 2017). The
historical, chemical, definition of amphetamines by Biel and Bopp (1978) is faced with the
challenge that many compounds violate those initially defined criteria. Furthermore, the NPS
market is innovative concerning the development of chemical substitutions or subtle changes of
compounds to bypass legislative obstacles (McLaughlin et al. 2015; Sitte & Freissmuth 2015). The
WHO (2017), basing their definition on the challenged chemical criteria, defines ATS as
“amphetamine-type derivative[s] with hallucinogenic properties”. Other definitions based on the
mechanism of action of ATS face similar problems. While it is characteristic of ATS that they are
releasing agents at NET, DAT and many also at SERT, with the most pronounced effects generally
being caused at the first two transporters, some (e.g. methylphenidate) are inhibitors of reuptake
and others (e.g. MDMA) show stronger effects at SERT than other ATS (Sitte & Freissmuth 2015;
Rothman et al. 2001).4 While ATS, in the form of plant-based products, have been around for
millennia, the phase of synthetic amphetamines commenced around the beginning of the 20th
century (Sulzer et al. 2005). Still, amphetamines are not only consumed as illicit substances but
also used in the treatment of narcolepsy and as treatment for attention deficit hyperactivity disorder
(Heal et al. 2013; Seiden et al. 1993).
Amphetamine-type stimulants compete with endogenous substrate intra- and extracellularly, i.e.
they inhibit monoamine reuptake presynaptically and compete with substrate intracellularly for the
transporter’s primary binding site (Sitte & Freissmuth 2015). ATS and monoamines are similar in
structure and molecular weight, which allows for the uptake of ATS via sodium (and chloride)
symport into the cell (Heal et al. 2013; Rudnick & Clark 1993). This causes an increase in
intracellular sodium levels and uncouples the physiological ion gradient, leading to augmented

4

For a possible solution of the conundrum see Wittgenstein’s concept of family resemblance (1986).
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levels of neurotransmitter being transported outwardly (Sitte & Freissmuth 2015; Sitte &
Freissmuth 2010). Transporter-mediated currents can cause the depolarization of the cell which has
implications for the neuron’s excitability (Baumann et al. 2014)5. ATS cause the inhibition of
MAO, hindering the degradation of the released cytosolic monoamines (Sitte & Freissmuth 2015,
Seiden et al. 1993). One recent study suggests that, contrary to the previous scientific consensus,
ATS do not primarily inhibit VMAT2 but rather act as releasing agents that cause an accumulation
of cytosolic monoamines (Freyberg et al. 2016). They, therefore, induce efflux of neurotransmitter
via reverse transport and inhibit the reuptake of monoamines accumulated in the synaptic cleft,
with both mechanisms, in conjunction, leading to an increase in synaptic monoamine
concentrations and the activation of pre- and postsynaptic receptors (Sitte & Freissmuth 2015). The
mechanism of reverse transport can be conceptualized building on the aforementioned alternating
access model, that is facilitated through conformational changes caused, for example, by the
phosphorylation of specific amino acids or oligomerization of the transporter (Bermingham &
Blakely 2016; Sitte & Freissmuth 2015; Anderluh et al. 2014; Sager & Torres 2011; Sucic et al.
2010). With high intracellular substrate levels, the oligomeric transporters seesaw through inwardfacing, occluded and outward-facing confirmations, releasing substrate in continuous and burstlike movements (Sitte & Freissmuth 2015; Kahlig et al. 2005).
Many amphetamine-type substances not only interact with SLC family members (e.g. in addition
to the aforementioned: SLC22A3, SLC1A1, …) and other transporters (e.g. OCT3 [organic cation
transporter 3] – Mayer et al. 2018) but also bind to receptors, such as, for example, various 5-HT,
dopamine, histamine or adrenergic receptor subtypes (depending on the substance) and the,
intracellularly located, Gs/q coupled, trace amine associated receptor 1 (TAAR1) (Lam et al. 2015;
Sitte & Freissmuth 2015; Underhill et al. 2014; Miller 2011; Zhu et al. 2010; Battaglia et al. 1988)6.
Apart from trace amines, e.g. tryptamine, tyramine, octopamine and β- phenylethylamine,
amphetamine and MDMA also bind to TAAR1 (Lam et al. 2015; Di Cara et al. 2011; Zucchi et al.
2006; Borowsky et al. 2001). While the exact mechanism of action of TAAR1 has not been
completely illuminated yet, Revel et al. (2012) uncovered that TAAR1 partial agonists, in the
presence of a full agonist (and therefore acting as a competitive antagonist), cause an increase in
the firing frequency of serotonergic and dopaminergic neurons, while full agonists cause a decrease
5

This ATS-caused depolarisation also seems to activate voltage-gated Ca2+ channels (Cameron et al. 2015).
For a review of ATS’ interaction with CART (cocaine- and amphetamine-regulated transcript) peptides see Vicentic
& Jones (2007).
6

16

in firing frequency. Most investigators attribute inhibitory effects to the activation of the trace
amine associated receptor 1 and report a TAAR1-caused decrease in dopamine and serotonin
release (Revel et al. 2012; Di Cara et al. 2011; Lindemann et al. 2008)7. Activation of the receptor
is therefore promoting neuroprotective effects and might also be a potential target in the treatment
of ATS addiction (Miner et al. 2017; Sitte & Freissmuth 2015). Even though various antagonistic
and agonistic therapies for ATS withdrawal have been investigated, none has, so far, been proven
effective (Brensilver et al. 2013; Rothman & Baumann 2006). It is remarked that it might be
necessary to combine anti-addictive drugs and behavioural therapy with neuroprotective agents
(Yu et al. 2015; Rawson et al. 2010; Krasnova & Cadet 2009; Baldwin et al. 1993; Chuang 2004).
In the short term, induced hypothermia might also be a possible neuroprotective measure (Garg et
al. 2015; Yu et al. 2015; Krasnova & Cadet 2009). For the medical treatment of acute ATS
overdoses see Rawson et al. (2010) and Schifano et al. (2015).
Drug users consider the euphoric, hallucinogenic and energising effects, as well as reduced fatigue,
enhanced mental and physical abilities and increased self-confidence and sexual drive to be
positive consequences of the consumption of ATS (Soussan & Kjellgren 2016; Rawson et al. 2010;
Krasnova & Cadet 2009). Some researchers point out that MDMA, for example, also enhances
prosocial behaviour and emotional empathy (Hysek et al. 2014; Schmid et al. 2014). Repeated
consumption of the amphetamine-type stimulant methamphetamine increases the risk of
Parkinson’s disease and having a stroke, causes reduced memory and motor function, stereotypic
movement, oral and skin diseases, as well as addiction, psychosis and depression (Callaghan et al.
2012; Rawson et al. 2010; Krasnova & Cadet 2009; Robinson & Becker 1985; Segal & Mandell
1974). Cardiopulmonary symptoms and diseases, hyperthermia, bruxism, insomnia, formication
and agitation are among the acute effects of drug consumption (Rawson et al. 2010; Estler 1975).
These side effects are not unique to methamphetamine but are characteristic of many ATS (Martin
et al. 1971). MDMA, compared to other ATS, is a more efficacious releaser at SERT and can also
cause serotonin syndrome (Greenier et al. 2014; Parrott 2002).
Considering long-term neurotoxic effects of ATS, it becomes evident that the substances subsumed
under the umbrella term are quite heterogenous. Methamphetamine has been proven to be
neurotoxic for humans by causing degenerative processes, decreasing the expression of monoamine

7

On the other hand, Miller (2011) describes an increase in dopamine efflux due to TAAR1 activation.
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transporters at dopaminergic and, to a lesser extent, serotonergic presynaptic terminals (Yu et al.
2015; Kitamura 2009; Krasnova & Cadet 2009; Nash & Yamamoto 1992)8. It is pointed out that
inhibition of VMAT2 is highly likely to play a role in the development of ATS-related neurotoxic
effects because it is followed by an increase of cytosolic monoamines causing oxidative stress
(Lohr et al. 2015; Pifl et al. 2015; Wimalasena 2011; Lin et al. 2010; Guillot & Miller 2009;
Krasnova & Cadet 2009). Various hypotheses concerning other possible mechanisms of toxicity
have been described in great detail elsewhere (Yu et al. 2015; Krasnova & Cadet 2009). The
neurotoxicity of MDMA is, on the other hand, more heavily debated. Although not undisputed,
many animal studies (with mice, rats and monkeys) have proven neurotoxic effects at serotonergic
axons, however, the results are more ambiguous concerning human MDMA usage (Halpin et al.
2016; Mueller et al. 2016; Garg et al. 2015; Carvalho et al. 2012; Baumann et al. 2007; Verrico et
al. 2007; de la Torre et al. 2004; Lyles & Cadet 2003; Turner & Parrott 2000). Human data, mostly
building on fMRI (functional magnetic resonance imaging) examinations, seems to suggest that
moderate MDMA use (<50 lifetime consumption episodes or <100 tablets consumed) does not
significantly correlate with neuronal changes, whereas heavy use does (Mueller et al. 2016; Garg
et al. 2015). Still, comparisons across studies are not unproblematic due to differences in
experiment design and statistical analyses, as well as their (lack of) accounting for poly-drug
consumption (Miner et al. 2017; Mueller et al. 2016; Garg et al. 2015; Turner & Parrott 2000).
There does not yet exist a clear-cut answer concerning MDMA’s potential neurotoxicity because
the collected human data is not completely conclusive and there are limitations concerning
extrapolations from data gained from animal models to humans (Carvalho et al. 2012; de la Torre
& Farré, 2004). The application of animal models and extrapolation of the obtained results to
humans unveils one paramount problem, which is the difference in pharmacokinetic (ADME)
properties that drugs exhibit between species. One uncertainty factor is, for example, the difference
in metabolic degradation between species, e.g. monkeys seem to metabolise methamphetamine
(but not MDMA), in contrast to rats, similarly to humans (Carvalho et al. 2012; Krasnova & Cadet
2009; Baumann et al. 2007; de la Torre & Farré 2004). Another difficulty related to the
pharmacodynamic effects is the challenge of mimicking human, gradually escalating, drug use in
the animal model with respect to the patterns of drug administration and their effects on the

8

Dopamine receptors might play a modulating role in methamphetamine toxicity (Yu et al. 2015; Krasnova 2009). As
Fei et al. (2008) point out, dopamine receptors might, with ATS present, cause a decrease in localization of VMAT2
to vesicles and therefore inhibit VMAT2 function.
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organism (Krasnova & Cadet 2009). The chemically and pharmacologically related but
heterogenous group of ATS displays similar effects that, in their severity, depend on the consumed
substance and dosage, duration of consumption and combination with other substances. All ATS
can cause various short-term complications and some exhibit neurotoxic effects in long-term usage.
Many ATS, such as 4-4'-DMAR, are labelled new psychoactive substance (NPS), the “new”
standing for new on the market and not necessarily newly synthesised. The UNODC (2017), the
United Nations Office on Drugs and Crime, and the European Monitoring Centre for Drugs and
Drug Addiction (EMCDDA 2017) define NPS as possibly hazardous, illicit, narcotic or
psychotropic substances not listed as controlled substances by the United Nations drug conventions
of 1961 and 19719. The compound 4,4'-DMAR is, for example, deduced from a library of aminorex
derivatives that were tested for their potential as anorectic medications in the early 1960s
(Henderson et al. 1995). One major problem with NPS is the fact that they are often being sold
without exact knowledge of their mode of action and their toxicological properties – indicated by
many users referring to them as “research chemicals”, in the sense that they embody the consumers,
test subjects and researchers as one person (Mayer et al. 2016a)10. The lack of knowledge about
new psychoactive substance’s effects, potency and toxicity also contributed to the many deaths
caused by 4,4'-Dimethylaminorex and led to the inception of this thesis, wanting to investigate 4,4'DMAR’s mechanism of action and explain its lethal effects. The main research question was: “How
does 4,4’-Dimethylaminorex interact with the human monoamine transporters SLC6A2 (NET),
SLC6A3 (DAT) and SLC6A4 (SERT), as well as the human vesicular monoamine transporter
SLC18A2 (VMAT2)?”. Therefore, the null hypothesis was that 4,4'-DMAR does not cause any
effects at the aforementioned transporters, with the alternative hypothesis being that it does cause
an effect. If one could reject the null hypothesis, it would then be interesting to examine the nature
of the effect (inhibition or release) and then, as a final step, explain the substance’s (side-)effects
with its mode of action.

9

These definitions are widely accepted but also quite often criticised due to their ambiguity. For a different taxonomy
see Measham & Newcombe (2017).
10
The website “reddit.com“ contains a forum (open to the public), where drug users can discuss their insights, usage
patterns, motivations, etc. (Reddit 2017). This allows for researchers to get an insider’s perspective.
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Methods
Cell culture
Human embryonic kidney (HEK293) cells, used for uptake inhibition and superfusion release
assays, were maintained in a humidified atmosphere (37°C and 5% CO2) at a subconfluential state
in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% heat-inactivated Fetal
Bovine Serum (FBS), penicillin (100 U x 100 mL-1) and streptomycin (100 µg x 100 mL-1).
Geneticin (50 µg x mL-1) was added to maintain the selection process. The generation of stable,
monoclonal cell lines has been described elsewhere (Mayer et al. 2016a). Twenty-four hours prior
to uptake inhibition experiments, HEK293 cells expressing the desired transporter, were seeded at
a density of 40,000 cells per well onto poly- D-lysine (PDL) coated 96-well plates in a final volume
of 200 μL per well. Analogously, 24 hours before release experiments, 40,000 cells per well were
seeded onto poly- D-lysine coated glass coverslips (5 mm in diameter), that have been placed into
a 96-well plate for a final volume of 200 μL per well (Mayer et al. 2016a).
Cells used for receptor and transporter binding assays and receptor activation assays, were cultured
and prepared as recently described in detail (Luethi et al. 2017). For membrane preparations, the
cells were harvested following application of trypsin/ethylenediaminetetraacetic acid (EDTA),
washed with ice-cold PBS, pelleted via centrifugation (1000 rpm for 5 minutes at 4°C), frozen and
stored at -80°C. The frozen pellets were then suspended in 20 mL (receptor binding) or 400 mL
(transporter binding) HEPES-NaOH (20 mM, pH 7.4) containing 10 mM EDTA. After
homogenization at 14,000 rpm for 20 seconds (receptor binding) or 10,000 rpm for 15 seconds
(transporter binding), the homogenates were centrifuged at 48,000 g and 4°C for 30 minutes. For
receptor binding assays, supernatants were discarded and the pellets resuspended in 20 ml HEPESNaOH (20 mM, pH 7.4) containing 0.1 mM EDTA and homogenised at 14,000 rpm for 20 seconds.
The centrifugation and removal of the supernatant was repeated, and the final pellet was
resuspended in HEPES-NaOH that contained 0.1 mM EDTA and homogenized. The following
transfected cell lines were used for the binding assays: HEK293 cells (5-HT1A, 5-HT2A, 5-HT2C,
TAAR1, D2, hDAT, hNET, and hSERT), Chinese hamster ovary (CHO) cells (α1A), and Chinese
hamster lung (CHL) cells (α2A).
Rat pheochromocytoma cells (rPC12), used for VMAT2 uptake inhibition assays, were grown in
PDL-coated cell culture dishes (10 cm diameter) in Opti-MEM (Gibco), supplemented with 5%
Fetal Bovine Serum (FBS) and 10% horse serum, penicillin (100 U x 100 mL-1) and streptomycin
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(100 µg x 100 mL-1). For VMAT2-assays, the cells were seeded at 40,000 cells per well onto PDL
coated 96-well plates in a final volume of 200 μL per well 24 hours beforehand.
The human striatal tissue was derived from autopsied frozen half brains of subjects without
evidence of any neurological or psychiatric disorder in their records as described earlier (Pifl et al.
2014). In brief, the brains were split into two hemispheres by a midsagittal cut. One half was
utilized for neuropathological examination and the other half was frozen and later thawed and cut
by hand into 3 to 5 mm thick slices at the beginning of the experiments (Pifl et al. 2014).

Experimental protocols and design
Uptake inhibition assays
For uptake inhibition experiments, DMEM was removed from the cell culture dishes and replaced
with Krebs-HEPES-buffer (KHB; 25 mM HEPES, 120 mM NaCl, 5 mM KCl, 1.2 mM CaCl2, and
1.2 mM MgSO4 and 5 mM D-glucose, pH adjusted to 7.3) at a final volume of 200 μL per well.
The cells were exposed to increasing concentrations of 4,4'-DMAR, diluted in KHB, and 3,4methylendioxymethylamphetamine (MDMA), diluted in Milli-Q H2O, at a final volume of 200 μL
per well for 10 minutes to ensure equilibrated conditions. This was the case for hSERT, hDAT,
hNET transfected HEK cells as well as rat GAT1 (SLC6A1), expressed in HEK293 cells. For the
4,4'-DMAR experiments, tritiated substrate (0.2 µM [3H]5-HT for hSERT, 0.01 µM [3H]MPP+
for hDAT and hNET, 0.15 µM [3H]GABA for rGAT1) was added after ten minutes. Tritiated
substrate utilized in the MDMA uptake inhibition assays was 0.2 µM [3H]5-HT for hSERT, 0,2µM
[3H]DOP for hDAT and 0,015µM [3H]MPP+ for hNET. Uptake was terminated after 60 seconds
for hSERT and 180 seconds for hDAT, hNET and rGAT1 by removing the tritiated substrate and
washing the cells with 200 μL of ice-cold KHB. Afterwards, the cells were lysed in 100 μL 1%
sodium dodecyl sulfate (SDS) per well. Uptake of tritiated substrate was determined with a betascintillation counter (Perkin Elmer, Waltham, MA, USA). In the 4,4'-DMAR assays, non-specific
uptake was assessed in the presence of 10 µM paroxetine for SERT, 10 µM mazindole for hDAT,
10 µM nisoxetine for NET and 10 µM tiagabine for rGAT1. For the MDMA assays, non-specific
uptake was assessed in presence of 100 µM paroxetine for hSERT, 30 µM cocaine for hDAT and
1000 µM cocaine/methylendioxypyrovaleron (MDPV) for hNET. Non-specific uptake was
subtracted from the data to yield specific uptake values. Uptake in the absence of test drugs was
defined as 100% and uptake in the presence of drugs was expressed as a percentage thereof. The
half maximal inhibitory concentration was determined by non-linear regression fits according to
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the equation: [Y=Bottom + (Top-Bottom)/(1+10^[(X-LogEC50])*HillSlope))] (Mayer et al.
2016a). rGAT1 expressing HEK293 cells were used as a negative control because amphetamines
and amphetamine-type substances display no activity at GAT1 at pharmacologically relevant
concentrations (Seidel et al. 2005).
Uptake into permeabilized PC12 cells attached to PDL-coated 96-well plates was measured as
described earlier (Nakanishi et al. 1995), with minor modifications. PC12 cells were pre-incubated
with 150 µM digitonin for 15 minutes at room temperature to permeabilize cell membranes.
Subsequently, the cells were washed with HTMS buffer (50 mM Hepes-Tris buffer, 6 mM MgCl2,
0.32 M sucrose, 2 mM ATP, pH 7.4 – adjusted with MgOH2) (Nakanishi et al. 1995). Hundred nM
nisoxetine and 100 nM mazindole were added to the buffer to inhibit DAT and NET. The cells
were exposed to increasing concentrations of 4,4'-DMAR, MDMA or reserpine, diluted in HTMS
buffer, at a final volume of 200 μL per well for 5 minutes. Subsequently, tritiated substrate (0.1
µM [3H]5-HT) was added. Uptake was terminated after 15 minutes by aspirating the tritiated
substrate and washing the cells with 200 μL ice-cold HTMS buffer. Afterwards, the cells were
lysed with 100 μL 1% SDS per well. This solution was then transferred into counting vials,
containing 2 mL scintillation cocktail. Uptake was determined with a beta-scintillation counter
(Perkin Elmer, Waltham, MA, USA). Non-specific uptake was determined in presence of 1 µM
reserpine and subtracted from the data to yield specific uptake values. Uptake in the absence of test
drugs was defined as 100% and uptake in the presence of drugs was expressed as a percentage of
control uptake. The half maximal inhibitory concentration was determined as mentioned above.
To evaluate VMAT2 uptake inhibition in human striatal tissue, seven samples were derived from
autopsied frozen half brains. The specimens originated from voluntary body donations (6 females,
1 male, aged 87  8 years) to the Center of Anatomy and Cell Biology, Medical University of
Vienna, and were required to show no evidence of any neurological or psychiatric disorder in their
records. The procedure has been described in more detail before (Pifl et al. 2014) but shall be
briefly explained. Six-hundred mg of striatal tissue were homogenised in ice-cold 0.3 M sucrose
containing 25 mM Tris (pH 7.4) and 10 µM pargyline at 4°C in a Teflon Potter-type homogenizer.
Following homogenisation, the sample was centrifuged at 10,000 g for 15 minutes, resulting in a
pellet (P2). The supernatant was centrifuged at 20,000 g for 30 minutes. Deionised H2O was added
to the P2 pallet, causing osmotic shock. The P2 sample was then centrifuged at 22,000 g for 15
minutes and 1.3 M potassium phosphate buffer in 1/10 of the volume (pH 7.4) was added. The
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aforementioned supernatant was centrifuged at 100,000 g for 30 minutes with the resulting pellet
being suspended in the osmotically shocked P2 pellet supernatant. Therefore, vesicles in the
supernatants of P2-pellets and in H2O-lysates of P2-pellets were combined again and stored at 80°C until uptake analysis (Pifl et al. 2014).
Transporter release assays
Dynamic transporter release assays allow for the assessment of monoamine-transporter-mediated
reverse transport and avoid reuptake or retrograde diffusion of tritiated substrates by using a
constant flow rate that causes the clearance of released substances (Pifl et al. 1995; Steinkellner et
al. 2016; Mayer et al. 2016a). In brief, transporter-expressing cells are grown on glass-coverslips
and pre-loaded with tritiated substrate by exposing the cells to 0.4 µM [3H]5-HT (hSERT) 0.1 µM
[3H]MPP+ (hDAT), 0.05 µM [3H]MPP+ (hNET) or 0.1 µM [3H]GABA (rGAT1), respectively, for
20 minutes at 37°C. Subsequently, the cells are transferred into small chambers and superfused
with KHB (0.7 mL min-1). The superfusates are collected in counting vials (10 mL), containing 2
mL scintillation cocktail. After a cycle of two minutes, the next set of vials is automatically filled.
The tubes delivering the drug-containing buffer are submerged in a water bath with a constant
temperature of 25°C. To establish a stable basal release, the cells were superfused for 40 minutes
before the collection of 2-minute fractions was initiated. At first, three basal fractions were
collected before the cells were exposed to monensin (10 μM) or solvent for four fractions. The
Na+/H+ ionophore monensin was chosen because it disrupts the pre-existing sodium gradient. The
examined transporters all belong to the neurotransmitter-sodium-symporter SLC family (NSS).
Thus, a dissipated sodium gradient selectively augments efflux triggered by substrates (Sitte &
Freissmuth 2015). Afterwards, the cells were exposed to 10 µM 4,4'-DMAR or to a control
substance, known to act as transportable substrate of the respective transporter, for five fractions.
Three µM para-chloramphetamine (PCA) was used for hSERT-expressing cells, 10 µM
amphetamine for hDAT and hNET and 100 µM GABA for rGAT1-expressing cells. Finally, the
cells were lysed with 1% SDS. Afterwards the amount of tritiated substrate present in each vial
was determined by a beta-scintillation counter (Perkin Elmer, Waltham, MA, USA). Efflux of
tritium was expressed as a fractional rate, i.e. the radioactivity released during a fraction was
expressed as the percentage of the total radioactivity present in the cells at the beginning of that
fraction.
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Receptor and transporter binding and activation assays
Receptor and transporter binding affinities were determined as described earlier in detail for each
receptor and transporter (Luethi et al. 2017). In brief, membrane preparations overexpressing the
respective receptors or transporters (human genes, with the exception of rat and mouse genes for
TAAR1) were incubated with radiolabelled selective ligands at concentrations equal to Kd, and
ligand displacement by the compounds was measured. Specific binding was determined as the
difference between total binding (binding buffer alone) and nonspecific binding (in the presence of
specific competitors). The radioligands and competitors utilised to determine nonspecific binding
are summarised in Table 1.
Receptor

rTAAR1

mTAAR1

5-HT1A

5-HT2A

5-HT2C

Radioligand

[3H]RO5166017

[3H]RO5166017

[3H]-8-OH-DPAT

[3H]Ketanserin

[3H] Mesulergine

Concentration

3.5 nM

2.4 nM

0.9 nM

0.4 nM

1.4 nM

Non-specific

10 µM

10 µM

10 µM pindolol

10 µM spiperone

10 µM mianserin

binding

RO5166017

RO5166017

Kd

2.8 nM

2.0 nM

1.39 nM

0.45 nM

1.6 nM

Receptor/

α1A

α2A

D2

hDAT

hNET

hSERT

[3H]Prazosin

[3H]Rauwolscine

[3H]Spiperone

[3H]WIN3

N-methyl-

[3H]Citalopram

5,428

[3H]Nisoxetine

transporter
Radioligand

Concentration

0.106 nM

2.0 nM

1.16 nM

3.3 nM

2.9 nM

1.5 nM

Non-specific

10 µM chlor-

10 µM phentol-

10 µM

10 µM

10 µM

10 µM

binding

promazine

amine

spiperone

indatraline

indatraline

indatraline

Kd

0.044 nM

2.0 nM

0.26 nM

30 nM

37 nM

20 nM

Table 1: Receptors and transporters with their respective radioligands and non-specific binding determining
substances, as used for radioligand binding assays.

The compounds were diluted in binding assay buffer (50 mM Tris/HCl, 10 mM MgCl2, 1 mM
EGTA, pH 7.4). The concentrations tested ranged from 30 pM – 30 µM. Membrane suspension
radioligand and test compounds were added to the microplates (Greiner, 96-well) at a final volume
of 200 µL per well, incubated and shaken for 30 minutes at room temperature. The binding reaction
was terminated by rapid filtration, using Unifilter-96 plates and pre-soaked GF/C glass filters
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(incubated for 1 h in 0.3% polyethylenimine, washed with ice-cold washing buffer [50 mM
Tris/HCl, pH 7.4]). Afterwards, scintillation cocktail (45 µL/well) was added and the plates were
sealed. One hour later, radioactivity was determined by a Microplate Scintillation (Packard
Instrument Company).
FLIPR assays were conducted as previously described (Luethi et al. 2017). In brief, HEK293 cells
that expressed the human 5-HT2B receptor were incubated in PDL-coated 96-well plates overnight.
The growth medium was then removed by snap inversion, and 100 μl of calcium indicator Fluo-4
solution (Molecular Probes, Eugene, OR, USA) was added to each well. The plates were incubated
for 45 minutes at 31 °C, the Fluo-4 solution was removed by snap inversion, and 100 μL of Fluo4 solution was added a second time for 45 minutes at 31 °C. The cells were then washed and 100
μL assay buffer was added. Thereafter, the plates were placed in a fluorescence imaging plate
reader (FLIPR), and 25 μL of the test substances diluted in assay buffer was added online. The
increase in fluorescence was measured, and EC50 values were derived from the concentrationresponse curves using nonlinear regression. IC50 values were calculated by use of nonlinear
regression curves for one-site models. Ki values were determined via the Cheng-Prusoff equation
(Ki = IC50 / [1 + {radioligand concentration / Kd}]). The experiments were conducted as
concentration-response curves covering 10 individual concentrations.

Data and statistical analysis
IC50, EC50 and AUC values were calculated and plotted with Microsoft Excel® 2010 (Microsoft
Corporation, Redmond, WA, USA) and GraphPad Prism 7.03 (GraphPad Software Inc., San Diego,
CA, U.S.A.), respectively. Transporter ratios were calculated as (1/numerator IC50) divided by
(1/denominator IC50), e.g. the DAT/SERT ratio is expressed as (1/DAT IC50) divided by (1/SERT
IC50) with higher values indicating greater selectivity for DAT. Release of preloaded tritiated
substrate in the presence or absence of monensin was analysed by repeated measures two-way
ANOVA (treatment x time) and Šidák’s test. AUC data was also compared between groups by
making use of the Mann-Whitney test. All results are expressed as mean ± SEM. P values less than
0.05 were considered significant. Parameters investigated are portrayed in Table 2 below. In these
prospective, controlled laboratory experiments, the concentration of 4,4'-DMAR, and various
control substances, was manipulated over time and the subsequently caused change in the amount
of uptake or release of tritiated substrate was then measured.
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Variable
Concentration of

Category

Type of variable

log [conc] M

metric

independent

Monensin

Yes / No

nominal

independent

Time

in s/min

metric

independent

Uptake/release of tritiated

µM

metric

dependent

substances

substrate

Table 2: The investigated parameters.

Materials
(±)-cis-4,4'-DMAR hydrochloride was available from previous studies (Brandt et al. 2014).
Reagents used in the experiments for uptake inhibition and release in HEK293 cells were used as
described in Hofmaier et al. (2014). For uptake and release experiments [3H]1-methyl-4phenylpyridinium ([3H]MPP+; 80–85 μCi x mmol-1) was purchased from American Radiolabeled
Chemicals (St. Louis, MO, USA). [3H]Dopamine (55 µCi x mmol-1), [3H]GABA (89,7 μCi x mmol1

), [3H]5-HT (28.3 μCi x mmol-1), [3H]8-OH-DPAT, [3H]ketanserin, [3H]mesulergine,

[3H]prazosin, [3H]rauwolscine, [3H]spiperone, N-methyl-[3H]nisoxetine, [3H]WIN35,428, and
[3H]citalopram were all from Perkin Elmer (Boston, MA, USA). [3H]RO5166017 and RO5166017
were provided from F. Hoffmann-La Roche (Basel, Switzerland). All other chemicals and cell
culture supplies were ordered from Sigma-Aldrich (St. Louis, MO, USA) with the exception of cell
culture dishes, which were obtained from Sarstedt (Nümbrecht, Germany).
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Results
4,4'-DMAR binds to monoamine transporters
As shown in Table 3, 4,4'-DMAR binds to the monoamine transporters DAT, NET and SERT with
significantly higher binding affinities when compared to monoamine receptors. One-way ANOVA
(Tukey's multiple comparisons test) revealed that the Ki difference between 5HT2A and 5HT2C and
the monoamine transporters is significant (P <0.0001) but the differences between the transporters’
Ki values are only significant when NET and SERT are compared (P <0.05 [a comparison of DAT
and SERT yields a P value of 0,053]). 4,4’-DMAR did not bind to rTAAR, mTAAR, 5HT1A, α1A,
α2A and D2 at the tested concentrations. 4,4'-DMAR activated 5HT2A and 5HT2C at higher
concentrations with Ki values between 7.5 and 11.66 µM. I could therefore reject the null
hypothesis and explore 4,4'-DMAR’s interaction with monoamine transporters in more detail.
Receptor

Receptor/

rTAAR1

mTAAR1

5-HT1A

5-HT2A

5-HT2B

5-HT2C

Receptor

Receptor

Receptor

Receptor

Activation

Receptor

binding

binding

binding

binding

potency

binding

Ki ± SD
[nM]

Ki ± SD
[nM]

Ki ± SD
[nM]

Ki ± SD
[nM]

EC50 ± SD

Ki ± SD [nM]

>5010

>4740

>17,400

8846 ± 862.6

>10,000

11,068 ± 561.1

α1A

α2A

D2

hDAT

hNET

hSERT

Receptor

Receptor

Receptor

Transporter

Transporter

Transporter

binding

binding

binding

binding

binding

binding

Ki ± SD [nM]

Ki ± SD
[nM]

Ki ± SD
[nM]

Ki ± SD
[nM]

Ki ± SD

Ki ± SD [nM]

>4970

>13,500

533.8 ± 44.2

266.8 ± 57

[nM]

Transporter

>2120

[nM]
1881 ± 183.1

Table 3: Receptor and transporter binding affinities and 5-HT2B activation potencies (as determined by
FLIPR assay). Ki and EC50 values are given in nM (mean ± SD).
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4,4'-DMAR inhibits transporter-mediated uptake in HEK293 cells
Uptake inhibition experiments were conducted to test how 4,4'-DMAR interacts with human
monoamine transporters (i.e., hSERT, hDAT, hNET) and rGAT1, expressed in HEK293 cells. As
shown in Figure 1, 4,4'-DMAR is a fully efficacious inhibitor of uptake mediated by hDAT, hNET
and hSERT. No inhibitory effect could be observed in rGAT1-expressing cells. 4,4'-DMAR
inhibited hSERT, hDAT and hNET with equal potency with IC50 values in the low micromolar
range (hSERT = 1.75 µM – 95 % CI: 1.446 to 2.126; hDAT = 1.04 µM – 95 % CI: 0.848 to 1.282;
hNET = 0.50 µM – 95 % CI: 0.447 to 0.553). Calculated ratios emphasize 4,4'-DMAR’s low
selectivity for one transporter over another (DAT/SERT ratio: 1.68; NET/SERT ratio: 3.50;
DAT/NET ratio: 0.48). In contrast, even the highest concentration of 4,4'-DMAR tested (1000 µM)
failed to achieve half-maximal inhibition of rGAT1-mediated uptake. As a reference comparator
compound, I made use of MDMA because of its similar profile of action. MDMA inhibited hSERT
(IC50 = 16.95 µM – 95 % CI: 13.41 to 21.43), hDAT (IC50 =17.62 µM – 95 % CI: 13.91 to 22.31)
and hNET (IC50 = 4.57 µM – 95 % CI: 2.93 to 7.28). I did not conduct uptake inhibition
experiments in rGAT1-expressing cells because our laboratory has, in the same cell line, shown
before that MDMA does not interact with this transporter (Rosenauer et al. 2013).
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Figure 1:
Effects of (±)-cis-4,4'-dimethylaminorex (4,4'-DMAR) and 3,4-methylendioxymethylamphetamine
(MDMA) on transporter-mediated uptake in HEK293 cells expressing hSERT, hDAT, hNET and rGAT1,
respectively. (A) The chemical structure of 4,4'-DMAR. (B–E) Uptake of the indicated tritiated substrate
into cells expressing the indicated transporters was determined in the presence of increasing concentrations
of 4,4'-DMAR and MDMA. All symbols represent mean values ± SEM. The following numbers indicate
the number of individual experiments with 4,4'-DMAR, performed in triplicate: hSERT: 5; hDAT: 5; hNET:
8; rGAT1: 8. The following numbers indicate the number of individual experiments with MDMA,
performed in triplicate or duplicate: hSERT: 5; hDAT: 4; hNET: 6.
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4,4'-DMAR induces transporter-mediated release in HEK293 cells
Data gained from uptake inhibition assays fail to conclusively reveal whether a drug acts as an
inhibitor or as a substrate of transporters. Uptake inhibition assays measure the drug-caused change
in intracellular substrate concentration and both, uptake inhibitors and releasing agents, cause less
substrate to be located intracellularly (Scholze et al. 2000; Sitte et al. 2000; Mayer et al. 2016b).
Hence, I performed release assays to investigate whether 4,4'-DMAR induces transporter mediated
reverse transport. Dynamic superfusion experiments provide a decisive tool to monitor the effects
of test drugs on plasmalemmal transporters (Raiteri et al. 1974; Sitte et al. 2000; Scholze et al.
2002). Cells expressing the transporter of interest were pre-loaded with radiolabelled substrate and
exposed to 4,4'-DMAR (10 µM) in the absence or presence of monensin (10 µM). Monensin
selectively augments substrate-induced release. In contrast, the effects of non-transported
inhibitors remain unchanged (Mayer et al. 2016a; Scholze et al. 2000).
As shown in Figure 2, the presence of 4,4'-DMAR augmented the basal release of preloaded
[3H]substrate via hDAT, hNET and hSERT. On the contrary, 4,4'-DMAR had no effect on the
release of [3H]GABA from rGAT1-expressing cells. Two-way ANOVA (drug treatment x time)
revealed that monensin + drug treatment significantly influenced the fractional release of
[3H]substrate, compared to buffer + drug. Šidák’s post-hoc test was used to determine significant
differences between the two treatment groups at each time point. The data revealed that monensin
treatment significantly augmented 4,4'-DMAR-induced [3H]substrate release. The effect of
treatment at hDAT was F1,26=4.25, P < 0.05, for hNET it was F1,25=24.7, P < 0.05 and for hSERT
it was F1,28=373.22, P < 0.05. On the other hand, the results at rGAT revealed F1,24=0.3, P = 0.59
and therefore no significant difference. This could be confirmed by the Mann-Whitney test (P <
0.01) for the human monoamine transporters but not for rGAT.
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Figure 2:
Effects of 4,4'-DMAR on transporter-mediated release of preloaded radiolabelled substrate from HEK293
cells expressing hSERT, hDAT, hNET and rGAT, respectively. (A-D) Effects of 4,4'-DMAR on transportermediated efflux of tritiated substrates in HEK293 cells expressing the aforementioned monoamine
transporters. After three basal fractions monensin or control buffer was added at t = 6 min (MON, 10 mM,
indicated by black bar). Subsequently, the cells were exposed to 4,4'-DMAR at t = 12 min (indicated by
arrow and bar). All data are represented as mean ± SEM. Data were analysed by repeated measures twoway ANOVA followed by Šidák’s test. * denotes p < 0.05 when compared to the corresponding control
buffer condition. The following numbers indicate the number of individual experiments performed in
triplicate: hSERT: 5; hDAT: 5; hNET: 5; rGAT: 5.
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To gauge the effect of 4,4'-DMAR on monoamine transporters in comparison to well-examined
substances, I conducted control experiments with the substances para-chloramphetamine for
hSERT, d-amphetamine for hDAT and hNET and GABA for rGAT1.
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Figure 3:
Effects of 4,4'-DMAR on transporter-mediated release of preloaded radiolabelled substrate from HEK293
cells expressing hSERT, hDAT, hNET and rGAT, respectively. (A-D) Effects of the control substances
(substances para-chloramphetamine for hSERT, d-amphetamine for hDAT and hNET and GABA for
rGAT) on transporter-mediated efflux of tritiated substrates in HEK293 cells expressing the aforementioned
monoamine transporters. After three basal fractions monensin or control buffer was added at t = 6 min
(MON, 10 mM, indicated by black bar). Subsequently, the cells were exposed to 4,4'-DMAR at t = 12 min
(indicated by arrow and bar). All data are represented as mean ± SEM. Data were analysed by repeated
measures two-way ANOVA followed by Šidák’s test. * denotes p < 0.05 when compared to the
corresponding control buffer condition. The following numbers indicate the number of individual
experiments performed in triplicate: hSERT: 5; hDAT: 5; hNET: 5; rGAT: 5.
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Figure 3 reveals that the control substances augmented the basal release of preloaded [3H]substrate
at hDAT, hNET, hSERT and rGAT. Two-way ANOVA (drug treatment x time) revealed that
monensin + drug treatment significantly influenced the fractional release of [ 3H]substrate,
compared to buffer + drug. Šidák’s post-hoc test was used to determine significant differences
between the two treatment groups at each time point. The data bring to light that monensin
treatment significantly augmented control substance-induced [3H]substrate release at hDAT,
hSERT, rGAT but not hNET. The effect of treatment at hDAT was F1,26=46.04, P < 0.05,
F1,27=192.05, P < 0.05 at rGAT, for hSERT it was F1,27=7.91, P < 0.05 and for hNET F1,27=3.2, P
< 0.1 was the result.
To highlight the effect of 4,4'-DMAR and the control substances, with and without monensin
added, on substrate release, Figure 4 portrays the area under the curve (AUC) for the nine fractions
collected after drug treatment. 4,4'-DMAR has a strong effect on substrate release at hDAT and
causes less release at hSERT and hNET and close to none via rGAT1. Interestingly, the AUC for
hSERT is smaller than the AUC of hNET without monensin but larger with the addition of the
ionophore. Data was analysed with the non-parametric Mann-Whitney test. P < 0.05 was
considered significant and marked with an asterisk. Monensin augmentation, when compared to
substance and vehicle groups, caused a significant increase in release at all transporter and all
substances utilised with the exception of 4,4'-DMAR at the rGAT1.
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Figure 4:
Effects of 4,4'-DMAR on transporter-mediated release of preloaded radiolabelled substrate in HEK293 cells
expressing hSERT, hDAT, hNET and rGAT1. [3H]-5-HT was used as the radiolabelled substrate for hSERT
while release by hDAT- and hNET-expressing cells was performed using [3H]-MPP+. rGAT1 release
experiments made use of [3H]-GABA. (A–D) For each transporter, AUC was calculated after drug treatment
in the absence or presence of monensin (MON, 10 µM). Fully coloured symbols indicate vehicle + drug,
whereas empty symbols indicate MON + drug. Bars represent mean values ± SEM. Data were analysed by
the Mann-Whitney test. * denotes p < 0.05 and a significant difference between compared groups.
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4,4'-DMAR inhibits VMAT2 uptake in rat PC12 cells
To investigate if 4,4'-DMAR inhibits VMAT2, I performed uptake inhibition assays in PC12 cells
that exogenously express VMAT2 on monoaminergic vesicles. The major finding was that
reserpine, MDMA and 4,4'-DMAR inhibited VMAT2 in a concentration-dependent manner (cf.
Figure 5). Reserpine inhibited VMAT2 with an IC50 value of 0.04 µM (95% CI: 0.03 µM to 0.07
nM). MDMA and 4,4'-DMAR were weaker in that regard, with IC50 values of 26.47 µM (95% CI:
17.45 to 39.90) and 29.28 µM (95% CI: 16.29 to 52.61), respectively.
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Figure 5:
Effects of 4,4'-DMAR, MDMA and reserpine on VMAT2-mediated uptake in PC12 cells. All symbols
represent mean values ± SEM. The following numbers indicate the number of individual experiments
performed in triplicate: DMAR: 8; MDMA: 8; reserpine: 5.
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4,4'-DMAR inhibits VMAT2-mediated uptake in human striatal synaptic vesicles
Finally, uptake inhibition experiments in synaptic vesicles prepared from human striatum were
conducted. Figure 6 shows that 4,4'-DMAR inhibits [3H]dopamine uptake by human VMAT2 in
the micromolar range (IC50 = 27.6 ± 7.7 µM), comparable to MDMA (IC50 = 28.3 ± 4.1 µM), but
much less potently than reserpine (IC50 = 0.04 ± 0.006 µM).

Figure 6:
Effects of 4,4'-DMAR, MDMA and reserpine on VMAT2-mediated uptake in human striatal synaptic
vesicles. Symbols represent mean values ± SE. Control uptake was 18.6 ± 2.7 pmol x 4 min-1 x mg protein1. The following numbers indicate the number of individual experiments performed in duplicate: 4,4'DMAR: 6; MDMA: 7; reserpine: 4.
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Discussion
Considering its potency and the high number of adverse effects caused, it is striking, as Loi et al.
(2017) point out, that there is “only extremely little, if any, scientific knowledge” available about
4,4'-DMAR. Coppola and Mondola (2015) draw attention to two studies (Brandt et al. 2014;
McLaughlin et al. 2015) making use of rat brain synaptosomes to determine the monoamine
transporter activity of 4,4'-DMAR; however, no study has shed light onto the effects of 4,4'-DMAR
on humans or human cells as of yet. The internet has been scoured for user reports, detailing the
self-reported effects of the NPS on human beings, and internet snapshot surveys have been used to
gain insights into the availability of 4,4'-DMAR (Nizar et al. 2014; Glanville et al. 2015; Loi et al.
2017). While, therefore, subjective reports of the drugs’ effects on humans exist, this thesis’ main
goal was to establish the pharmacological properties of 4,4'-Dimethylaminorex, utilizing human
cells, expressing human transporters, in order to further the understanding of the substance’s effects
and toxicity.
By conducting uptake inhibition experiments, I found out that 4,4'-DMAR is a fully efficacious
inhibitor of uptake in HEK293 cells stably expressing hNET, hDAT and hSERT in the low
micromolar range, with the order indicating rising IC50 values. I have also shown that it is a more
potent inhibitor of uptake in monoamine transporters than MDMA. As a next step, to test whether
the uptake inhibition assays’ results were caused by 4,4'-DMAR being an inhibitor or a releaser, I
determined transporter release data, which suggests that 4,4'-DMAR is a potent releaser at hDAT,
hNET and hSERT. In accordance with McLaughlin et al. (2015), it has been shown that the NPS
is a more potent releaser at hDAT than hNET, which is closely followed by hSERT, whereas Brandt
et al. (2014) came to the conclusion that release at hDAT is followed by hSERT and then hNET.
Lucchetti et al. (2017) conducted motivational-behavioural experiments with rats and concluded
that 4,4'-DMAR is highly addictive, an effect that might be caused by its potency at inducing
dopamine release. Still, the differences between the 4,4'-DMAR-caused release at the three
monoamine transporters are relatively marginal; the observed differences between NET and SERT
might be dependent on the individual cell line and their passage, and hence transporter expressiondependent. A possible consensus could be that 4,4'-DMAR is a more potent releaser at DAT,
followed closely by similar effects at SERT and NET. The substance’s unique feature would
therefore be the, compared to other ATS, very high release of 5-HT. Brandt et al. (2014) have
contrasted the release of 4,4'-DMAR with its parent substances’ (4-MAR and Aminorex) release
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and found out that their amount of release caused at DAT and NET was on par with or stronger
than 4,4'-DMAR’s. In contrast, the release at SERT is by far the most potent in 4,4'-DMAR. It is
highly likely that the process of methylation has been a causal factor in the increase in potency
between the substances (Schönherr & Cernak 2013). In addition, numerous publications show that
ring-substitution in the para-position renders substrate-type releasers less selective for DAT over
SERT (Mayer et al. 2017; Solis et al. 2017; Bonano et al. 2015; Sakloth et al. 2015; Cozzi et al.
2013). This more serotonergic profile of action is reflected in 4,4'-DMAR’s street name “Serotoni”.
The transporter binding experiments further substantiate that 4,4'-DMAR binds to hNET, hDAT
and hSERT, the order indicating rising Ki values, with high affinities. In addition, the ATS also
inhibits binding of other substances to 5-HT2A and 5-HT2C receptors, albeit with lower affinities.
Interestingly, the 5-HT2 subgroup of receptors (5-HT2A, 5-HT2B and 5-HT2C), expressed not only
in the CNS, but amongst other peripheral regions, also in the myocardium, endocardium and the
heart valves, is implicated in cardiovascular complications (Baumann & Rothman 2009; Lauder et
al. 2000). It has been proven for MDMA that binding to the 5-HT2B receptor is associated with an
increased occurrence of valvular heart disease (Baumann & Rothman 2009). Even though 4,4'DMAR only binds to 5-HT2A and 5-HT2C receptors with lower affinities, this mechanism might be,
in part, implicated in the causation of cardiac complications. In addition, it is pointed out that 5HT2 receptor binding might be responsible for hallucinogenic effects (Liechti & Vollenweider
2001). It is noteworthy that, in contrast to amphetamine and MDMA, 4,4'-DMAR does not bind to
rat or mouse TAAR1 at the investigated concentrations (Lam et al. 2015; Zucchi et al. 2006). As
mentioned before, TAAR1 agonists cause a decrease in firing frequency at serotonergic and
dopaminergic axons. This means that, whereas MDMA and other ATS auto-inhibit the excitatory
response they cause via the induction of efflux, 4,4'-DMAR does not (Di Cara et al. 2011). This
lack of neuroprotective effects after 4,4'-DMAR consumption, might be one piece of the puzzle in
the explanation of possible neurotoxic effects of the substance.
In order to further consider this angle, I examined 4,4'-DMAR’s effects on VMAT2 in rat PC12
and human striatal cells in isolation and therefore conducted uptake inhibition experiments with
blocked non-vesicular monoamine transporters. The results suggest that 4,4'-DMAR inhibits
serotonin uptake via the rVMAT2 in PC12 cells, as well as dopamine uptake into synaptic vesicles
prepared from human striatum with a potency similar to that of MDMA. Many investigators point
out that the inhibition of VMAT2 and the following accumulation of substrate within the cytosol
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might be responsible for long-term neurotoxicity (Lohr et al. 2015; Pifl et al. 2015; Wimalasena
2011; Lin et al. 2010; Guillot & Miller 2009). The neurotoxicity of 4-MAR has been the subject
of controversy, with some results indicating long-term damage to serotonergic and dopaminergic
axons (Bunker et al. 1990; Hanson et al. 1992) and others negating such an effect (Zheng et al.
1997). It has been pointed out that, compared to 4-MAR, 4,4'-DMAR can more freely pass the
blood-brain barrier and has a brain-to-plasma ratio three times that of its parent substance
(Lucchetti et al. 2017). VMAT2 and P-gp (P-glycoprotein, MDR1, multidrug resistance protein 1),
a transporter located in the colon and jejunum, kidney, liver, pancreas and also the endothelial cells
that make up the blood-brain barrier, share sequence homology and many inhibitors of one
transporter have also proven effective at the other, e.g. reserpine (Staal et al. 2001). Therefore,
inhibition of VMAT2 by 4,4'-DMAR hints at the possibility of the NPS also inhibiting P-gp and
hindering its ability to pump substrate out of the cell (Staal et al. 2001; Thiebaut et al. 1987).
Inhibition of P-GP allows drugs more easily to pass the blood-brain barrier, accumulating in
neurons and increasing neurotoxic effects (Schinkel 1999). The increased passage of the bloodbrain barrier might hint at a greater neurotoxic potential of 4,4'-DMAR in comparison to its parent
substance 4-MAR
The findings of this thesis, in conjunction with the results reported by Brandt et al. (2014) and
McLaughlin et al. (2015), suggest that 4,4'-DMAR’s mechanism of action resembles the
pharmacological profile of MDMA and, therefore, acts as a non-selective monoamine releasing
agent that also affects VMAT2. When comparing inhibition data, it is noticeable that 4,4'-DMAR
behaves very similarly to MDMA at hNET and hSERT and is a more potent inhibitor at hDAT
(Simmler et al. 2013)11. McLaughlin et al. (2015) have compared the EC50 values of MDMA and
4,4'-DMAR in rat brain synaptosomes and found the latter to be the more potent releaser at SERT,
DAT and NET (approximately between 5 and 10 times, depending on the transporter). The receptor
and transporter binding profiles reveal that 4,4'-DMAR exhibits, depending on the monoamine
transporter, ten to 100 times (NET > DAT > SERT) higher binding affinities than MDMA (Simmler
et al. 2013; Simmler et al. 2014). In contrast to MDMA, 4,4'-DMAR does not bind to TAAR1 and
5-HT2B at the tested concentrations, whereas only the latter binds to 5-HT2C (Simmler et al. 2013;
Baumann & Rothman 2009). The NPS’ affinity towards 5-HT2A (Ki = 8.8 µM) is comparable to

MDMA IC50: hSERT – 1.36 µM; hDAT – 17 µM; hNET – 0.45 µM (Simmler et al. 2013)
4,4'-DMAR IC50: hSERT – 1.75 µM; hDAT 1.04µM; hNET – 0.5 µM
11
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the affinity reported for MDMA (Ki = 5.9 µM) (Simmler et al. 2013). Even though the
cardiotoxicity related to MDMA has been mostly linked to its interaction with the 5-HT2B receptor,
all 5-HT2 receptors are expressed in cardiac cells (Baumann & Rothman 2009; Setola et al. 2003;
Lauder et al. 2000). It might be possible that 5-HT2A and 5-HT2C binding could therefore be
implicated in cardiac complications caused by 4,4'-DMAR. The VMAT2 assays suggest that the
two substances are similar in their ability to inhibit VMAT2 (Pifl et al. 2015). The data allude to
the possibility of 4,4'-DMAR-caused cardiotoxic and neurotoxic effects similar or, potentially,
even stronger than those of MDMA. The lack of TAAR1 binding of 4,4'-DMAR, and therefore the
loss of an auto-inhibitory pathway that is present for MDMA, might explain, in conjunction with
the more potent release and the higher binding affinities compared to MDMA, 4,4'-DMAR’s higher
potency as a releasing agent.
According to the EMCDDA (2014), 4,4'-DMAR was often not consciously purchased but
unwittingly consumed by victims who thought that they had procured MDMA or cocaine. It was
therefore used by drug producers as an adulterant or masking agent to hide the lack of the expected
active substance (Brunt et al. 2017; Giné et al. 2014; Hofmaier et al. 2014; Rosenauer et al. 2013).
The same practice has been reported for 4-MAR, where the substance had also been misrepresented
as cocaine or methamphetamine (Meririnne et al. 2004). This would offer an explanation of the
many lethal drug-related events - non-lethal doses of what was thought to be MDMA turned out to
be the more potent 4,4'-DMAR and caused deaths due to overdose. It is striking that only one death
due to 4-MAR (Davis and Brewster, 1988) and several cases of pulmonary hypertension caused by
Aminorex and 4-MAR (Fishman 1999; Gaine et al. 2000) have been reported so far. Rothman et
al. (1999) attribute these to the effect of 5-HT. The admission notes and autopsy reports of 4,4'DMAR victims, provided by the EMCDDA (2014), suggest symptoms typical of serotonin
syndrome or serotonin toxicity and serotonin and norepinephrine caused cardiotoxicity (Greenier
et al. 2014; Brandt et al. 2014). Investigators corroborate similar serotonergic and noradrenergic
effects for MDMA (de la Torre et al. 2000a; Green et al. 2003; Steinkellner et al. 2011). With (i)
the data gained from my release assays (and the relatively high hSERT release), (ii) the knowledge
of the pharmacology and toxicology of 4,4'-DMAR’s parent substances, (iii) its similarity to
MDMA and (iv) the admission notes and autopsy reports provided by the EMCDDA (2014), taken
together, the conclusion that the increase in hSERT release from Aminorex to 4,4'-DMAR has led
to the increase in toxicity and frequency of lethal drug-related events seems plausible. By
40

identifying serotonin syndrome and noradrenergic sympathomimetic effects as, highly likely,
causes of the lethality of 4,4'-DMAR, medical professionals are able to treat drug users
appropriately (Schifano et al. 2015).
Taken one step further, concerning drug policy, it seems to be the case that harm reduction
initiatives, such as the Trans European Drug Information (TEDI) project12, where drug users can
anonymously get their purchased substances chemically analysed and are alerted about possible
adulterations and misrepresentations of drugs, allow for the twofold benefit of warning users
individually and collectively and of gathering field data concerning drugs in circulation,
supplementary to data gained from police and customs seizures (Brunt et al. 2017). This might aid
in the prevention of further big-scope drug-related tragedies such as the 4,4'-DMAR caused series
of deaths between June 2013 and February 2014. The alternative to harm reduction initiatives are
blanket bans on psychoactive substances, as, for example, the one issued in the United Kingdom
in 2016, their effectiveness being heavily debated in scientific literature (Negrei et al. 2017; Reuter
& Pardo 2017; Baumann & Volkow 2016; Reuter & Pardo 2016; Gross 2015; Stevens et al. 2015;
Fraser & Moore 2011).
This thesis examined the pharmacological properties of 4,4'-DMAR by concentrating on its effects
at human SLC transporters of the SLC6 and SLC18 families, as well as monoamine receptors and
concluded that the NPS is an efficacious releaser at hDAT, hNET and hSERT, to which it also
binds with high affinities. In addition, the substance was found out to be a potent inhibitor of
VMAT2-mediated uptake.

This, firstly, offers a possible and plausible explanation for the

substance’s short and long-term effects and toxicity, lending support to medical professionals to
treat drug users appropriately. Secondly, because of the fact that ATS have to be substrates of
monoamine transporters and the VMAT2 in order to exert their effects, it is hereafter recommended
that future analyses of NPS include assays to determine the degree of inhibition at VMAT2 in order
to provide a more holistic picture of the substances’ mechanisms of action (Zheng et al. 2006;
Chaudry et al. 2007; Freyberg et al. 2016). Even though 4,4'-DMAR has been banned in the EU,
the results of this thesis remain highly relevant because the NPS is still available in online shops
(Shenzhen Chemicals 2017; Pharmaceutical Chemistry Co. 2017; Online Research Chemicals
Shop 2017). In addition, the NPS market is exceedingly dynamic and the information presented
12

The project was a collaborative effort of mobile and stationary drug testing services in six European countries. From
Vienna, Austria, the checkit! initiative participated in the project (Rosenauer et al. 2013).

41

herein might be relevant for our understanding of future Aminorex derivatives, which may be
introduced into drug markets (McLaughlin et al. 2015).
While one recent study has identified four metabolites of 4,4'-DMAR in pharmacokinetic
experiments with rats and metabolic experiments have also been conducted for 4-MAR, this thesis
has generated a research gap concerning possible neurotoxic (via VMAT2) and cardiotoxic (via 5HT2 receptors and noradrenergic neurons) effects of 4,4'-DMAR in humans and animals that might
be closed in a future animal model study (Lucchetti et al. 2017; Meririnne et al. 2004; Henderson
et al. 1995). It would, in addition, be highly relevant to investigate whether 4,4'-DMAR is not only
an inhibitor of VMAT2 but also of P-GP and MAO.
To conclude, the new psychoactive substance 4,4'-DMAR has been shown to be a potent nonselective monoamine transporter releasing agent that inhibits VMAT2-mediated uptake in human
and rat cells. The latter result might explain its potential long-term neurotoxicity, caused by the
accumulation of substrate in the cytosol. Compared to other amphetamine-type stimulants and its
predecessors, 4,4'-DMAR has a very pronounced serotonergic profile of action similar to MDMA.
However, 4,4'-DMAR was often mislabelled and sold as ecstasy even though it is a more potent
releasing agent. The deaths can therefore be apprehended as overdoses, acutely causing serotonin
and norepinephrine toxicity. This thesis aimed and succeeded at classifying the basic
pharmacological properties of 4,4'-DMAR in human cells and provided plausible explanations for
the substance’s short- and long-term effects.
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