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PREFACE

Over the last years the recreational drug market has changed
considerably due to the emergence of New Psychoactive Substances (NPS)
such as synthetic cathinones. Hundreds of unknown NPS have appeared
marketed as “legal highs”, “bath salts” and many other distractive names that
have largely allowed their open sale circumventing the law. Hence, the “legal
high” phenomenon has become a matter of concern about public safety by

the authorities worldwide.

NPS are often traded as replacements to already controlled drugs.
In this context, the presence of 3,4-methylenedioxypyrovalerone (MDPV)
has spread across the globe as a cheaper and more accessible alternative to
cocaine, especially amongst youths. Although MDPV has already fallen
under legislative control in most countries, compelling reports indicate that
MDPV is among the most commonly detected ingredients in “bath salts”
and thus, it is considered one of the most consumed synthetic cathinones.
Nonetheless, detailed preclinical and clinical data are still scarce, thereby
the pharmacology, toxicology and potential social harms of this new
designer drug are barely known. Only one thing is clear: its consumption is
often linked to health problems, including severe acute intoxications, drug

dependence and even deaths.

In this context, the present doctoral dissertation arises from the need to
provide and extend scientific knowledge regarding NPS, especially MDPV,
but also about the second-generation synthetic cathinones structurally

related to it.
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ABSTRACT

Drugs of abuse represent a global problem not only at a health level,
but also at a social and economic extent. Recently, a tidal wave of new
emerging psychoactive substances has completely modified the illicit drug
market, thereby hundreds of new drugs are being consumed by millions of
people worldwide regardless most of these substances are hardly known.
Among them, a new family of amphetamine derivatives named synthetic
cathinones has surfaced, being 3,4-methylenedioxypyrovalerone (MDPV)
one of the most popular members of the first-generation of these drugs.
MDPV shares mechanism of action with cocaine and its consumption is
often linked to severe acute intoxications, drug dependence and even deaths.
In this context, this doctoral dissertation aims to contribute to scientific
knowledge by providing new insights about MDPV, more concretely, about
the neuroadaptive changes underlying its abuse, its addictive properties, its
behavioural effects, as well as about its relationship with cocaine, the most

consumed psychostimulant worldwide.

In summary, repeated exposure to MDPV induces behavioural
abnormalities such as anxiety-related and risk-taking behaviours,
aggressiveness and locomotor sensitization. Moreover, it exerts powerful
rewarding effects. Importantly, a cross-sensitization and cross-reinstatement
between MDPV and cocaine has been evidenced. Nonetheless, despite the
great similarities between these two psychostimulants, the intracellular

responses that they trigger in reward-related brain areas notably differ.

Whereas the first part of the present doctoral dissertation has
been focused on studying MDPV, the second one has been devoted to

characterizing the iz vitro pharmacology as well as the psychostimulant and
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rewarding properties of structurally related new second-generation synthetic

cathinones.

To sum up, all the compounds tested proved to be potent dopamine
and noradrenaline uptake inhibitors, and their potency at inhibiting such
transporters varies according to their amino terminal group. Furthermore,
all of them exerted psychostimulant and rewarding effects in mice, a fact

that evidences their abuse liability.
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RESUMEN

Las drogas de abuso representan un problema global no solo a nivel de
salud, sino también anivel social y econdmico. Recientemente, una olade nuevas
sustancias psicoactivas ha modificado por completo el mercado de las drogas
ilegales, por lo que millones de personas en todo el mundo estan consumiendo
cientos de nuevas sustancias, la mayoria de las cuales apenas se conocen. Entre
ellas, ha surgido una nueva familia de derivados anfetaminicos, denominados
catinonas sintéticas, siendo la 3,4-mentilendioxipirovalerona (MDPV) una
de las catinonas sintéticas de primera generacion mas populares. La MDPV
comparte mecanismo de accidn con la cocaina y su consumo esta a menudo
relacionado con intoxicaciones agudas graves, drogodependencia e incluso
muertes. En este contexto, esta tesis doctoral tiene como objetivo contribuir al
conocimiento cientifico proporcionando nueva informacion sobre la MDPV,
mas concretamente, sobre los cambios neuroadaptativos subyacentes al abuso
de ésta, sus propiedades adictivas, sus efectos conductuales, asi como sobre su

relacién con la cocaina, el psicoestimulante mas consumido en todo el mundo.

En resumen, la exposicion repetida a MDPV induce anormalidades
conductuales tales como comportamientos relacionados con ansiedad y una
mayor toma de riesgos, agresividad y sensibilizacion locomotora. Ademas,
ejerce potentes efectos gratificantes. Cabe destacar que se ha evidenciado una
sensibilizacion locomotora y una recaida cruzada entre cocaina y MDPV. No
obstante, a pesar de las grandes similitudes entre ambos psicoestimulantes,
las respuestas intracelulares que desencadenan en las areas cerebrales que

forman parte del circuito de recompensa difieren notablemente.

Mientras que la primera parte de la presente tesis doctoral se ha centrado

en el estudio de la MDPV, la segunda parte se ha dedicado a caracterizar
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la farmacologia iz wvitro, asi como las propiedades psicoestimulantes
y gratificantes de nuevas catinonas sintéticas de segunda generacion

estructuralmente relacionadas con la MDPV.

En resumen, todos los compuestos testados demostraron ser potentes
inhibidores de la recaptacion de dopamina y noradrenalina, y su potencia
para inhibir dichos transportadores varia segin su grupo amino-terminal.
Ademas, todas ellas provocaron potentes efectos psicoestimulantes y

gratificantes en el raton, hechos que demuestran su potencial de abuso.
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RESUM

Les drogues d’abus representen un problema global no només a nivell de
salut, sind també a nivell social 1 economic. Recentment, una onada de noves
substancies psicoactives ha modificat completament el mercat de les drogues
il'legals, aixi doncs, milions de persones en tot el moén estan consumint
centenars de noves substancies, la majoria de les quals gairebé no es coneixen.
Entre elles, ha sorgit una nova familia de derivats amfetaminics, anomenats
catinones sintétiques, essent la 3,4-metilendioxipirovalerona (MDPV) una
de les catinones sintetiques de primera generacié més populars. La MDPV
comparteix mecanisme d’accié amb la cocaina i el seu consum esta sovint
relacionat amb intoxicacions agudes greus, drogodependencia i fins 1 tot,
morts. En aquest context, aquesta test doctoral té com a objectiu contribuir
al coneixement cientific proporcionant nova informacio sobre la MDPV, més
concretament, sobre els canvis neuroadaptatius subjacents a I’abts d’aquesta,
les seves propietats addictives, els seus efectes conductuals, aixi com sobre la

seva relacid amb la cocaina, el psicoestimulant més consumit arreu del mon.

En resum, lexposicié repetida a MDPV indueix anormalitats
conductuals com ara comportaments relacionats amb ansietat 1 una major
presa de riscs, agressivitat i sensibilitzacio locomotora. A meés a més,
exerceix potents efectes gratificants. Cal destacar que s’ha evidenciat una
sensibilitzacid locomotora 1 una recaiguda creuada entre cocaina 1 MDPV.
No obstant aix0, malgrat les grans similituds entre ambdoés psicoestimulants,
les respostes intracellulars que desencadenen en arees cerebrals que formen

part del circuit de recompensa difereixen notablement.

Mentre que la primera part de la present tesi doctoral s’ha centrat en

'estudi de laMDPV, la segona part s’ha dedicat a caracteritzar la farmacologia
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in vitro, aixi com les propietats psicoestimulants i gratificants de noves

catinones sintetiques de segona generacié estructuralment relacionades amb
la MDPV.

En resum, tots els compostos assajats van demostrar ser potents
inhibidors de la recaptacié de dopamina i noradrenalina, i la seva potencia
per inhibir aquests transportadors varia en funcié del seu grup amino-
terminal. A més, totes elles van provocar potents efectes psicoestimulants

i gratificants en el ratoli, fets que posen de manifest el seu potencial d’abus.

XXII



THESIS STRUCTURE

The present doctoral dissertation is presented in several sections as
follows: firstly, a general Introduction places the reader in the context
of the thesis, providing a comprehensive overview of the topic in which
it is framed, in this case, drugs of abuse and drug addiction, and more
specifically, the current drug market situation with the emergence of
new psychoactive substances like synthetic cathinones. Afterwards, the
section Objectives collects the principal issues that were aimed to be
addressed at the beginning of each investigation. Methods and Results
section is divided in two well differentiated parts. Part I principally studies
3,4-methylenedioxypyrovalerone (MDPV), a first-generation synthetic
cathinone. More concretely, Chapter I, II and III define the neurochemical
changes underlying MDPV abuse, the behavioural abnormalities induced
by the drug and ultimately, its addictive potential. In parallel, as MDPV
is considered a cocaine-like psychostimulant, a comparative between
cocaine and MDPV effects is always performed. Part II, however, extends
the study to the new second-generation of synthetic cathinones. Chapter 4
determines the pharmacological profile of five different synthetic cathinones
structurally related to a-pyrrolidinovalerophenone («-PVP) and pentedrone,
providing interesting knowledge about the role of the amino-terminal group
in their interaction with monoaminergic transporters. Additionally, their
rewarding and psychostimulant effects are also evaluated. Thereafter, a
general Discussion compares and contextualizes the results achieved with
the evidence already available in the literature, always trying to clarify the
likely existing discrepancies. Finally, the thesis ends with the Conclusions
derived from the whole study and the Bibliography collects all the scientific
literature consulted and cited during the thesis development, which, in

addition, helped to further discuss the results. The Annex contains five
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works in which the author substantially participated during the thesis
preparation period, but which are not considered part of the main content

itself.

Four scientific papers are the result of the present dissertation, two of
them already published, another one, accepted for publication, and the last

one pending to submit:

Part I

Chapter 1

Duart-Castells, L., Loépez-Arnau, R., Buenrostro-Jauregui, M.,
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(2019). Neuroadaptative changesand behavioral effectsafter asensitization
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Chapter 2

Duart-Castells, L., Lopez-Arnau, R., Vizcaino, S., Camarasa, J.,
Pubill, D., Escubedo, E. (2019). 7,8-Dihydroxyflavone blocks the
development of behavioral sensitization to MDPV, but not to cocaine.
Differential role of the BDNF - TrkB pathway. Biochemical Pharmacology.
163:84-93.

Chapter 3
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Puster, B., Pubill, D., Mifiarro, J., Escubedo, E., Rodriguez-Arias, M.

(2020). Cross-reinstatement between 3,4-methylenedioxypyrovalerone
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(MDPV) and cocaine using Conditioning Place Preference. Progress
in Newro-Psychopharmacology & Biological Psychiatry [accepted  for
publication].

Part IT

Chapter 4

Duart-Castells, L., Muralter, M., Nadal-Gratacds, N., Puster, B.,
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Importantly, the latter arises from the author’s short-term stay at the

Medical University of Vienna (Vienna, Austria) during the last year of the

thesis preparation period.

Additionally, four extra scientific papers, as well as one book chapter,

have been published during the time period of the thesis as a result of the

author’s participation in other projects carried out by members of the same

research group. Nevertheless, the content of these publications has not been

included in the core thesis since they are beyond its scope and/or the author

contributed as a collaborator instead of leading the investigation.

Ciudad-Roberts, ~ A., Duart-Castells, L., Camarasa, ].,
Pubill, D., Escubedo, E. (2016). The combination of ethanol
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impairs the neurogenesis and learning in adolescent CD-1

mice. Toxicology and Applied Pharmacology 293:10-20.
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INTRODUCTION

1.1. Drugs of abuse and drug addiction

A drug is, from a broad point of view, a chemical substance that
has known biological effects on humans or other animals. However, and
more specifically, the term drug can be used with different meanings.
Generally, in pharmacology, a drug refers to any natural or synthetic
chemical that has a physiological effect and so it is used in medicine to
treat, cure, prevent or diagnose a disease, or to enhance physical or mental
well-being. Alternatively, in common usage, the term drug can also refer
to a substance, often a psychoactive substance, that people take because of
its pleasant effects without medical purposes, the recreational use of which
is usually illegal. Since the beginning of humanity, the human being has
been looking for drugs for both purposes: either to palliate or prevent pain,
and/or to experience pleasant sensations and relieve distress. Nevertheless,
in the present thesis the term drug (or drug of abuse to distinguish from the

medicinal drugs) will be used with the latter meaning.

The World Health Organization (WHO) defines a psychoactive drug
as a chemical substance that, when taken in or administered into one’s
system, affects mental processes (i.e. cognition or affect) (WHO, 1994). In

other words, psychoactive substances act primarily upon the central nervous
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system (CNS) where they alter the brain function modifying temporarily

perception, mood, consciousness, cognition and/or behaviour.

Psychoactive substances encompass a great deal of substances that can
be classified according to their chemical structure, mechanism of action
and thus, their physiological effects. The main drug categories are nicotine,
alcohol, cannabinoids, stimulants, opioids, depressants (sedatives, hypnotics),

hallucinogens and dissociative drugs.

Repeated use of a psychoactive substance can lead to substance
dependence or drug addiction, a cluster of behavioural, cognitive and
physiological phenomena. Drug addiction can be defined as a chronic
and relapsing disorder in which the user (referred to as an addict) shows a
compulsion to seek and take the drug despite serious harmful consequences,
losing the control in limiting intake. Thus, a higher priority is given to the
drug rather than other activities and responsibilities. Typically, tolerance (a
decreased response to a drug that occurs with continued use) is prominent
and a withdrawal syndrome frequently occurs when substance use is
interrupted, increasing risk for relapse (APA, 2013; WHO, 1994; Cami &
Farré, 2003). The WHO and the American Psychiatric Association (APA)
encourage the use of “substance dependence” rather than “drug addiction”.

However, in the present thesis, both terms will be used interchangeably.

1.1.1. Neuroanatomical substrates of drug addiction

Even though the diverse groups of drugs are chemically divergent
molecules with very different mechanisms of action, all of them act on the

same neuronal system at different levels, and thus, the resultant addictions
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share many important features. Drugs of abuse activate the same brain
areas that are activated by natural rewards (food, sex, water...). These brain
areas conform the so-called brain reward system, which is the responsible
of eliciting positive emotions like pleasure, producing associative learning
(ie. classical conditioning and operant reinforcement) and affecting
decision-making in such a way that induces approach behaviour towards the
stimulus (Berridge & Kringelbach, 2015; Schultz, 2015). Accordingly, drugs
of abuse, as well as food, water or sex, are stimulus that can act as rewards

and reinforcers.

Research on drug addiction has in large part defined the neurocircuitry
of reward, called the mesocorticolimbic dopaminergic system, which
originates in neurons in the ventral tegmental area (VTA) (Kalivas, 2002).

This system includes (Figure 1):

e The mesolimbic circuit, with dopaminergic projections from
cell bodies of the VTA to limbic structures such as the nucleus
accumbens (NAcc, region of the ventral striatum), amygdala and
hippocampus. It is involved in the acute rewarding effects, memory,
and conditioned responses linked to craving and the emotional and

motivational changes of the withdrawal syndrome.

® The mesocortical circuit, involving dopaminergic projections from
cell bodies of the VTA to the prefrontal cortex (PFC), orbitofrontal
cortex (OFC), and anterior cingulate cortex (ACC). It is implicated
in the conscious experience of taking drugs, drug craving and the

compulsive behaviour (Cami & Farre, 2003).

The two circuits, mesolimbic and mesocortical, operate in parallel and

interact with other brain areas but also with each other through projections
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from the glutamatergic neurons of the PFC to the NAcc and VTA, as well
as through GABA neurons of the NAcc which project to the PFC and VTA
(Goldstein & Volkow, 2002; Hyman & Malenka, 2001; Kalivas, 2002).

Mesocortical pathway

" PFC striatum

~ HPC \
Mesolimbic pathway / VTA

@ ——< Dopaminergic
@ —< Glutamatergic
@ —1 GABAergic

Figure 1. Principal neurocircuitries of the brain reward system: the mesolimbic and
mesocortical dopaminergic pathways and their interactions. The image shows the
neuroanatomical location of the main brain areas that comprise the reward system as well as
a simplified schematic of the major dopaminergic, glutamatergic and GABAergic connections
within the circuitries, in the human brain. VTA, ventral tegmental area; NAcc, nucleus

accumbens; PFC, prefrontal cortex; OFC, orbitofrontal cortex; ACC, anterior cingulate cortex.
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In brief, drugs of abuse directly and powerfully activate the reward
system by increasing firing of dopamine (DA) neurons in the VTA, leading
to subsequent increase of DA released in the NAcc, which causes positive
emotions, reinforcement of the behaviour, promotes the associative learning
about the stimulus and anticipates its rewarding effects (Cami & Farré,
2003). Importantly, after few stimulations by natural rewards there is a
rapid habituation, something that does not happen with drugs of abuse, thus
every administration stimulates the release of DA (Di Chiara, 1999). Such
DA surges resemble, and in some instances greatly surpass, the physiological
increases triggered by natural rewards (Volkow et al., 2011). Taken together,
repeated drug administration can lead to a profound perturbation of the
brain’s reward mechanisms in such a way that drugs gradually, progressively
and insidiously replace natural rewards as the major shaper of behaviour
(Nestler, 2013). Furthermore, when the drug is withdrawn, there is a
substantial decrease in DA levels in the NAcc (Nestler, 2001a). The resulting
hypodopaminergic state would explain an addicted individual’s decreased
sensitivity to natural rewards and the perpetuation of drug use as a means to

temporarily compensate for this deficit (Volkow et al., 2011).

Drugs of abuse act initially at the synapse and activate the reward
system through diverse mechanisms like mimicking (opiates) or activating
(nicotine, alcohol) endogenous opioid pathways that innervate the VTA
and NAcc. Others as cannabinoids or stimulants, act directly in the NAcc
through other mechanisms (Nestler, 2001a) (Figure 2). There is compelling
evidence that these diverse mechanisms are central in mediating the acute
rewarding and reinforcing properties that are shared by all drugs of abuse
(Koob & Nestler, 1997; Koob et al., 1998; Robbins & Everitt, 1996; Robinson
& Berridge, 2000; Wise, 1998).
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Figure 2. Convergence of drugs of abuse on the ventral tegmental area - nucleus
accumbens (VTA-NAcc) reward circuitry. Drugs of abuse activate the reward system of
the brain through different mechanisms that all converge in mediating the same effects: their

rewarding and reinforcing properties. Adapted from Nestler, 2013.

1.1.2. Molecular neurobiology of drug addiction

Upon initial exposure, drugs of abuse enter the brain and bind initially
to protein targets located at the synaptic clefts (i.e. receptors, transporters
or ion channels) (Nestler, 2001a). This extracellular binding perturbs the

synaptic transmission at specific synapses since it alters the postsynaptic




INTRODUCTION

intracellular messenger pathways, causing the acute behavioural effects of
the drug (i.e. euphoria, sedation...). However, these acute initial actions of
the drugs do not really explain drug addiction per se, but repeated drug
administrations are required to develop a state of addiction (Nestler, 2001b).
Repeated exposure to a drug causes repeated perturbation of the intracellular
pathways, which first initiates and then maintains the long-lasting molecular
and cellular adaptations that underlie addiction. In this sense, the process
of addiction can be considered as a form of drug-induced neural plasticity
(Nestler, 2001a; Nestler et al., 1993). The proposed mechanisms by which
chronic exposure to a drug of abuse causes stable changes in the brain include
translational and posttranslational protein modifications and alterations in
protein trafficking, as well as changes occurring at the level of gene expression
(Nestler, 2012). Thereby, drugs of abuse, via their initial actions at the
synapse, produce changes in intracellular messenger pathways that signal to
the nucleus and regulate the activity of numerous transcription factors and
many other types of transcriptional regulatory proteins (Nestler, 2001b).
Alteration in transcription factors, would, in turn, alter the expression of
their target genes. These nuclear changes gradually and progressively built
by repeated drug exposure lead to stable changes in gene expression, which,
in turn, change neuronal function and, ultimately, behaviour (Nestler,
2001a; Nestler et al., 1993; Robison & Nestler, 2011).

Chronic exposure to drugs has been reported to cause adaptations in
many intracellular messenger pathways. Nonetheless, the present thesis will
be focused especially on one: the dopamine receptor 1 (DR1) and subsequent
upregulation of the cyclic adenosine monophosphate ((AMP) intracellular
signalling pathway in the NAcc, which involves the drug-regulated
transcription factor that has been shown to play important roles in addiction

within the brain’s reward circuitry, especially in the NAcc: the transcription
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factor AFosB. A simplified schematic depiction of this signalling pathway is
provided on page 23, Figure 3, immediately after the detailed description of

each molecular factor.

1.1.2.1. DR1 - cAMP intracellular signalling pathway

The striatum itself can be divided into two main regions: the ventral
(containsthe NAcc) and the dorsal striatum. The ventral striatum, particularly
the NAcc, plays a key role in motivational salience, reward, reinforcement
and cognition, whereas the dorsal striatum primarily mediates cognition
involving motor function, certain executive functions (i.e. impulsivity,
inhibitory control) and stimulus-response learning (Kim & Im, 2019; Taylor
et al., 2013; Yager et al., 2015). However, there is a small degree of overlap
since the dorsal striatum also takes part in the reward system so, along with
the NAcc, it mediates the encoding of new motor programs associated with
future reward acquisition (i.e. conditioned motor response to a reward cue)
(Taylor et al., 2013).

The whole striatum is comprised of multiple neuronal phenotypes.
However, the majority of striatal neurons are GABAergic inhibitory
medium spiny neurons, which in rodents constitute the 90-95% of all striatal
neurons (Yager et al, 2015). In these neurons, DA can bind to five different
subtypes of postsynaptic receptors: dopamine receptor 1, 2, 3, 4 or 5 (DRI,
DR2, DR3, DR4 and DRS5, respectively), all of them G-protein-coupled
receptors. Depending on the intracellular response they trigger, they are
divided in two main families: the DR1-like receptors: DR1 and DR5 and
the DR2-like receptors: DR2, DR3 and DR4. The DR1-like receptors are
coupled to the G_ protein, and so activate adenylyl cyclase (AC) and increase
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the intracellular concentration of the second messenger cAMP. The DR2-like
receptors, by contrast, are coupled to the G, protein and so inhibit the
enzyme and decrease cAMP intracellular levels (Nicola et al., 2000). In this
sense, striatal medium spiny neurons have two principal phenotypes: those
that predominantly express DR1 (DR1-type, dynorphin(+), direct pathway)
and those that express DR2 (DR2-type, enkephalin(+), indirect pathway),
although a small subpopulation express both receptors (Nishi et al., 2011;
Yager et al., 2015). Classically, these two populations are thought to have

opposing effects on their ultimate output structures (Yager et al., 2015).

Dopaminergic modulation by drugs of abuse has extensively studied
DR1 and DR2 implication, and in less extent, the rest of receptors. In
the NAcc, DR1 activation increases the neuronal excitability, leading to
the increase of GABAergic inhibitory outputs that, ultimately, mediate
reward-based learning and appetitive incentive salience, which is assigned
to rewarding stimuli. Accordingly, such roles of DR1 are implicated in
reward, cognition and drug addiction. Conversely, DR2 activation mediates
aversion-based learning and aversive motivational salience, which is assigned

to aversive stimuli (Baliki et al., 2013).

In the direct pathway, DR1 receptors are coupled to G /AC/cAMP
which leads to the activation of cAMP dependent protein kinase A (PKA).
PKA phosphorylates its substrates such as DARPP-32 (a dopamine- and
cAMP- regulated phosphoprotein) and the transcription factor CREB
(cAMP-response-element-binding protein) (Nishi et al., 2011).

Dopamine- and cAMP-regulated phosphoprotein, Mr 32 KDa (DARPP-32)

Phosphorylation at Thr 34 by PKA converts DARPP-32 into a
potent inhibitor of protein phosphatase-1 (PP-1). The inhibition of PP-1

11
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thereby controls the phosphorylation and activity of many down-stream
physiological effectors, including neurotransmitter receptors, ion channels,
pumps and transcription factors (CREB, AFosB and c-Fos) (Nishi et al.,
2011).

cAMP response element-binding protein (CREB)

CREB is a cellular transcription factor that regulates the transcription
of genes that contain a certain DNA sequence called cAMP response element
(CRE) within their regulatory regions (i.e. dynorphin, the activity-regulated
cytoskeleton-associated protein (Arc), c-Fos, the brain-derived neurotrophic
factor (BDNF) and AFosB) (Manning et al, 2017), but only when
phosphorylated at Ser 133 by kinases such as PKA (Shaywitz & Greenberg,
1999). The best-known effect of CREB is that it induces dynorphin expression
which, in turn, decreases DA release in NAcc and thereby, causes dysphoria
(anhedonia). CREB activation, however, is relatively short-lived and reverts
to normal within a few days after drug exposure. Therefore, CREB seems
to contribute to the generation of negative emotional states during early
phases of withdrawal, but it is not likely to mediate directly the more stable
behavioural abnormalities associated with addiction (Nestler, 2001a, 2001b),
while AFosB does.

AFosB

AFosB is a member of the Fos family of transcription factors encoded
by the fosB gene (Morgan & Curran, 1995). To become active, this family
proteins need to heterodimerize with Jun family proteins, forming the
active activator protein-1 (AP-1) transcription factor that binds to AP-1

sites present in the promotor regions of certain genes (target genes),
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regulating their transcription. The expression of Fos family proteins is
induced by many drugs of abuse and is especially prominent in the ventral
(NAcc) and dorsal striatum (Perrotti et al., 2008) However, their profile
of expression differs according to the drug administration pattern. When
the drug (i.e. cocaine) is administered acutely, the expression of several Fos
family proteins (c-Fos, Fra-1, Fra-2) is rapidly induced but, because they
are highly unstable forms, their expression is transient and return to basal
levels within 4-12 hours of administration (Nestler, 2008). By contrast,
after chronic administration of drugs of abuse, the same Fos family
members show tolerance, that is, reduced induction compared with initial
drug exposures (Chen et al., 1997; Hiroi et al., 1997; Renthal et al., 2008).
By contrast, biochemically-modified isoforms of AFosB are barely induced
by an acute drug administration while they accumulate within the same
brain regions after repeated drug exposure due to their high stability and
thus, long half-lives (Alibhai et al., 2007; Chen et al., 1997; Hiroi et al,,
1997, 1998; Jorissen et al., 2007; Renthal et al., 2008; Winstanley et al.,
2009b). In this sense, the AFosB protein can persist in neurons for at least
several weeks after drug cessation, providing a molecular mechanism by
which drug-induced changes in gene expression can persist for relatively
long periods of time. Hence, AFosB is considered as a sustained “molecular
switch” that helps to initiate and then maintain an addicted state (Nestler,
2001a, 2008). Such accumulation of AFosB has been observed for virtually
all drugs of abuse, even though the degree of induction observed in NAcc
(core vs shell), dorsal striatum and other brain areas differ among drugs
(Nestler, 2008; Perrotti et al., 2008). Moreover, that induction seems to be
selective for the DR1 subset of medium spiny neurons (Chen et al., 1997;
Hiroi et al., 1998), and this cellular pattern of induction is specific for
addictive drugs (Kelz & Nestler, 2000; Moratalla et al., 1996).

13



Neurochemical and psychopharmacological study of MDPV, a cocaine-like psychostimulant
Characterization of structurally-related second-generation synthetic cathinones

Drug induction of AFosB in NAcc is thought to be a response to
the pharmacological properties of the drug itself (Perrotti et al., 2008) and
its role in addiction has been largely studied. AFosB mediates sensitized
behavioural responses to drugs of abuse (Kelz et al., 1999). More specifically,
AFosB expression is involved in the increased locomotor and rewarding
responses to cocaine and causes increased cocaine-seeking behaviour and
self-administration (Whisler et al., 1999). Altogether, it may represent a
mechanism for relatively prolonged sensitization to cocaine and contributes

to relapse after lengthened periods of abstinence (Kelz & Nestler, 2000).

Interestingly, CREB and AFosB are two transcription factors that seem
to exert opposite effects: while CREB inhibits drug reward, AFosB enhances
it. Moreover, activation of CREB generally resolves within a few days to a
week after drug withdrawal, whereas induction of AFosB lasts considerably
longer. That would explain the initial period of dysphoria known to
predominate during early withdrawal, followed by a more sustained period

of sensitized responses to the drugs (Nestler, 2001b).

AFosB, as a transcription factor, exerts its effects on behaviour by
regulating the transcription of its target genes. It mainly acts as a transcriptional
activator but also represses a smaller subset of genes. In fact, AFosB is implicated
in close to one-quarter of all genes influenced in NAcc by chronic cocaine
exposure (McClung & Nestler, 2003). To date, several target genes of AFosB
have been identified, including c-Fos, the AMPA glutamate receptor subunit 2
(GluA2), cyclin-dependent kinase-5 (CDK5) and the nuclear factor-«xB (NFkB).

c-Fos

One candidate gene is c-Fos, a member of the same family of

transcription factors as AFosB. ¢-Fos is an immediate early gene whose
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expression is repressed by AFosB, which helps to create the molecular switch:
from the induction of several short-lived Fos family proteins after acute drug
exposure to the predominant accumulation of AFosB after chronic drug
exposure (Renthal et al., 2008). Importantly, the determination of c-Fos
expression is used as an indirect measure of neuronal activity since it is
usually expressed transiently and rapidly within some neurons following
depolarization (Dragunow & Faull, 1989; VanElzakker et al., 2008).
Accordingly, an increase in mRNA encoding c-Fos is a transsynaptic marker

of recent neuronal activation (Day et al., 2008).

AMPA glutamate receptor subunit 2 (GluA2)

Another of its target genes is the GIuA2 subunit (so-called GluR2) (Kelz
et al., 1999). In addition to DA, glutamate projections from the PFC to the
NAcc, VTA andamygdalaare also involved in the long-term neuroadaptations
underlying addiction (Kalivas, 2004). There are both ionotropic and
metabotropic glutamate receptors. The subunits of the ionotropic receptors
are classified according to their pharmacological properties and sequence
similarity into a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA), kainate or N-methyl-D-aspartate (NMDA) receptor families
(Hollmann & Heinemann, 1994). AMPA receptors, in turn, are composed
of four types of subunits: GluA1, GluA2, GluA3 and GluA4, which combine
to form tetramers. In the NAcc, GluA1 and GluA2 subunits are expressed in
virtually all medium spiny neurons, whereas GluA3 and GluA4 expression
is relatively low (Schmidt & Pierce, 2010). Most AMPA receptors contain the
GluA2 subunit, which reduces permeability to Ca?* and thus, decreases its
overall current. Accordingly, GluA2 is critical not only for many aspects of

AMPA receptors function, but also for normal brain function. However, the
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subunit composition of AMPA receptors varies with cell type, development

and brain region (Song & Huganir, 2002).

As mentioned before, AFosB expression increases the responsiveness
of an animal to the rewarding and locomotor-activating effects of
cocaine, and these effects appear to be mediated partly by the induction
of the GluA2 subunit expression in the NAcc (Kelz et al., 1999). Growing
evidence indicates that cocaine indirectly influences glutamate transmission
producing persistent maladaptive forms of neuroplasticity that lead to
cocaine-seeking behaviour, and alters subsequent physiological responses to
cocaine, including increased trafhicking and surface expression of AMPA
receptors during extended withdrawal (Boudreau & Wolf, 2005). Moreover,
this increase co-occurs with a decrease of the extracellular glutamate levels
in the same brain area (Baker et al., 2003). Altogether, these adaptations are
hypothesized to facilitate glutamate release in response to a new cocaine
injection and thus, lead to the reinstatement of drug-seeking behaviour. More
specifically, such increased glutamate transmission through AMPA receptors
is mediated by different trafhicking of AMPA receptor subunits, including
increased surface expression of GluA2-lacking AMPA receptors (Conrad et
al., 2008), a finding that, in turn, is consistent with the decrease in whole-cell
calcium current observed in the NAcc of rats during cocaine withdrawal
(Zhang et al, 2002). Collectively, some discrepancies must be noted at this
point since increased GluA2 expression levels by AFosB seems to result in

an increased surface expression of GluA2-lacking AMPA receptors.

Cyclin-dependent kinase-5 (CDK5)

CDKS5 is another target gene induced by AFosB. CDKS5 is a kinase
linked to multiple functions within the CNS. Namely, CDK5 participates in
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neural development (migration, differentiation and neuronal connections),
regulates synaptic transmission (DA signalling, release and modulation of
synaptic vesicles recycling), has an important role in neurodegeneration,
learning, memory and, importantly, in synaptic plasticity by regulating
neurite outgrowth and synapse development (Angelo et al., 2006; Cheung
& Ip, 2007; Hawasli & Bibb, 2007). Among all the substrates that CDK5
phosphorylates to mediate its functions, it is relevant to highlight the
phosphorylation and thus, stabilization and increase of the activity of
tyrosine hydroxylase (TH), the key enzyme of the synthesis of DA
(Angelo et al., 2006). Additionally, CDK5 also phosphorylates DARPP-32
at Thr 75, which results in a decreased DR1/cAMP signalling, considered to
be an adaptive change to drug addiction, concretely, an homeostatic negative
feedback against the behavioural effects of drugs (Bibb et al., 2001; Nishi et
al., 2011).

CDKS5 isinduced in the NAcc by chronic but not acute cocaine exposure
(Bibb et al., 2001; McClung & Nestler, 2003; Peakman et al., 2003) and its
expression has been directly linked to increases in dendritic spine density
of NAcc medium spiny neurons (Norrholm et al., 2003; Pulipparacharuvil
et al., 2008) that are associated with chronic cocaine administration
(Robinson & Kolb, 2004; Russo et al., 2010). Indeed, recently, AFosB has
been considered necessary and suflicient for cocaine-induced dendritic spine
growth, probably and, in part, through CDK5 (Maze et al., 2010).

Nuclear factor-x B (NFxB)

Finally, a fourth well-known induced target gene by AFosB is the
NFkB. The NF«kB is a protein complex that acts as a transcription factor
which is rapidly activated by diverse stimuli. It has been better studied
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for its role in immunity (Smith et al., 2006), inflammation (Monaco et al.,
2004) and cancer (Escarcega et al., 2007; Vlahopoulos, 2017). However, in
the CNS it has been recently shown to mediate cell survival and to have
an important participation in synaptic plasticity, learning and memory
(Albensi & Mattson, 2000; Meffert & Baltimore, 2005; Meffert et al., 2003).
NF«B is induced in NAcc by chronic cocaine exposure (Ang et al., 2001;
Russo et al., 2009b), and so, along with CDKS5 (Bibb et al., 2001; Norrholm
et al., 2003; Pulipparacharuvil et al., 2008; Russo et al., 2009b), is required
for cocaine’s induction of dendritic spines of NAcc medium spiny neurons.
In the caudate-putamen (dorsal striatum), NFkB induction is associated
with increases in locomotion, whereas in the NAcc, NF«B contributes to
sensitization to the rewarding effects of the drug (Ruffle, 2014; Russo et al.,
2009h).

Recently, ongoing research using more sophisticated techniques like
genome-wide gene and chromatin assays are providing a rich list of further
putative genes that may be targeted by the transcription factor AFosB.
In that list we can find additional neurotransmitter receptors, proteins
involved in pre- and postsynaptic functions, ion channels, intracellular
signalling proteins, proteins that regulate the neuronal cytoskeleton
and cell growth, as well as proteins that regulate chromatin structure
(McClung & Nestler, 2003; Renthal et al., 2008, 2009). There is increasing
knowledge regarding to the latter, proteins that regulate the chromatin
structure, since many genes are under control of not only transcriptional
factors but also epigenetic mechanisms including chromatin remodelling.
It is known that repeated exposure to drugs induces long-lasting epigenetic

changes in the brain, modifying the chromatin structure of DNA via
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histone acetylation, phosphorylation and/or methylation (Bilinski et al.,
2012). This field is particularly interesting since chromatin remodelling
is considered a critical mechanism that leads to aberrant transcriptional
changes in NAcc, contributing to drug-induced plasticity that may
underlie aspects of drug addiction (Kumar et al., 2005; Renthal et al.,
2008, 2009). In this sense, it has already been reported the essential role
of the histone methyltransferase G9a in cocaine-induced plasticity (Maze
et al., 2010).

Histone Methyltransferase G9a

GYa specifically catalyses the mono- and di-methylated states of histone
H3 at lysine 9 (H3K9me2), which acts as a repressive mark that controls
epigenetic regulation within the NAcc (Covington et al., 2011; Tachibana
et al., 2001, 2002). Concretely, reduced G9a expression plays an essential
role in mediating the development of addiction through a AFosB-dependent
mechanism. Indeed, AFosB regulates G9a expression in the NAcc and both,
AFosB and G9a, regulate some of the same target genes (i.e. fos) (Robison &
Nestler, 2011). The interactions between G9a and AFosB have already been
described in such a way that, after acute cocaine, G9a expression increases
and methylates the fosB gene, inhibiting its transcription and thus, initially
limiting the induction of AFosB. However, after repeated cocaine exposure,
as AFosB accumulates, it represses G9a expression and thus, the methylation
of the fosB gene, thereby potentiating its own further induction. Moreover,
such GY%a repression after chronic cocaine exposure is not observed for
c-Fos, where fos methylation by G9a is increased, consistent with the fact
that c-Fos, unlike AFosB, is repressed and not induced after repeated drug

exposure (Maze et al., 2010).
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As noted above, AFosB and G9a share many target genes, for example
fos. However, G9a also targets other genes that have also a central role in the
development of drug addiction: arc and bdnf (Walker et al., 2013; Zhang et
al., 2014), amongst others (Maze et al., 2010).

Activity-regulated cytoskeleton-associated protein (Arc)

Arc, an immediate early gene, is localized at dendritic processes, a
feature that allows the local synthesis of the protein by demand. In fact, Arc
is highly regulated by changes in neuronal activity and, thus, its expression
is considered a reliable index of activity-dependent synaptic modifications,
that is, a marker for plastic changes in the brain (Fumagalli et al., 2006; Salery
et al., 2017). Because of its high sensitivity to changes in neuronal activity
and its peculiar localization, Arc represents a preferential target for drugs of
abuse. In fact, the effects of different drugs of abuse on Arc expression have
been studied after both acute and chronic expositions (Fumagalli et al., 2006;
Kodama et al., 1998; Schiltz et al.,2005). Convincing evidence suggest that
Arc contributes to the long-term effects of drugs such as cocaine, probably
by alteration of the morphology of dendrites and spines observed in different
brain regions after both acute and chronic drug exposure (Norrholm et al.,
2003; Robinson & Kolb, 1999, 2004).

Brain-derived neurotrophic factor (BDNF)

BDNF is a member of the neurotrophin family of growth factors
that acts on certain neurons of the central and peripheral nervous system
regulating cell growth, survival and differentiation during the development
of the nervous system (Acheson et al., 1995; Huang & Reichardt, 2001). In
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the adult nervous system, it has also an important role in activity-dependent

remodelling of neural function (Bolafios & Nestler, 2004).

BDNF is initially synthesized as a precursor (proBDNF) and
subsequently cleaved into mature BDNF (mBDNF), which can be
anterogradely transported contained in vesicles from the cell soma either
to dendrites or axon terminals of BDNF synthesizing neurons (Lessmann
et al., 2003). Alternatively, proBDNF can also be released by neurons,
thereby extracellular proteases such as metalloproteinases and plasmin, can
subsequently cleave the pro-region to yield mBDNF (Manti et al., 2017).
mBDNF exerts its biological effects mainly through binding to its specific
receptor tropomyosin receptor kinase B (TrkB), which can be localized either
in the axon terminal or the postsynaptic dendrite. Under basal conditions,
BDNF is highly expressed in VTA, amygdala, hippocampus and frontal
cortex but, in less extent, in dorsal striatum and NAcc (Altar et al., 1997).
Although there is some local production of BDNF in these regions, BDNF
is chiefly supplied by anterograde axonal transport from cortical pyramidal
neurons in frontal cortex (Li & Wolf, 2015).

There is convincing evidence that BDNF, along with its specific
receptor, TrkB, have a key role in the behavioural abnormalities observed in
rodents after psychostimulant administration (Li & Wolf, 2015; Pickens et
al., 2011; Russo et al., 2009a). More specifically, research done over the last
decades points BDNF to be involved in the long-term neuronal adaptations
leading to functional modifications in the synapses associated with cocaine
abuse and related behaviours, such as behavioural sensitization and
drug-conditioning (Ghitza et al., 2010; Horger et al., 1999; Le Foll et al.,
2005; McGinty et al., 2010; Russo et al., 2009a). Furthermore, BDNF

synthesized in either VTA or neurons originating from the cortex, controls
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DR3 expression (Guillin et al., 2001). Interestingly, hyperresponsiveness to
drug-associated cues and context-dependent behavioural sensitization might
be related to hypersensitive postsynaptic dopaminergic receptors. Among
them, DR3 seems to be a key target since it is highly expressed in the NAcc
(Di Chiara & Imperato, 1988). In this sense, BDNF along with DR3 play a
key role in behavioural sensitization (Bordet et al., 1997; Guillin et al., 2001)
and in place preference acquisition (Ciudad-Roberts et al., 2015).

To sum up, initial effects of drugs of abuse on their synaptic targets lead
to molecular and cellular adaptations after chronic exposure, some of which
must undergo a process of consolidation to form the stable adaptations that
underlie the very long-lived behavioural abnormalities observed in many
addicts. Altogether, although induction of AFosB constitutes the longest-lived
molecular adaptation known to occur as a response to a drug of abuse, it is
not permanent because, as all proteins, it finally undergoes proteolysis. Thus,
it cannot underlie per se the near-permanent brain changes. Therefore, these
adaptations need consolidation. The mechanisms of such consolidation are
poorly known but could involve changes in chromatin or synaptic structure.
Additionally, since drugs of abuse produce morphological changes in certain
neuronal cell types after chronic exposure, these consolidations could also

be mediated by such structural changes in neurons (Nestler, 2001b).
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Figure 3. The DR1 - cAMP intracellular signalling cascade triggered within
DR1-type medium spiny neurons in the NAcc. Dopamine binds to DR1, which is coupled
to G, thereby activates the cascade AC/cAMP/PKA. PKA phosphorylates DARPP-32 at Thr

34, which accumulates in the nucleus and inhibits PP-1, leading to the increase of histone H3

23



Neurochemical and psychopharmacological study of MDPV, a cocaine-like psychostimulant
Characterization of structurally-related second-generation synthetic cathinones

phosphorylation, and thus, the expression of certain genes. In parallel, PKA also phosphorylates
the transcription factor CREB at Ser 133, which binds to CRE sites in the DNA modulating
gene expression (i.e. dynorphin, Arc, c-Fos, BDNF and AFosB). After repeated drug exposure,
AFos accumulates and dimerizes with a member of the Jun family to form the active AP-1
transcription factor which binds to AP-1 sites in the DNA and regulates the expression of its
target genes (i.e. c-Fos, GluA2, CDK5 and NFB).

1.1.3. Animal models for studying drug addiction

Over the last decades, the behavioural abnormalities that define drug
addiction have been studied accurately in animal models, especially in rodents
(Koob et al., 1998; Robbins & Everitt, 1996; Robinson & Berridge, 2000;
Wise, 1998). In this sense, diverse preclinical behavioural paradigms have
been modelled to study the addictive properties (rewarding and reinforcing)
of drugs, the development of sensitization and tolerance, the withdrawal
syndrome, as well as the neuronal substrates and molecular/cellular

mechanisms involved in such features.

1.1.3.1. Rewarding properties

Any stimulus that the brain interprets as intrinsically positive or as
something to approach is considered a reward (Cami & Farré, 2003). In this
sense, drugs of abuse are rewards. The rewarding properties of a drug can be
assessed by the conditioned place preference (CPP) paradigm, the procedure
of which is represented in Figure 4. In fact, for some drugs, the risk of abuse

in humans can be predicted with this type of paradigms.
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Figure 4. Conditioned place preference paradigm. The apparatus consists of two main
compartments connected by a corridor. The two compartments are disposed with differences in

visual and tactile cues. The test is performed in three phases: 1) Pre-conditioning: mice have free
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access and roam among the apparatus. Animals with an initial preference are discarded from
the experiment. 2) Conditioning: mice receive the drug and are placed into one compartment
(drug-paired compartment). On alternate sessions, they are given the vebicle and placed into the
other compartment (vehicle-paired compartment). Treatments are counterbalanced between
compartments. 3). Post-conditioning test: performed as the pre-conditioning day, animals have
free access among the apparatus and the time spent in each compartment is recorded. The
rewarding properties of drugs make the animals prefer the drug-paired compartment, where

they stay longer.

The CPP evaluates the conditioned rewarding effects of drugs related
to environmental cues. That is, whether certain environmental stimulus have
the property of eliciting approach responses such as drug-seeking. Indeed,
persistent drug craving and relapse to drug use can be triggered by exposure
to contextual cues associated with past drug use and by stress (Self & Nestler,
1998; Shaham et al., 2000). In this sense, the CPP is a model of relapse in
drug addiction, in which animals are first trained to acquire a conditioned
place preference in a drug-paired compartment. In other words, the rewarding
properties of a drug are associated with the features of a given environment
(compartment), therefore, after conditioning, animals prefer to spend more
time in the drug-paired compartment. Afterwards, their preference can be
extinguished. Hence, the extinguished CPP can be robustly reinstated by the
non-contingent administration of a priming dose of the drug as well as by
exposure to stressful stimuli, revealing drug-relapse (Blanco-Gandia et al.,
2018; Prus et al., 2000; Sanchis-Segura & Spanagel, 2006). A priming dose
refers to a new exposure to a formerly abused substance, which can precipitate

rapid resumption of abuse at previous or higher levels (Cami & Farré, 2003).

The neuronal substrates involved in the rewarding effects of a drug

include the VTA-NAcc pathway, but also other structures that mediate learned
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or conditioned responses (i.e. the hippocampus, the amygdala, PFC or ventral
pallidum) (Koob et al., 1998; Robbins & Everitt, 1996; Robinson & Berridge,
2000; Self & Nestler, 1998; Shaham et al., 2000; White, 1989). Moreover, many
studies have indicated that other ascending monoaminergic fibers, such as
noradrenergic neurons from the locus coerulus and serotoninergic neurons
from the raphe nuclei, also contribute to brain reward function (Watterson &
Olive, 2014). Regarding the VTA-NAcc pathway, the release of DA provoked
by drugs of abuse, and thus the activation of DR1 in NAcc seems to be
necessary for the rewarding effects of drugs (Caine et al., 2007; White, 1989) as
well as for triggering conditioned responses (Zweifel et al., 2009). Conversely,

the activation of DR2 limits drug reward (Durieux et al., 2009).

1.1.3.2. Reinforcing properties

A positive reinforcer is a stimulus that strengthens the behaviour that
produced it. Although similar, a “positive reinforcer” and a “reward” are not
exactly the same. Rewarding stimuli, which are associated with desire and
pleasure, may not necessarily be reinforcing, so they may not increase the
behaviour preceding them. Therefore, rewarding stimuli only function as
positive reinforcers if the behaviour that immediately precedes the reinforcer
increases in similar situations in the future (Schultz, 2015). In this context,
drugs of abuse are positive reinforcers that increase the probability of being
administered again. The reinforcing properties of adrug can be tested either by
the intravenous self-administration (SA) and the intracranial self-stimulation
(ICSS) paradigms. The former model is generally considered the best among
preclinical paradigms to investigate drug-seeking and drug-taking behaviour,

allowing to assess the abuse liability of psychoactive drugs.
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In brief summary, in this procedure, an indwelling intravenous catheter
is surgically implanted into the jugular vein of the animal. After recovering,
the animal is placed in a self-administration chamber equipped with levers or
nosepokes (one active and one inactive) that are interfaced to a computer and
a syringe pump, which contains the drug or the vehicle (Figure 5). Stimulus
lights, a speaker and a smell can provide also visual, auditory and olfactory
cues during drug-infusions. So that, when the animal presses the “active” lever
or nosepoke, it results in a computer-controlled drug intravenous infusion
and simultaneous brief presentation of the visual, auditory or olfactory cues.
Conversely, if the animal presses the “inactive” one, no response is obtained.
Therefore, SA is a form of operant conditioning where the positive reinforcer
is the drug. Accordingly, the higher is the frequency with which the animal
emits the operant behaviour, the more reinforcing the drug is. In fact, if left
unchecked, a number of animals would overdose. As in the CPP paradigm,
the animals can be subjected to an extinction session to extinguish their
operant behaviour and, thereafter, reinstate the drug-seeking behaviour with
a priming dose, constituting a model for drug-relapse (Kmiotek et al., 2012;
Sanchis-Segura & Spanagel, 2006; Watterson & Olive, 2014).

Similarly, ICSS is the operant behaviour paradigm in which electrodes
are implanted into specific regions of the reward system in the brain of the
animals, which learn to activate them to deliver electrical pulses in these areas.
In all ICSS procedures, lowering of ICSS thresholds indicates a facilitation
of brain stimulation reward, whereas elevations in ICSS thresholds reflect
the diminished reward value of the stimulation, and thus, an anhedonic
state. In this sense, since drugs of abuse activate the brain reward system,
acute administration of most drugs lower ICSS thresholds in experimental
animals. By contrast, withdrawal from chronic administration of drugs and

the consequent lack of DA in reward-related regions, promotes an animal’s
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choice to electrically stimulate its brain, thus, induces elevations in ICSS
thresholds, indicating an anhedonic state that resembles the negative affective
state of the withdrawal syndrome experienced by humans (Negus & Miller,
2014; Vlachou & Markou, 2011).

The dorsolateral striatum appears to be the central neural substrate
that mediates the reinforcing behaviour. Emerging evidence also indicates
that the release of DA in the striatal matrix promotes the consolidation of
associations between sensorial and motor responses. Accordingly, the striatal
matrix might mediate stimulus-response memory and hence, other brain
regions may be involved, such as the cerebral cortex, substantia nigra and its

projections to thalamic and brainstem motor areas (White, 1989).

COE LIGHT
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Figure 5. Self-administration paradigm. The animal is surgically implanted a catheter into
its jugular vein and placed in a self-administration chamber. During the acquisition of the
bebavionr, the animal can press an active or inactive lever. If it presses the active one, results in a
computer-controlled drug intravenous infusion and a simultaneous brief presentation of visual,
anditory or olfactory cues. The inactive lever does not lead to any response. Drugs of abuse act as

positive reinforcers which make the animals want to press the active lever over and over again.
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1.1.3.3. Drug sensitization

Drug sensitization can be defined as the increase in the expected effect
of a drug after repeated administration. Alternatively, sensitization can also
refer to persistent hypersensitivity to the effect of a drug in a person with
a history of exposure to that drug or to stress (Cami & Farre, 2003). In the
present thesis, though, the term sensitization will be used mainly to refer to
the locomotor sensitization (behavioural sensitization) to psychostimulants,
that is, the process whereby repeated intermittent exposure to drugs results
in a progressive and enduring increase in the motor stimulant response to
the drug (Kalivas et al., 1993; Kuczenski & Segal, 1969; Pierce & Kalivas,
1997; Robinson & Berridge, 1993; Steketee & Kalivas, 2011).

The processes involved in sensitization and the neuronal substrates
and pathways involved in the rewarding effects of drugs are overlapped
(Robinson & Berridge, 1993, 2000). Behavioural sensitization is associated
with marked and long-lasting alterations in the functional activity of the
mesocorticolimbic dopaminergic system, particularly in DA and glutamate
transmission in the NAcc (Hyman & Malenka, 2001; Pierce & Kalivas,
1997). Those alterations, in turn, are due to changes in the patterns of
expression of certain genes in the same reward system (Nestler, 2001b),
especially due to the activation of the Fos family proteins described above.
In this context, the VTA is essential for the development of behavioural
sensitization, whereas the NAcc seems to be necessary for its expression
(Bjijou et al.,1996; Cador et al.,1995). For instance, repeated administration
of stimulants increases the number of dendritic branch points and spines
on medium spiny neurons in the NAcc and pyramidal neurons in the
medial prefrontal cortex (mPFC) (Robinson et al., 2001). As a long-lasting

phenomenon, behavioural sensitization can persist for at least one year after
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cessation of drug administration (Paulson et al., 1991) and is augmented by
environmental cues (Hyman & Malenka, 2001). These context cues along
with the sensitization phenomena, contribute to craving and an increased

risk of relapse even after long withdrawal periods (Cami & Farré, 2003).

Overall, there is compelling evidence that drugs of abuse, although
having different chemical structures, and thus, diverse mechanisms of
action, they all converge in inducing alterations in brain areas that mediate
reward and reinforcement. These changes, in turn, may include tolerance,
sensitization and/or physical dependence. In this context, the list of putative

addictive substances becomes considerable.

1.1.4. Current drug situation

Drugs of abuse represent a heavy burden of disease in many countries,
becoming a global problem not only at a health level, but also at a social and
economic extent. According to the last data reported by the United Nations
Office on Drugs and Crime (UNODC), in 2017, an estimated 275 million
people, that is 5.5% of the global population aged from 15 to 64, had used
drugs in the previous year. Therefore, the number of people who use drugs
is 30% higher than in 2009. Such alarming data come along with over half a
million deaths which are estimated to be as a result of drug use in the same
year. Furthermore, some 42 million years of “healthy” life were lost as a

result of drug use, including premature deaths and years lived with disability

(UNODC, 2019b).
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Figure 6. Estimates of drug use in the European Union during 2018. Estimates of
cannabis, cocaine, MDMA, amphetamines and opioids use, according to the age and frequency
of use. Adapted from the European Monitoring Centre for Drugs and Drug Addiction

(EMCDDA, 2019)
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Currently, in modern societies, drug consumption comprises
a wider spectrum of substances than in the past. At the moment,
the most widely used drug worldwide is cannabis (EMCDDA, 2019;
UNODC, 2019b), and, within Europe, it is followed by cocaine, ecstasy
(3,4-methylenedioxymethamphetamine, MDMA), amphetamines and
opioids (EMCDDA, 2019 (Figure 6). However, and favoured by globalisation
and innovation, the illicit drug market is continuously changing at high

speed with the constant emergence of new substances that threat public

health.

Taken together, the list of the already existing psychoactive drugs is
extremely extensive. Hence, the present introduction will focus exclusively

on those substances that are relevant to this doctoral thesis.

1.2. Cocaine

Definition and background

Cocaine is a tropane alkaloid present in the leaves from the
Erythroxylum coca (coca plant) that exerts powerful psychostimulant effects.
For the past 4000 years, the use of coca has been greatly entrenched in the
social and religious culture of many ancient civilizations in the territory
that is now known as Chile and Peru. The leaves of the coca plant were, and
still are, universally chewed by some indigenous communities in order to
increase the state of alertness and obtain the energy and strength necessary
to struggle with the hard day-to-day activities. Although the stimulant

properties of coca were already known, the isolation of the cocaine alkaloid
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was not achieved until 1855 by the German chemist Friedrich Gaedcke
(Gaedcke, 1855).

Upon its isolation, cocaine became popular worldwide and started to be
used with several purposes arising from its properties as a hunger-suppressant,
invigorating, stimulant and analgesic. The drug was introduced into clinical
use as a local anaesthetic for ophthalmic usage, being described also as a
nerve-block, peridural, spinal and respiratory system anaesthetic (Corning,
1885). Moreover, the leaves of coca plant were officially included in the United
States pharmacopoeia in 1880 as a treatment against alcohol and morphine
addiction (Dugarin & Nominé, 1988). Hence, many cocaine-containing
medicinal preparations appeared on the market. Besides its medical usage,
the coca leaves were also included in many recipes for elaborating drinks
(i.e. cocawine and Coca-Cola®), although they were eventually replaced by
caffeine. All cocaine uses were spread and encouraged by the psychoanalyst
Sigmund Freud, a usual consumer (Freud, 1885). By then, the social impact
that cocaine caused was overwhelming, cocaine products were widely sold
to “supply the place of food, make the coward brave, the silent eloquent and

the render the sufferer insensitive to pain”.

However, in 1914, due to its high abuse potential, the first regulatory
law controlling cocaine was passed, allowing its distribution and use only
under medical prescription and for therapeutic purposes. In the mid XX
century, though, cocaine consumption and addiction were substantially
spread throughout the Western world, posing one of the biggest drug
epidemics in history, especially in North America (Cabrera, 2000), which
led to a significant limitation of its use. Nevertheless, a second full-blown
epidemic was unleashed in the 1980s, especially in the United States, with

the rise of crack cocaine.
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Nowadays, cocaine constitutes the most abused psychostimulant
and the second most consumed drug in Europe (EMCDDA, 2019), being a
persistent health problem worldwide (UNODC, 2019b).

Prevalence

According to the UNODC 2019 World Drug Report, the estimate
annual prevalence of the global use of cocaine in 2017 was of the 0.37% of
the global population. That is, almost 30 million people used to consume
cocaine in 2017. In the same year, the estimated global illicit manufacture of
cocaine reached the highest values ever reported: 1,976 tons, mainly driven
by increases in its manufacture in Colombia, the main manufacturer of
cocaine (UNODC, 2019b). In accordance, current data on cocaine show

that both the number of seizures and the volumes seized are at an all-time
high (EMCDDA, 2019; UNODC, 2019b).

More concretely, in the European Union (EU), cocaine is the
predominant stimulant in Southern and Western countries. Consequently,
the number of new patients treated for cocaine problems has increased
considerably over 35%, as well as the number of cocaine-related deaths
(EMCDDA, 2019). Moreover, around 18 million people reported lifetime
use of cocaine and, importantly, drug use is largely concentrated among
adults rather than young adults (EMCDDA, 2019; NIDA, n.d.).

Pattern of use

Cocaine can be found as a hydrochloride salt or as a free base form.
The former is the most common form, which constitutes a fine white

powder, bitter to the taste, that often contains also adulterants (i.e. caffeine
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or paracetamol). That powder is typically insufflated nasally (snorted, sniffed
or blowed), but also ingested. Alternatively, cocaine can be turned into a
solution and so injected intravenously, providing the highest blood levels of

drug in the shortest amount of time (Volkow et al., 2000).

Conversely, the free base form of cocaine, known as crack cocaine,
can be smoked. Crack is formed when mixing the hydrochloride salt with
sodium bicarbonate or other weak bases (i.e. ammonium bicarbonate and
ammonium carbonate). Some users convert powder cocaine into crack by
themselves, mixing it with baking soda and water in a spoon and warming

with a lighter.

Pharmacology: mechanism of action

Cocaine, as many psychostimulants, exerts its effects by interacting
with plasma membrane transporter proteins expressed on nerve cells that
synthesize the monoamine neurotransmitters DA, noradrenaline (NA) and
serotonin (5-HT). To better understand the molecular mechanism of cocaine
it is essential to first consider the normal physiological role of monoamine

transporters.

The principal function of the monoamine transporters for dopamine
(DAT), noradrenaline (NET) and serotonin (SERT) is to translocate the
previously released neurotransmitters from the synaptic cleft back into the
presynaptic neuron cytoplasm, a process called “neurotransmitter uptake”
(reviewed by Alexander et al., 2017; Kristensen et al., 2011). Importantly, the
neurotransmitter uptake is the main mechanism for terminating the action
of monoamine signalling, thus, drugs of abuse that target these proteins may

have significant effects on cell-to-cell transmission.
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There exist several compounds whose mechanism of action is to
inhibit monoamine transport function. For instance, molecules that
interact at SERT (i.e. serotonin-selective reuptake inhibitors) are widely
prescribed as treatment for anxiety and major depression. However, drugs
that preferentially act at DAT and NET, such as cocaine, amphetamines,
MDMA or methamphetamine, can have powerful psychostimulant and
dependence-producing properties (Espana & Jones, 2013; Howell & Kimmel,
2008; Rothman & Baumann, 2003).

Overall, cocaine acts inhibiting preferentially DAT and NET and,
with less potency, SERT. Accordingly, it is considered a sympathomimetic
drug because it mimics the effects of monoamine neurotransmitters of the

sympathetic CNS.

Additionally, cocaine binds and blocks the voltage-gated sodium
channels in the neuronal cell membrane, thus interfering with the initiation
and conduction of nerve impulses. Although this mechanism has little
relevance as regards to the psychostimulant effects of cocaine, it mediates its

local anaesthetic effects, as well as some side effects as cardiac arrhythmia.

Subjective user effects

Derived from its mechanism of action, cocaine produces some
short-term desired sympathomimetic effects on individual users: extreme
happiness (euphoria) and energy, mental alertness, loss of appetite, insomnia
and increased confidence. Furthermore, some users have reported a better

performing of physical and mental tasks under cocaine effects (NIDA, n.d.).
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Toxicology

Cocaine acute consumption is often followed by side clinical effects
such as hypersensitivity to sight, sound and touch, irritability, anxiety,
paranoia, cardiac problems (constricted blood vessels with subsequent raise
of blood pressure and fast and/or irregular heart beat), dilated pupils, nausea,
hyperthermia, tremors, convulsions and restlessness. High doses of cocaine,
in addition, can lead to bizarre, unpredictable and violent behaviour. Acute
cocaine intoxications can cause death by haemorrhagic episodes, ischemic
strokes or heart attacks (Havakuk et al., 2017).

Depending on the pattern of use, chronic addicts can also suffer from
loss of smell, nosebleeds, malnutrition, respiratory problems, bruxism,
pruritus and a higher risk for contracting infectious diseases (i.e. the human
immunodeficiency virus (HIV), Hepatitis A, Hepatitis C or other sexually

transmitted diseases), among many other adverse effects.

Addiction

The abuse liability of psychostimulants such as cocaine is well
stablished and represents a significant public health concern (Howell &
Kimmel, 2008). Cocaine is considered a highly addictive stimulant, mainly
due its action inhibiting DAT. Its powerful psychostimulant, rewarding and

reinforcing effects have been widely described elsewhere.

Legal status

The production, distribution and sale of cocaine is banned and illegal

in most countries as regulated by the Single Convention on Narcotic Drugs
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(Single Convention on Narcotic Drugs, 1961) and the United Nations
Convention Against Illicit Trafhic in Narcotic Drugs and Psychotropic
Substances (United Nations Convention Agains Illicit Trafhic in Narcotic
Drugs and Psychotropic Substances, 1988). Some countries as Peru or Bolivia,
though, allow the cultivation of the coca plant for traditional consumption
by the local indigenous. Still, the production, sale and consumption with

other purposes is prohibited.

1.3. New Psychoactive Substances

Over the last decade, the illicit drug market has changed considerably
duetotheemergence of New Psychoactive Substances (NPS). A NPS isdefined
as a new narcotic or psychotropic drug, in pure form or preparation, that is
not controlled by the United Nations Drug Conventions (Single Convention
on Narcotic Drugs, 1961; Convention on Psychotropic Substances, 1971), but
which may pose a similar public health threat as substances already listed in
these conventions (Council Decision 2005/387/JHA, 2005; Regulation (EC)
No 1920/2006). It is important to point out that the term “new” does not
necessarily refer to a drug synthesized for the first time, but to substances
that were not available before in the drug market. In this sense, several NPS
were synthesized even decades ago for different reasons than controlled
drugs (Brandt, 2014; Sumnall, 2011), but their abuse was not reported until
the early 2000s.

What is really new and disturbing, though, is the dramatic increase of
new substances that have emerged on the drug market over the last decade,
and the high speed at which they have appeared (Grifliths, 2013). As depicted
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in Figure 7, the number of NPS reported on the market has been rising
at an unpredictable rate until reaching a peak in 2014-2015. Fortunately,
the emergence of NPS stabilized at levels comparable to 2011-2012 over
the period 2015-2017, probably due to the sustained efforts made by the
authorities to control them. Currently, by the end of 2018, 119 countries and
territories had reported to the UNODC around 890 NPS of which more
than 730 were monitored by the European Monitoring Centre for Drugs and
Drug Addiction (EMCDDA), being 55 of them detected for the first time
in Europe the same year (EMCDDA, 2019; UNODC, 2019a). Therefore,
although the number of new substances making their debut has stabilised
and it is down the peak reached in 2014-2015, the negative public health
implications derived from their use (i.e. acute intoxications and deaths)

remain unacceptably high (Baumann & Volkow, 2016; Logan et al., 2017).

NPS encompasses a vast array of products, including either natural
herbal mixtures and synthetic or “designer” drugs. The UNODC classifies
the different NPS sold in the market according to their molecular structure,
defining nine different categories: synthetic cannabinoids, synthetic
cathinones, aminoindanes, phencyclidine-type substances, phenetylamines,
piperazines, plant-based substances, tryptamines and other substances which
do not fit into the previous categories. On the other hand, when looking at
their psychoactive effects, NPS can be divided into stimulants (i.e. synthetic
cathinones), cannabinoids, hallucinogens, opioids, dissociative drugs and
sedatives/hypnotics. In this sense, the UNOCD reported that among the
NPS stated until December 2018, the majority were stimulants, followed by
cannabinoids and hallucinogens (UNODC, 2019a).
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Figure 7. Number and categories of new psychoactive substances notified to the European
Union Early Warning System for the first time, 2005-18. Adapted from the European
Monitoring Centre for Drugs and Drug Addiction (EMCDDA, 2019)

NPS are usually synthesized in bulk quantities by chemical and
pharmaceutical companies in China (and to a lesser extent, in India), from
where they are shipped to Europe, processed into products, packaged and sold.
Alternatively, substances may also be diverted by licensed manufacturers.
Additionally, their production in clandestine laboratories either in Europe

or elsewhere has increased in the last few years. Although restrictions
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implemented over the years have considerably limited the open sale of NPS,
some of them are still sold online and in physical specialized shops (such as
“smart” and “head” shops), often branded as “legal high” products. Normally
they are advertised with aggressive and sophisticated marketing strategies
under innocuous names such as “bath salts”, “plant food”, “air fresheners”,
“herbal incenses” or “laboratory reagents”, among others, featuring the label
“not for human consumption”, in order to circumvent consumer protection
and medicine laws. Accordingly, NPS are better known as “legal highs”,
“bath salts” or “research chemicals”. Furthermore, they can also be easily
obtained in a more covert way through the darkner or directly via the
illicit drug market where they are sold under their own name or, in some
cases, intentionally mislabelled with purported ingredients differing from
the actual composition (i.e. illicit drugs as heroin, cocaine or MDMA), or
mixed with them (Brandt et al., 2014; EMCDDA, 2018; EMCDDA, 2019;
Maurer & Brandt, 2018; Sumnall et al., 2011). Conversely, many NPS are
intentionally traded as “legal” replacements to already controlled drugs such
as cannabis, benzodiazepines or cocaine, since they produce similar effects as
these well-known illicit drugs and are synthesized avoiding the international
control (EMCDDA, 2016; EMCDDA, 2018; UNODC; 2019a).

Nonetheless, little is known about the pharmacology, toxicology and
social harms of these new substances, hindering its prevention and treatment,
and thus, posing a threat to public health. Moreover, since NPS are not
controlled under the International Drug Control Conventions, their legal
status can differ widely from country to country (UNODC, 2019a). Until
2018, over 60 countries have already implemented legal responses to control
NPS. However, the speed and sophistication at which the market reacts to
control measures, along with the great diversity of available products, have

proved challenging for the conventions and for current drug policymakers
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and lawmakers. In this sense, the new European legislation retains the
three-step approach to respond to NPS: early warning, risk assessment and

control measures, which are definitely needed to counter this new drug
problem (EMCDDA, 2019).

1.3.1. Synthetic cathinones

Synthetic cathinones represent the second largest group of NPS
monitored by the EMCDDA, just after synthetic cannabinoids. The first
cathinones were reported in 2004 and, by the end of 2017, a total of 130
different synthetic cathinones had been identified (EMCDDA, 2018).
Moreover, they represented the second most frequently seized group of NPS
and the most seized NPS by quantity (1.9 tonnes) in 2016 (EMCDDA, 2016).

Synthetic cathinones are synthetic derivatives of the plant-derived
stimulant cathinone, a potent alkaloid found in the shrub Catha edulis (Khat)
leaves (Banks et al., 2014; Kelly, 2011; Serensen, 2011). In fact, if attending
its molecular structure, cathinone is the 8-keto analogue of amphetamine
(so-called B-keto-amphetamine) because of the presence of a ketone group at

the B-carbon of the phenethylamine (Figure 8).

The chemical structure of cathinone can be considered as the prototype
from which a range of derivatives have been developed (Figure 9). In this
sense, synthetic cathinones differ from each other by ring-substitutions
(R,), substitutions on the a-carbon (R,), variations of the length of carbon
substitutions off the a-carbon (R,) and/or amino-substitutions (N-alkylation,
R,, R,). As a result of all these possibilities, synthetic cathinones make up a

broad range of substances.
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NH, NH,

Figure 8. Chemical structure of amphetamine (A) and cathinone (B). Cathinone is the

B-keto analogue of amphetamine.

Figure 9. Generic structure considered the prototype from which synthetic cathinones

are developed, differing among them in the R substituents. Adapted from Kelly, 2011.

Synthetic cathinones broke into the drug market at a time when the
availability, and thus purity, of established drugs like MDMA and cocaine
decreased in many areas (Brunt et al., 2011; Measham et al., 2010). The

resultant disillusionment and necessity amongst users were a key motivation
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for the displacement from illegal drugs to a first generation of substituted
cathinones, which produce psychostimulant effects similar to classic
stimulants, but were initially legal, easily accessible via head shops and the
Internet, and cheaper than the classic ones (Brunt et al., 2011; Carhart-Harris
et al., 2011; Measham et al., 2010; Winstock et al., 2011). Hence, cathinone
derivatives started to be sold as legal alternatives to cocaine, MDMA or
amphetamines (Brandt et al., 2010; Prosser & Nelson, 2012; Shanks et al.,
2012; Spiller et al., 2011), but also as adulterants of the same replaced drugs
(Brandt et al., 2014; Brunt et al., 2011; Ross et al., 2011).

The first cathinone derivative to be reported to the EMCDDA was
methylone (Figure 10) (popularly known as Explosion or Top Cat), the
B-keto analogue of MDMA (Bossong et al., 2005). Shortly after, in 2007,
mephedrone (Figure 10) (slang names: meow-meow, miaow, M-CAT and
White Magic) emerged also in the recreational drug market (Gustavsson and
Escher, 2009; Winstock et al., 2010). Along with methylone and mephedrone,
a first-generation of synthetic cathinones appeared on the drug market at
an unprecedented rate, including flephedrone (Archer, 2009), ethylone,
butylone and 3,4-methylenedioxypyrovalerone (MDPV) (Figure 10) (Brandt
et al., 2010; Meyer & Maurer, 2010), among many others.

Synthetic cathinones are typically found in powder form, which is
usually self-administered by insufflation (snorting), but also as capsules or
tablets to be ingested orally. Alternatively, the powder can also be diluted
in water/juice or wrapped in cigarette paper and swallowed (known as
“bombing”). Less commonly, rectal or eye insertion, as well as intravenous,
subcutaneous and intramuscular injection have also been reported
(EMCDDA, 2019; Prosser & Nelson, 2012; Zawilska & Wojcieszak, 2013).
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Figure 10. Chemical structure of methylone (A), mephedrone (B) and MDPV (C). They

are the three most popular first-generation synthetic cathinones.

Nowadays, the substitution of an established illicit drug (usually
stimulants or heroin) by a NPS is still a pattern of use reported among
high-risk drug users (Sande, 2016; Tarjan et al., 2017). Synthetic cathinones
are sold as preparations of single cathinones, but more frequently, as
mixtures of two or more different drugs, along with adulterants (i.e. caffeine
or lidocaine) (Brandt et al., 2010; Davies et al., 2010; Zawilska & Wojcieszak,
2013; Zuba & Byrska, 2013). Therefore, synthetic cathinones use, as the rest
of NPS, mainly occurs in a context of polydrug use, so they are often used
in combination with other stimulants, opioids, benzodiazepines, alcohol
or tobacco, either in simultaneous use or on different sessions (EMCDDA,
2010a; EMCDDA, 2017b). Concretely, concurrent use of synthetic cathinones
and other stimulants (amphetamines, cocaine or MDMA) is especially
prevalent among abusers (Carhart-Harris et al., 2011; EMCDDA, 2010a)
and unfortunately, emerged evidence suggests that synthetic cathinones

enhance the toxicity of some stimulants (Angoa-Pérez et al., 2013) and thus,
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the rate of fatalities (Aromatario et al., 2012; Marinetti & Antonides, 2013;
Maskell et al., 2011; Schifano et al., 2012). Moreover, in most cases, NPS are
not reported to be the primary drug used by high-risk drug users, but the
secondary or tertiary drug, for example, when the preferred substance is not
available or to heighten the effect of the other drugs (Aromatario et al., 2012;
EMCDDA, 2017b; EMCDDA, 2010a; Prosser & Nelson, 2012).

As cathinone derivatives and therefore, due to their close structural
similarity to amphetamines, synthetic cathinones were predicted to
act dysregulating the central monoamine system. Effectively, synthetic
cathinones exert their effects by inhibiting the function of monoamine
transporter proteins DAT, NET and SERT, expressed on nerve cells and
other cell types in the central and peripheral nervous system (Eshleman et
al., 2013; Simmler et al., 2013; Simmler et al., 2014). In this sense, synthetic
cathinones are classified in two types depending on how they inhibit the
transporter function (Figure 11): (1) Blockers, cocaine-like: those that bind
to the transporter and inhibit its uptake function (i.e. MDPV (Baumann
et al., 2013)); and (2) Releasers, amphetamine-like: those that bind to the
transporter but act as substrates, thus they are translocated through the
transporter channel into the neuronal cytoplasm. There, they provoke the
release of intracellular neurotransmitters stored in vesicles to the cytosol
and from there, to the synapse by reverse transport (Reith et al., 2015; Sitte
& Freissmuth, 2015) (i.e. methylone and mephedrone (Baumann, 2014;
Hadlock et al., 2011; Lopez-Arnau et al., 2012; Martinez-Clemente et al.,
2012)). Furthermore, they can act as mixed or “hybrid” reuptake inhibitors

and releasing agents at the same time (Saha et al., 2019).
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Figure 11. Mechanism of action of cocaine and amphetamine. Cocaine acts mainly as a
DAT blocker, thus inhibiting DA uptake. By contrast, amphetamine acts as a substrate, enters
into the terminal and triggers efflux of the neurotransmatter. Synthetic cathinones are divided
in two main groups according to their mechanism of action: blockers (cocaine-like) or releasers

(amphetamine-like). VMAT: vesicular monoamine transporter.

Taken together, regardless their mechanism of action, synthetic
cathinones reduce the effectiveness with which DA, NA and 5-HT are
cleared from the synapse following release, producing an increase of the
extracellular monoamine concentrations in the brain, thereby enhancing
cell-to-cell signalling throughout the CNS. The resulting overstimulation of
postsynaptic DA, NA and 5-HT receptors in the brain and periphery results

in their psychological, behavioural and toxic effects.
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Self-reported data from users of synthetic cathinones indicate that
individuals experience subjective effects like those produced by common
illicit stimulant drugs such as amphetamine, methamphetamine, cocaine
and MDMA, with which they share the mechanism of action. The main
desired effects reported are increased energy, alertness, empathy, openness,

concentration, euphoria and increased libido.

However, as all drugs of abuse, the desired effects come along
with considerable adverse physiological effects occurring at a central and
peripheral level, which arise from the hyperstimulation of the sympathetic
nervous system induced by the inhibition of the monoamine transporters.
Cardiac, psychiatric and neurological signs and symptoms are the most
common adverse clinical effects reported in users who require medical
care. More specifically, the effects include cardiovascular complications
(palpitations, hypertension, tachycardia, myocardial infarction, chest pain),
agitation, cerebral edema, shortness of breath, nausea, vomiting, anorexia,
erectile dysfunction, bruxism, mydriasis, blurred vision, diaphoresis,
hyperreflexia, etc. Also, prominent adverse neuropsychiatric effects
including aggressiveness, hallucinations, paranoia, psychosis and anxiety
have been reported (German et al., 2014; Kelly, 2011; Logan et al., 2017;
Prosser & Nelson, 2012; Spiller et al., 2011; UNODC, 2013; Winstock et al.,
2011).

In addition, because cathinones interact with monoamine
transporters and thus, increase extracellular concentration of monoamine
neurotransmitters in the brain (i.e. DA), they may also exert considerable
psychostimulant, rewarding and reinforcing effects. Indeed, the fact that
they stimulate dopamine transmission predicts that they may possess high
abuse liability (Howell & Kimmel, 2008; Wise, 2008).
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As mentioned above, synthetic cathinones are not under the control
of the International Drug Control Conventions, which may make their
legal status vary between countries and change rapidly. Only cathinone,
methcathinone, cathine, amfepramone and pyrovalerone are cathinone
derivatives internationally controlled (Convention on Psychotropic
Substances, 1971). The legal and scientific processes by which specific
cathinones became under control in the EU or the United States of America
(USA) are often based on if these substances have an abuse potential that is
comparable to controlled substances already featured. Data and arguments
in favour of controlling substances can include, for instance, their actual
or relative potential for abuse/dependence, scientific evidence of their
pharmacological and behavioural effects, and their hazardous effects
either on the user or on the social environment, among others (DEA, n.d.;
EMCDDA, 2009). In this sense, very few preclinical or clinical studies
about the pharmacology, toxicology and physiological effects of synthetic
cathinones had been performed prior to their widespread abuse (i.e. Cozzi et
al., 1999; Meltzer et al., 2006). However, owing to public health risk posed by
bath salts, the governments of many countries started to pass laws to render
synthetic cathinones illegal and, in parallel, reports of synthetic cathinone
use, abuse, toxicity and death began to surface. Thus, although some
cathinone derivatives are still legal and can be sold without penalty, others
have been banned. Fortunately, the first-generation of synthetic cathinones,
including mephedrone, methylone and MDPV, have been listed in the
1971 Convention (UNODC, 2017). In EU Member States, mephedrone is
submitted to control measures, and some other cathinone derivatives are
seized by control or equivalent legislation in various countries (EMCDDA,
2010b; EMCDDA, 2014b). Furthermore, all three are controlled substances
in the USA (Bonson et al., 2019; DEA, 2011).
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Nevertheless, the “legal highs” phenomenon seems that is going to
persist anyway: when one of these drugs is banned and illegal, the drug
market suppliers respond by launching or producing new unregulated
alternatives, often structurally related, and they do it at high speed. In this
sense, a new wave of cathinone derivatives (second-generation) has appeared
recently in the market to replace those drugs that are already controlled,
for example, a-pyrrolidinovalerophenone (a-PVP) and pentedrone (Brandt
et al., 2010; Shanks et al., 2012). Moreover, the lack of control and data on
these new substances make it challenging for law enforcement to clamp
down on their manufacture, traficking and distribution. The scientific
and patent literature, along with the ingenuity of chemists involved in the
trade of new drugs, means that thousands more are possible. Therefore, the
introduction of “replacement” cathinones is expected to further continue
(Henderson, 1988).

Overall, there exist a vast array of synthetic cathinones available on the
market, either legally and illegally. However, this doctoral thesis is especially
focused on one of them: MDPYV, since it started at a time when MDPV was
one of the newest and most used synthetic cathinones, but barely known
and described. In addition, the dissertation finally extends also to newer
synthetic cathinones belonging to the second-generation, including o-PVP

and pentedrone. All three substances under study are depicted in Figure 12.
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Figure 12. Chemical structure of MDPV (A) and two second-generation synthetic
cathinones: a-PVP (B) and pentedrone (C). MDPV is the 3,4-methylenedioxy counterpart of
a-PVP, which in turn, differs from pentedrone only in the N-substituent: contains a pyrrolidine

ring instead of a methyl.

1.3.1.1. MDPV

Definition and background

3,4-methylenedioxypyrovalerone (MDPV) (Figure 12) is the
3,4-methylenedioxy counterpart of pyrovalerone. On the streets, MDPV is
also known as MDPK, MTV, Magic, Super coke, Peevee or PV, among others
(Energy control, “MDPV?, n.d.; WHO, 2014; Karila et al., 2018).

52



INTRODUCTION

It was first synthesized in the 1960s by a team at Boehringer Ingelheim
and patented along with other related pyrrolidine-ketones as a stimulant of
the CNS (US3478050A, 1969). Nonetheless, it appears that there has not

been further development of these products.

Prevalence

MDPV belongs to the first-generation of cathinones and appeared
in the European drug market in 2008, when was firstly reported to the
EMCDDA (EMCDDA, 2014a). When appeared, MDPV was considered as
one of the most abused synthetic cathinones and the main ingredient of
“bath salts”, along with mephedrone and methylone (Johnson & Johnson,
2014; Zuba & Byrska, 2013). However, currently, because of its illegal status
and thus, its replacement by the second-generation cathinones (i.e. a-PVP),

its prevalence is more limited, although still existent.

Pattern of use

MDPV is typically supplied as a powder and used nasally (insufflated
and sniffed), ingested orally (swallowing) or injected intravenously. However,
it has also been reported as a tablet, capsule or liquid form, and, less
frequently, it is also administered by rectal insertion, sublingual absorption,

smoked, or by subcutaneous and intramuscular injection (Energy control,
“MDPV?”, n.d.; EMCDDA, 2014a; WHO, 2014).

Effects of MDPV appear with doses as low as 3-5 mg. Common doses
of MDPV reported by users range from 5 to 11 mg (per insufflation) and
from 8 to 15 mg (per oral ingestion). Therefore, single use doses of MDPV
are typically stated to be 5-20 mg. Extremely, users have reported taking
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repeated doses per session, reaching doses of 200 mg/session (EMCDDA,
2014a), with the subsequent risks of overdosing, several acute toxicity and

even death.

Pharmacology: mechanism of action

MDPYV is a powerful psychostimulant that acts similarly to cocaine,
blocking selectively the DAT and NET, and very weakly, SERT. Accordingly,
MDPV predominantly acts as a transporter blocker rather than as a
releaser (Baumann et al., 2013; Eshleman et al., 2013; Simmler et al., 2013).
Furthermore, MDPV appears to be from 10 to 50-fold more potent, effective
and selective as a DAT blocker than cocaine (Baumann et al., 2013; Simmler
et al., 2013), and induces a rapid and reversible functional upregulation of

DAT more powerfully and lasting than cocaine (Lopez-Arnau et al., 2019).

Subjective user effects

Information from user self-reports and clinical data on individuals
suggest that the desired effects of MDPV resemble those seen with other
simulants such as cocaine and amphetamine-type stimulants (EMCDDA,
2014a), and are individual-, dose- and route of administration-dependent
(Prosser & Nelson, 2012). Concretely, recreational users report that
the desirable subjective effects of MDPV include euphoria, mood lift,
talkativeness and increased sociability, increased self-esteem, mental and
physical stimulation, increased creativity, productivity and motivation,
empathy, alertness, motor excitation, sexual arousal and increased libido
(Energy control, “MDPV”, n.d.; “MDPV, DanceSafe,” n.d.; WHO 2014;
Karila et al., 2018).
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Toxicology

By 2014, a total of 525 non-fatal intoxications associated with MDPV
had been reported to the Early Warning System by eight Member States,
besides a total of 108 deaths in which MDPV was detected in post-mortem
biological samples and/or implicated in the cause of death (EMCDDA,
2014b).

Reported adverse effects do not only concern acute toxicity, but
also chronic toxicity. Symptoms of toxicity include cardiac complications
(hypertension, tachycardia, arrhythmia, raised blood pressure),
neurological effects (restlessness, consciousness alterations, involuntary
body movements, nystagmus, mydriasis, blurred vision, headache,
myoclonus, tightened jaw muscles, grinding teeth, confusion), psychiatric
effects (agitation/aggression, paranoid psychosis, delirium, hallucinations,
hyperactivity, residual depressed mood, disorganized thoughts, suicidality,
anxiety), hyperthermia, loss of appetite, disturbed sleep patterns, diaphoresis,
liver damage and convulsions, amongst many others. Cases of more severe
toxicity include hyperpyrexia, rhabdomyolysis, stroke, cardiomyopathy,
acute coronary syndrome, cerebral edema, acute renal failure, respiratory
arrest, self-mutilation, coma and death (Karila et al., 2018; Regunath et al.,
2012; Ross et al., 2012; Warrick et al., 2013; WHO, 2014). Also, it cannot
be underestimated, the risks associated to certain practices such as MDPV
injection or sexual risk-taking (i.e. contracting infections such as Hepatitis
B, Hepatitis C, HIV or other sexually-transmitted diseases) (EMCDDA,
2019; Karila et al., 2018).
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Addictive potential

MDPYV induces a robust stimulation of DA transmission by increasing
its extracellular concentrations in the NAcc (Baumann et al., 2013). Indeed,
there is compelling evidence that MDPV effectively increases locomotion
as well as exerts potent rewarding and reinforcing effects in rodents
(Aarde et al., 2013; Berquist et al., 2016; Buenrostro-Jauregui et al., 2016;
Gannon et al., 2017, 2018; Gregg et al., 2016; Horsley et al., 2018; King et
al., 2014; Lopez-Arnau et al., 2017; Novellas et al., 2015; Simmons et al.,
2018; Watterson et al., 2014; Watterson and Olive, 2014), predicting a serious
potential for abuse liability (Howell & Kimmel, 2008; Watterson et al.,
2013; Wise, 2008). The development of craving, tolerance, dependence and
withdrawal syndrome has been reported after frequent use of high doses of
MDPV (Andrabi et al., 2015).

Legal status

Apart from its use as an analytical standard and research chemical
in experiments investigating its pharmacological and toxicological profile,
MDPV has no known legitimate alternative uses (EMCDDA, 2014b; WHO,
2014). Since 2014, MDPV became a drug subjected to control measures
across the EU (EMCDDA, 2014b) and in 2015 was definitively included
in the Convention on Psychotropic Substances of 1971 by the UNODC
(UNODC, 2017). In the USA, it was federally listed on the Controlled
Drugs and Substances Act by the Drug Enforcement Administration (DEA)
(Bonson et al., 2019; DEA, 2011).
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1.3.1.2. «-PVP

Definition and background

a-PVP (a-pyrrolidinovalerophenone), popularly known as flakka,
gravel, grind, crystal love or snow blow, is a synthetic cathinone that belongs
to the second generation. a-PVP shares structural features with pyrovalerone
and MDPV: a-PVP is simply the desmethylpyrovalerone analogous and,
at the same time, it is structurally identical to MDPV but without the
3,4-methylenedioxy group (Figure 12), thus they have many characteristics
in common (Glennon & Young, 2016; Marusich et al., 2014), reason why it

was considered to emerge as a replacement to MDPV.

As many synthetic cathinones, a-PVP synthesis was firstly described
in a British patent (GB 927475, 1963) as a CNS stimulant, followed by
numerous other European and USA patents dating from 1963 to 1967.

However, its mechanism of action was not elucidated until later (Meltzer et
al., 2006).

Prevalence

a-PVP was formally notified to the EMCDDA system in 2011 by
France. Concretely, the notification related to the seizure of approximately
5 kg of a white powder containing not only a-PVP, but also pentedrone
(EMCDDA, 2015). Nowadays, a-PVP has become quite popular on the
clandestine market (Ackerman, 2015; Storrs, 2015). It has been detected in
all 28 Member States of the EU and more than 750 kg of a-PVP in powder
has been seized in Europe since 2011 (EMCDDA, 2015).
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Pattern of use

a-PVP is commonly found as a white powder and administered nasally
(insufflation), ingested orally or injected intravenously (EMCDDA, 2015).
It has also been detected in other forms as tablets, powder-filled capsules,
liquids and jelly gums (Zawilska & Wojcieszak, 2017), and reported to be
administered by alternative routes: sublingual absorption, rectal insertion,
smoked, injected intramuscularly and mixed routes (oral plus injection)
(Energy control, “Alfa-PVP,” n.d.; Zawilska & Wojcieszak, 2017).

There is limited information from user websites about what doses
are typically used. Self-reported experiences have noted that threshold oral
dosages required to induce psychoactive effect may be 1-2 mg, while strong
effects are reported with oral doses of 20-25 mg. Importantly, re-dosing is a
recurrent pattern among o-PVP users (EMCDDA, 2015).

Pharmacology: mechanism of action

The preliminary results obtained by Meltzer et al., 2006 were soon
after confirmed and extended by other authors (Cameron et al., 2013;
Eshleman et al., 2017; Kolanos et al., 2015; Marusich et al., 2014). All these
in vitro studies support that a-PVP acts as a monoamine transporter blocker
and does not induce transporter-mediated efflux. Concretely, it inhibits DA
and NA uptake, with almost negligible action at SERT. Furthermore, it
blocks the transporters DAT and NET with very similar potencies to those
of MDPV. Emerging evidence suggests that the 3,4-methylenedioxy group
of MDPV, absent in a-PVP, imparts somewhat enhanced action at SERT
(Eshleman et al., 2017).
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Subjective user effects

Limited information from acute intoxications and self-reported user
experiences suggests that the effects of a-PVP might be broadly similar to
other psychostimulant drugs (EMCDDA, 2015): mental and motivational
stimulation, enhanced energy, euphoria, empathy, openness, creativity,
productivity, alertness and increased libido (Energy control, “Alfa-PVP,” n.d.;
Marusich et al., 2016; Zawilska & Wojcieszak, 2017). Furthermore, some users
reported slight differences as regards to MDPV such as a faster high but with
less potency and duration of the effects (Energy control, “Alfa-PVP,” n.d.).

Toxicology

a-PVP has been involved in an increased number of, not only acute
intoxications but also fatalities over the past few years, raising concerns in
the medical field. Between 2011 and 2015, 205 acute intoxications associated
with a-PVP were reported by eight EU Member States. Furthermore,
between 2012 and 2015, a total of 116 deaths were associated with its
consumption (EMCDDA, 2015). Clinical features described in those cases
were: cardiovascular effects (tachycardia, hypertension, vasoconstriction),
neurological effects (restlessness, myoclonus, convulsions or seizures,
confusion, loss of consciousness), psychiatric effects (agitation, anxiety,
insomnia, hallucinations, aggression, bizarre behaviour, delirium),
general effects (hyperthermia, diaphoresis, lack of appetite, dehydration),
rhabdomyolysis...etc. (Adams & Fagenson, n.d.; Crespi, 2016; EMCDDA,
2015; Franantonio et al., 2015; Giese et al., 2015; Grapp et al., 2016; Marinetti
& Antonides, 2013; Marusich et al., 2014, 2016). Besides other complications
derived from the intravenous injection of the drug (i.e. Hepatitis A, Hepatitis
C, HIV..) (Giese et al., 2015). In fact, although people use a-PVP for its
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potential euphoric high, symptoms are known to easily escalate into extreme

agitation, paranoia, aggression, insomnia and delusions (Crespi, 2016).

Addictive potential

Information from animal studies suggests that o-PVP induces a robust
stimulation of DA transmission by increasing its extracellular concentrations
in the striatum (Wojcieszak et al., 2018), predicting a serious potential for
abuse liability (Howell & Kimmel, 2008; Wise, 2008). Furthermore, the
stimulatory effect of a-PVP in the CNS is mediated, at least in part, by the
DR1 and DR2 (Kaizaki et al., 2014). The behavioural features associated
with o-PVP include increased locomotor activity, as well as powerful
rewarding and reinforcing effects in rodents (Aarde et al., 2015; Gatch et al.,
2015a; Giannotti et al., 2017; Javadi-Paydar et al., 2018a; Kaizaki et al., 2014;
Marusich et al., 2014, 2016; Nelson et al., 2017; Wojcieszak et al., 2018).

Legal status

As MDPV, o-PVP is now controlled under the United Nations
Convention on Psychotropic Substances of 1971 (UNODC, 2017) and has
been federally listed on the Controlled Drugs and Substances Act by the
DEA (Bonson et al., 2019; DEA, 2017).

In accordance, a-PVP and its enantiomers are used only in scientific
research as well as analytical reference materials in clinical and forensic

case work. No further indications of a-PVP are approved nor legitimate
(EMCDDA, 2015).
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1.3.1.3. Pentedrone

Definition and background

Pentedrone (o-methylamino-valerophenone) is another second-generation
synthetic cathinone, structurally related to «-PVP (Figure 12): both
molecules only differ in their N-substituent group: a methyl or a pyrrolidine
ring, respectively. It is popularly called as penta, pentakristaly or kristdly
(WHO, 2016).

Prevalence

Together with «-PVP, pentedrone was formally notified to the
EMCDDA system in 2011 by France because of a seizure of approximately
5 kg of a white powder containing both, a-PVP and pentedrone (EMCDDA,
2015). Since then, its use spread widely, being one of the most commonly
seized cathinones in 2015 (EMCDDA, 2017a), often found mixed with other
drugs such as MDPV and o-PVP (EMCDDA, 2014a; Zuba & Byrska, 2013).
Pentedrone has been found in human urine samples increasingly over the

past 4 years (Uralets et al., 2014).

Pattern of use

As the rest of synthetic cathinones, pentedrone is commonly found as

powder and nasally snorted, ingested orally, smoked or injected intravenously
(WHO, 2016).

Dose ranges used for recreational purposes are 40-100 mg by
insufflation, 80-150 mg by oral ingestion, 10-20 mg by inhalation (smoked),
and 30-60 mg by intravenous route (WHO, 2016).
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Pharmacology: mechanism of action

Pentedrone, as its relatives, a-PVP and MDPYV, acts as a DAT and
NET inhibitor, with less activity towards SERT. Available data point out
that pentedrone acts as a cocaine-like blocker, instead of a releaser (Eshleman
et al., 2017; Simmler et al., 2014).

Subjective user effects

There are no published data on the psychological and behavioural
effects of pentedrone in humans. However, because of its mechanism of
action, desired effects resembling those seen and previously described with

other stimulants such as «-PVP, MDPV and cocaine can be expected.

Addictive potential

The psychostimulant, rewarding and reinforcing effects of pentedrone
have been demonstrated in rodents (Gatch et al., 2015b; Hwang et al.,
2017; Javadi-Paydar et al., 2018b; Kim et al., 2014; Naylor et al., 2015).
Furthermore, drug selectivity at DAT vs SERT is a key determinant of drug
abuse potential for monoamine transporter substrates and inhibitors, such
that a high DAT/SERT ratio is associated with high abuse potential, whereas
potency at SERT > DAT will have low abuse liability (Negus & Banks,
2017; Negus & Miller, 2014). In this sense, pentedrone has a DAT/SERT
ratio >10, which is even higher than that of methamphetamine. Overall,

evidence point to a high addictive potential.
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Toxicology

Several forensic caseworks of fatal intoxications involving pentedrone
consumption have been reported (Liveri et al., 2016; Sykutera et al., 2015),
although always in combination with other drugs like a-PVP and MDPYV,
that is in a poly-drug use context (WHO, 2016). Additionally, one case
report has referred the development of acute psychosis after pentedrone use
(Segrec et al., 2016). No further literature is available on the clinical effects

and toxicological symptoms.

In animal studies, it has been described that high doses of pentedrone
(70 mg/kg) produce severe convulsions, being lethal at 100 mg/kg (Hwang
et al., 2017).

Legal status

Pentedrone is not controlled worldwide, so pentedrone products are
legally marketed in head shops and online in several countries. However,
in the USA, it has been listed on the Controlled Drugs and Substances Act
by the DEA (Bonson et al., 2019; DEA, 2017). No therapeutic, industrial or
medical uses have been described for pentedrone (WHO, 2016).

1.4. Contextual framework: starting point

The present thesis, which largely studies the neurochemical and
psychopharmacological properties of MDPV, had its starting point in a
previous work carried out by the same research group (Lopez-Arnau et al.,

2017). This study, in fact, was the first author’s contact and contribution to
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the study of MDPV. Although it can be found in the Annex II section, it will
also be briefly set out below to place the reader in the contextual framework
from which it was necessary to further continue the research, thus giving

rise to the present doctoral thesis.

That study arose from different statements that have already been

explained in more detail above in this introduction:

In recent years, the illicit drug market has changed considerably due
to the emergence of NPS, such as synthetic cathinones, being MDPV one of
the most abused and the main ingredient of bath salts. Despite the invasion
of NPS, cocaine remains being the most abused psychostimulant worldwide.
MDPV and cocaine share the same mechanism of action: they are mainly
DAT blockers, a feature that explains their powerful psychostimulant,
reinforcing and rewarding effects, as well as their high abuse liability. In

fact, MDPV is known to be 10-to 50-fold more potent than cocaine.

Nevertheless, the pattern of use of MDPV and cocaine substantially
differs: while MDPV use is considered as a transient trend among adolescents
and young adults, cocaine is generally consumed in adulthood. A plausible
reason for that trending could be the ease of access and lower price of the
cathinone derivative. Importantly, experimentation as well as the process
of addiction, most often starts in adolescence (Wagner & Anthony, 2002),
a period during which the brain undergoes important development changes
(Spear, 2013). Therefore, normal development processes might result in
higher risk for drug use at this stage of the lifecycle than others. Indeed,
drug exposure during adolescence is associated with more chronic and
intensive use and greater risk of a substance use disorder than if it initiates

in the adulthood. In this sense, normal adolescent-specific behaviours may
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increase the propensity to experiment with legal and illegal drugs, which, in
turn, may reflect the incomplete development of brain regions involved in

the processes of executive control and motivation (Koob & Volkow, 2016).

Considering this, it resulted relevant and necessary to determine
whether the use of MPDV during adolescence could lead to an increased
sensitivity and subsequent vulnerability to cocaine abuse in adulthood. In
this way, this study could give us valuable knowledge about the long-lasting
consequences of an early and repeated exposure to MDPV on the responses
of adult mice to cocaine, as well as a potential identification of a factor that
could increase vulnerability to cocaine abuse, which, in that case, it would

have to be carefully evaluated.

To achieve that, adolescent male Swiss CD-1 mice were treated with
MDPV (1.5 mg/kg, subcutaneously (s.c.) twice daily, for 7 days). After
21 days, when animals reached adulthood, they were tested with cocaine,
using locomotor activity, CPP and SA paradigms to test the psychostimulant,
rewarding and reinforcing effects of cocaine, respectively. In parallel, DR2
density and the expression of c-Fos and AFosB was determined in the
striatum at both time points: in adolescence (just after drug treatment), and

in adulthood (before the first cocaine exposure).

From this study we could finally conclude that MDPV increased most
of the behavioural responses related to cocaine effects, including locomotor
sensitization, reward and the strength of cocaine as a reinforcer. In addition,
these behavioural abnormalities were associated with an accumulation of
AFosB and subsequent repression of c-Fos, providing a possible mechanism
by which molecular changes induced by MDPV can persist for weeks after

withdrawal and supporting the enhancing effects of MDPV on cocaine abuse
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liability. Therefore, the results suggested that consumption of MDPV during
adolescence induces long-lasting adaptative changes leading to a higher
response to cocaine in adulthood, predisposing to a higher vulnerability to
abuse. From a clinical point of view, this feature represents a basic step that
must be carefully studied since it provides new knowledge about factors
involved in the vulnerability to cocaine addiction. In this sense, MDPV use

could be considered as a risk factor.

From these findings, the following objectives emerged

(see section 2. Objectives).
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OBJECTIVES

The general aim of the present doctoral thesis has been to contribute
to increasing scientific knowledge regarding novel psychoactive substances,
especially MDPV, a cocaine-like psychostimulant (Part I), but also about
the second-generation synthetic cathinones structurally related to MDPV

(Part IT). Each approach has had different objectives:

Part 1

The general aim of Part I has been to study the neurochemical
and psychopharmacological effects of MDPV, thereby determining the
neuroadaptive changes underlying its abuse, its behavioural effects and its
addictive properties. In order to pursue this aim, several specific objectives

have been set up:

® To determine the behavioural effects induced by a repeated
exposure to MDPV.

¢ To elucidate the neuroadaptive changes underlying MDPV
sensitization and the abnormal related behaviours, focusing
especially on the DR1 - cAMP intracellular signalling pathway
triggered in the striatum. To compare them with what is already

described for cocaine.

¢ To investigate the possible cross-sensitization between MDPV and

cocaine.

® To describe and compare the changes induced by either acute or

repeated exposure to MDPV or cocaine on the transcription of
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Part 11

plasticity-related genes in early abstinence, focusing principally on
the BDNF - TrkB signalling pathway.

To assess and compare the role of the BDNF - TrkB pathway in
the development of behavioural sensitization and CPP acquisition
to MDPV and cocaine.

To assess the rewarding properties of MDPV and study the
relationship between MDPV and cocaine in the reinstatement of
the CPP paradigm.

To elucidate potential changes in the expression of several plasticity-
and epigenetic-related factors underlying MDPV and cocaine place
conditioning after the CPP paradigm, as well as in response to a

new acute drug exposure during extinction.

Part IT has intended to go beyond the study of MDPV and thus,

it extends to the study of new second-generation synthetic cathinones

structurally related to MDPV. For this purpose, the following aims have

been proposed:
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To characterize the in vitro pharmacology of amino-valerophenone
derivatives structurally related to a-PVP and pentedrone, which
only differ in their amino-substituent, thereby determining the role
of the amino-terminal group in their interaction with monoamine

transporters.



OBJECTIVES

To establish a quantitative structure-activity relationship (QSAR)
between the molecular and physicochemical properties of the

amino-substituent and their pharmacological profile.

To assess the psychostimulant and rewarding effects of these

compounds in mice.
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Part 1

3,4-Methylenedioxypyrovalerone (MDPV)






3.1. Neuroadaptive changes and behavioural effects

after a sensitization regime of MDPV

Adapted from: Duart-Castells, L., Lopez-Arnau, R',
Buenrostro-Jauregui, M2, Mufioz-Villegas, P'., Valverde, O°.,
Camarasa, J'., Pubill, D', Escubedo, E*. Neuroadaptive changes

and behavioural effects after a sensitization regime of MDPV
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3.1.1. ABSTRACT

Over the last decade the recreational drug market has
become considerably more complex due to the apparition of new
psychoactive substances (NPS), including synthetic cathinones (i.e.
3,4-methylenedioxypyrovalerone, MDPV). MDPV is a cocaine-like
psychostimulant as it shares a similar pharmacological profile: it selectively
blocks the dopamine transporter (DAT), being from 10 to 50-fold more
potent than cocaine. Furthermore, in a previous study of our lab, we
found out that repeated exposure to MDPV during adolescence induces
long-lasting adaptative changes that lead to an increased response to cocaine

in adulthood, predisposing to a higher vulnerability to its abuse.

In the present work, we keep with the investigation and further study
the neuroadaptive changes underlying drug sensitization. Hence, we intended
to elucidate the potential changes in specific neuronal biomarkers induced by
such sensitization regime of MDPV that could explain the increased cocaine
effects. Additionally, we tested other behavioural alterations induced by the
drug.

Adolescent male Swiss CD-1 mice were treated with MDPV (1.5 mg/kg
s.c., twice daily for 7 days) and all evaluations were performed shortly after

treatment (2 h or 24 h) as well as after 21 days, when animals reached

adulthood.

Regarding the behavioural testing, repeated exposure to MDPV
induced an enduring anxiety-related behaviour that was mainly apparent
long after treatment. Moreover, MDPV increased aggressiveness in mice,

shortly after the drug was withdrawn. Finally, exposure to MDPV also
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promoted a faster habituation to the open field, interpreted as a tendency for
novelty-seeking and risk-taking behaviour. This feature co-occurred with an
induction of AFosB in the orbitofrontal cortex, the raise of which is thought
to be linked not only to risky behaviours but to behavioural sensitization

as well.

MDPV induced an overexpression of plasticity-related factors (Arc
and CDKS5) and TH, which came along with a decrease in DAT and
DR1 populations, pointing to a hyperdopaminergic status. Moreover,
the implication of such hyperdopaminergic condition in MDPV-induced
aggressiveness cannot be ruled out. Importantly, shortly after treatment, the
DR2:DR1 ratio was altered towards DR1, but reverted during withdrawal.
An initial and transient oxidative effect without glial activation was also
observed after MDPV exposure. Finally, and by contrast to cocaine, besides
the different modulation of NK«B and GluA2 expression, the regulatory
autoloop between G9a and AFosB was not observed either, suggesting the

existence of additional regulatory signals modulating AFosB expression.

In conclusion, despite the fact that MDPV and cocaine share the same
mechanism of action and MDPV induces sensitization to the locomotor
effects of cocaine, the intracellular signalling pathways triggered by the
drugs notably differ.

3.1.2. INTRODUCTION

Synthetic ~ cathinones  (i.e.  mephedrone, methylone and
3,4-methylenedioxypyrovalerone (MDPV)) are often used as replacements

to other stimulants such as amphetamines, cocaine or ecstasy. Among them,
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pyrrolidine derivatives such as MDPV are more lipophilic and thus, more
able to cross the blood-brain barrier. MDPV shows cocaine-like properties
and selectively inhibits the dopamine (DAT) and noradrenaline transporters,
being 10- to 50-fold more potent than cocaine as a DAT blocker (Baumann
et al., 2013; Simmler et al., 2013). Furthermore, MDPV exerts powerful
rewarding and reinforcing effects relative to cocaine at one-tenth doses,
suggesting a significant abuse risk based on its potency and its subjectively

positive effects (Aarde et al., 2013; Watterson et al., 2012).

Repeated administration of psychostimulants induces psychomotor
sensitization in rodents. This phenomenon has been largely associated with
dynamic changes in neural processes induced by repeated drug exposure
and has been proposed as a model of an initial stage of addiction in humans,
which contributes to drug craving (Kalivas and Stewart, 1991; Robinson and
Berridge, 1993). In this sense, cocaine exposure triggers complex adaptations
in the brain that are mediated by dynamic patterns of gene expression, which
are further translated into enduring changes, many of them related to drug

sensitization (Schmidt et al., 2013).

In a previous study, we found out that repeated exposure to MDPV
(1.5 mg/kg, twice daily, for 7 days) during adolescence, induced behavioural
sensitization not only to itself but also to cocaine locomotor effects. In
this context, the aim of the present study was to test other behavioural
abnormalities induced by such sensitization regime of MDPV, as well as
to evaluate changes in specific neural biomarkers that could explain the
increased cocaine effects. Hence, this study provides valuable knowledge
that leads to a better understanding about the effects of chronic MDPV

exposure and its neurotoxicological potential.
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With these purposes, we evaluated anxiety, habituation and
aggressiveness of mice at different time-points after MDPV exposure, using
the elevated plus maze (EPM), the open field (OF) and the resident intruder
test (RIT) paradigms, respectively. In parallel, molecular determinations
were carried out in the striatum. As some data indicate that the induction
of AFosB within the orbitofrontal cortex (OFC) plays a role in the deficit
in impulse control mediated by cocaine (Winstanley et al., 2009) we also

assessed the induction of AFosB in this brain area.

In ventral striatum (VS), we mostly focused on the dopamine receptor
1 (DR1) intracellular signalling pathway, which involves the transcription
factor AFosB. We studied related-markers as cyclin-dependent kinase-5
(CDK5), the activity-regulated cytoskeleton-associated protein (Arc), the
AMPA glutamate receptor subunit 2 (GluA2) and the nuclear factor kappa
B (NF«B).

To be activated, CDK5 has to associate to their regulatory subunits,
p35 or p39, both regulated by AFosB (McClung et al., 2004; Nikolic et
al., 1996). The complex p35/CDKS5 is a neuroplasticity mediator, which is
required for neurite growth (Patrick et al., 1999). On the contrary, p25, a
proteolytic fragment of p35, causes dysregulation of CDK5 kinase activity.
For instance, the complex p25/CDK5 hyperphosphorylates Tau, which
reduces Tau’s ability to associate with microtubules (Kelz et al., 1999).
Altogether, when CDKS5 is activated by p35, it takes part in physiological
processes as neuroplasticity, while CDK5/p25 is related with neurotoxic
and neurodegenerative processes. Arc is an early gene which is rapidly
induced by cocaine. GluA2 is another target gene of AFosB, the expression
and surface/intracellular ratio of which are also under homeostatic

regulation (Boudreau et al., 2007). Finally, we determined G9a expression,
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a histone-lysine N-methyltransferase considered an important mechanism
for epigenetic regulation during the development of cocaine addiction state
(Maze et al., 2010).

In the dorsal striatum (DS) we assessed the expression of proteins
related with dopaminergic neurotransmission. It is known that repeated
exposure to classical psychostimulants induces various synaptic adaptations,
many of them related to sensitization. These neuroplastic processes include
up- or down-regulation of DR1 and DR2, changes in subunits of G proteins,
increased adenylyl cyclase activity and increased tyrosine hydroxylase
enzyme (TH) activity or dopamine (DA) transport (Bibb et al., 2001).
Accordingly, TH, DAT, DR1 and DR2 protein levels were assessed following
MDPV exposure. Finally, lipid peroxidation is one of the major sources
of free radical-mediated injury that directly damages membranes and
generates several secondary products, being 4-hydroxy-2-nonenal (HNE)
one of the most abundant. Therefore, 4-HNE is considered a robust marker
of oxidative stress and a toxic compound for several cell types (Perluigi et
al., 2012). Its assessment, jointly with that of the glial fibrillary acidic protein
(GFAP), provided information about a putative neurotoxic effect of MDPV.

3.1.3. MATERIALS AND METHODS

Animals

Allanimal care and experimental protocols in this study were approved
by the Animal Ethics Committee of the University of Barcelona, under the

supervision of the Autonomic Government of Catalonia. All procedures
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involving mice were in accordance with the European Community Council
Directive (2010/63/EU for animal experiments). All efforts were made
to minimize animal suffering and to reduce the number of animals used.
Animal studies are reported in compliance with the ARRIVE guidelines.
CD-1 mouse strain was selected for its optimal sensitivity to the reinforcing
and psychostimulant effects of cocaine (McKerchar et al., 2005). Animals
were housed six per cage (polycarbonate with wood-derived bedding) at
22 + 1°Cundera 12 h light/dark cycle with free access to food and drinking
water. Male Swiss CD-1 mice (Charles River, Spain) at the beginning of
periadolescence (PND 41-44) were used. Animals were randomly assigned to
an experimental group. During the behavioural manipulations, researchers

were not aware of the treatment that each animal previously received.

Materials

Pure racemic MDPV - HCI was synthesized and characterized in
our laboratory as previously described (Novellas et al., 2005). Cocaine was
provided by the Spanish National Institute of Toxicology. Both MDPV and
cocaine solutions were prepared in 0.9% NaCl (saline, pH=7.4) immediately

before administration.

The protease and phosphatase inhibitors cocktail was purchased from
Abcam (Cambridge, UK). BS® [bis(sulfosuccinimidyl)suberate] was obtained
from ThermoFisher Scientific (Rockford, USA) and PH]WIN 35428 was
from Perkin Elmer (Boston, USA). All the other reagents were of analytical

grade and purchased from several commercial sources.
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Drug administration protocol and experimental design

Mice were treated with MDPV (1.5 mg kg™!, s.c.) or saline (5 mlkg's.c.),
two doses in one day (4 h apart), for seven consecutive days, and housed in
their cages until reaching adulthood (PND 69-72, 21 days). Behavioural tests
including resident-intruder test (RIT), elevated plus maze (EPM) and the
open field (OF) paradigms were performed during the withdrawal period
as described below (Figure 13A). Different lots of animals were used for
biochemical and behavioural experiments. The dose of MDPV used and the
treatment schedule followed are based on our previous study (Lopez-Arnau
et al., 2017).

Elevated plus maze (EPM)

Either 48 h (W2) or 21 days (W21) after treatment, anxiety-related
behaviour was tested using the EPM paradigm. Briefly, the maze was elevated
42 cm above the ground and consisted of two open and two closed arms
(30x6 cm) which radiated from a central platform (6x6 cm). Testing was
conducted under low room lighting conditions (30 LUX). Mice were placed
on the centre, facing an open arm, and allowed to explore for 5 min. Their
behaviour was recorded by a zenithal camera connected to a computerized
tracking system (Smart 3.0 software, PanLab SL, Spain). The time spent in
the centre of the maze was discarded. Results were expressed as the total

time spent in closed and open arms.
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Figure 13. Drug administration protocol and experimental design. Animals were treated
with MDPV or saline two doses in one day (4 h apart) during 7 consecutive days (1-7). The RIT,
EPM and OF paradigms were performed 24 h (W1, Day 8), 48 h (W2, Day 9) and 72 h (W3, Day
10) after treatment, respectively, as well as after 21 days of withdrawal (W21, Day 28). Brain
samples were collected 2 h (Day 7), 24 h (W1, Day 8) and 21 days (W21, Day 28) after treatment
(A). Schematic diagram that illustrates the dissection of the orbitofrontal cortex (OFC),
dorsal striatum (DS, nucleus caudate/putamen, CPu) and ventral striatum (VS,
including nucleus accumbens shell and core, AcbSh/AcbC) according to the atlas of
Paxinos and Franklin (Paxinos and Franklin, 2004) (B).
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Open field (OF)

Either 3 (W3) or 21 days (W21) after the end of the treatment, mice
were evaluated in a circular open arena sized 100 cm in diameter. Previously,
mice underwent two consecutive habituation sessions (10 min, days W1 and
W2). The floor of the circular arena was virtually divided into two zones,
namely the centre (70 cm) and the periphery. The time spent in these two
zones was recorded during 10 min with the same computerized system cited
above. The fraction of total exploratory time spent in the central zone, the
number of entries in centre, the latency of the first entrance to the centre, the
central vs. total walking ratio, the locomotion and mean speed of animals

were measured.

Resident intruder test (RIT)

Mice were tested for offensive aggressive behaviour using the resident
intruder paradigm either one (W1) or 21 days (W21) post-treatment, as
described (Koolhaas et al., 2013), with minor modifications. Briefly, each
mouse (resident) was housed with a female for at least one week before the
test day. This fact facilitated the development of territoriality and prevented
social isolation. Females were previously sterilized by ligation of the oviducts,
so they were regularly receptive without becoming pregnant and developing
maternal aggression. On the experiment day, females were removed from
the residential cages 1 h before the test. During the test, an unfamiliar male
(intruder) was introduced into the home cage and the resident-intruder
interactions were video-recorded for 10 min. The resident was scored for
two general measures of offensive aggression: latency to the first attack and

number of attacks. If any signs of suffering or wounds were observed, the

87



Neurochemical and psychopharmacological study of MDPV, a cocaine-like psychostimulant
Characterization of structurally-related second-generation synthetic cathinones

animals were immediately separated, and the experiment was terminated.

However, no early ending was required in any case.

Tissue samples preparation

Mice were killed by cervical dislocation 2 h (Day 7) or 24 h after the
treatment (Day 8, W1), as well as after 21 days (Day 28, W21), for the analysis
of several factors including Arc, GluA2, CDK5, p35/p25, phospho-Tau
(Thr205)/Tau, NF«B, G9a, TH, DAT, DR1, DR2, AFosB, 4-HNE and
GFAP. The OFC, VS (including NAcc) or DS, when appropriate, were
quickly dissected out and stored at —80 °C until use. Particularly, for the
dissection of the OFC, brains were rapidly removed and placed in a mouse
brain acrylic matrix (Alto, Agnthos, Sweden) placed on ice. Two double edge
blades were used to obtain a 1 mm thick slice (from 2 to 3 mm anterior to
bregma) which contained the region of interest. The anatomical boundaries
for each brain subregion are depicted in Figure 13B. In order to reduce
the number of animals, the VS was used to study the signalling pathways
related with neuroplasticity and those considered involved in the rewarding
and sensitizing effects of drugs, while the DS was reserved to assess the
neuroadaptations that take place in the dopaminergic transmission and the

possible neurotoxic effects induced by repeated exposure to MDPV.

Tissue samples for Western blot analysis were processed as described
(Pubill et al., 2013) with minor modifications. Briefly, tissue samples were
homogenized at 4 °C in 20 vol of lysis buffer 20 mM Tris-HCI, pH=38, 1%
NP40, 137 mM NaCl, 10% glycerol, 2 mM EDTA) containing the protease
and phosphatase inhibitor cocktail. The homogenates were shaken and
rolled for 2 h at 4 °C and centrifuged at 15,000 xg for 30 min at 4 °C.

Aliquots of resulting supernatants (total lysate) were collected and stored
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at —80 °C until use. Protein content was determined using the Bio-Rad

Protein Reagent (Bio Rad, Inc., Spain).

Dopamine transporter density

The density of the DA transporter in striatal membranes was measured
using PH]WIN 35428 binding assays as described previously (Lopez-Arnau
et al., 2015). The crude membrane preparation used in the experiments

collected both the synaptosomal membrane and the endosomal fraction.

Total RNA extraction and gene expression determination

Total RNA isolation from VS was carried out by means of a TRI
reagent-Chloroform based extraction protocol. RNA content in the
samples was measured at 260 nm and sample purity was determined
by the A260/280 ratio in a NanoDrop™ ND-1000 spectrophotometer
(Thermo-Fisher Scientific). The isolated mRNA was reverse-transcribed by
a Reverse Transcription Polymerase Chain Reaction (RT-PCR) using the
High Capacity cDNA Reverse Transcription Kit (Applied Biosystems) and
the Veriti® thermal cycler (Applied Biosystems, Foster, CA, USA). Briefly,
complementary DNA (cDNA) was synthesized in a total volume of 20 uL
by mixing 1 ug of total RNA and the appropriate volumes of each reagent.
The cDNA product was used for subsequent real-time PCR amplification
using the Step One Plus™ Real-Time PCR System (Applied Biosystems,
USA) with 25 ng of the cDNA mixture and the assays-on-demand from
Applied Biosystems Mm00479619 g1 for Arc, Mm0113261 m1 for G9a and
MmO00607939 sl for Actb as an endogenous control. Fold-changes in gene
expression were calculated using the standard comparative Cycle threshold
(Ct) method (AACt) (Livak and Schmittgen, 2001).
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Surface receptor cross-linking with BS’

21 days after the last injection of MDPV or saline, mice were killed
by cervical dislocation. Accumbal tissue from each mouse was processed for

cross-linking assays as described (Boudreau et al., 2007).

Western blotting and immunodetection

A general Western Blotting and immunodetection protocol was
used. Briefly, for each sample, 10-25 ug of protein was mixed with sample
buffer (0.5M Tris-HCI, pH=6.8, 10% glycerol, 2% (w/v) SDS, 5% (v/v)
2-B-mercaptoethanol, 0.05% bromophenol blue), boiled for 5 min and loaded
onto a 10% acrylamide gel or onto a 4-15% gradient Tris-HCI gel (Bio-Rad,
Hercules, CA) for the surface receptor cross-linking experiments. Proteins
were electrophoresed and subsequently transferred to polyvinylidene fluoride
sheets (PVDF) (Immobilon-P; Millipore, USA). PVDF membranes were
blocked for 1 h at room temperature with 5% defatted milk in Tris-buffer
plus 0.05% Tween-20 and incubated overnight at 4 °C with the corresponding
primary antibodies. After washing, membranes were incubated for
1 h at room temperature with the corresponding peroxidase-conjugated
anti-IgG antibody. Immunoreactive protein was visualized using a
chemoluminiscence- based detection kit following the manufacturer’s
protocol (Immobilion Western, Millipore) and a BioRad ChemiDoc XRS
gel documentation system (BioRad, Inc., Madrid, Spain). Scanned blots were
analysed using a BioRad Image Software and dot densities were expressed
as a percentage of those taken from the control. As a protein load control,
immunodetection of B-tubulin (1:2500, Sigma Aldrich) or GAPDH (1:5000,
Merck Millipore) were used. The whole list of antibodies used for these

experiments is contained in Table S1 (supplementary material).
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Data analysis

Data from biochemical analyses were normalized with 100% defined
as the mean of the technical replicates in the control group. Data were
expressed as mean + standard error of the mean (SEM). Data from qPCR
experiments were expressed as fold-change variations. Differences between
groups were compared using one or two-way analysis of variance (ANOVA)
or Student’s test for independent samples where appropriate. Significant
differences (P < 0.05) were analysed using the Bonferroni post hoc test for
multiple comparison measures only when F achieved the necessary level of
statistical significance (P < 0.05) and there was no significant variance in
homogeneity. Statistic calculations were performed using GraphPAD Prism

6.0 software.

3.1.4. RESULTS

Bebavioural effects after a sensitization regime of MDPV

The EPM test was performed in order to assess anxiogenic or
anxiolytic effects induced by the drug withdrawal. The cathinone derivative
did not induce an anxiety-related behaviour 48 h after treatment, since both
the control and the MDPV groups displayed a similar behaviour (saline:
open arms 53.90 + 8.28 s; closed arms: 126.91 + 10.58 s, t, =3.879, P < 0.01;
MDPV: open arms 41.33 + 8.62 s; closed arms 121.59 + 18.30 s, t,=3.023,
P < 0.05). Nevertheless, after 21 days of withdrawal (W21), when EPM
was carried out in a different batch of animals, the saline group did not

show differences between the time spent in the open and closed arms (open
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arms 81.78 + 13.27 s, closed arms 111.62 + 8.04 s, t,=1.915, n.s), while
MDPV-treated mice presented an anxious-related behaviour, thus they spent
significantly more time in the closed arms than in the open ones (open
arms 57.16 + 11.45 s, closed arms 118.38 + 16.85 s, t,=2.315, P < 0.05)
(Figure 14A). Two-way ANOVA analysis of the time spent in the open
arms, which is the main parameter for measuring anxiety-like behaviour,
1,,=4.280, P < 0.05) and
time (F,,;=5.429, P < 0.05) (W2: saline n=11 and MDPV n=9; W21: saline
n=7 and MDPV n=3).

revealed a significant effect of MDPV treatment (F

In the OF (Figure 14B, Table 1), the behaviour of both groups started
to diverge on day W3 until reaching statistical significance on day W21

L13=2.687, P < 0.05, variable time
F, ,=34.560 P < 0001; interaction F, ;=5.974, P < 0.05; saline n=7 and

MDPV n=38). Specifically, MDPV-treated mice spent more time in the

(two-way ANOVA: variable treatment F

central area of the arena, considered aversive, compared with the control
group. In addition, MDPV-exposed mice exhibited a higher central vs.
total walking ratio, a shorter latency in the first entrance to the centre, and
a higher but not significant number of entries in the centre. Overall, no
significant differences between MDPV and saline-treated mice regarding to

the speed and total distance travelled in every trial were found.

Increased aggressiveness was demonstrated in the RIT. Two-way
ANOVA analysis of the latency to the first attack showed a significant
=4.456, P < 0.05) and time within withdrawal
=7.303, P < 0.05). The same statistical analysis applied to the number
| ,=8.215,P < 0.05)and the
=10.730, P < 0.01) (saline n=9 and MDPV
n=10). Post-hoc analysis revealed that MDPV-treated mice showed a shorter

effect of treatment (F

(Fl 17
of attacks exhibited a significant effect of time (F

1,17

interaction treatment x time (F,
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latency time to first attack and a higher number of attacks compared to the
saline group 24 h after treatment (W1) (P < 0.05; in both cases) (Figure 14C
and D). However, when the test was performed after 21 days, the saline
group showed a shorter latency to first attack compared to W1 (P < 0.05),
probably because adults often show a greater territorial behaviour than
adolescents. Also, MDPV-treated animals reduced the number of attacks if
compared with W1 (P < 0.001), which were no longer different from those
of saline. Therefore, MDPV induced an aggressive behaviour shortly after

the drug withdrawal, an effect that disappeared over withdrawal.

Table 1. Behavioural parameters registered in the OF test, both 3 and 21 days after
treatment. The corresponding F values of the two-way ANOVA analysis are shown below.
*P < 0.05 compared with saline W21 group or #P < 0.05 compared with MDPV W3 group

using Bonferroni post hoc test.

Treatment- Central vs. Latency 1%t

M d Entries i
withdrawal cam spee Locomotion (¢cm) total walking entrance to the feres m
(cm/s) . centre
day ratio centre (s)
Saline W3
A ""’7 5574018 3343.72+108.06 0.10+0.014  29.02+6.19  24.00+3.09
=
MDPV W3
0 540+064 3098.83 33805 0.17+0.02 6.72+2.87  4587+837
n=
Saline W21 35.00 + 4.92
A me7 506£029 30359617156 0.16£0.02  35.95+16.31
n=
MDPV W21 , ,
0 5224076 3360.10=418.18 0.26+0.03*  6.13+2.78"  60.87+1.74%
n=
Two-way ANOVA analysis
F (variable
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Figure 14. Behavioural effects after repeated exposure to MDPV. EPM results: Bars

n° attacks

o
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represent the time spent in the open arms either 48 h (W2) and 21 days (W21) after treatment
(A). OF results: Bars represent the time spent in the centre of the arena 72 h (W3) and 21 days
(W21) after treatment (B). RIT results: Bars represent both the latency to the first attack and
the number of attacks after 24 h (W1) and 21 days (W21) of withdrawal (C,D). Results are
expressed as mean + SEM. *P < 0.05 vs saline group. #P < 0.05 and ### P < 0.001 vs

treatment-matched W1.

Neuroadaptive changes induced by a sensitization regime of MDPV

Once the treatment with MDPV was finished, the expression of
several factors in the striatum was determined by Western blot, gPCR and

radioligand binding assays.
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Expression of factors related to neuroplasticity and the sensitizing and reinforcing
effects of drugs within the VS

Arc levels were significantly increased 2 h after MDPV exposure
(t,,=2.567, P < 0.05, n=6 per group) (Figure 15A). However, its expression
declined over withdrawal until being lower than that of the control group
on W21 (t,=2.71, P < 0.05, n=5 per group) (Figure 15B). As an attempt to
explain such unexpected results, mnRNA levels encoding Arc were quantified
by qPCR in the VS of saline and MDPV-treated mice, on W21. Interestingly,
MDPV-treated mice presented significantly higher levels of Arc mRNA
(Figure 15B, inset) (t,=2.281, P < 0.05, saline n=8 and MDPV n=6).

Some validated target genes for AFosB, such as CDK5, GluA2, and

NF«B, were also assayed.

MDPV-treated mice showed a significant increase of CDK5 expression
(t,,=4.783, P < 0.001, n=6 per group) (Figure 15C). However, such increase
was not accompanied by a pathological activation of the protein as the
ratio p35/p25 was not significantly different between groups of treatment
(t,,=0.276, n.s.; n=6 per group). Accordingly, the levels of phospho-Tau
(Thr 205)/Tau were not altered either by MDPV exposure (t,,=1.192, n.s.,
n=6 per group) (Figure 15E and F). Moreover, CDK5 overexpression was
also evident after withdrawal (W21) (t,=1.871, P < 0.05, n=5 per group)
(Figure 15D). The increase at the two different time-points was of the same
magnitude, suggesting a stable and enduring overexpression of this protein

over withdrawal.
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CDKS5 expression 24 b (C) and 21 days after treatment (D). p35/p25 ratio 24 b after treatment
(E). p-Tan (Thr 205)/total Tau ratio 24 b after treatment (E). GluA2 expression 21 days after
treatment (G). GluA2 surface / intracellular ratio 21 days post-treatment (H). Results are

expressed as mean + SEM. *P < 0.05 or ***P < 0.001 compared with its corresponding saline

group.

Another AFosB target assayed was NF«B, the expression of which
remained unaffected shortly after treatment with MDPV (saline: 100 + 4.78%;
MDPV: 101.51 + 5.29%, t =0.212, n.s., n=6 per group).

No changes in GluA2 expression were detected on W1
(saline: 100 + 8.74%; MDPV: 106.70 + 14.16%, t,,=0.402, n.s., n=6 per
group). Nevertheless, on W21, GluA2 protein levels halved (t,=3.090,
P < 0.05, saline n=5 and MDPV n=4) and an internalization of this subunit
was apparent, although it did not reach statistical significance (t,,=1.817, n.s.,

n=6 per group) (Figure 15G and H).

GYa expression was also determined through quantification of its
coding mRNA. Our results showed a significant increase in G9a transcription
24 h after MDPV exposure (t,=4.229, P < 0.01, n=5 per group) (Figure 16).

G9a mRNA expression

w1

Lth "ok Figure 16. Effect of repeated exposure
to MDPV on the expression of mRNA
% Ly encoding G9a methyltransferase in
E VS 24 b posi-treatment. Results are
E 50+ expressed as mean + SEM. **P < 0.01

vs saline group.

0

Saline MDPV
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Expression of factors related with dopaminergic transmission within the DS

The levels of DR1 were significantly increased in MDPV-treated mice
24 h after treatment (t,,=3.289, P < 0.001, n=6 per group) (Figure 17A).
As reported previously (Lopez-Arnau et al., 2017), DR2 levels at the same
time were significantly lower in MDPV-treated mice (saline: 100 + 7.68%,
MDPV: 73.70 + 6.59%), therefore, the ratio DR2:DR1 was altered towards
DR1. Nevertheless, after withdrawal (W21) a significant decrease of around
25% of the DR1 population was evident, (t,=2.931, P < 0.05, n=5 per group)
(Figure 17B), while DR2 levels remained unchanged (data not shown).
Therefore, the DR2:DR1 reverted.

TH, the key enzyme for the biosynthesis of DA, was up-regulated 24 h
after dosing (t,,=2.573, P < 0.05, n=6 per group) and such overexpression
persisted during withdrawal (t,=2.316, P < 0.05, n=5 per group) (Figure 17C
and D).

Finally, we measured the [PH]WIN 35428 bound to a crude membrane
preparation as a measure of DAT density in dopaminergic terminals.
Although no changes were observed shortly after MDPV exposure (W1)
(t,=0.355, n.s., saline n=5 and MDPV n=6), DAT protein levels were
significantly decreased after 21 days (W21) (t,,=2.484, P < 0.05, n=8 per
group) (Figure 17E and F).

Neurotoxic effects of MDPV in DS

In order to assess any possible neurotoxic effect induced by the repeated
exposure to MDPV, 4-HNE and GFAP were measured. 24 h after treatment,
4-HNE was increased by almost 200% (Saline: 100 + 19%; MDPV: 296.51
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+ 35.16%, t,,=4.889, P < 0.001, n=6 per group), while no changes were
observed in GFAP expression (Saline: 100 + 14%; MDPV: 100.89 + 13.13%,
t,,=0.046, n.s., n=6 per group). Considering the fact that GFAP response
could be delayed in time, we re-assess both proteins on W21. However, no
alterations on GFAP expression were observed either (saline: 100 + 27.78%;
MDPV:92.42 + 16.84%,t,=0.233, n.s.,n=>5 per group). Furthermore, 4-HNE
levels had returned to normal (saline: 100 + 9.06%; MDPV: 84.77 + 5.62%,
t,,=1.429, n.s., n=6 per group).

Effect of repeated exposure to MDPV on AFosB expression within the OFC

Our findings from the OF paradigm encouraged us to determine
AFosB protein levels within the OFC, the induction of which is known
to play a key role in the deficit in impulse control mediated by cocaine
(Winstanley et al., 2009). Student’s t-test of the results showed that MDPV
exposure significantly induced AFosB overexpression, which was evident
21 days after treatment (saline: 100 + 19.65%; MDPV: 175.76 + 15.84%,
t,=3.04, P < 0.05; saline n=>5 per group and MDPV n=6 per group).

3.1.5. DISCUSSION

In the present work, we studied the behavioural and neuroadaptive
changes induced by a sensitizing MDPV exposure. The most important
findings from the behavioural experiments are that repeated exposure to
MDPYV induces a long-lasting anxiety-related and risk-taking behaviours and
increases aggressiveness shortly after drug withdrawal. At the same time, the
intracellular responses that MDPV triggers are similar to those of cocaine,

although some differences must be highlighted.
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Initially, animals were tested for behavioural abnormalities induced
by repeated drug exposure using the EPM, OF and RIT paradigms.
Regarding EPM, the repeated exposure to MDPV caused an anxiogenic-like
effect that was apparent mainly long after treatment, when animals had
already become adults. Such anxiety-like behaviour encouraged us to test
other behavioural abnormalities in the OF, a simple test that provides an
initial screen for locomotion, anxiety and emotional-related behaviours
(Bailey and Crawley, 2009). After MDPV treatment, mice ventured more
frequently into the central area, where they stayed longer, without presenting
changes in their locomotor activity (distance travelled and mean speed).
This conduct is considered atypical because it involves leaving a defensive
zone to enter in a more exposed one, so it opposes to the rodents’ natural
aversion to brightly lit open areas. Moreover, it reflects a non-anxious related
behaviour. However, considering the results obtained in the EPM paradigm,
we cannot attribute this atypical behaviour to an anxiolytic effect of
MDPV. Additionally, repeated exposure to the OF is a method for assessing
habituation to an increasingly familiar environment. Thus, our results can
be interpreted as a faster habituation to a new environment, favouring a
risky behaviour (Clément et al., 1995). Consistent with our findings, the
same pattern of behaviour in the OF has also been observed with other
drugs, for instance, short after a long-term treatment with MDMA (Abad
et al., 2013; Mechan et al., 2002), which, in addition, also induced a lasting
anxiety-like response in the EPM (Rodriguez-Arias et al., 2011). Therefore,
it seems that after repeated exposure to MDMA or MDPV, animals adapt
faster to the repeated social isolation resulting from the physical separation
from cage mates when performing the OF test, and the stress created by the

brightly lit, unprotected novel environment.
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Based on case studies, MDPV, as other cathinone derivatives, seems
to induce an aggressive behaviour in humans (James et al., 2011; Murray et
al., 2012; Penders et al., 2012). To our knowledge, this is the first study in
the literature reporting that MDPV exposure can increase aggressiveness
in mice, thereby we evidenced that territorial aggression was increased
shortly after MDPV withdrawal. In humans, it is suggested a role of DR2 in
pathological aggressive behaviour. Chen et al. (2005) observed a correlation
between the dr2 and dat gene polymorphisms with pathological violence
in adolescents, in a blinded clinical trial, linking hypo-activation of striatal
and prefrontal areas to disease severity. Therefore, we cannot rule out the
possibility that the changes in dopaminergic neurotransmission evidenced
early after MDPV exposure could contribute to the aggressiveness induced
by MDPV withdrawal. Moreover, this behavioural effect declined upon
withdrawal, when the DR2:DR1 ratio recovered and synaptic DA clearance
by DAT was reduced.

Another purpose of the present study was to investigate changes in
specific neuronal biomarkers after a sensitization regime of MDPV which
could explain the increased sensitivity to cocaine effects long after MDPV
exposure. In this sense, the activation of immediate early genes, such as
Arc, by psychomotor stimulants, has been interpreted primarily as a key
step influencing long-term plasticity in neurons (Nestler, 2001). In our
study, MDPV-treated mice showed an early overexpression of Arc, which
significantly reversed after withdrawal. As an attempt to elucidate the
reason for such decline, we quantified mRNA levels encoding Arc and we
observed that, interestingly, they were significantly increased. Therefore,
a discrepancy between Arc mRNA and protein levels at the same time
became evident. However, such inconsistency has also been described after

subchronic and chronic cocaine exposures (Fumagalli et al., 2006). We can
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reasonably attribute this controversy to a reduced Arc mRNA turnover
or to an inhibition of protein synthesis. Alternatively, we cannot rule out
the possibility that the increased mRNA levels were indeed accompanied
by an increase in protein levels which could not be detected because of
the specific targeting and therefore, trafficking, of the protein to synapses
after long stimulation periods. Overall, our results regarding Arc are
relevant as this protein is considered a reliable index of activity-dependent
synaptic modifications (Larsen et al., 2005), and its overexpression has
also been reported after chronic cocaine exposure (Fumagalli et al., 2006).
Furthermore, Arc has been associated to the altered morphology of dendrites
and spines observed after cocaine exposure. In this sense, we can suggest that
the increase in Arc expression herein reported may alter the morphology of

these structures in striatum, thereby setting the stage of drug addiction.

As previously reported (Lopez-Arnau et al., 2017), repeated exposure
to MDPV provokes an accumulation of AFosB in VS, observed either 24 h
after treatment (=290% expression) and after 21 days (=135%), which has
been associated to MDPV-induced behavioural sensitization. Additionally,
the relationship between the induction of AFosB within the OFC and an
increase in risk-taking behaviour and locomotor sensitization to cocaine
has been demonstrated (Winstanley et al., 2009). In our study we also
observed an increase of AFosB protein levels within the OFC which, in fact,
was more than double of that registered in the VS. Therefore, we cannot
rule out the possibility that such increase of AFosB levels in the OFC is
involved in both behavioural abnormalities observed after MDPV exposure:
behavioural sensitization and increased risk-taking behaviour. Hence, we
extend knowledge suggesting that behavioural sensitization to MDPV and
cocaine might be associated not only to the accumulation of AFosB in VS,
but also within the OFC.
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It is known that AFosB is involved in close to one quarter of all the
genes influenced by chronic cocaine exposure in the NAcc. It functions as
a transcriptional activator or as a repressor, depending on the duration and
the degree of its expression (Nestler, 2008). CDK5, one of its target genes,
is an example of a gene that is induced by chronic, but not acute, cocaine
administration (Bibb et al., 2001). Moreover, the activation of CDK5 is not
only under positive control of AFosB but it is also regulated by extracellular
signal-regulated kinase (ERK), the phosphorylation of which is increased
in the NAcc by drugs of abuse through a DR1-dependent mechanism
(Valjent et al., 2004). In our study, repeated exposure to MDPV significantly
increased CDK5 protein levels and, apparently, such increment was not
accompanied by an aberrant and pathological activation of the protein nor
by an alteration of the levels of phospho-Tau at Thr 205, since p35/p25 and
phosphor-Tau (Thr 205)/Tau ratios were no different from those of the
control group. In fact, p35 levels were considerably higher than those of p25,
suggesting a correct activation of the kinase. Moreover, it is noteworthy that
unlike AFosB, whose levels declined over time, the expression of CDK5
remained stable during the whole withdrawal, that is for at least 3 weeks
after drug cessation. Therefore, we can suggest that the hyperdopaminergic
state observed in mice after repeated exposure to MDPV might activate
the mitogen-activated protein kinase (MAPK/ERK) pathway which would
contribute to the stable induction and expression of CDK5 besides AFosB. On
the other hand, it is known that CDK5 controls dopamine neurotransmission
through the modulation of DARPP-32, a protein phosphatase- 1 inhibitor.
In this way, CDK5 mediates cellular responses to cocaine-induced changes
in dopamine signal transduction and cytoskeletal reorganization (Bibb et
al., 2001). Therefore, it is considered a key element for the plasticity observed

after chronic cocaine administration. Benavides and Bibb (2004) suggested
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a model of the cellular signalling pathways under control of CDK5, whose
activation takes place downstream of the overactivation of DR1 after
cocaine administration. Given that MDPV has the same pharmacological
mechanism of action as cocaine, we might expect a similar chain of events

to those suggested for cocaine regarding CDK5 activity.

AFosB also regulates the AMPA receptor GluA2 subunit (Kelz et al.,
1999; McClung and Nestler, 2003). GluA2 protein levels are not affected by
cocaine exposure, but an internalization of this subunit during withdrawal
in cocaine-sensitized animals has been described (Boudreau et al., 2007). In
the present study, repeated non-contingent administration of MDPV did not
produce any effect on GluA2 subunit expression, as it has been described
for cocaine. However, and by contrast to cocaine, GluA2 subunit decreased
substantially over withdrawal, and an apparent internalization of the subunit
was suspected, even though it did not reach statistical significance. We may
speculate that this adaptation of the GluA2-subunit is the result of the likely
decreased glutamatergic neurotransmission present after withdrawal from
repeated MDPV exposure, as it has been observed after repeated cocaine
exposure (Baker et al., 2003). Likewise, the glutamate system has been
associated with the reinforcing and psychostimulant properties of MDPV
(Gregg et al., 2016).

Epigenetic changes have been revealed as critical mechanisms
contributing to drug-induced plasticity by regulating gene expression. G9a
specifically catalyses the dimethylation of lysine 9 of histone 3 (H3K9me2).
Maze et al. (2010) showed that acute cocaine increases G9a levels in the
NAcc. In contrast, they found a down-regulation of G9a 24 h after repeated
cocaine administration, consistent with an overexpression of some of its

target genes such as Arc (Oey et al., 2015) and AFosB (Maze et al., 2010).
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In fact, as AFosB accumulates, it represses G9a and thereby potentiates its
own further induction. In our work, an overexpression of G9a was observed
in VS 24 h after treatment. In this sense, we could say that most probably
the overexpression of genes known to enhance synaptic plasticity, which
are at the same time GYa target genes (i.e. arc, fosB, cdkS or nfkb) might
have been limited or even blocked by such G9a overexpression, a feature
that could explain, at least partly, the aforementioned differences observed
in gene expression induced by repeated exposure to cocaine or to MDPV.
Furthermore, as MDPV-treated animals showed increased AFosB protein
levels in the same brain area, alternative mechanisms must modulate G9a

expression, aside from AFosB.

In parallel, parameters related to dopaminergic neurotransmission were
studied in DS. Repeated cocaine exposure is known to induce short-term
changes such as increased TH expression in NAcc (Rodriguez-Espinosa and
Fernandez-Espejo, 2015). Similarly, MDPV exposure also induced an increase
of TH protein levels that was evident not only shortly after treatment, but
also after 21 days of abstinence, suggesting a long-lasting adaptive change in
gene expression that can be mediated by several mechanisms (Kumer and
Vrana, 1996), as it occurs with CDKS5.

There is compelling evidence that increased dopamine uptake through
its specific transporter (DAT) results in oxidative damage via the cytosolic
oxidation of the neurotransmitter (Masoud et al., 2015). We did not observe
changes 24 h after MDPV treatment, but a decrease in total DAT density
21 days after the last drug injection. In this sense, such reduction could be
explained, at least partly, as a mechanism to guarantee a resilience response to
avoid terminal injury by oxygen radicals derived from high DA intracellular

levels.
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In vivo, chronic cocaine use is accompanied by an immediate change
in the DR2:DR1 ratio signalling towards the DR1 (Thompson et al., 2010).
In the present study, DR1 population initially increased while DR2 was
reduced in MDPV treated mice. Hence, the DR2:DR1 ratio altered towards
the DR1. Nevertheless, after three weeks of abstinence, DR1 population
decreased substantially and DR2 availability increased, returning to
normal. These changes observed long after treatment ran in parallel with
the increased TH levels and the lower removal of DA from synapses via
DAT, pointing to a hyperdopaminergic status. Possibly, all these effects are
due to adaptive neuroplastic changes associated to MDPV abuse and the

withdrawal syndrome.

Given the hyperdopaminergic status induced after repeated MDPV
exposure and because increased DA uptake can result in oxidative damage,
4-HNE, a robust marker of oxidative stress (Perluigi et al., 2012) and GFAP,
which indicates glial activation, were assessed to investigate a putative
neurotoxic effect of MDPV. Shortly after drug exposure we found that
4-HNE tripled its levels, suggesting an important oxidative effect generated by
DA or possibly by the reactive quinones generated from MDPV metabolism
(Baumann et al., 2017). Nonetheless, such oxidative stress did not seem
to be severe enough to trigger an astroglial response. Furthermore, it was

transient, so disappeared over time without leaving relevant consequences.

In conclusion, repeated exposure to MDPV induces an anxiety-related
behaviour, increases aggressiveness shortly after treatment and promotes a
quick habituation to new environments, interpreted asarisk-taking behaviour.
We speculate that the accumulation of AFosB within the VS and the OFC
can contribute to both behavioural abnormalities: locomotor sensitization

and the risky-behaviour. Other neuroadaptive changes that persist long after
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withdrawal probably also contribute to MDPV and cocaine sensitization:
Arc and CDK5 overexpression, changes in DR2:DR1 ratio, high levels of
TH and a low DA clearance by DAT, which point to a disorder of DA
imbalance promoted by MDPV (i.e. long-lasting hyperdopaminergic status).
Although MDPV and cocaine share the same mechanism of action, the
intracellular responses that they trigger notably differ. Thus, even though
repeated exposure to MDPV resulted in an accumulation of AFosB, as it
occurs after cocaine exposure, they modulate the expression of G9a, NF«B
and GluA2 differently. Hence, there might be other independent regulatory

signals modulating AFosB and its target genes.
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3.1.7. SUPPLEMENTARY MATERIAL

Table S1. Commercial sources and dilution of primary and secondary antibodies used in
the Western blot experiments. Brain region and time point of the measure are specified for

each target.
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3.2. Role of the BDNF - TrkB signalling pathway in
the development of behavioural sensitization to
MDPYV and cocaine
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blocks the development of behavioural sensitization to MDPV, but

not to cocaine. Differential role of the BDNF - TrkB pathway
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3.2.1. ABSTRACT

3,4-Methylenedioxypyrovalerone (MDPV)isablocker of the dopamine
transporter (DAT) that exerts powerful psychostimulant, rewarding
and reinforcing effects. We have recently reported that MDPV increases
vulnerability to cocaine abuse. However, the intracellular signalling pathways
triggered by cocaine and MDPV notably differ: although repeated exposure
to both drugs induces an accumulation of AFosB, other related-factors are
not altered by MDPV exposure. Therefore, additional pathways might be
affected.

In this context, several studies have suggested a key role for
the brain-derived neurotrophic factor - tropomyosin receptor kinase
B (BDNF - TrkB) pathway in behavioural abnormalities induced by
psychostimulants, including locomotor sensitization. To gain more in-depth
knowledge of these mechanisms, the present study started by investigating
for the first time the cross-sensitization between MDPV and cocaine.
Afterwards, we aimed to elucidate the role of the BDNF - TrkB pathway in

the development of locomotor sensitization to both drugs.

Mice were treated with MDPV (1.5 mg/kg s.c.) or cocaine (10 or
15 mg/kg, 1.p.) once daily for 5 days. After 10 days of withdrawal, animals
were challenged with cocaine (8 mg/kg) or MDPV (1 mg/kg). For biochemical
determinations, MDPV (1.5 mg/kg) or cocaine (15 mg/kg) were administered
acutely or repeatedly and BDNF, DR3 and G9a transcription levels, as well as
pro- and mature BDNF (mBDNF) protein levels, were determined.

Our results demonstrated that repeated administration of MDPV or

cocaine cross-sensitized to their locomotor effects. Furthermore, only MDPV
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induced early changes in BDNF transcription. However, although MDPV
increased cortical BDNF mRNA, the accumbal levels of the mature protein
decreased. Interestingly, such decline was involved in the development of
locomotor sensitization, thus the pre-treatment with 7,8-Dihidroxyflavone
(7,8-DHF, 10 mg/kg i.p.), a TrkB agonist, blocked the development of
sensitization to MDPV but not to cocaine, for which no changes in BDNF
expression were observed at early withdrawal. Therefore, the BDNF - TrkB
signalling pathway plays a key role in the development of MDPV-induced

sensitization.

To sum up, a cross-sensitization between MDPV and cocaine was
evidenced, so both drugs enhance the abuse liability to each other. Moreover,
our findings suggest that decreased BDNF - TrkB signalling in the nucleus
accumbens has an important role in the behavioural sensitization to MDPYV,
pointing TrkB agonists as potential therapeutic drugs to prevent behavioural

abnormalities such as MDPV sensitization.

3.2.2. INTRODUCTION

During the last decade the illicit drug market has changed considerably
due to the emergence of New Psychoactive Substances (NPS) which include
synthetic cathinones. The popularity of cathinones as recreational drugs has
been increasing since they broke into the drug market, so that they are used

as substitutes for other classical psychostimulants such as cocaine or ecstasy.

3,4-Methylenedioxypyrovalerone (MDPV) is one of the most popular
synthetic cathinones and one of the main ingredients of the so-called

“bath salts” [1,2]. As many psychostimulants, MDPV produces some of its
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neurochemical effects by interacting with the transporters of monoamine
neurotransmitters. In the same way as cocaine, MDPV increases dopamine
(DA) levels in the synaptic cleft by inhibiting its uptake. Animal studies
indicate that MDPV is 10-50-fold more potent as a dopamine transporter
(DAT) blocker than cocaine [3,4]. Moreover, it has also been demonstrated
that MDPV exerts powerful psychostimulant, rewarding and reinforcing
effects related to cocaine at one tenth-doses [5], pointing to a high abuse
liability and thus a presumable upward consumption of this substance in
the next years, probably favoured by its affordable cost. Therefore, new
findings about MDPV and its relationship with addiction are of special
interest. Moreover, research on this topic becomes important considering
the potential health and social consequences associated with newly emerging

molecular variants of this drug.

Behavioural sensitization to psychostimulants is the process whereby
repeated intermittent exposure to drugs results in a progressive and enduring
increase in the motor stimulant response to the drug [6-10]. Furthermore,
behavioural sensitization is a long-lasting phenomenon, shown to persist
for at least one year after cessation of drug administration [11]. Hence,
repeated drug exposure may induce dynamic changes in neural processes,
which may influence susceptibility to drug abuse and relapse by increasing
the reinforcing value of acute drug administration [9,12]. It is also known
that the ventral tegmental area (VTA) is essential for the development of
behavioural sensitization, whereas the nucleus accumbens (NAcc) seems to

be necessary for its expression [13,14].

There is convincing evidence that the brain-derived neurotrophic factor
(BDNF) along with its specific receptor, tropomyosin receptor kinase B

(TrkB), have a key role in the behavioural abnormalities observed in rodents
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after psychostimulant administration [15-17]. BDNF present in NAcc and
dorsal striatum is chiefly, but not exclusively, supplied by anterograde axonal

transport from cortical pyramidal neurons in frontal cortex [18-21].

Research done over the last two decades has reported BDNF to
be involved in the long-term neuronal adaptations leading to functional
modifications in the synapses associated with cocaine abuse and related
behaviours [17,22,23]. Moreover, it is also involved in the behavioural
abnormalities and neurotoxicity induced by methamphetamine consumption
[24]. Hence, the BDNF - TrkB signalling may be a potential therapeutic

target for treating drug addiction.

Transcription of the bdnf gene is under control of not only
transcriptional factors but also of epigenetic mechanisms including
chromatin remodelling and DNA methylation [25]. G9a is a histone 3 lysine
9 (H3K9me2)-specific dimethyltransferase that acts as a negative regulator of
BDNF signalling through TrkB [26]. It is also known that repeated exposure
to cocaine induces long-lasting epigenetic changes in the brain, modifying
the chromatin structure of DNA via histone acetylation, phosphorylation,
and/or methylation [27,28]. For instance, Maze et al. [29] demonstrated
that H3K9me2 is substantially reduced in the NAcc after chronic cocaine
exposure due to decreased levels of G9a. In this sense, it has been identified
an essential role for H3K9me2 and G9a in cocaine-induced structural and

behavioural plasticity [29].

At the same time, BDNF, synthesized in either VTA neurons or
neurons originating from the cortex, controls dopamine receptor 3 (DR3)
expression [30]. Interestingly, hyperresponsiveness to drug-associated cues and

context-dependent behavioural sensitization might be related to hypersensitive

124



RESULTS CHAPTER 2

postsynaptic dopaminergic receptors. Among them, DR3 seems to be a key
target since it is highly expressed in the shell of NAcc, in which DA release
is mainly triggered by drugs [31]. Furthermore, DR3 expression controls
behavioural sensitization and BDNF [30,32], which at the same time controls
DR3 expression and enhances the conditioned reward and locomotor activity

induced by cocaine [33].

Drug-induced locomotor sensitization has been described for both
cocaine and MDPV [34-37]. The fact that different addictive drugs produce
the same effects implies that they may exert some of them through the same
neural mechanisms. Furthermore, cross-sensitization between addictive
drugs has also been described [38,39]. For this reason, the present study
aims to investigate for the first time the cross-sensitization between MDPV
and cocaine, as well as to determine and compare the changes induced by
either acute or chronic exposure to MDPV or cocaine on the transcription of
plasticity genes in early abstinence. Thus, this work is mainly focused on the
role of BDNF - TrkB signalling pathway in the development of behavioural
sensitization to MDPV and cocaine, and also its target gene, dr3, and the

regulator histone methyltransferase G9a.

3.2.3. MATERIALS AND METHODS

Animals

Male adolescent (PND 41-44) Swiss CD-1 mice (Charles River, Spain)
were used for all experiments due to its optimal sensitivity to the reinforcing

and psychostimulant effects of cocaine. Animals were randomly assigned to
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an experimental group and housed six per cage in temperature-controlled
conditions (22 + 1 °C) under a 12 h light/dark cycle and had ad libitum
access to standard food and water. During the behavioural manipulations,
researchers were not aware of the treatment that each animal had received.
All the procedures adhered to the guidelines of the European Community
Council (2010/62/EU) and ARRIVE and were approved by the Animal
Ethics Committee of the University of Barcelona. All efforts were made to

minimize animal suffering and to reduce the number of animals used.

Materials

Pure racemic MDPV - HCI was synthesized and characterized in our
laboratory as described [40]. Cocaine was provided by the Spanish National
Institute of Toxicology. MDPV and cocaine solutions for injection were

prepared in 0.9% NaCl (saline, pH=7.4) immediately before administration.

Both TrkB ligands 7,8-Dihydroxyflavone (7,8-DHF) and ANA-12
(N-[2-[[(Hexahydro-2-oxo-1H-azepin-3-yl)amino]carbonyl]phenyl]-
benzo[b]thiophene-2-carboxamide) were purchased from Sigma-Aldrich
(St. Louis, MO, USA) and were prepared as a micro-suspension in

phosphate-buffered saline containing 0.5% (w/v) carboxymethyl cellulose
and 0.1% (v/v) Tween-80.

Specific ELISA mBDNF and proBDNF Kits were purchased from
Biosensis (Thebarton SA, Australia), the protease and phosphatase inhibitor
cocktail from Abcam (Cambridge, UK) and the organic solvents ethanol,
chloroform and isopropanol, from Scharlab (Barcelona, Spain). The rest of

reagents were of analytical grade and purchased from Sigma-Aldrich (St.
Louis, MO, USA).
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Drug administration protocol and experimental design

For cross-sensitization experiments animals followed the

administration regime depicted in Figure 18.

habituation phase withdrawal
—— [ |
Day: -1 0 1 5 15
I I N N N I A T N |
3t &rrrrrrrrr
L J l
T
MDPV (1.5 mg/kg s.c.) MDPV (1mg/kg s.c.) or cocaine (8 mg/kg i.p.) -
Cocaine (10 or 15 mg/kgi.p.) or induced HLA
saline —induced HLA PND (51-54)
PND (41-44)

Figure 18. Drug administration protocol and experimental design. After two days of
habituation (days —1 and 0), mice were treated with saline (5 ml/kg), MDPV (1.5 mg/kg s.c.)
or cocaine (10 mg/kg or 15 mg/kg i.p.), once daily for five consecutive days (days 1-5) and
their horizontal locomotor activity (HLA) was recorded. 10 days later (day 15), all mice were
challenged with MDPV (1 mg/kg s.c.) or cocaine (8 mg/kg i.p.) and their HLA was recorded.

A moderate dose of MDPV (1.5 mg/kg, s.c.) eliciting hyperlocomotion
was chosen for this study. This dose, in mice, is equivalent to a dose of
approximately 8 mg in humans [40,41], which is in the middle range of the
doses most commonly used by consumers [42]. The doses of cocaine (10 and
15 mg/kg, i.p.) have been chosen on the basis that MDPV is at least 10-fold
more potent than cocaine iz vivo and in vitro [3-5,43]. No higher doses were
used since those we selected predominantly induce locomotor activity (e.g.,
horizontal forward locomotion, even though some occasional licking were

observed), whereas higher doses could produce non-ambulatory stereotypies,
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such as head bobbing, sniffing or licking that could have interfered the
analysis because of the competition between non-ambulatory behaviours

and locomotor activity.

The sensitization procedure consisted of three phases over 17 days:
habituation, treatment and challenge. In the habituation phase (the two days
prior treatment, days —1 and 0), mice were handled for 10 min, injected with
saline (5 ml/kg) and immediately placed for 45 min in a black Plexiglass
open field arena. After the habituation phase, mice were injected with saline
(6 ml/kg), MDPV (1.5 mg/kg s.c.) or cocaine (10 mg/kg or 15 mg/kg i.p.)
once daily for five consecutive days (days 1-5). Animals were placed in the
open field arena immediately after each saline or drug injection and their
horizontal locomotor activity (HLA) was recorded. Ten days after the final
administration (day 15), all mice were challenged with cocaine (8 mg/kg 1.p.)
or MDPV (1 mg/kg s.c.) and their HLA was registered again.

For biochemical determinations, acute and chronic exposure regimes
were designed. In acute experiments, a single dose of saline (5 ml/kg),
MDPV (1.5 mg/kg s.c.) or cocaine (15 mg/kg i.p.) were injected and animals
were sacrificed 1 h or 2 h post-administration for the subsequent study of
different markers. The chronic administration protocol was the same as the
one used for the cross-sensitization experiments (Figure 18) but sacrificing

the animals 2 h, 24 h or 10 days post-treatment (day 15).

Horizontal locomotor activity (HLA) measurement

Animals were given their treatment (saline, MDPV or cocaine solutions)
and immediately placed in a black Plexiglass open field arena (25x25x40 cm)

under low-light conditions and white noise. HLA was video-monitored for
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30 min using a specific tracking software (Smart 3.0 Panlab, Barcelona,
Spain). All HLA experiments were performed during the resting-phase of
the animals (between 8:00 am and 2:00 pm).

Effects of 7,8-DHF on the development of behavioural sensitization after

repeated exposure to cocaine or MDPV

To evaluate the sensitizing effects of MDPV and cocaine under
a previous treatment with 7,8-DHF, mice were assigned to one of the
following four groups: vehicle + saline; vehicle + MDPV or cocaine;
7,8-DHF + salineand7,8-DHF + MDPV or cocaine. 7,8-DHF (10 mg/kg, i.p.)
was administered 30 min prior to the saline or drug injection, to ensure
constant levels of the agonist throughout all the procedure. The treatment
schedule used was the same as for the cross-sensitization experiments, but
the HLA was only recorded after the challenge with MDPV or cocaine,
on day 15. The 7,8-DHF dose as well as the administration schedule were

selected according to those used in multiple studies in the literature [24,44].

Tissue samples preparation

Mice treated according to the administration protocols described
above were sacrificed by cervical dislocation, 1 h or 2 h after an acute dose
and 2 h, 24 h or 10 days after the repeated regime, for the analysis of different
factors including: G9a, BDNF and DR3. NAcc, ventral striatum (VS)
containing NAcc, or medium prefrontal cortex (mPFC), when appropriate,
were quickly dissected out and stored at —80 °C until use. Particularly, for
the dissection of the NAcc and the mPFC, brains were rapidly removed and
placed in an ice-cold mouse brain acrylic matrix (Alto, Agnthos, Sweden).

Two double edge blades were properly inserted to obtain a 2 mm (2 mm
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anterior to bregma) or 1 mm (from 2 to 3 mm anterior to bregma) thick
slices, respectively, which contained the regions of interest [45]. The NAcc

was micropunched away from the rest of the brain tissue.

Tissue samples for ELISA analysis were processed following the
instructions provided by the kit manufacturer. Briefly, NAcc samples
were thawed and homogenized through sonication at 4 °C in 100 volumes
of RIPA buffer (50mM Tris-HCI, 150mM NaCl, 1% (v/v) NP-40 and
0.5% (w/v) sodium deoxycholate, pH=7.5-8) containing a protease and
phosphatase inhibitor cocktail. Once homogenized, samples were kept on
ice for 30 min. Sample sonication and cooling with ice were performed twice.
Homogenates were centrifuged at 14,000 xg for 30 min at 4 °C and the
resulting supernatants (total lysates) were collected and kept at —80 °C until
use. Protein content was determined using the Bio-Rad Protein Reagent (Bio
Rad, Inc., Madrid, Spain).

Quantification of mBDNF and proBDNF protein levels

The determination of proBDNF and mBDNF was performed
following the instructions of the corresponding ELISA kit. In brief, the kit
consisted of a microplate pre-coated with mouse monoclonal anti-mature
or polyclonal anti-proBDNF capture antibodies. Then, samples containing
unknown amount of the target protein were added and bound to the capture
antibody. After washing steps to rid the microplate of unbound substances,
a biotinylated anti-mature or anti-proBDNF detection antibody, respectively,
and horseradish peroxidase (HRP)-conjugated streptavidin were added for
detection. The addition of a substrate (3,3,5,5-tetramethylbenzidine, TMB)
yielded a coloured reaction product that was directly proportional to the

concentration of mature or proBDNF present in samples and protein standards.
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Total RNA extraction and gene expression determination

Total RNA isolation from ventral striatum or mPFC was carried out
by means of a TRIsure™ reagent-Chloroform based extraction protocol.
TRIsure™ (Bioline, Meridian Bioscience Inc., UK) monophasic solution
of phenol and guanidinium isothiocyanate facilitates disruption of cells
during homogenization and effectively inhibits DNase and RNase activity.
Simultaneously, solubilizes biological material and denatures protein. After
solubilization, the addition of chloroform causes phase separation, where
protein is extracted to the organic phase, DNA resolves at the interface, and
RNA remains in the aqueous phase [46]. RNA content in the samples was
measured at 260 nm, and sample purity was determined by the A260/280
ratio in a NanoDrop™ ND-1000 (Thermo Scientific).

Reverse Transcription Polymerase Chain Reaction (RT-PCR) was
performed using the High Capacity ¢cDNA Reverse Transcription Kit
(Applied Biosystems) and the Veriti® thermal cycler (Applied Biosystems,
Foster, CA, USA). Briefly, complementary DNA (cDNA) was synthesized
in a total volume of 20 uLL by mixing 1 ug of total RNA and the appropriate

volumes of each kit reagent.

Quantitative real-time polymerase chain reaction (QPCR) was
performed using the StepOnePlus™ Real-Time PCR System and the Tagman
one-step PCR Master Mix (Applied Biosystems, Foster, CA, USA). In brief,
25 ng of total cDNA was added per 20-ul reaction mixture containing
sequence-specific primers and Tagman probes from Applied Biosystems
MmO0113261 m1 for G9a, Mm04230607 sl for BDNF, Mm00432887 ml
for DR3 and Mm00607939 sl for B-actin. The B-actin transcript level

was used to normalize differences in sample loading and preparation. The
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reaction conditions were as follows: the holding stage was initiated by a
2-min incubation at 50 °C and 10 min of polymerase activation at 95 °C,
followed by a cycling stage of 40 cycles at 95 °C for 15 s and 60 °C for 60 s.
All reactions were performed in triplicate. Fold-changes in gene expression
were determined using the 224 method (comparative Ct method) for each
experimental sample [47]. All primer-probe combinations were optimized
and validated for relative quantification of gene expression. All experiments
included a no-template control, and real-time PCR reactions also included a
no-reverse transcriptase (no-RT) control for which no amplification products

were seen, indicating that cDNA was amplified rather than residual genomic

DNA.

Conditioned place preference (CPP) test

The place conditioning protocol used was non-biased as described
previously [48]. CPP was performed in three phases: preconditioning,
conditioning and test. During the preconditioning phase (day 1), mice had
free access and roam among the three compartments of the apparatus for
15 min. The time spent in each compartment was recorded by computerized
monitoring software (Smart 3.0 Panlab, Barcelona, Spain). During the
conditioning phase (days 2-5; sessions 1-8), mice were given 7,8-DHF
(10 mg/kg i.p.), 30 min before the s.c. administration of MDPV (1.5 mg/kg)
or saline. After the MDPV injection, animals were immediately placed
into one of the two conditioning compartments for 20 min (sessions 1, 3,
5 and 7). On the alternate sessions (2, 4, 6 and 8), mice were placed in the
other compartment for 20 min after being given a saline injection. Two
conditioning sessions per day were performed, separated by a 5-hours period.

Control animals received saline every session. The preference test (day 6) was
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conducted as the preconditioning phase. A preference score was expressed
in seconds and calculated for each animal as the difference between the time
spent in the drug-paired compartment in the test minus the time spent in the

same compartment in the preconditioning phase.

Data acquisition and statistical analysis

Data were expressed as mean + SEM. Differences between groups were
compared using one- or two-way ANOVA where appropriate. One-way
ANOVA was used when analysing differences due to the factor “treatment”
in the experiment, whereas two-way ANOVA was performed when two
different factors were analyzed: “treatment x time”. The « error probability
was set at 0.05. Significant differences (P < 0.05) were analysed using the
Tukey’s post hoc test for multiple comparisons measures where appropriate
only if F achieved the necessary level of statistical significance (P < 0.05)
and no significant variance in homogeneity was observed. Every set of
results was tested in the calculator QuickCalcs of GraphPad software, which
performs Grubbs’ test (extreme studentized deviate method), to determine
whether any of the values in the set was a significant outlier from the rest.

Statistic calculations were performed using GraphPAD Prism 6.0 software.

3.2.4. RESULTS

Cross-sensitization between MDPV and cocaine

To evaluate the ability of cocaine to sensitize to the motor stimulant

effects of MDPV and vice versa, a cross-sensitization experiment was performed
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following the administration regime displayed in Figure 18, in which two

different doses of cocaine were tested (10 mg/kg and 15 mg/kg, i.p.).

During the treatment phase, HLA was measured daily and
immediately after each saline or drug injection. MDPV induced an acute
hyperlocomotion that, unlike cocaine, significantly increased with repeated
daily exposure (Figure 19). Accordingly, two-way ANOVA revealed an effect
of the day (F,,,=8.681, P < 0.001), treatment (F,,,=131.3, P < 0.001) and
the interaction between both factors (F , ; =1.931, P < 0.05) (n=24/group).
Moreover, MDPV-treated mice showed a significantly higher locomotor
activity at a dose of 1.5 mg/kg during the treatment compared to cocaine at

both doses tested (10 and 15 mg/kg).
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Figure 19. Horizontal locomotor activity (30 min) induced by saline, cocaine (10 mg/kg or
15 mg/kg, i.p.) and MDPV (1.5 mg/kg, s.c.) administration during the five days of treatment.
Bars represent mean + SEM of the distance travelled after each injection. ***P < 0.001 vs the saline-
matched day. $P < 0.05 and $$$P < 0.001 vs the cocaine 10 mg/kg-matched day. @@@P < 0.001 vs
the cocaine 15 mg/kg-matched day. #P < 0.01 and ###P < 0.001 vs MDPV day 1.
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When analysing the HLA after a challenge with MDPV (1 mg/kg, s.c.)
or cocaine (8 mg/kg 1.p.) on day 15 after withdrawal (Figure 20A and 20B),
a higher locomotor response was evidenced in both MDPV and cocaine-
treated mice compared to the control group. Accordingly, one-way ANOVA
reported an effect of treatment for both challenge drugs (MDPV challenge:
F,,=8.697 P < 0.001, n=12/group; cocaine challenge: F, ;=14.15,
P < 0.001, saline, cocaine 15 mg/kg and MDPV-treated groups, n=12/group;
cocaine 10 mg/kg group, n=11). On the other hand, no differences were
found between MDPV and cocaine-pretreated mice after the challenge with
MDPV. However, it is noteworthy that, after the challenge with cocaine,
MDPV-pretreated mice showed a higher locomotor response compared to
cocaine 10 mg/kg-pretreated mice (P < 0.05) but not to those pretreated with
cocaine 15 mg/kg. Therefore, repeated administration of cocaine 15 mg/kg
or MDPV 1.5 mg/kg developed equivalent locomotor sensitization. Thus,

the dose of 15 mg/kg of cocaine was chosen for the subsequent experiments.
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Figure 20. Effect of cocaine (10 mg/kg (Coc 10) or 15 mg/kg (Coc 15), i.p.) and MDPV
(1.5 mg/kg (MDPV 1.5), s.c.) repeated treatment on the horizontal locomotor activity
(30 min) induced by a challenge with MDPV (A) or cocaine (B). Bars represent mean

135



Neurochemical and psychopharmacological study of MDPV, a cocaine-like psychostimulant
Characterization of structurally-related second-generation synthetic cathinones

+ SEM of the distance travelled after a single MDPV (1 mg/kg, s.c.) or cocaine (8 mg/kg, i.p.)
injection 10 days after treatment. **P < 0.01 and ***P < 0.001 vs saline group. $P < 0.05

vs cocaine 10 mg/kg.

Effect of MDPV and cocaine on G9a methyltransferase, BDNF and DR3

expression

To further investigate the role of the BDNF - TrkB pathway in the
development of behavioural sensitization, we assessed and compared the

changes occurred in related genes after both an acute and a repeated exposure
to MDPV and cocaine.

After an acute dose of MDPV or cocaine

G9a methyltransferase mRNA in VS was determined 1 h and 2 h post-
injection. Two-way ANOVA revealed an effect of treatment (F, , =8.166,
P < 0.01) and time (F, ,,=14.02, P < 0.001) with interaction between both
129=8-090, P < 0.01) (Figure 21A). 1 h after an acute dose of MDPV
(1.5 mg/kg) or cocaine (15 mg/kg), the levels of G9a mRNA were similarly
increased in cocaine (P < 0.05)and MDPV (P < 0.01)-treated mice compared

factors (F

to the saline group. However, this overexpression rapidly declined within
2 h. Importantly, this decline was more marked for the MPDV-treated mice
than for those treated with cocaine, so significant differences were found
between both groups at 2 h (P < 0.01) as well as among the MDPV-treated
mice when comparing between the two time-points (P < 0.001) (saline
1 h and MDPV 1 h groups, n=5/group, cocaine 1 h, saline 2 h and MDPV
2 h groups, n=6/group; cocaine 2 h group, n=7).

In addition, when assessing the expression of the transferase in the

mPFC 2 h post-injection, no changes were observed neither by MDPV nor
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by cocaine administration (saline group, n=5; cocaine and MDPV groups,

n=7/group) (Figure 21B).

In the same brain area, one-way ANOVA of BDNF mRNA levels
2 h post-administration yielded a significant effect of treatment (F, (=23.73,
P < 0.001) (Figure 21C). Particularly, an acute MDPV injection induced a
significant overexpression of this factor (P < 0.001), whereas no changes

by cocaine were observed (saline group, n=>5; cocaine and MDPV groups,

n=7/group).
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Figure 21. Effect of a single dose of MDPV (1.5 mg/kg, s.c.) or cocaine (15 mg/kg, i.p.) on
the mRNA levels encoding G9a in VS 1 b and 2 b post-injection (A), G9a in mPFC 2 h
post-injection (B), BDNF in mPFC 2 h post-injection (C), and DR3 in VS 2 b
post-injection (D). Results are expressed as mean + SEM. *P < 0.05, **P < 0.0 and
AP < 0.001 vs saline group. #P < 0.05 vs cocaine 2 h. $88 P < 0.001 vs MDPV 1 h.
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Since cortical BDNF controls DR3 expression in the NAcc, the mRNA
levels encoding this receptor were also assessed 2 h post-administration in
VS (containing NAcc). Nevertheless, no changes in DR3 mRNA levels were
evidenced in this brain area (Figure 21D) (saline group, n=6; cocaine and

MDPV groups, n=7/group).

After a repeated exposure to MDPV or cocaine

G9a gene expression was determined 2 h and 24 h after the last drug
injection. Maze et al [29] described the effect of repeated cocaine exposure
on GY%a expression in NAcc after 24 h but, because we did not find changes

at this time point, we assessed its levels also 2 h after drug administration.

As shown in Figure 22A, two-way ANOVA (n=6/group) reported
1p=3:811, P < 0.05), time (F, , =28.60,
P < 0.001) and the interaction between both factors (F,, =9.743,
P < 0.001). Particularly, repeated cocaine exposure upregulated G9a in VS

a significant effect of treatment (F

2 h post-treatment (P < 0.01), whereas MDPV did not alter significantly its
expression. However, when measuring G92 mRNA 24 h post-treatment, no
changes were observed for cocaine, pointing to a transient overexpression
of the methyltransferase, which had returned to control values at 24 h of
withdrawal. Regarding MDPV, despite no effect was observed after two
hours, a significant reduction of G9a expression over time was evidenced

when comparing between both time-points (P < 0.05).

We did not detect any effect induced by MDPV or cocaine on G9a
transcript in mPFC 2 h post-treatment (n=6/group) (Figure 22B). In parallel,
bdnf and dr3 gene expression were determined 2 h post-treatment in mPFC

and VS, respectively. One-way ANOVA (n=6/group) revealed a significant
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effect of treatment (F, ;=7.590, P < 0.01). Repeated exposure to MDPV, but
not to cocaine, increased BDNF expression (P < 0.05) (Figure 22C). At the
same time, a similar pattern of expression was observed for DR3, although
the differences observed did not reach statistical significance (n=6/group)
(Figure 22D).
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Figure 22. Effect of MDPV (1.5 mg/kg, s.c.) and cocaine (15 mg/kg, i.p.) repeated exposure
on the mRNA expression encoding G9a in VS 2 b and 24 b post-treatment (A), G9a in
mPFC 2 b post-treatment (B), BDNF in mPFC 2 b post-treatment (C), and DR3 in VS
2 b post-treatment (D). Results are expressed as mean + SEM. *P < 0.05 and **P < 0.01 vs
saline group. $P < 0.05 and $$8P < 0.001 vs 2 h-matched drug.
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Given the fact that those fluctuations in BDNF transcription after
drug exposure may not necessarily affect overall protein expression, pro- and
mBDNF protein levels were assessed in dissected tissue from NAcc. Such
protein levels were determined 2 h after treatment, but also 24 h and 10 days

after the last administration of both substances.

Despite the observed increment in bdnf gene transcription induced by
MDPV in mPFC, neither MDPV nor cocaine treatment altered proBDNF
levels in NAcc (n=6/group) (Figure 23A). Surprisingly, two-way ANOVA
144=4782, P < 0.05) and treatment
(F,,,=7.650, P < 0.01) in mBDNF expression, although no interaction

revealed a significant effect of time (F

between both factors was evidenced. Therefore, despite no differences
were observed in the propeptide levels, mBDNF was decreased shortly
after a repeated MDPV exposure (P < 0.05), even though its levels were
restored after 10 days of withdrawal. In cocaine-treated-mice, no changes
were observed at any of the time-points assessed until 10 days of withdrawal
(saline 2 h and day 10, cocaine 2 h and 24 h, MDPV 2 h and day 10 groups,
n=6/group; saline 24 h and MDPV 24 h groups, n=5/group; cocaine day
10 group, n=7) (Figure 23B).
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Figure 23. Effect of MDPV (1.5 mg/kg, s.c.) and cocaine (15 mg/kg, i.p.) repeated exposure
on protein levels in NAcc of proBDNF 2 b after exposure (A), and mBDNF 2 b, 24 h and
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10 days after exposure (B). Results are expressed as mean + SEM. *P < 0.05 vs saline group.
#P < 0.05 vs MDPV 2 h.

Effect of 7,8-DHF on the development of locomotor sensitization after

repeated administration of MDPV or cocaine

Given the decrease of mBDNF protein levels observed 2 h after a
repeated exposure to MDPV, we sought to determine if this alteration was
involved in the development of locomotor sensitization to the drug. With
this purpose, 7,8-DHF, a TrkB receptor agonist, was administered 30 min

prior to every drug injection (pre-treatment).

From the experiments with MDPV (Figure 24A), one-way
=19.64, P < 0.001)
(n=8/group). As we expected, post-hoc analysis showed that exposure to
MDPV (1.5 mg/kg) significantly increased (P < 0.0001) acute MDPV

(1 mg/kg)-induced locomotion 10 days after treatment, compared to its

ANOVA revealed a significant effect of treatment (F

3,32

control group (vehicle + saline treated). Interestingly, pre-treatment with
7,8-DHEF significantly blocked (P < 0.001) such development of sensitization.
Moreover, control (saline) animals pretreated with 7,8-DHF or the vehicle
showed a similar locomotor response, which evidences the null effect of the

agonist on the locomotor activity by itself.

To prove that the effect of 7,8-DHF in the development of locomotor
sensitization to MDPV was mainly due to its ability to bind and selectively
activate TrkB, ANA-12, an antagonist of this receptor, was administered
previously to the flavone. One way- ANOVA (F,, =20.15, P < 0.001)
revealed that both groups exposed to MDPV (vehicle + MDPV and ANA-12
+ 7,8-DHF + MDPV) developed behavioural sensitization (25,592 + 716 cm,
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P < 0.001 and 21,343 + 1,192 cm, P < 0.01, respectively, vs saline-treated
groups). This result suggested that ANA-12 prevented the binding of 7,8-DHF
to TrkB and thereby its further activation, which seems to be involved in
the effects induced by the agonist. No changes in the locomotor activity of

control (saline) animals pretreated with ANA-12 + 7,8-DHF were observed.

On the other hand, in the experiments with cocaine, no effect
of 7,8-DHF was evidenced in the development of behavioural sensitization
(Figure 24B). One-way ANOVA (F, ,=16.33, P < 0.001) evidenced that

locomotor sensitization was similarly developed in both cocaine-treated

3,42

groups, regardless they were pretreated or not with 7,8-DHF
(vehicle + saline, 7,8-DHF + saline, vehicle + cocaine groups, n=12/group;
7,8-DHF + MDPV group, n=10).

A MDPV challenge B Challenge cocaine
300001 300001
*kk

§ 20000 $8% E 200001 O

8 - 8

[= c

8 £ -

® 10000 £ 10000+

a a

0 T T 0 T T
Pretreatment Vehicle 7,8-DHF Vehicle 7,8-DHF Pretreatment Vehicle 7,8-DHF Vehicle 7,8-DHF

Treatment Saline MDPV Treatment Saline Cocaine

Figure 24. Effect of 7,8-DHF (10 mg/kg, i.p.) pre-treatment on the development of
locomotor sensitization to MDPV 1.5 mg/kg (A) or cocaine 15 mg/kg (B). Bars represent
mean + SEM of the distance travelled after an MDPV (1 mg/kg s.c.) or cocaine (8 mg/ kg, i.p.)
challenge given 10 days after treatment. ***P < 0.001 vs saline-treated groups. $$$P < 0.001
vs vehicle+MDPV group.
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Effect of 7,8-DHF on the place conditioning induced by MDPV

The CPP paradigm was used to study whether 7,8-DHF could modify
the conditioning properties of MDPV, aside from the development of

locomotor sensitization.

The percentages of time spent in both compartments during the
preconditioning phase were 5148 + 2.45% and 48.57 + 245% (P > 0.05),
indicating a total lack of preference for either side. 4 mice from the saline and
MDPV groups were withdrawn from the experiment due to an initial preference
for one of the compartments (> 65% of the total session time). One more
animal from the MDPV group was withdrawn after the test day because it was a
significant outlier (Saline and 7,8-DHF groups, n=12/group; MDPV group, n=11
and 7,8-DHF + MDPV group, n=13). On the test day (day 6, postconditioning),
. =16.50,
P < 0.001). Accordingly, repeated administration of MDPV (1.5 mg/kg, s.c.)
induced a preference for the MDPV-paired compartment (P < 0.001) which

one-way ANOVA revealed a significant effect of treatment (F

was not modified by the previous administration of 7,8-DHFE. Furthermore,

7,8-DHF did not exert any conditioning or aversive effect by itself (Figure 25).
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Figure 25. Effect of 7,8-DHF on MDPV (1.5 mg/kg s.c)-induced conditioned place
preference. The x-axis represents the treatment group, and the y-axis represents the preference
score (difference berween the time (5) spent in the drug-paired compartment on the test and

preconditioning day). ***P < 0.001 vs saline group.

143



Neurochemical and psychopharmacological study of MDPV, a cocaine-like psychostimulant
Characterization of structurally-related second-generation synthetic cathinones

3.2.5. DISCUSSION

In a previous work, we reported that exposure of adolescent mice to
MDPV sensitizes to cocaine effects and induces a higher vulnerability to
cocaine abuse in adulthood [48]. Cocaine abuse represents a heavy burden
of disease in many countries, becoming a global problem. Any factor that
increases the vulnerability to cocaine abuse must be carefully evaluated. In
this sense, the present study examines more closely the common pathways
involved in the effects of MDPV and cocaine, using the same dose of MDPV
previously described, and also mice at the beginning of periadolescence.
Despite the risks associated with new cathinones use, little is known about
their consequences, especially among adolescents, although the exposure

pattern in this age group is very similar to that observed among adults [49].

Based on their pharmacological mechanism, we tested the possible
cross-sensitization between cocaine and MDPV. Following our schedule,
during the induction of sensitization, only MDPV elicited a hyperlocomotion
that significantly increased with repeated daily exposure, whereas cocaine
did not. Even so, regarding to the expression of sensitization (challenge day,
10 days after withdrawal), we observed that the induction of sensitization
by cocaine 15 mg/kg was equivalent to that induced by MDPV 1.5 mg/kg.
Additionally, our results demonstrate that repeated administration of MDPV

or cocaine sensitizes to cocaine or MDPV locomotor effects, respectively.

Moreover, this is the first time that it is evidenced that the challenge
with MDPV triggers an enhanced locomotor activity in animals pretreated
with cocaine. This is of chief significance since sensitization-like phenomena
has been frequently proposed to account for relapses in drug consumption.

In this line, here we demonstrate that previous consumption of one of
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these psychostimulants may favour relapse when a new dose is taken after
a withdrawal period and also may favour the onset of an addiction to the

other drug when taken for the first time.

In previous studies [35,48] we found that, although repeated exposure
to MDPV resulted in an increase of AFosB expression, as it occurs after
cocaine exposure, other factors were not affected by the cathinone derivative.
Therefore, additional pathways might be involved in MDPV effects. To
gain more in-depth knowledge of these mechanisms, this study aimed to
investigate the role of BDNF in the locomotor sensitization induced by
MDPV and cocaine, as well as to assess the effects of a single administration

of both psychostimulants in such signalling pathway.

Dynamic alteration of BDNF expression and the consequent
adjustments in brain functioning and neuronal plasticity are subjected to
environmental changes (i.e., drug exposure) by means of altered epigenetic
programming. Differential cocaine-induced effects at specific bdnf
promoters are mediated by distinct epigenetic mechanisms. In mammals,
the dimethylation of histone H3 on lysine 9, which is catalysed by the
methyltransferase G9a, is commonly associated with gene silencing [50]. It
has been described that there is an increase in G9a expression in NAcc after
an acute dose of cocaine, but a decrease after repeated doses, which favours

the expression of genes epigenetically controlled by this methyltransferase
such as AFosB, BDNF or Arc [29].

In the present study we found an early significant increase in G9a
expression induced after an acute dose of cocaine or MDPV, which rapidly
reverted. It is noteworthy that this decline was more marked after MDPV

exposure. When a schedule of repeated administrations was used, we also
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obtained an early very significant increase of G9%a mRNA induced by
cocaine, which disappeared after 24 h after treatment. Again, the signal was
more transient in the case of MDPV and, in fact, the early increase did not
reach statistical significance. Taken together, we hypothesize that the initial
increase induced by MDPV might have taken place much earlier than when

we performed the determination.

Nevertheless, in a previous work from our lab [34], an overexpression
of this transferase was observed in the VS 24 h after a higher and longer
MDPV exposure (1.5 mg/kg, 2 doses in a day for 7 days). All over, our
findings suggest that G9a expression after drug intake may be time and
dose-dependent and, moreover, its regulation runs temporarily different for
cocaine than for MDPV.

Bdnf gene is differentially regulated in regions of the mesolimbic
pathway during the withdrawal or abstinence period following repeated
cocaine administration [51]. Therefore, although the repressive role of
GYa in the NAcc, no effect of this methyltransferase has been described
in mPFC after cocaine exposure, but an increased histone acetylation [52].
In this sense, we considered it was worth to investigate if the changes in
the methyltransferase transcription induced by these psychostimulants were
region-specific. G9a expression in mPFC was not altered neither by acute nor
by repeated doses of both drugs, pointing that the changes in this histone
methyltransferase produced by MDPV or cocaine administration occur
in the striatum, where probably play a relevant role in the regulation of
behavioural responses to these DAT blockers [53], rather than in the mPFC.

Considering the discrepancy observed in the epigenetic regulation

according to the brain area (VS or mPFC), we determined the effect of cocaine
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and MDPV on BDNF transcription. Given the fact that Le Foll [54] described
that a single exposure to cocaine (20 mg/kg) increases BDNF mRNA
expression throughout the cortex in the adult rat, but not in the NAcc, we
only determined BDNF expression in mPFC 2 h after the injection of the
psychostimulants. In our study, using adolescent mice and a lower dose of
cocaine (15 mg/kg), we did not observe such increase in BDNF transcription.
However, a clear difference between cocaine and MDPV equivalent treatments
must be highlighted. A single dose of MDPV, but not of cocaine, was enough
to upregulate BDNF mRNA levels. Nevertheless, the G9a methyltransferase
expression in the same brain area remained unaffected. Hence, we can conclude
that, shortly after an acute or repeated MDPV administration, BDNF mRNA
expression in mPFC increases without being apparently under the control of

GY9a-mediated epigenetic mark.

In adult mice, it has also been described a close relationship between
increased BDNF mRNA expression in the cortex and an early increase of
DR3 mRNA in the NAcc [54]. In our study, using adolescent mice, even
though MDPV generated an increase of the neurotrophin transcript, it did not
cause any change in accumbal DR3 mRNA, after neither acute nor repeated

exposure.

Based on changes observed in mPFC, we decided to investigate
BDNF protein in the NAcc. BDNF is initially synthesized as its precursor
(proBDNF) and subsequently cleaved into mature BDNF (mBDNF), which
can be anterogradely transported to its target neurons [54]. In this sense, levels
of both the pro (2 h post-administration) and the mature isoforms (2 h, 24 h
and 10 days after administration) of this protein (proBDNF and mBDNF,

respectively) were determined. Despite the early increment observed in BDNF
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transcription induced by MDPV, neither MDPV nor cocaine treatment altered
proBDNF protein levels in the NAcc.

We would like to emphasize once again the fact that alterations
of GYa after repeated doses did not translate into any modification of the
immature protein levels, so even though GY9a is an important factor involved
in cocaine-induced plasticity, it does not seem to exert a direct influence on the
de novo synthesis of BDNF.

Regarding cocaine, no effect on BDNF mRNA transcription,
proBDNF or mBDNF protein levels were evidenced at any time until
10 days of withdrawal. These findings agree with the lack of changes in
BDNF expression observed during early cocaine withdrawal [55,56]. Indeed,
changes are reported to appear after 3 weeks - 30 days of withdrawal. On
the other hand, the effects of cocaine in BDNF protein synthesis generate
controversy. Li and Wolf [15] summarized these effects in a long table in
which only one of the 30 cites referred to a study performed in mice [57].
Zhang and co-workers exposed C57BL/6] mice to 20 mg/kg of cocaine
for seven consecutive days. Under these conditions, BDNF expression
was slightly induced in the NAcc and caudate putamen (CPu). The rest of
the existing literature report the effects of cocaine on BDNF especially in
rats, at doses higher than 15 mg/kg, and mainly after a long withdrawal.
In contrast, the effects observed shortly after repeated cocaine doses are
controversial when examining BDNF mRNA and protein levels [21,55].
Overall, although cocaine exposure generally leads to increases in BDNF
levels in reward-related brain regions, exceptions have also been observed.
So, the regional selectivity and timing of cocaine effects can vary widely

depending on the experimental conditions [15].
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In the same way, we demonstrated that repeated MDPV administrations
induced temporal and regional-specific changes in BDNF expression, with a
decoupling between transcriptional and translational processes. Conversely
to the discrete up-regulation of mRNA levels in mPFC, mBDNF protein
levels were reduced in the NAcc shortly after treatment, although they
restored within 10 days of withdrawal. Fumagalli et al. [58] also described a
decoupling between transcriptional and translational processes shortly after
repeated cocaine exposure (five daily injections, 5 mg/kg), which differently
modulates BDNF mRNA in PFC and protein levels in rat striatum.
Concretely, cocaine increased BDNF mRNA levels 2 h after the last injection
with no changes in mBDNF protein levels in the striatum. Moreover, it has
been described that BDNF protein levels in the NAcc progressively increase
after withdrawal from cocaine self-administration, but this gradual increase

does not derive from local protein synthesis in NAcc neurons [21,56].

Considering these unexpected results, a new in vivo experiment
was carried out in sought to determine if such decline in mBDNF levels
induced by MDPV was related to locomotor sensitization. Therefore, a
new sensitization experiment was carried out, but in this case, the animals
were pretreated with 7,8-DHF, a BDNF receptor (TrkB) agonist. Daily
administration of 7,8-DHF 30 min prior to the injection of MDPV during
the induction period completely blocked the development of sensitization to
MDPV. In addition, to prove that the effect of the flavone was exclusively
mediated via TrkB activation, the same experiment was carried out in the
presence of ANA-12, a potent and selective TrkB antagonist. ANA-12
prevented the effect of the flavone in such a way that the group ANA-12
+ 7,8-DHF + MDPV developed locomotor sensitization after an MDPV
challenge.
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Taken together, these results suggest that the decrease in mBDNF
levels, leading to decreased receptor stimulation, is involved in the
sensitization developed to MDPV. In fact, the same effect of 7,8-DHF on
the development of behavioural sensitization after repeated administration
of methamphetamine (METH) was described by Ren et al. [24]. So,
even though MDPV and methamphetamine have substantial differences
regarding their mechanism of action, a decrease in BDNF protein levels
has been found during early withdrawal of both substances [59]. Therefore,
this suggests that METH and MDPV abusers may suffer from a severe
dysfunction on the BDNF - TrkB signalling, which is importantly involved
in the development of behavioural sensitization. In fact, mouse models with
reduced BDNF expression exhibit a variety of alterations in the DA system
[60], which indicates that BDNF has some direct influence on this system.

It is noteworthy that, regarding mBDNF levels, the differences between
cocaine and MDPV observed in the iz vitro determinations agree with the
results of the in vivo experiments. So, the expression of cocaine-induced
locomotor sensitization, for which no changes in mBDNF levels were
observed, was not altered by the previous administration of the flavone.
Therefore, other signalling pathways may be involved in the development of
cocaine-induced sensitization despite the great similarity of its mechanism
of action with that of MDPV.

Nevertheless, when assessing the rewarding properties of MDPV in
the CPP paradigm, 7,8-DHF did not modify CPP acquisition, suggesting
that the BDNF - TrkB modulation has a specific effect on the motor
sensitization to the drug. In fact, behavioural sensitization and CPP have
been proven to be modulated by different mechanisms. Associative memory

develops correlation between drug-induced affective states and contextual
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cues, triggering craving and some goal-directed behaviour toward drugs, like
that seen in the CPP paradigm. However, the transition from recreational
to pathological and compulsive drug-seeking may involve associative (place
conditioning) and non-associative processes, such as sensitization, whereby
the neural substrate mediating the response to the drug is directly augmented
[61,62].

In summary, repeated administration of MDPV or cocaine
cross-sensitizes to their locomotor effects. When wusing equivalent
sensitization doses of both psychostimulants, only MDPV induces early
changes in BDNF transcription, and this ability to activate the mPFC
and increase bdnf gene expression is preserved after a repeated treatment.
However, although MDPV increases cortical BDNF mRNA, the accumbal
levels of the mature protein significantly decrease. Therefore, exposure
to psychostimulants does not always affect BDNF mRNA and protein
expression in the same direction, possibly due to the complex regulation
of BDNF synthesis and transport. Alternatively, upregulation of BDNF
mRNA levels might be a compensatory response to the primary loss of
mBDNF protein. Our findings demonstrate that BDNF, but not DR3,
plays a role in the development of MDPV-induced locomotor sensitization,
which may influence susceptibility to drug abuse and drug relapse. Given
the protective role of BDNF, we cannot rule out the possibility that neurons
expressing lower levels of BDNF after repeated MDPV injections could be

more vulnerable because of reduced trophic support [63].
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3.3.1. ABSTRACT

Recently, new psychoactive substances (NPS) have broken into the
drug market, being initially traded as replacements to already controlled
drugs such as cocaine or ecstasy. Currently, NPS use mainly occurs in a
context of polydrug use. However, the substitution of an established illicit
drug with an NPS is still a pattern of use reported among high-risk drug
users. For instance, 3,4-methylenedioxypyrovalerone (MDPV), a synthetic
cathinone generally considered a cocaine-like psychostimulant as it shares
a similar pharmacological profile, is being used as an alternative to cocaine

especially among adolescents and young adults.

We have recently reported a cross-sensitization between both drugs. In
this sense, the aim of the present work was to further study the relationship
between cocaine and MDPV but in the reinstatement of the conditioned place
preference (CPP) paradigm. Accordingly, four experimental groups of male
OF1 mice were designed: MDPV-MDPV, Cocaine-Cocaine, Cocaine-MDPV
and MDPV-Cocaine. The first drug refers to the substance with which the
animals were conditioned (MDPV 2 mg/kg or cocaine 10 mg/kg, 1.p.) and
the second, to the substance with which the preference was reinstated. In
parallel, the expression of several factors related to the rewarding properties
of drugs was determined in ventral striatum: G9a, AFosB, CB1, CDK5, Arc

and c-Fos.

MDPV induced CPP at doses ranging from 1 to 4 mg/kg. Although
2 mg/kg MDPV produced a psychostimulant effect stronger than that of
10 mg/kg cocaine, both doses were equivalent in their rewarding properties.
Nevertheless, MDPV-conditioned animals needed significantly more time

to extinguish the preference. Importantly, our results showed that cocaine
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and MDPV are able not only to reinstate the CPP induced by themselves but
also that induced by the other drug (cross-reinstatement). Therefore, they
restored drug-seeking behaviour with respect to each other although relapse

into drug-taking was always higher with the conditioning drug.

Hence, some differences underlying their mechanism of action could
be noted. For instance, MDPV-treated mice showed increased AFosB levels
which correlated with its longer extinction time compared to cocaine,
suggesting the activation of neuroplasticity mechanisms during at least
12 days after drug withdrawal. In addition, the neuroplasticity mechanisms
that both drugs activate may notably differ since MDPV-conditioned
mice were more responsive to a new cocaine exposure, implying a high

vulnerability to cocaine abuse.

3.3.2. INTRODUCTION

During the last decade, synthetic cathinones such as mephedrone and
3,4-methylenedioxypyrovalerone (MDPV) have been gaining prominence
among young people due to their euphoric effects, affordable price and
availability (EMCDDA, 2018). Between 2005 and 2017, 130 synthetic
cathinones have been notified to the European Monitoring Centre for Drugs
and Drug Addiction (EMCDDA) for the first time, 12 of which were detected
in 2017, making them the second largest group of new substances currently
under monitoring. New psychoactive substances (NPS) use mainly occurs
in a context of polydrug use of illicit opioids, amphetamines, alcohol and
medicinal products (Grund et al., 2016). Thus, NPS are rarely reported to
be the primary drug used by high-risk drug-users, but more often they are

a secondary or tertiary drug; for example, when the preferred substance is
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not available or to heighten the effect of other drugs. In fact, the substitution
of an established illicit drug with an NPS is a pattern of use driven by lack
of availability, low purity and high prices of classically used drugs. In this
sense, new synthetic stimulants are purported to be alternatives to controlled
substances such as cocaine, amphetamine, and ecstasy (Volkow, 2013). For
instance, the use of mephedrone as a replacement for cocaine is reported

among intravenous opiate users (Sande, 2015).

Among the new synthetic cathinones, popularly known as “bath salts”,
MDPYV is generally considered a cocaine-like psychostimulant, as it shares
a similar pharmacological profile. They both exert their action mainly by
blocking the transporters of dopamine and noradrenaline (Gregg et al., 2014),
thus, inducing similar physiological and locomotor responses. However,
some differences regarding their pharmacology and pharmacokinetics must
be highlighted. I vitro studies indicate that MDPYV, in contrast to cocaine,
is a pure catecholamine-selective transporter blocker with little serotonin
transporter activity (Luethi et al., 2018; Simmler et al., 2013). Moreover, it
is well known that the effects of MDPV can be between 10 and 50 times
more potent than those of cocaine (Baumann et al., 2013; Lopez- Arnau et
al., 2017; Simmler et al., 2013). In fact, a positive correlation between the
dopamine and noradrenaline transporter inhibition potency of stimulants
and the psychoactive doses and effects in humans has been described (Luethi
and Liechti, 2018). Furthermore, in rodents, MDPV shows a considerably
higher elimination half-life, ranging from one to six hours (depending on the
experimental conditions), whereas that of cocaine does not reach an hour
(Anizan et al., 2016; Baumann et al., 2017; Carmona et al., 2005; Corkery et
al.,, 2018; Lau et al., 1991; Meyer et al., 1990; Novellas et al., 2015; Pan and
Hedaya, 1998, 1999; Peters et al., 2016). Also, it is well known that cocaine

metabolizes to multiple metabolites, some of which are pharmacologically
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active, i.e. norcocaine (Carmona et al., 2015; Lau, 1992; Ma et al., 1997;
Meyer et al., 1990; Pan and Hedaya, 1998; Zheng et al., 2019). By contrast,
although MDPV also metabolizes (Baumann et al., 2017; Horsley et al., 2018;
Kim et al., 2016; Novellas et al., 2015), and their metabolites have recently
been shown to interact with monoamine transporters iz vitro (Luethi et
al., 2019), motor activation produced by the drug only correlates with the
parent compound, but not with metabolite concentrations (Anizan et al.,
2016; Baumann et al., 2017). Accordingly, these authors suggested that most
probably MDPV metabolites do not contribute to the in vivo effects of
systemically administered MDPYV, especially since they exist as conjugated

forms which may not cross the blood-brain barrier.

The novelty, diversity and rapid development of synthetic cathinones
create several barriers against a better understanding of the neurobiological
and behavioural profile of MDPV. Fortunately, in recent years there
has been a growing number of preclinical studies that have reported the
behavioural effects and addictive properties of this drug (Duart-Castells
et al., 2019a; Gannon et al., 2017; Hicks et al., 2018). For example, it has
been described that MDPV induces an anxiety-like behaviour and enhances
aggressiveness in mice (Duart-Castells et al., 2019a), increases locomotor
activity (Fantegrossi et al., 2013; Gatch et al., 2013) and can induce locomotor
sensitization (Buenrostro-Jauregui et al., 2016; Lopez-Arnau et al., 2017).
In addition, MDPV induces deficits in the novel object recognition test
when administered in a binge pattern (Sewalia et al., 2018). Regarding its
abuse liability, MDPV is orally and intravenously self-administered (Aarde
et al., 2013; Gannon et al., 2017) and lowers intracranial self-stimulation
thresholds (Watterson et al., 2014). Overall, its rewarding and reinforcing
properties have been well demonstrated (Karlsson et al., 2014; King et al.,
2014; Watterson et al., 2014).
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Currently, despite the emergence of NPS in the illegal drug market,
cocaine is still one of the most abused psychostimulants worldwide, especially
among adults (EMCDDA, 2019; World Drug Report, 2019). However,
MDPV is being used as an alternative to cocaine among adolescents and
young adults because of its cocaine-like psychostimulant properties, more
affordable price and greater accessibility. Nevertheless, despite the obvious
risks associated with the use of new cathinones, little is known about its

consequences.

In this sense, the long-term effects of MDPV on cue-induced rewarding
effects and its interaction with other drugs of abuse like cocaine are largely
unclear. Given that cocaine and MDPV have similar pharmacological profiles
and taking into account the high prevalence of polydrug consumption, it is
necessary to develop studies of drug-drug interactions to determine if there
are additive or interacting effects that could modify the potential addictive

effects of these drugs.

We have recently reported that exposure to MDPV during adolescence
enhances the psychostimulant, rewarding and reinforcing effects of cocaine
in adulthood. Furthermore, the expression of several factors related to the
effects of cocaine are influenced by MDPV treatment, which in turn, have
been associated with altered behavioural responses to the drug (Duart-Castells
et al., 2019a; Lopez-Arnau et al., 2017). AFosB, among other biomarkers
(i.e. G9a dimethyltransferase, c-Fos, the cyclin-dependent kinase-5 (CDK5)),
has been attributed a crucial role. AFosB is a member of the Fos family of
transcription factors, which promotes reward and motivation and serves as a
key mechanism of drug sensitization and increased drug self-administration
(Nestler, 2013). AFosB may accumulate in response to many types of

compulsive behaviours and persists in neurons for relatively long periods
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of time. In this way, AFosB represents a molecular mechanism that could
trigger and then maintain alterations in gene expression that persist long
after drug withdrawal (Nestler, 2001).

Additionally, cross-locomotor sensitization between MDPV and
cocaine has been described (Duart-Castells et al., 2019b). This is of chief
importance, since sensitization-like phenomenon has been frequently
proposed to account for relapses in drug consumption, which naturally
constitutes a major clinical problem. Environmental stimuli, stress or

contact with the drug are the main triggers of relapse into drug-seeking
(Blanco-Gandia et al., 2018).

The conditioned place preference (CPP) paradigm evaluates the
conditioned rewarding effects of drugs of abuse, pairing a primary reinforcer
with a contextual stimulus, which acquires secondary appetitive properties
(Tzschentke, 2007). CPP is also a very suitable model to study reinstatement
of drug-seeking, as an extinguished CPP can be reinstated by non-contingent
administration of a priming dose of the drug (Aguilar et al., 2009). In this
sense, MDPV has already been described to induce CPP at a wide range of
doses (Gregg et al., 2016; Karlsson et al., 2014; King et al., 2015; Oliver et al.,
2018), and it has also been shown to reinstate CPP after extinction of the
preference (Hicks et al., 2018).

As a whole, the aim of the present work was to study the relationship
between cocaine and MDPV in the reinstatement of the CPP paradigm
after extinction. Additionally, the locomotor sensitizing effects of both
psychostimulants were assessed. In parallel, we sought to determine
potential changes in the expression of different factors involved in plasticity

and epigenetic regulation that may be altered during the development of
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addiction. Specifically, we studied the histone-lysine N-methyltransferase
GYa, AFosB, the cannabinoid receptor 1 (CB1), the cyclin-dependent kinase-5
(CDK5), the activity-regulated cytoskeleton-associated protein (Arc) and

c-Fos.

3.3.3. MATERIALS AND METHODS

Animals

A total of 237 male mice of the Oncins France 1 (OF1) strain were
acquired commercially from Charles River (Barcelona, Spain). 147 were
employed for behavioural studies and 90 for biochemical studies. OF1
mouse strain is an albino outbred strain commonly used in toxicology
and pharmacology. Animals were 21 days old on arrival at the laboratory
and were all housed in groups of 4/5, under standard conditions (cage size
28x28x14.5 cm), for 8 days prior to initiating the experimental schedule,
at a constant temperature (21 + 2°C), with a reverse light cycle (white
lights on 19:30 - 7:30h). Food (standard diet) and water were available ad
libitum in all the experiments (except during the behavioural tests). Mice
were manipulated at the same time on each test day to minimize inter-day
variability. All procedures involving mice and their care complied with the
ARRIVE guidelines and national, regional and local laws and regulations,
which are in accordance with Directive 2010/63/EU of the European
Parliament and the Council of September 22, 2010 on the protection of
animals used for scientific purposes. The Animal Use and Care Committees
of the University of Valencia and the University of Barcelona approved the

present study. Animals were randomly assigned to an experimental group.
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During the behavioural manipulations, researchers were not aware of the

treatment that each animal had received.

Drugs and reagents

MDPV was synthesized and characterized in racemic form as HCl salt
as described previously (Novellas et al., 2015). Cocaine hydrochloride was
provided by the Spanish National Institute of Toxicology. Both MDPV and
cocaine solutions for injection were prepared with saline (0.9% NaCl, pH=7.4)

immediately before administration and administered intraperitonially.

The protease and phosphatase inhibitor cocktail was purchased from
Abcam (Cambridge, UK), TRIsure™ from Bioline (Meridian Bioscience
Inc., UK) and the organic solvents (ethanol, chloroform and isopropanol)

from Scharlab (Barcelona, Spain). The rest of the reagents were of analytical
grade and purchased from Sigma-Aldrich (St. Louis, MO, USA).

Experimental Design

An overall and more detailed description of the sets of animals and the
experimental procedure related to the behavioural and biochemical studies

is provided in Table S2 (supplementary material).

In experiment 1 (MDPV-induced reinstatement of the CPP), mice
were conditioned with 1, 2 or 4 mg/kg MDPV and, thereafter, subjected to
extinction sessions. Once the preference had been extinguished, reinstatement
with priming doses of 50% of the previous dose was induced. This procedure
was repeated with progressively lower doses until the preference could not

be further reinstated.
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In experiment 2 (Cross-reinstatement between MPDV and
cocaine) four groups were employed: MDPV-MDPV, MDPV-Cocaine,
Cocaine-Cocaine and Cocaine-MDPV. In the names of the groups the first
drug refers to the substance with which they were first conditioned and
the second to the substance with which they performed the reinstatement
test. The conditioning doses were 10 mg/kg cocaine or 2 mg/kg MDPV.
Animals underwent the CPP procedure and were subsequently exposed to
extinction sessions. Once the conditioned preference had been extinguished,
reinstatement was induced with priming doses of 50% of the previous dose.
After the second extinction, this procedure was repeated with progressively
lower doses until preference could not be reinstated in the MDPV-MDPV
and Cocaine-Cocaine groups. However, in the MDPV-Cocaine and
Cocaine-MDPV groups, after the second extinction, animals received a
priming injection of the corresponding drug at the same dose used during

the conditioning phase (10 mg/kg cocaine or 2 mg/kg MDPV).

In experiment 3 (Locomotor activity), a further set of animals was
employed to assess locomotor activity. The treatment was the same as in
experiment 2 (10 mg/kg or 2 mg/kg MDPV, once daily, for 4 days), but
after 12 days of withdrawal, a challenge of MDPV 2 mg/kg or cocaine

10 mg/kg was given to mice and their locomotor activity was measured for

1 h.

Finally, in experiment 4 (Biochemical analysis) a different set of animals
was exposed to the same CPP protocol, following the same procedure as in
experiment 2 but with different timings of brain extraction. 24 h and 12 days
after the CPP test to MDPV (2 mg/kg) or cocaine (10 mg/kg) five different
factors were determined: G9a, AFosB, CB1 receptor, CDK5 and Arc. Because

of the larger number of sessions required to extinguish MDPV than cocaine
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conditioning after the CPP test, reinstatement was carried out at different
times after the paradigm. To overcome this limitation and be able to evaluate
how animals responded to a single dose of each drug after being conditioned
to cocaine or MDPV, a priming-dose of MDPV 2 mg/kg, cocaine 10 mg/kg
or saline 5 ml/kg was administered to the animals 12 days after the CPP
test, thus simulating an early reinstatement-phase in animals in which
preference had not yet been extinguished. 2 h after the priming injection,
mRNA levels encoding G9a or immediate-early genes such as Arc and c-Fos
were determined. In this way, three different conditions were employed in
this experiment, subdividing the animals according to the different timings
of brain extraction: 24 h or 12 days after the post-conditioning test, and the
rest, 2 h after the simulated-reinstatement session, which also took place

12 days later.

Conditioning place preference (CPP) test

For Place Conditioning we employed sixteen identical Plexiglas boxes
with two equalsized compartments (30.7 cmlength x 31.5cmwidth x 34.5cm
height) separated by a grey central area (13.8 cm length x 31.5 cm width x
34.5 cm height). The compartments have different coloured walls (black vs
white) and distinct floor textures (fine grid in the black compartment and
wide grid in the white one). Four infrared light beams in each compartment
of the box and six in the central area allowed the recording of the position
of the animal and its crossings from one compartment to the other. The
equipment was controlled by two IBM PC computers using MONPRE 27
software (CIBERTEC S.A., Spain).
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Acquisition of CPP

The procedure of Place Conditioning, unbiased in terms of initial
spontaneous preference, consisted of three phases and was performed as
described previously (Maldonado et al., 2006; Blanco-Gandia et al., 2018). To
summarize the main aspects, in the first phase, known as pre-conditioning
(Pre-C), 42 PND adult mice were allowed access to both compartments of
the apparatus for 15 min (900 s) per day for 3 days. On day 3, the time
spent in each compartment over a 900-s period was recorded, and animals
showing a strong unconditioned aversion (less than 33% of the session time)
or preference (more than 67%) for any compartment were excluded from the
rest of the experiment. Half the animals in each group received the drug or
vehicle in one compartment, and the other half in the other compartment.
After assigning the compartments, no significant differences were detected
between the time spent in the drug-paired and vehicle-paired compartments
during the pre-conditioning phase. In the second phase (conditioning),
which lasted 4 days, animals received an injection of physiological saline
immediately before being confined to the vehicle-paired compartment for
30 min. After an interval of 4 h, they received an injection of cocaine or
MDPV immediately before being confined to the drug-paired compartment
for 30 min. Confinement was carried out in both cases by closing the
guillotine door that separated the two compartments, making the central
area inaccessible. During the third phase, known as post-conditioning
(Post-C), the guillotine door separating the two compartments was removed
(day 8) and the time spent by the untreated mice in each compartment during
a 900-s observation period was recorded. The difference in seconds between
the time spent in the drug-paired compartment during the Post-C test and
the Pre-C phase is a measure of the degree of conditioning induced by the
drug (CPP score). If this difference is positive, then the drug has induced a
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preference for the drug-paired compartment, while the opposite indicates

that an aversion has been developed.

Extinction of CPP

All groups in which a preference for the drug-paired compartment
was established underwent two weekly extinction sessions that consisted on
placing the animals in the apparatus (without the guillotine doors separating
the compartments) for 15 min. The extinction condition was fulfilled when
there was a lack of significant differences between the time spent in the
drug-paired compartment during the extinction session and Pre-C test

values in two consecutive sessions.

Reinstatement of CPP

24 h after extinction had been confirmed, the effects of a priming
dose of cocaine or MDPV were evaluated (Blanco-Gandia et al., 2018).
Reinstatement tests were the same as those carried out in Post-C (free
ambulation for 15 min), except that animals were tested 15 min after
the administration of the respective dose of cocaine or MDPV. When
reinstatement of the preference was achieved, a subsequent extinction process
was carried out until the CPP was completely extinguished. Afterwards,
a new reinstatement test was conducted with progressively lower doses of
the drug. This procedure of extinction-reinstatement was repeated until
a priming dose was confirmed to be ineffective. Priming injections were
administered in the vivarium, which constituted a non-contingent place to

that of the previous conditioning procedure.
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Locomotor response

Locomotor response to 10 mg/kg cocaine or 2 mg/kg MDPV was
assessed by evaluating the movements of mice inside the cage by means
of photocell beam breaks. For this experiment, a similar schedule of drug
administration to that in the CPP procedure was followed. Animals were
injected with saline, 10 mg/kg of cocaine or 2 mg/kg of MDPV once
daily for four days. 12 days after the last administration, a single dose of
10 mg/kg of cocaine or 2 mg/kg of MDPV was administered and motor
activity was measured. The animal was placed in the box for 30 min to
become habituated and was subsequently injected with the corresponding
drug. Locomotor activity was recorded for 1 h and automatically measured
with an actimeter (Cibertec S.A., Madrid, Spain) consisting of eight cages
(33x15%13 cm), each with eight infrared lights located in a frame around the
cage. In this apparatus, beams are positioned on the horizontal axis 2 cm
apart, at a height just above the bottom of the cage (body level of mice). The
different frames are placed 4 cm apart, and, since they are opaque, prevent
animals from seeing each other while allowing them to hear and smell

conspecifics being tested at the same time.

Tissue samples preparation

For the biochemical determinations, mice from experiment 4 were
sacrificed by cervical dislocation 24 h and 12 days after the MDPV (2 mg/kg)
or cocaine (10 mg/kg) -induced-CPP test, or 2 h after the priming-dose
(saline 5 ml/kg; MDPV 2 mg/kg or cocaine 10 mg/kg), also given 12 days
later. The ventral striatum containing the nucleus accumbens was quickly

dissected and stored at -80°C until use.
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Tissue samples for Western blot analysis were processed as described
(Pubill et al., 2013) with minor modifications. In brief, tissue samples were
homogenized at 4°C in 20 volumes of lysis buffer (20 mM Tris-HCI, pH=3,
1% NP40, 137 mM NaCl, 2 mM EDTA) with the protease inhibitor cocktail.
The homogenates were shaken and rolled for 2 h at 4°C and centrifuged at
15 000 xg for 30 min at 4°C. Aliquots of resulting supernatants (total lysate)
were collected and stored at -80°C until use. Protein content was determined

using the Bio-Rad Protein Reagent (Bio Rad, Inc., Spain).

Western blotting and Immunodetection

A general Western blotting and immunodetection protocol was used.
In brief, equal amounts of protein (10 pg) for each sample were mixed
with sample buffer (0.5M Tris- HCl, pH=6.8, 10% glycerol, 2% (w/v)
SDS, 5% (v/v) 2-B3-mercaptoethanol, 0.05% bromophenol blue), boiled for
5 min and loaded onto 10% acrylamide gels. Proteins were electrophoresed
and subsequently transferred to fluoride (PVDF) sheets (Immobilon-P;
Millipore, USA). PVDF membranes were blocked for 1 h at room
temperature with 5% bovine serum albumin in Tris-buffer plus 0.05%
Tween-20, and incubated overnight at 4°C with CB1 (1:1000, Frontiers
Institute, South Africa), AFosB (1:1000; Abcam, Cambridge, UK), Arc
(1:1000; Santa Cruz Biotechnology, CA, USA) or CDK5 (1:1000; Santa Cruz
Biotechnology, CA, USA) primary antibodies. After washing, membranes
were incubated for 1 h at room temperature with their respective secondary
peroxidase-conjugated anti-IgG antibody: donkey anti-rabbit (1:5000, GE
Healthcare, USA) or sheep anti-mouse (1:2500 GE Healthcare, USA).
Immunoreactive protein was visualized using a chemoluminiscence-based

detection kit following the manufacturer’s protocol (Immobilion Western,
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Millipore) and a BioRadChemiDoc XRS gel documentation system
(BioRad, Inc., Madrid, Spain). Scanned blots were analysed using a BioRad
Image Software and dot densities were expressed as a percentage of those
taken from the control. As a control for loading, GAPDH (1:5000; Merck
Millipore, USA) antibody was used.

Total RNA extraction and gene expression determination

Total RNA isolation from ventral striatum was carried out by means
of a TRIsure™ reagent- Chloroform based extracted protocol. RNA
content in the samples was measured at 260 nm, and sample purity was
determined by the A260/280 ratio in a NanoDrop™ ND-1000 (Thermo-
Fisher Scientific).

Theisolated mRNA was reverse-transcribed by aReverse Transcription
Polymerase Chain Reaction (RT-PCR) using the High Capacity ¢cDNA
Reverse Transcription Kit (Applied Biosystems) and the Veriti® thermal
cycler (Applied Biosystems, Foster, CA, USA). In short, complementary
DNA (cDNA) was synthesized in a total volume of 20 ul by mixing 1 pg of
total RNA and the appropriate volumes of each kit reagent.

Quantitative real-time polymerase chain reaction (GPCR) was
performed using the StepOnePlus™ Real-Time PCR System and the Tagman
one-step PCR Master Mix (Applied Biosystems, Foster, CA, USA). 25 ng
of total cDNA product was added per 20- pl reaction mixture containing
sequence-specific primers and Tagman probes from Applied Biosystems
MmO00479619 g1 for Arc, Mm00487425 m1 for c-Fos, Mm01132261 ml1
for G9a and Mm00607939 sl for f-actin, as an endogenous control. All

reactions were performed in triplicate. Fold-changes in gene expression
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were calculated using the 244¢* method (comparative Ct method) for each
experimental sample (Livak and Schmittgen, 2001). All primer-probe
combinations were optimized and validated for relative quantification
of gene expression. All experiments included a no-template control, and
real-time PCR reactions also included a no-reverse transcriptase (no-RT)
control for which no amplification products were seen, indicating that
cDNA was amplified rather than residual genomic DNA.

Data acquisition and statistical analysis

For CPP data, the time spent in the drug-paired compartment
was analysed by means of a mixed analysis of variance (ANOVA) with
one between variable - Group, with 3 or 4 levels (MDPV 1 mg/kg,
MDPV 2 mg/kg, MDPV 4 mg/kg or MDPV-MDPV, MDPV-Cocaine,
Cocaine-Cocaine, Cocaine-MDPV) - and a within variable - Days, with
2 levels (Pre-C, and Post-C). Data related to extinction and reinstatement
values in the groups showing CPP were analysed by means of Student’s
t-tests. The time required for the preference to be extinguished in each animal
was analysed by means of the Kaplan-Meier test, with Breslow (generalized
Wilcoxon) comparisons when appropriate. Although the mean of the group
as a whole determined the day on which extinction was considered to have
been achieved, preference was considered to be extinguished when a mouse
spent 380 s or less in the drug-paired compartment on two consecutive days.
We chose this time based on the values of all the Pre-C tests performed in
the study (mean=370 s). When the preference was not extinguished in an
animal, it was assigned the number of days required for extinction for the
group as a whole. Subsequent Bonferroni post - hoc tests were calculated

when required. Analyses were performed using SPSS v24.
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Data of motor activity were analysed with a two-way ANOVA with
two between variables - Treatment, with 3 levels (Saline, Cocaine or MDPV);
and Challenge, with 2 levels (Cocaine or MDPV).

Biochemical data were analysed using one-way ANOVA. Data from
gPCR analysis were expressed as fold-change variations. Data from Western
Blot analysis were expressed as mean + SEM and were normalized with
100% defined as the mean of the replicates in the control group. The « error
probability was set at 0.05. Significant differences (P < 0.05) were analysed
using the Bonferroni post hoc test for multiple comparisons measures only
if F achieved the necessary level of statistical significance and no significant
variance in homogeneity was observed. Statistic calculations were performed

using GraphPad Prism 6.0 software.

3.3.4. RESULTS

Experiment 1: MDPV - induced reinstatement of the CPP

Results of the MDPV-induced CPP in animals receiving the three
different doses of MDPV are presented in Figure 26. The ANOVA for the
time spent in the drug-paired compartment revealed an effect of the variable
Day (F, ,,=83.749, P < 0.001; MDPV 1 mg/kg n=15/group, MDPV 2 mg/kg
n=14/group and MDPV 4 mg/kg n=13/group). All groups developed place
preference for the drug-paired compartment, regardless the dose of MDPV
(P < 0.001 in all cases). The Kaplan-Meier analysis revealed no significant
differences in the time required to extinguish the preference between

different doses (data not shown). MDPV 1 mg/kg-treated mice required 11
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sessions for the preference to be extinguished. A priming dose of 0.5 mg/kg
MDPYV reinstated the preference (Student’s t-test, t=-2.475, 14 d.f.; P < 0.05),
and, after 4 extinction sessions, reinstatement was not achieved with a
priming dose of 0.25 mg/kg MDPV. MDPV 2 mg/kg-treated mice required
15 sessions to extinguish the preference and exhibited reinstatement with a
priming dose of 1 mg/kg. After 6 extinction sessions, reinstatement of the
preference with a dose of 0.5 mg/kg MDPV was obtained (Student’s t-test,
t=-2.834, 14 d.f; P < 0.01 and t=-3.828, 14 d.f.; P < 0.01, respectively).
After one more extinction session, no reinstatement was induced with
0.25 mg/kg MDPV. Finally, the MDPV 4 mg/kg group required 10 sessions
to extinguish the preference, which was reinstated with the priming doses
of 2 mg/kg (P < 0.001), 1 mg/kg (P < 0.05; after 2 extinction sessions) and
0.5 mg/kg MDPV (P < 0.05; after 2 extinction sessions). Again, after one

extinction session, preference was not reinstated with 0.25 mg/kg.
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Figure 26. Effects of 1, 2 and 4 mg/kg MDPV on the conditioned place preference (CPP)
test. Bars represent the mean + SEM time in seconds spent in the drug-paired compartment
during the pre-conditioning (white), post-conditioning (black), the last extinction session (light

grey) and reinstatement (dark grey). Numbers inside the bars represent the dose of MDPV used
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in each reinstatement test. *P < 0.05; **P < 0.01; ***P < 0.001 significant difference vs

pre-conditioning or the last extinction session.

Experiment 2: Cross-reinstatement between MDPV and cocaine

The results regarding the effects of cocaine or MDPV-induced CPP
are depicted in Figure 27. The ANOVA revealed a significant effect of the
variable Day (F,,;=53.082, P < 0.001; MDPV-MDPYV, cocaine-cocaine
and cocaine-MDPV  groups, n=14/group, MDPV-cocaine n=15/group),
as all the groups spent more time in the drug-paired compartment in the
Post-C test than in the Pre-C test (P < 0.001). The Kaplan-Meier analysis
revealed that MDPV-conditioned groups needed significantly more sessions
(10.9 for MDPV-MDPV and 12.4 for MDPV-cocaine) for preference to be
extinguished than those conditioned with cocaine (6.2 for cocaine-cocaine
and 5.8 for cocaine-MDPV) (P’s< 0.05 for MDPV-MDPV and P’s< 0.01 for
MDPV-cocaine) (Figure 28).
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Figure 27. Cross-reinstatement between MDPV and cocaine. Bars represent the mean + SEM

time in seconds spent in the drug-paired compartment during the pre-conditioning (white),
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post-conditioning (black), the last extinction session (light grey) and reinstatement (dark grey).
Numbers inside the bars represent the dose of MDPV or cocaine used in each reinstatement
test. *P < 0.05; **P < 0.01; ***P < 0.001 significant difference vs pre-conditioning or the last

extinction session.
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Figure 28. Number of extinction sessions required to extinct mice after the CPP test. Bars
represent the mean + SEM number of extinction sessions needed to extinguish the preference
for the drug-paired compartment after the CPP test induced by MDPV 2 mg/kg and cocaine
10 mg/kg. The first drug named refers to the one used for the conditioning, the second to the
one used for the subsequent reinstatement. *P < 0.05 significant differences vs MDPV-MDPV:;
##P < 0.01 significant differences vs MDPV - cocaine.

MDPV-MDPV mice exhibited reinstatement with priming doses
of 1 mg/kg (after 15 extinction sessions) and 0.5 mg/kg MDPV (after
6 extinction sessions) (Student’s t-test, t=-2.834, 14 d.f; P < 0.01 and
t=-3.828, 14 d.f; P < 0.01, respectively). Preference was reinstated in
cocaine-cocaine mice with 5 mg/kg and 2.5 mg/kg cocaine (after 10 and
1 extinction sessions, respectively) (Student’s t-test, t=-2.676, 14 d.f.; P < 0.05
and t=-3.288, 14 d.f.; P < 0.01 respectively). No further reinstatements

were achieved.
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Regarding cross-reinstatement between MDPV and cocaine, preference
was not reinstated with 50% of the other drug in neither MDPV-cocaine nor
cocaine-MDPV mice. However, when the complete dose was administered
(either 10 mg/kg cocaine for MDPV-cocaine mice or 2 mg/kg MDPV for
cocaine-MDPV mice), both groups showed reinstatement of the preference for
the drug-paired compartment (Student’s t-test, t=-3.135, 14 d.f.; P < 0.01 for
cocaine-MDPV mice and t=-2.237, 14 d.f.; P < 0.05 for MDPV-cocaine mice).

Experiment 3: MDPV-induced cross-sensitization to cocaine motor effects

The ANOVA revealed an effect of the Challenge (F, ,,=21.53,P < 0.001)
247=4.226,P < 0.05) (n=8/group).

As shown in Figure 29, the 10 mg/kg dose of cocaine was less effective in

and the interaction Treatment x Challenge (F

increasing horizontal locomotor activity (HLA) than 2 mg/kg MDPYV, so in
animals treated with saline, a challenge with MDPV induced a higher motor
activity than that with cocaine (P < 0.001). In addition, the challenge of
10 mg/kg of cocaine induced a higher motor activity in animals previously
treated with cocaine (P < 0.05) or MDPV (P < 0.01), when compared with
the saline group. However, there were no differences among the treatment
groups challenged with MDPV.

Experiment 4: G9a, AFosB, CB1 receptor, CDK5 and Arc expression 24 b
after the CPP test

When the expression of the regulator G9a histone dimethyltransferase
was determined, no changes were evident in its mRNA levels 24 h after
the CPP test, which was 48 h after the last drug injection (F, 5=1.042,
P > 0.05; n=6/group; saline: 1 + 0.015, MDPV: 1.053 + 0.049 and
cocaine: 0.990 + 0.027).
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Figure 29. Locomotor sensitization to MDPV and cocaine. Bars represent mean + SEM of
the photocell counts registered during 60 min after a MDPV (2 mg/kg) or cocaine (10 mg/kg)
challenge given 12 days after treatment. Animals followed the same drug administration
protocol as for the CPP experiments. *P < 0.05, **P < 0.01 and ***P < 0.001 significant

differences vs saline-cocaine group.

Nevertheless, at the same time, AFosB, a protein thought to be regulated
by G9a histone methyltransferase activity, was significantly increased 24 h
after the MDPV-induced CPP test (F, ,=8.8450, P < 0.01; n=5/group) with
respect to the saline (P < 0.01) and cocaine groups (P < 0.05) (Figure 30A).
Moreover, as this protein is a lasting factor over time, we determined its
expression 12 days after CPP, at the same time as the other animals received
the priming doses simulating the reinstatement. As expected, the AFosB
increment was sustained in MDPV-conditioned mice (F,,,=5.055,P < 0.05;
n=>5/group) (Figure 30B).

However, despite the major AFosB expression observed in
MDPV-treated mice, the expression of one of its target genes, CDK5
(F, ,=0.3948, P > 0.05; n=5/group) (Figure 31A), as well as that of the CB1

2,12

186



>

CDKS5 expression (%)

RESULTS CHAPTER 3

receptor (F, ,=0.1621, P > 0.05; n=5/group) (Figure 31B), was not altered
by either MDPV- or the cocaine-induced CPP 24 h after the Post-C.
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Figure 30. AFosB protein expression in ventral striatum. Bars represent the mean + SEM
protein expression 24 h (A) or 12 days (B) after the MDPV or cocaine-induced CPP. *P < 0.05,

P < 0.01 significant differences vs saline, #P < 0.05 vs cocaine.

We also assessed the levels of Arc protein, which is coded by arc, an
=2.272,

P > 0.05; n=5/group) revealed that Arc levels in the ventral striatum seemed

immediate-early gene involved in plasticity. One-way ANOVA (F

2,12

decreased in both MDPV- and cocaine-treated mice, even though statistical

significance was not reached (Figure 31C).
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Figure31. CDK5 (A), CBI1 receptor (B) and Arc (C) protein expression in ventral striatum.
Bars represent the mean + SEM protein expression 24 h after MDPV or cocaine-induced CPP.
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G9a, Arc, and c-Fos gene expression 2 b after a priming dose

As mentioned above, due to the higher number of sessions required
to extinguish the conditioning preference induced by MDPV versus that
induced by cocaine, the reinstatement tests were carried out at different times
after the CPP test. To overcome this limitation and to be able to evaluate how
animals responded to a single dose of each drug after being conditioned with
cocaine or MDPV, a priming dose of MDPV 2 mg/kg, cocaine 10 mg/kg
or saline 5 ml/kg was given 12 days after the CPP test, simulating an early
reinstatement-phase before extinction. 2 h after the priming injection, the
mRNA levels encoding G9a or immediate-early genes such as Arc and c-Fos

were determined.

One-way ANOVA to analyse G9a mRNA expression (Figure 32A and
32B) revealed an effect of the priming drug after conditioning with MDPV
(F, .=1490, P < 0.001; n=6/group) or cocaine (F2,15=16.81, P < 0.001;
n=6/group). Specifically, the acute injection of cocaine caused a decrease of
G9a expression in both MDPV- (P < 0.001) and cocaine-conditioned mice
(P < 0.05). However, when a single dose of MDPV was administered, only

2,15

the animals previously conditioned to cocaine presented an increase of G9a
expression (P < 0.05), while no modification of its expression was observed

in the mice that had previously received the same drug (MDPV).

Regarding Arc mRNA expression after the cocaine priming-dose, a
different pattern of expression was observed depending on the conditioning
drug. One-way ANOVA (F, .=8.816, P < 0.01; n=6/group) revealed a

significant effect of cocaine only when animals were conditioned with the

2,15

same drug, in such a way that cocaine decreased Arc expression compared
to saline (P < 0.05) and MDPV (P < 0.01). Surprisingly, when assessing
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Arc mRNA expression after a priming dose of MDPV, no changes in its

transcription were observed after any conditioning treatment (Figure 32C

and 32D).
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Figure 32. G9a (A, B), Arc (C, D), and c-Fos (E, F) gene expression in ventral striatum.

Bars represent the fold change + SEM in mRNA expression 2 b after the priming-dose (saline,
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MDPYV or cocaine) given 12 days after the MDPV (A, C, E) or cocaine (B, D, F) -induced CPP.
*P < 0.05; 7P < 0.01; ***P < 0.001 significant difference vs priming with saline, ##P < 0.01,
###P < 0.001 significant difference vs priming with MDPV.

Finally, when quantifying the mRNA encoding c-Fos (Figure 32E
and 32F), a similar pattern of expression was observed after a priming
with cocaine, regardless the conditioning treatment administered (cocaine
,15= 6.33,P < 0.05; n=6/group); MDPV conditioning: F, =
4.853, P > 0.05; n=5-6/group), respectively. In particular, an acute injection

conditioning: F

provoked a decrease of c-Fos expression (P < 0.05 in MDPV-conditioned
mice and P < 0.01 in cocaine-conditioned mice), but not the acute MDPV

administration.

3.3.5. DISCUSSION

Today, cocaine continues to be the most commonly illicit stimulant
drug used in Europe, being even more prevalent in Southern countries
as Spain (EMCDDA, 2018; EMCDDA, 2019). Moreover, in almost all
European countries there has been an increase in the number of patients
treated for the first time for cocaine addiction during the last 4 years. Prior
to scheduling, MDPV was one of the most popular synthetic cathinones
and was the principal substance detected in cathinone-poisoned users
(Baumann et al. 2013). MDPV enhances dopamine neurotransmission,
producing neurochemical effects similar to those of cocaine (Cameron et
al., 2013; Cameron et al., 2013). MDPV users are effectively poly-drug users
in almost all cases (Diestelmann et al., 2018). In fact, in a European case
series of psychosis associated with acute recreational drug toxicity, cocaine

was reported in 16.1 % of cases, but in half of these, more than one drug
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was involved, including MDPV (Vallersnes et al., 2016). In this context, the
present study investigates for the first time the ability of these two drugs
to indistinctly restore drug-seeking behaviour and, thus, induce relapse in

drug-taking.

Our results show that MDPV induces CPP in a range doses from 1 to
4 mg/kg, in line with previous reports in the literature (Gregg et al., 2016;
Karlsson et al., 2014; King et al., 2015; Oliver et al., 2018). We observed that
the preference induced by these doses was similar, with no dose-response
relationship. The lack of dose-response effects usually observed in the CPP
could be considered one of the weaknesses of this procedure (Aguilar et al.,
2009). Nevertheless, we also confirmed that, after extinction, MDPV-induced
CPP is robustly reinstated with doses up to 12.5 % (0.5 mg/kg) of the
conditioning dose (Hicks et al., 2018). In this way, the present study
corroborates the rewarding and reinstating ability of MDPV. In this context,
the reinforcing effects of MDPV have also been demonstrated in the self-

administration paradigm (Gannon et al., 2018; Geste et al., 2018; King et al.,
2015).

Additionally, we aimed to explore if the ability of MDPV to reinstate
drug-seeking behaviour is shared by cocaine, and if this occurs in the other
direction, which would constitute cross-reinstatement. Cross-reinstatement
is defined as the reinstatement of drug-seeking, following extinction, by a
drug different to that administered during the acquisition of behaviour (in
this case, CPP). Reinstatement of cocaine-induced CPP has been achieved
with methamphetamine or methylphenidate (Achat-Mendes et al., 2003), and
also by drugs belonging to other pharmacological classes, such as nicotine,
ethanol, and morphine (Romieu et al., 2004). In addition, cocaine is capable of
reinstating the CPP induced by morphine (Do Ribeiro Couto et al., 2005b).
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For our experiments, the cocaine dose used was chosen based on
previous studies showing a potent rewarding and reinstating effect of the
conditioned preference (Maldonado et al., 2006; Ribeiro Do Couto et al.,
2009; Rodriguez-Arias et al., 2009). Moreover, this cocaine dose (10 mg/kg)
induced a similar preference as 2 mg/kg of MDPV. Nevertheless, although
the CPP was equivalent with both drugs, the time needed to extinguish
the preference was significantly longer after MDPV conditioning. It is well
known that CPP is not a dose-dependent paradigm; however, we have
previously observed that the maintenance of drug-induced CPP depends
on the dose employed during conditioning, with higher doses requiring a
greater number of extinction sessions (Ribeiro Do Couto et al., 2005a). It is
important to highlight that our extinction procedure is natural and closely
models real-life situations in which addicted individuals voluntarily stop
taking the drug but continue to be exposed to the stimuli they associate
with drug consumption. Therefore, our results suggest that, although the
preference is equivalent, the neuroplasticity induced by MDPV is greater
than that induced by cocaine, as the time needed to overcome MDPV

preference is longer.

Furthermore, our results show for the first time that both drugs,
cocaine and MDPYV, can reinstate the CPP induced by the other drug. In
this way, a cross-reinstatement between the two drugs became evident. As
expected, we observed reinstatement of the preference with cocaine doses
of 50% (5 mg/kg) and 25% (2.5 mg/kg) of the cocaine dose employed for
conditioning (Blanco-Gandia et al., 2017; Reguilon et al., 2017). Similarly,
preference was also reinstated in the MDPV-conditioned mice with 50%
(1 mg/kg) and 25% (0.5 mg/kg) of the dose employed for conditioning.
However, cross-reinstatement was obtained with 2 mg/kg and 10 mg/kg

of MDPV and cocaine, respectively, but not with 1 mg/kg and 5 mg/kg.
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In this sense, it is important to point out that such decreased sensitivity has
been previously observed when cross-reinstatement was induced by cocaine
in morphine-conditioned mice, but only with doses up to 10 mg/kg (Do
Ribeiro Couto et al., 2005b). Moreover, there are some differences between
the two drugs that could explain the decreased sensitivity observed in
the cross-reinstatement. For instance, Wakabayashi et al. (2015) reported
that MDPV, unlike cocaine, provokes cerebral vasoconstriction, leading
to a poor supply of glucose to the nucleus accumbens. This implies that
cocaine-users can be more susceptible to addiction than MDPV-users due
to the presence of an interoceptive signal that results in earlier and more
direct reward detection. That is to say, some differences underlying the
two drugs’ mechanism of action may be the reason why, despite their great
similarity, they do not trigger the same responses, and so they are not fully

interchangeable.

Cross-sensitization between the locomotor effects of MDPV and
cocaine has previously been described in CD-1 mice at lower doses
(Duart-Castells et al., 2019b; Lopez-Arnau et al., 2017). However, in the
present study, we aimed to determine the locomotor sensitization after a
treatment schedule of drug administration similar to that employed in the
CPP, evaluating the motor response to a drug challenge (saline, MDPV or
cocaine) administered 12 days after the last drug administration. Behavioural
sensitization is defined as an increased motor response after intermittent
drug administration (Kalivas and Stewart, 1991; Steketee and Kalivas,
2011). Supporting an interaction in the conditioned rewarding effects of
the two drugs, we also found that, following an experimental protocol that
mimicked the CPP drug administration, exposure to either drug induced the
development of sensitization, but only to the locomotor effects of cocaine.

This result is in line with previous studies carried out in our and in other
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laboratories using different schedules of cocaine administration (Duart-
Castells et al., 2019b, Ferrer-Pérez et al., 2019, 2018). Nonetheless, this
schedule of drug administration did not induce behavioural sensitization to
MDPV. In this sense, we must take into consideration that the dose of MDPV
used induced a higher increase in the locomotor response than the dose of
cocaine employed. Thus, although other authors have reported sensitization
to MDPV’s locomotor effects, the pattern of drug administration in their
studies was completely different (Berquist et al., 2016; Kohler et al., 2018;
Watterson et al., 2016). For instance, the authors in question administered
one dose of 0.5 or 1 mg/kg of MDPV to Sprague-Dawley rats, once daily,
for 7 days, and obtained a significant increase in the motor response after
the last drug administration on day 7. Similarly, we reported a locomotor
sensitization to MDPV, but when administering lower doses to CD-1 mice
(Buenrostro-Jauregui et al., 2016; Duart-Castells et al., 2019b). Conversely,
and in accordance with our present results, when higher doses of MDPV
were administered in other studies, no locomotor sensitization response was
obtained (Watterson et al., 2016). Furthermore, cross-sensitization between
MDPV and cocaine or methamphetamine has also been described with low
doses of MDPV (Kohler et al., 2018; Watterson et al., 2016). Considering all
the evidence, the higher doses employed in our study could have induced an

intense motor response that could have reached a ceiling effect.

To summarize, both cocaine and MDPV induce CPP, though memories
associated with MDPV need more time to be extinguished. Moreover,
both drugs have the ability to induce cross-reinstatement of drug-seeking,
although at higher doses than those needed to reinstate their own CPP; thus,
even though both drugs act on the dopaminergic system, there seem to be
differences between them. In addition, these specific treatments of cocaine

and MDPV sensitize to the locomotor effects of cocaine.
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It has been suggested that drug priming induces reinstatement and
cross-reinstatement of CPP through the activation of the mesocorticolimbic
dopaminergic system, thereby influencing incentive motivation and
appetitive goal-directed behaviour (Wang et al., 2000). Accordingly, in the
present study, we sought to determine the expression of five different factors
of the mesocorticolimbic dopaminergic system related with dopaminergic
activation in drug addiction and neuroplasticity - G9a, AFosB, CB1 receptor,
CDKS5 and Arc - 24 h after the MDPV or cocaine CPP test. As AFosB is a
long-lasting transcription factor, its expression was also evaluated 12 days
later. G9a, Arc and c-Fos were also assessed after a priming dose of both

drugs, also given 12 days after the CPP test.

Regarding G9a, a specific dimethyltransferase that acts as a negative
regulator of gene expression, its effect is usually very fast. It is generated
within 1 h and, sometimes, especially after MDPV administration, it
vanishes 1 h later (Duart-Castells et al., 2019b). Thus, when we determined
the expression of G9a 48 h after the last injection, no changes were observed.
However, one of G92’s target genes, AFosB, was significantly increased after
MDPV conditioning, and this increment persisted for 12 days. AFosB is
the only member of the Fos family characterized by its high persistence
over time (Carle et al., 2007; Ulery et al., 2006; Ulery-Reynolds et al.,
2009). This stably-expressed truncated form of FosB plays a critical role in
enhanced motivation, reward, drug reinforcement and long-term neural
plasticity. In this sense, the long-lasting signal observed in the present study
co-occurred with the longer time required for MDPV-seeking behaviour to

be extinguished.

Under these conditions we did not find modifications in Arc, CB1

receptor or CDK5 protein expression in the same brain area. By contrast, in a
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previous study using CD-1 mice, we described an increase of CDK5 induced
by a chronic schedule of MDPV (1.5 mg/kg, twice daily, for 7 days). Thus,
it is likely that the effect of MDPV on CDK5 expression is dose-dependent
or mouse strain-dependent. It has been suggested that the induction of
CDKS5 leads to a decrease in the efficacy of the dopamine 1 receptor signal.
Bib et al. (2001) described that the CDK5/DARPP-32 pathway performs
a homeostatic negative feedback with respect to the behavioural effects of
cocaine. In our case, the lack of changes in CDK5 expression suggest that
the administration regime we used might not have been intense enough to
generate such a homeostatic response. Alternatively, we cannot exclude the

possibility that such differences were due to differences of mouse strain.

Arc is another protein involved in neural plasticity, although we did
not find any alteration in its expression. Fumagalli et al. (2006) observed
a long-lasting increase of this protein after a repeated cocaine regime over
14 days, but not after a shorter one (5 days). Accordingly, this could be the

reason why we did not find any effect on Arc protein levels.

Finally, in relation to CB1 receptor expression, the effect of cocaine or
MDPV consumption on the endocannabinoid transmission in reward-related
areas of the brain is relatively under-researched. We did not observe any
protein expression alteration when analysing the whole ventral striatum. In
this sense, Bystrowska et al. (2018) observed a slight increase in CB1 receptor
expression only in the ventral tegmental area and in the nucleus accumbens
shell. Furthermore, recent publications suggest that the implication of the
endocannabinoid transmission in cocaine reward and reinstatement might
be mediated by other mechanisms, but not alterations in CB1 receptor
protein levels in the ventral striatum (Freund et al., 2003; Hajos et al., 2001;
Pistis et al., 2004).
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The expression of some of these factors was also assessed 12 days after
the CPP procedure, 2 h after a priming dose of saline, cocaine or MDPV.
The aim was to determine early acute, and potential short-lasting effects
of the priming drug. As mentioned above, it should be remembered that
the extinction time varied from mouse to mouse and depended on the
treatment received. Therefore, in many cases, this simulation would have
mimicked early reinstatement and, more importantly, allowed us to perform
a comparison at the same time point, although drug-seeking behaviour had

not yet been extinguished.

As in the other set of experiments, we also assessed the levels of G9a
mRNA and found out that, 2 h after a priming dose, different effects were
observed between MDPV and cocaine. The effect of cocaine on the early
expression of G9a was always a decrease, regardless the conditioning drug
(MDPV or cocaine), whereas the priming with MDPV induced an increase
in G9%2 mRNA only in cocaine-conditioned mice. Indeed, in a previous
study, we already described the different effect of cocaine and MDPV on
GYa expression and, thus, on BDNF generation (Duart-Castells et al., 2019b).

To explain the effects on Arc expression observed, it is important to
bear in mind that MDPV-conditioned mice still had significantly increased
levels of AFosB when a new drug was administered. When MDPV-treated
mice received a cocaine challenge, they exhibited a lower G9a repressor
signal and no alteration in Arc expression. Such decrease in G9a expression,
along with the increase in AFosB levels, point to a significant activation of
neuroplasticity (see Figure 33). This neuroplasticity observed after a priming
dose of cocaine seemed to be higher in mice conditioned with MDPV than
in those conditioned with cocaine, in which Arc decreased and AFosB

remained unchanged.
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Figure 33. Schematic depiction of the biomolecular changes triggered in brain of mice

after a cocaine injection given 12 days after MDPV-induced CPP.

Finally, as mentioned previously, in the present study we have observed
locomotor sensitization only to cocaine, regardless the conditioning drug.
In this sense, Todtenkopf et al. (2002) carried out an experiment relating
repeated cocaine dosage with locomotor sensitization to this drug. They
found that repeated cocaine administration (15 mg/kg twice daily, for 5
consecutive days) resulted in a robust sensitization that correlated with a
significant decrease in the density of c-Fos in the nucleus accumbens only
in animals challenged shortly after withdrawal. Indeed, the same pattern of
c-Fos expression during withdrawal was described by Renthal et al (2008)
after chronic treatment with amphetamine. In this sense, we also found
that a cocaine priming decreased c-Fos, which was also correlated with a
locomotor sensitization effect, regardless the conditioning drug used. When
animals were challenged with MDPV, the same tendency to decline was
observed, even though it did not reach statistical significance. In accordance,

no locomotor sensitization to MDPV was observed.
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To sum up, although MDPV 2 mg/kg displays a stronger
psychostimulant effect than cocaine 10 mg/kg, both doses seem to be
equivalent in their rewarding properties. However, memories associated with
MDPV need more time to be extinguished. Importantly, our results show
that MDPV and cocaine restore drug-seeking behaviour of both, though the
relapse in drug-taking is always higher with the conditioning drug.

The fact that MDPV-treated mice show increased AFosB protein levels
correlates with its longer extinction time with respect to cocaine and suggests
an activation of neuroplasticity mechanisms that persists for at least 12 days.
In addition, the neuroplasticity mechanisms that both drugs activate may
notably differ, since MDPV- conditioned mice are more responsive to a new

cocaine exposure, implying a high vulnerability to cocaine abuse.
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3.3.7. SUPPLEMENTARY MATERIAL

Table S2. Experimental design. Sets of animals used and experimental procedure followed

in each experiment. PND: post-natal day. Pre-C: pre-conditioning. Post-C: post-conditioning.
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Experiment 1

MDPV-induced reinstatement of the CPP

PND 42-44 45-48 49 >50
n Group Pre-C Conditioning Post-C Reinstatement
14 MDPV 1 mg/kg MDPV 1 mg/kg MDPV 0.5 mg/kg
MDPV 1 mg/kg;
14 MDPV 2 mg/kg MDPV 2 mg/kg MDPY 0.5 mg/kg
MDPV 2 mg/kg;
14 MDPV 4 mg/kg MDPV 4 mg/kg MDPV 1 mg/kg;
MDPV 0.5 mg/kg
Experiment 2 Cross-reinstatement between MDPV and cocaine
PND 42-44 45-48 49 >50
n Group Pre-C Conditioning Post-C Reinstatement
MDPV 1 mg/kg
14 MDPV - MDPV MDPV 2 mg/kg MDPV 0.5 mg/kg
15  MDPV - Cocaine MDPV 2 mg/kg Cocaine 10 mg/kg
. . . Cocaine 5 mg/kg
14 Cocaine - Cocaine Cocaine 10 mg/kg Cocaine 2.5 mg/kg
14 Cocaine - MDPV Cocaine 10 mg/kg MDPV 2 mg/kg
Experiment 3 Locomotor activity
PND 45-48 61
n Group Drug administration Challenge
8 Saline - MDPV Saline MDPV 2 mg/kg
8 MDPV - MDPV MDPV 2 mg/kg MDPV 2 mg/kg
8 Cocaine - MDPV Cocaine 10 mg/kg MDPV 2 mg/kg
8 Saline - Cocaine Saline Cocaine 10 mg/kg
8 MDPV - Cocaine MDPV 2 mg/kg Cocaine 10 mg/kg
8  Cocaine - Cocaine Cocaine 10 mg/kg Cocaine 10 mg/kg
Experiment 4 Biochemical analysis
PND 45-48 50 61
n Group Drug administration Priming 2 h post-priming
12 Saline 24 h Saline Brain extraction
6 Saline 12 days Saline Saline Brain extraction
12 MDPV 24 h MDPV 2 mg/kg Brain extraction
12 MDPV - Saline MDPV 2 mg/kg Saline Brain extraction
6 MDPV - MDPV MDPV 2 mg/kg MDPV 2 mg/kg Brain extraction
MDPV - Cocaine MDPV 2 mg/kg Cocaine 10 mg/kg  Brain extraction
12 Cocaine 24 h Cocaine 10 mg/kg Brain extraction
12 Cocaine - Saline Cocaine 10 mg/kg Saline Brain extraction
Cocaine - MDPV Cocaine 10 mg/kg MDPV 2 mg/kg Brain extraction

Cocaine - Cocaine

Cocaine 10 mg/kg

Cocaine 10 mg/kg

Brain extraction
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3.4.1. ABSTRACT

The emergence of new psychoactive substances (NPS), including
synthetic cathinones, continues to be a matter of health concern. Although a
first-generation of synthetic cathinones has already been banned and illegal in
most countries, a new second-generation of synthetic cathinones has recently
broken into the drug market (i.e. a-pyrrolidinovalerophenone, a-PVP, and
pentedrone). When one of these NPS falls under legislative control, the drug
market responds by producing new different alternatives, usually structurally
related. In this sense, the main goal of the present study was to characterize
the pharmacological profile as well as the psychostimulant and rewarding
properties of new second-generation synthetic cathinones, concretely, of
different a-aminovalerophenone derivatives structurally related to o-PVP

and pentedrone, which only differ in their amino-substituent.

All compounds tested are potent DA and NA uptake inhibitors,
with weak effects on SERT. Accordingly, high DAT/SERT ratios (>300)
were obtained, pointing out their high abuse potential. Moreover, a
positive correlation between DA and NA uptake IC, values was observed.
Importantly, our data revealed that all the substances are more potent
as DAT blockers than cocaine, and the potency as reuptake inhibitors
increased when the amino-group expanded from a methyl to an ethyl and

to a pyrrolidine or piperidine ring. In addition, all the derivatives inhibit
hOCT-2 function.

Regarding QSAR studies, a positive correlation was observed between
hDAT/hSERT ratio and the CLogP of the amino-substituent, pointing to a
high abuse liability when increasing lipophilicity. The interaction of these

compounds has been assessed at molecular level by means of molecular
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docking, evincing the effect of the differential substitutions on the biological
activity. A significant correlation was observed between predicted binding
afhinities and afhnity constants (K) for hDAT. Additionally, and although
these compounds are not potential SERT inhibitors, the potency at inhibiting
5-HT uptake appeared to be inversely proportional to lipophilicity, surface
area and steric bulk of the amino substituent. Therefore, further research
involving other synthetic cathinones with more serotoninergic activity are

needed to corroborate these results.

Importantly, our study provides the first evidence that
N-ethyl-pentedrone, N,N-diethyl-pentedrone and a-piperidinevalerophenone
(a-PpVP) are able to induce potent psychostimulant and rewarding effects
in mice. Therefore, our findings demonstrate the abuse liability of all the
aminovalerophenone derivatives tested, especially N-ethyl-pentedrone, a

NPS currently available in several Western countries.

3.4.2. INTRODUCTION

The emergence of New Psychoactive Substances (NPS) in the illicit
drug market, including synthetic cathinones (a.k.a. “bath salts”, “legal highs”
or “research chemicals”), continues to be a matter of public health since
their consumption is still associated with and has resulted in several deaths
and acute intoxications (EMCDDA, 2019, UNODC, 2019). As of 2018,
119 countries and territories have reported 890 NPS to the United Nations
Office on Drugs and Crime (UNODC) with more than 300 identified in
the United States of America (USA). Although some of them are under law

restrictions, others are easily available through online shops or the darknet
(EMCDDA, 2019, UNODC, 2019).
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When one of these NPS is banned and illegal, the drug market
responds by producing different alternatives, usually related structurally
and sometimes with minor chemical modifications. In this sense, when
the “first-generation cathinones” (i.e., methylone, mephedrone and
3,4-methylenedioxypyrovalerone (MDPV)) was classified by the Drug
Enforcement Administration (DEA) as Schedule I compounds (DEA, 2011),
a “second-generation” emerged, which includes a-pyrrolidinovalerophenone
(@-PVP) and pentedrone (DEA, 2014). For instance, a-PVP, also known
as flakka, is structurally similar to MDPV. The simple removal of the
3,4-methylendixoy group from MDPV led to a-PVP structure which, at
that time was not scheduled and was considered to largely emerged as a
replacement to MDPV. However, many other synthetic cathinones analogues
have not been yet classified by authorities since, among many other reasons,
they are still pending scientific evidence of mode of action, toxicity and

abuse potential.

Synthetic cathinones are known to interact with monoamine
transporters and inhibit their function. It has been demonstrated that
a-PVP acts as a potent blocker of the dopamine (DA) and noradrenaline
(NA) transporters (DAT and NET, respectively) (Marusich et al., 2014;
Meltzer et al., 2006). Preclinical studies have also described o-PVP to
produce long-lasting increases in locomotor activity, to induce conditioned
place preference and to fully substitute for discriminative stimulus effects of
both cocaine and methamphetamine (Gatch et al., 2015a; Marusich et al.,
2014). Moreover, a-PVP has also been shown to facilitate intracranial self-
stimulation and maintain self-administration in rats (Watterson et al., 2014,
Huskinson et al., 2017). Pentedrone is another “second-generation” cathinone
closely related to a-PVP only differing in their amino-group substituent (see
Figure 34). Similar to a-PVP, pentedrone also blocks DAT and NET and
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exhibits psychostimulant, rewarding and reinforcing properties (Hwang et
al., 2017; Gatch et al., 2015b; Javadi-Paydar et al., 2018; Simmler et al., 2014).

Numerous structure-activity relationship (SAR) studies on synthetic
cathinones have shown to correlate molecular properties of different
substituents with their pharmacological and toxicological profile (Eshleman
etal.,2017;Kolanosetal., 2015; Walther et al., 2019; Niello et al 2019; for review
see also Glennon and Dukat 2017; Baumann et al 2018). Saha and colleagues
(2015 and 2019) demonstrated how modifications at both, a-carbon alkyl
chain and the N-group of methcathinone, are able to generate the so-called
“hybrid compound” which behaves as a blocker at DAT and as a releaser
at SERT. In this study, we explore different structural modifications in the
amino-terminal group by describing a set of five a-aminovalerophenone
derivatives: pentedrone, a-ethylaminovalerophenone (N-ethyl-pentedrone),
a-diethylaminovalerophenone  (N,N-diethyl-pentedrone), «-PVP and
a-piperidinevalerophenone (a-PpVP) (Figure 34). This may shine light on
how structural modifications in the amino-terminal group may impact the
psychostimulant and rewarding effects as well as the potency at inhibiting

monoamine transporters.

Taken together, the aim of the present study was, firstly, to characterize
the in vitro pharmacology of five aminovalerophenone derivatives. Thus, we
determined their potency to inhibit DA and NA uptake in rat synaptosomes
and monoamine uptake in HEK293 cells expressing human DAT, NET,
SERT (uptake-1), organic cation transporter-2 and -3 (OCT-2 and OCT-3,
respectively, uptake-2) (Mayer et al., 2018 and 2019), as well as their binding
affinities for DAT, NET and SERT. Secondly, we studied the interaction
mechanism of these compounds at molecular level by means of molecular

docking, evincing the effect of the differential substitution on the biological
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activity. Finally, we sought to assess their potential psychostimulant and
rewarding effects at different doses, and establish a SAR between the
different amino-substituents and their pharmacological profile. Altogether,
this study may provide a molecular and behavioural explanation for abuse

liability associated with synthetic cathinones.

Pentedrone N-ethyl-pentedrone

Figure 34. Chemical structure of the a-aminovalerophenone derivatives. Compounds
share a similar chemical structure, only differing by their amino-substituent: methylamino-
(pentedrone), ethylamino- (N-ethyl-pentedrone), diethylamino- (N,N-diethyl-pentedrone),
pyrrolidine-ring (a-PVP) or piperidine-ring (c-PpVP).
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3.4.3. MATERIALS AND METHODS

Subjects

Adult Swiss CD-1 mice (Charles River, Lyon, France) weighing
25-30 g (8 weeks-old) were used for the behavioural experiments. For the
synaptosomal preparation, male Sprague-Dawley rats (Janvier, Le Genest,
France) weighing 225-250 g (2-3 months-old) were used. The animals were
housed in temperature-controlled conditions (22 + 1°C) under a 12 h
light/dark cycle and had free access to food and drinking water. All animal
care and experimental protocols in this study complied with the guidelines
of the European Community Council (2010/62/EU) and were approved
by the Animal Ethics Committee of the University of Barcelona under
the supervision of the Autonomous Government of Catalonia. All studies
involving animals are reported in accordance with the ARRIVE guidelines

for reporting experiments involving animals (McGrath et al., 2010).

Drugs and materials

a-Aminovalerophenone derivatives were synthetized in racemic
form as hydrochloride salts as described in Suplementary material section.
Solutions for injection were freshly prepared daily in isotonic saline solution
0.9% NaCl, pH 7.4). PH]DA, PHINA [PH]5-HT, [PH]imipramine and
PH]WIN35,428 were purchased from Perkin Elmer Inc. (Boston, MA, USA).
[PH]1-Methyl-4-phenylpyridinium (PHJMPP*), was supplied by American
Radiolabeled Chemicals (St. Louis, MO, USA). Cocaine was generously
provided by the Spanish National Institute of Toxicology. All other reagents

were of analytical grade and purchased from several commercial sources.
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PHIDA and PHINA uptake experiments in rat synaptosomes

Rat synaptosome preparation

Rat synaptosome suspensions were prepared as described by Pubill et
al., (2005), with minor modifications. Briefly, in each experiment two rats were
decapitated under isofluorane anaesthesia and the striatum or frontal cortex
were dissected out, homogenized (5 mM Tris-HCI and 320 mM sucrose in
Milli-Q water) and centrifuged at 1,000xg at 4°C for 10 min. After discarding
the pellet, the supernatant was centrifuged at 13,000 x g for 30 minutes at
4 °C. Then the pellet was diluted in HEPES-buffered solution (composition
in mM: 140 NaCl, 5.37 KCI, 1.26 CaCl,, 0.44 KH,PO,, 0.49 MgCl, - 6110,
0.41 MgSO, - 7H, O, 4.17 NaHCO,, 0.34 Na,HPO, - 7H,0, 5.5 glucose and
20 HEPES-Na) containing pargyline (20 mM) and ascorbic acid (1 mM).

Plasmalemmal PHIDA and PHINA uptake experiments

Competitive blockade of PH]DA and PH]NA uptake was performed
as described by Lopez-Arnau et al., (2012), with some modifications, in
synaptosomes from rat striatum or grontal cortex, respectively. Briefly,
reaction tubes were composed of 0.125 mL of the drugs at different
concentrations in HEPES-buffered solution containing pargyline and
ascorbic acid. Moreover, 0.025 mL of PH]DA or PH]NA was also added
(final concentration 5 nM or 20 nM, respectively). After addition of 0.1 mL
of synaptosome suspension, incubation was carried out for 5 min. Then,
the uptake reaction was terminated by rapid vacuum filtration through
Whatman GF/B glass fibre filters (Whatman Intl Ltd., Maidstone, UK)
presoaked in 0.5% polyethyleneimine. Tubes and filters were washed
rapidly three times with 4 mL ice-cold 50 mM Tris- HCI. The radioactivity
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trapped on the filters was measured by liquid scintillation spectrometry.
Non-specific PH]DA or PH]NA uptake was determined at 4°C in parallel

samples containing cocaine (300 uM) or desipramine (20 uM). respectively.
Uptake inbibition and transporter binding assays in HEK293 cells

Cell culture and membrane preparation

Human embryonic kidney (HEK293) cells were used for the uptake
and binding experiments. The generation of stable, monoclonal cell lines
expressing the human isoforms of SERT, NET, DAT, OCT-2 or OCT-3
has been described previously (Mayer et al., 2016a and 2016b). HEK293
were maintained in DMEM supplemented with heat-inactivated 10% FBS,
100 U/ml penicillin and 100 pg/ 100 ml streptomycin, and cultured to a
subconfluential state in a humidified atmosphere (5% CO,, 37°C). Geneticin
(G418; 50 pg/ml) was added to maintain the selection process.

For membrane preparations, stably transfected HEK293 cells
(hDAT and hSERT) were harvested from 15-cm dishes 80-90% confluent.
Briefly, cells were washed twice with ice-cold phosphate buffered saline
(PBS), mechanically detached from the dish with a plastic scraper in the
same ice-cold PBS and pelleted by centrifugation (400 x g for 10 minutes
at 4°C). The resulting pellet was resuspended in hypotonic HME buffer
(20 mM HEPES NaOH, 2 mM MgClL,, 1 mM EDTA; pH 7.4), followed
by two freeze-thaw cycles in liquid nitrogen and homogenization through
sonication at 4°C. Thereafter, membranes were collected by centrifugation
(40,000 x g for 30 min at 4°C) and resuspended in an appropriate volume
of HME buffer. The membrane preparations were kept at -80°C until use.
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Protein concentration was determined using the Bio-Rad Protein Reagent
(Bio Rad Laboratories, Hercules, CA).

Uptake inhibition assays

Before starting the uptake inhibition experiments, the media was
removed and replaced with Krebs-HEPES-Buffer (KHB; 10 mM HEPES,
120 mM NaCl, 3 mM KCl, 2 mM CaCl, - 2 H,0, 2mM MgCl, - 6 H,O
supplemented with 20 mM D-glucose; pH 7.3). Afterwards, cells were
preincubated with different concentrations of the test drugs diluted in KHB
for 5 min in case of the uptake-1 inhibition assays (hDAT, hNET and hSERT)
and 10 min for the uptake-2 assays (OCT-2 and OCT-3). Then, the tritiated
substrates were added: 0.02 uM [PH]MPP* for hDAT and hNET, 0.1 uM
PHI]5-HT for hSERT and 0.05 uM HIMPP* for hOCT-2 and hOCTS3.
The uptake incubation times were 3 min for hDAT and hNET, 1 min for
hSERT and 10 min for uptake-2 experiments. The uptake was terminated by
removing the tritiated substrate, washing the cells with ice-cold KHB and
lysing them with sodium dodecyl sulfate (SDS) 1%. The lysate was added to
scintillation fluid and the released radioactivity was quantified with a beta-
scintillation counter (Perkin Elmer, Waltham, MA, USA). Non-specific
uptake was determined in parallel samples containing cocaine 100 uM for
hDAT and hNET, paroxetine 30 uM for hSERT and decynium-22 (D22)
100 uM for hOCT-2 and hOCT-3.

Transporter binding assays

Membrane preparations expressing the transporters hDAT and hSERT
were incubated with radiolabelled selective ligands at concentrations equal
or close to K,. The drugs were diluted in binding buffer (120 mM NaCl,
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3 mM KCI, 2 mM MgCl,, 10 uM ZnCl, and 20 mM Tris pH 7.4 for hDAT;
120 mM NaCl, 3 mM KCI, 2 mM MgCl,, 1 mM EDTA and 20 mM Tris pH
7.4 for hSERT) and tested at increasing concentrations (0.1 nM - 300 uM) in
duplicate. The binding reactions were performed in tubes containing 25 ul
of PH]WIN35,428 (hDAT, final concentration 10 nM) or H]imipramine
(hSERT, final concentration 3 nM) diluted in the corresponding reaction
buffer, 5 pg of membranes and 100 ul of the tested drug dilution. Non-
specific binding was determined in the presence of cocaine 100 uM (for
hDAT) and paroxetine 3 uM (for hSERT). Incubation was performed for
1 hour at 20 °C. The binding reactions were terminated by rapid filtration
as described previously and washed with ice-cold wash buffer containing
120 nM NaCl, 2 mM MgCl,, 10 mM Tris, 100 uM ZnCl, for hDAT, and
120 nM NaCl, 2 mM MgCl, and 10 mM Tris, for hSERT). Afterwards,

radioactivity was quantified as described above.

Horizontal locomotor activity (HLA)

HLA was measured as described by Duart-Castells et al., (2019), with
minor modifications. Briefly, the animals were given their corresponding
L.p. injection (saline (5 ml/kg), pentedrone (3, 10 or 30 mg/kg), N-ethyl-
pentedrone (1, 3 or 10 mg/kg), N,N-diethyl-pentedrone (3.5, 12.5 or
35 mg/kg), a-PVP (1, 3 or 10 mg/kg) or a-PpVP (7.5, 25 or 75 mg/kg) and
immediately placed in the open field arena. HLA was video-monitored for
60 min using a tracking software (Smart 3.0 Panlab, Barcelona, Spain) and
their total travelled distance (in cm) was measured. On one hand, pentedrone
and a-PVP doses were chosen following the results reported by Hwang et
al., (2017) and Wojcieszak et al., (2018). On the other hand, there is no data
available about the doses of N-ethyl-pentedrone, N,N-diethyl-pentedrone

and a-PpVP used in animal research. Therefore, these doses were chosen
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according to the psychostimulant effect induced by pentedrone or a-PVP
at the medium doses tested in order to have, at least, one dose equally
effective for all the substances. Moreover, all the highest doses used were
always 10-fold higher than the lowest dose tested, a protocol also used by
the aforementioned authors (Hwang et al., 2017 and Wojcieszak et al., 2018).

Conditioned place preference (CPP)

The potential of the five a-aminovalerophenone derivatives to induce
rewarding effects was determined using a place conditioning paradigm
(unbiased), as described by Duart-Castells et al., (2019). The drugs were

administered at the same doses used in the HLA experiments.

Interaction mechanism of a-aminovaleropbenone derivatives

All computational procedures were conducted using MOE 2019.01
softare [Molecular Operating Environment, Chemical Computing Group,
Canada, 2019]. Structural model of hDAT protein was obtained by applying
homology modeling on hDAT amino acid sequence (Uniprot ID: Q01959)
and considering the crystal structure of Drosophila DAT complexed
with methamphetamine as template (available in the Protein Data Bank,
PDBID: 4XP6 (Wang et al., 2016). Although hDAT and dDAT proteins
have moderate sequence similarity (56%), the active site is highly conserved
(> 80% of homology). The obtained hDAT three-dimensional model
(RMSD = 0.191 A) complexed with methamphetamine was finally prepared
by applying the QuickPrep protocol available in MOE.

Molecular docking was applied to predict the interaction mechanism of

compounds under study, defining the triangle matcher as placement method
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and considering both ligand and receptor flexible by means of induced fit
approach. The GBVI/WSA AG score function was used for quantifying the
free energy of binding of the 100 resulting conformations for each molecule.
The drugs were built as (S)-enantiomers in protonated form and they were

docked into the hDAT model using the previous protocol.

Data analysis

Competition curves were plotted and fitted by nonlinear regression.
Data were best fitted to a sigmoidal dose-response curve and an IC_ or EC,
value was obtained. Ki (afhinity) values were calculated using the Cheng-
Prusoff equation: Ki= IC,/(1+[radioligand concentration/Kd]). One-
way ANOVA, and subsequent post hoc test (Tukey-Kramer), was used to
determine overall a-aminovalerophenone derivatives effects on HLA, CPP as
well as DA, NA and 5-HT uptake in both rat synaptosomes and HEK cells.
Moreover, t-student test was also performed when studying the selectivity for
each monoamine uptake inhibition. Pearson correlation analyses were also
performed when needed. All analysis were carried out using GraphPad Prism
(GraphPad software, USA). Molecular and physicochemical descriptors were
calculated for the different amino-terminal groups using ChemBioOfhce
Ultra and Data Warrior software. Lipophilicity descriptors included
calculated partition coefhicient (CLogP). Molecular surface and steric bulk
were also investigated using Total Surface Area (TSA) and calculated molar

refractivity (CMR), respectively (Hevener et al., 2008).
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3.4.4. RESULTS

Monoamine uptake inhibition

PHIDA and PHINA uptake in rat brain synaptosomes

The potency of tested compounds to inhibit DA and NA uptake is
depicted in Figure S1 and respective IC, values for PH]DA and PHJNA
uptake at DAT and NET are compiled in Table 2.

All compounds inhibited PH]DA and [PH]NA wuptake in rat
synaptosomes. All drugs inhibited PH]NA uptake with a similar potency,
with the exception of N,N-diethyl-pentedrone, which was considerably
less potent compared to the others (> 4-fold less) and 70-fold compared
to a-PVP (@-PVP = N-ethyl-pentedrone = o-PpVP = pentedrone >
N,N-diethyl-pentedrone; F, ,=21.11, P < 0.001). Regarding ["[H]DA uptake
inhibition, the order in terms of potency was as follows: a-PVP > N-ethyl-
pentedrone = «a-PpVP > pentedrone >> N,N-diethyl-pentedrone

(F4 14
both catecholamines is similar. This is exemplified in Figure S2A, wherein

=94.01, P < 0.001). As can be seen, the order of potency inhibiting

a significant correlation between 1C, | values of PH]DA and PH]NA uptake
was found (= 0.9413, P < 0.01).

Monoamine uptake inhibition in transfected HEK293 cells

Concentration-responsecurvesaredepictedinFigureS3. Corresponding
IC,, values and hDAT/hSERT inhibition ratios are presented in Table 2.
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While assessing uptake-1 assays, all tested drugs exhibit preferentially
uptake inhibition at hDAT and hNET with weak potencies at hSERT.
Additionally, among the 5 compounds tested, a very similar order of potency
for hDAT (a-PVP = N-ethyl-pentedrone = «-PpVP > pentedrone >
N,N-diethyl-pentedrone; F,, =30.61, P < 0.001) and hNET inhibition
(@-PVP = N-ethyl-pentedrone > a-PpVP = pentedrone > N,N-diethyl-
pentedrone; F, | /=568.7, P < 0.001) was observed. Consequently, a significant
correlation between IC, values at blocking hDAT and hNET was found
(r*= 0.8097, P < 0.05) (Figure S2B).

The order of potency for hRSERT was as follows: pentedrone = N-ethyl-
pentedrone >> a-PVP > N,N-diethyl-pentedrone = a-PpVP; F, =179.1,
P <0.001). It is important to point out that when studying PH]5-HT uptake
inhibition at hSERT, the very low potencies of N,N-diethyl-pentedrone,
a-PVP and o-PpVP were not sufficient to allow for correct fitting of the
data. However, an estimation of the IC,  values was performed in order to
obtain a hDAT/hSERT ratio.

Molecular and physicochemical descriptors were also calculated for the
different amino-substituents, correlating them with some QSAR parameters
such as CLogP, total surface area, volume and CMR. As shown in Table S3,
hSERT, but not hDAT and hNET IC_, values, significantly correlated with
CLogP, total surface area, volume and CMR of the amino-substituents. In
addition, the hDAT/hSERT ratios also correlated with CLogP.

With regards to uptake-2 inhibition experiments (see Figure S3 and
Table 2), a-aminovalerophenone derivatives blocked hOCT-2 within the IC,
value range of 10 - 60 uM. No considerable effect was observed on hOCT-3.

Hence, inhibition potency values were estimated in all cases > 1 mM.

234



“O1.1¥AS/1 - “OILVA/T = 0uwe [ Y59/ IV

€00 (19°¢1 - (0550~ (0L0°0 — (8¢0- (611~
< < S6l < dAdg-o
00t F8L00 0oot SI'CI) 88°Cl 8156 oot 884°0) 6150 9¥0°0) 850°0 | 09T'0) 0TE0  LI6°0)SSO'L
90§ £00°0 81— ($L0°0— (L€00— (5200~ (FL10—
< < -0
FTTS FI100 0001 86v°€1) 61'L1 1081z oot 690°0) L90'0  LTO0) TEO'0 | €20°0) ¥T00  +01°0) 6€1°0 dAd
. o 18°8h — S6pE— 5960 — 7 — S68°€ — uoapduad
:w.om oo. 0001 < A.wwv . 9ccz 001 < A.aum . A.o 0 . @NN . A.%m . . h
F6SL F86£°0 SPL9Y) 18'LY STO'E) 09T € STE0)SPP0 | SLOT)TLIT  SLI'E)SESE -IAWRIP-N‘N
60 00 0001 < (6189 — 6201 (P6'8L — 9L1°0— (rrro- (611°0— (0€6°0 — Juoapdjuad
FEI'LI F 6100 L6'9%) 8S°LS L66'LL) LY'8L  091°0)89T°0  1+0°0) 9200 | L60°0)80T°0  8IL'0) #T8°0 -[AYy-N
mi €0 OA 0001 < 6@ @NJ coc 6@ oww @.EO\. @.omow. :‘Soﬂ a‘: N\. S
FUWIL FOPI0 966°€7) $6'9T 0LT69) €0'8L  0¥S'0) ¥65S°0  €91°0)SITO | L9T0)69€0  ILE D) THL'T
€-100Y 1e -1D0Y Je ones LIAsy e LANY e Lvay e
144sy 1vay oyeydn oyeidn LMASYLYAY ayeydn oyeydn oyeydn VNIH] valHl punodwo)
+ddN[H(] +ddIN[H¢] IH-S[H] +ddN[H] +ddN[H]
z-oyedn 1-oedn [-oexdn
SI122 S[[99 €6TAH Pa3odjsuel], sowosoydeuAs urelq jey
€6TIHH pajodysuel], i
soptuiye uonIqIyuI eydn JUTWBOUOA
Surpuiq J19310dsuea],

(p-£=u) sawz-aa.4q1 15v3] 1w puv 23v31d141 4d pauiiofiad atam suonpUIUULIAP 1V (TS
F uvaw) Wi sv 2018 auv somjva. sornuaffy Suipurq ajiodsuvs] (10) sppaiarur 2uapifuod yce puv uvawy) i sv uaaid “or auv sonjva

U0IIqIYUL 7-03vIdN PpUY [-0yvIdN JUIUVOUOJY *S4d140dSUDAT JUNUPOUOUL 1V SAUOULGIVI PaIngiisqns fo Louatod puv Anurffy "z 2197]



Neurochemical and psychopharmacological study of MDPV, a cocaine-like psychostimulant
Characterization of structurally-related second-generation synthetic cathinones

Transporter binding affinities

The binding affinity constants (K7) of the a-aminovalerophenone
derivatives for hDAT and hSERT are summarized in Table 2.

All drugs exhibited binding affinity for hDAT in the medium-low
nanomolar range (< 400 nM). For instance, N-ethyl-pentedrone, a-PVP and
a-PpVP were more potent than cocaine in binding to hDAT. Conversely,
all drugs presented substantially lower affinity to hSERT, with pentedrone
showing the highest affinity (K7). a-PVP and the compound with the bulkier
amino-substituent (a-PpVP) displayed poor binding affinity to hSERT.

Effect of a-aminovalerophenone derivatives on spontaneous locomotor

activity

As described in Material and Methods section, the locomotor activity
induced by three different doses of the drugs was determined (Figure 35)
One-way ANOVA of HLA results revealed a significant effect of the variable
=227 P < 0.001);
13=98.42; P < 0.001); [N,N-diethyl-pentedrone],
~52.89; P < 0.001); [a-PVP], (F,, =72.09; P < 0.001); [a-PpVP],
=12.01; P < 0.001)). Overall, all compounds increased locomotor

Dose for all the compounds tested ([pentedrone], (F
[N-ethyl-pentedrone], (F
(F
(F3,36

activity in a dose-dependent manner in mice.

3,36

When analysing the locomotor activity induced by the medium doses
tested of each drug, one-way ANOVA vyielded no significant effect of the
=0.8724; P > 0.05), which means that the medium

doses used in this study were equally effective. Consequently, the rank order

variable Compound (F

4,46

of potency for eliciting hyperlocomotion was a-PVP = N-ethyl-pentedrone
> pentedrone > N,N-diethyl-pentedrone > o-PpVP.
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Figure 35. Effects of a-aminovalerophenone derivatives on cumulative locomotor
activity in CD-1 mice. Bars represent mean + SEM of the distance travelled in 60 min. (n=9-
12/group). **P<0.01 and ***P<0.001 vs saline; #P<0.05, ##P<0.01 and ###P<0.001 vs the
lower drug-dose; $$$P<0.001 vs the medium drug-dose.
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Effect of a-aminovalerophenone derivatives on CPP
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Figure 36. Effects of a-aminovalerophenone derivatives on conditioned place preference
(CPP) test in CD-1 mice. Bars represent mean + SEM of the preference score (difference between the
time (in seconds) spent in the drug-paired compartment on the test day and the pre-conditioning day).
(n=12-15/group). *P<0.05, **P<0.01 and **P<0.001 vs saline; #P<0.05 vs the lower drug-dose.
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As shown in Figure 36, on the test day, one-way ANOVA revealed

a significant effect of Dose for all the compounds tested ([pentedrone],

(F,,,=8.819; P < 0.001); [N-ethyl-pentedrone], (F, ,=5.044; P < 0.01); [N,N-
diethyl-pentedrone], (F, ,,=2.802; P < 0.05); [-PVP], (F, .,=4.555, P < 0.01);
[a-PpVP], (F,,,=4.179; P = 0.01)).

Molecular docking with o-aminovalerophenone derivatives

The most favourable binding mechanism for all the considered
compounds was assessed by molecular docking. According to the literature,
the binding pocket of DAT can be divided into three subsites (A-C, Figure
37A) (Andersen et al., 2010; Cheng et al., 2015). As expected, the phenyl
ring is mainly located in subsite B (Saha et al., 2015), which corresponds
to an amphiphilic site where the phenyl group can interact with Phe 76 of
TM1 helix through -interaction. However, results suggest a more stable
configuration for a-PpVP, in which the phenyl group was oriented towards

the hydrophobic subsite C.

Interestingly, the pyrrolidine group of «-PVP is subtly directed
to TM6, renouncing to interact with Asp 79, an amino acid that interacts
with methamphetamine indeed (Figure 37B). This is in contrast to N-ethyl-
pentedrone, pentedrone and N,N-diethyl-pentedrone, which show similar
binding mechanisms stabilising an hydrogen bond between the amino group
and Asp 79. The addition of an extra carbon atom in pentedrone seems not
to affect the binding mechanism (Figure 37C-D), but the high hydrophobicity
of N,N-diethyl-pentedrone contrasts with the high polarity of subsite A and
modifies its interaction mechanism (Figure 37E). Nevertheless, the major
change is observed in a-PpVP, where the phenyl and propyl groups exchange

their orientations in comparison to a-PVP. It may be due to the steric
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hindrance found by the piperidine substructure when attempting to fit subsite
A and the hydrophobic complementarity obtained when the phenyl group is
located within subsite C (Figure 37F).

/= Phe320

Figure 37. Molecular representation of DAT binding site identifying the three different
subsites A to C by colored surfaces (A). Binding mechanism predicted by molecular
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docking for a-PVP (B), N-ethyl-pentedrone (C), pentedrone (D), N,N-diethyl-pentedrone
(E) and a-PpVP (F).

Predicted binding affinities @pproximated as the docking score value)

agree with Ki experimental data and follow the same order.

3.4.5. DISCUSSION

The emergence of NPS have become a global phenomenon often linked
to socioeconomic and health burdens with increased incidences of acute
toxicities and fatalities (Baumann and Volkow, 2016; Logan et al., 2017). The
main goal of the present study is to characterize the pharmacological profile
as well as the psychostimulant and rewarding properties of five different
a-aminovalerophenone derivatives, which structurally differ only in their
amino substituents (Figure 34). It must be pointed out that the present work
highlights pharmacological and behavioural effects of N-ethyl-pentedrone, a
novel NPS currently available on the Internet. Moreover, we provide insights
into other substances structurally related to pentedrone and a-PVP, which

may appear as next generation NPS in the foreseeable future.

A first evidence of the direct blockade of DA and NA uptake was
obtained in rat brain synaptosomes. All of the five synthetic cathinones
tested in this study are potent DA and NA uptake inhibitors. As with other
synthetic cathinones, a positive correlation between DA and NA uptake
inhibition (IC_, values) was observed. Thereafter, pharmacological profiling
of the five drugs from synaptosomal preparations were further corroborated
by assays in heterologous systems. The expression of cloned transporters in

heterologous systems (in this case HEK293 cells) enabled us to investigate
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direct interactions of the synthetic cathinones to a single transporter type in
absence of other machinery normally present in synaptosomes. Accordingly,
the effect of a-aminovalerophenone derivatives on uptake-1 and uptake-2
inhibition (hDAT, hNET, hSERT and hOCT-2 and hOCT-3, respectively)
were evaluated. Similarly to synaptosomal data, uptake inhibition in HEK 293
cells demonstrated that all five compounds tested potently inhibit DA and
NA uptake but with weak 5-HT uptake inhibition. In spite of that, the IC,,
values were estimated to allow us to calculate the hDAT/hSERT ratio. Drug
selectivity at DAT vs SERT is a key determinant of drug abuse potential for
monoamine transporter substrates and inhibitors since a high DAT/SERT
ratio is associated with high abuse liability (Negus and Miller, 2014; Negus
and Banks 2017). High hDAT/hSERT ratios (> 300) were obtained,
indicating that all the a-aminovalerophenone derivatives tested possess a
high abuse potential, posing a threat to public health. Many studies have
reported similar observations when comparing synaptosomal preparations
and heterologous cell line data in order to elucidate the mechanism of action
(i.e. identifying blockers or releasers) of different compounds. However,
frequent discrepancies in absolute potency estimations (i.e. IC, values) have
been found (Baumann et al. 2014; Saha et al. 2015; Sandtner et al. 2016;
Mayer et al. 2016b).

We extracted binding afhinities of the «-aminovalerophenone
compounds to monoamine transporters from membranes extracted from
HEK293 cells expressing SERT or DAT. As expected, submicromolar
affinity interactions with hDAT were also observed. Importantly, a

significant correlation was observed between predicted binding affinities
(docking analysis) and Ki results for hDAT.

SAR and QSAR studies attempt to explain how a functional group

(in our study the substitution at the N-terminal) of a molecule influences
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its action at its target. Correlational analysis allows to identify if that action
might be related to a specific physicochemical or molecular property of the
substituent (Glennon and Dukat 2017). Kolanos et al., (2013) performed a
SAR study which “deconstructed” MDPV (3,4-methylenedioxy analogue
of a-PVP) and examined which structural moieties account for potent DA
uptake inhibition. Regarding the amino-substituent, they conclude that a
tertiary amine is the major contributor to the potent effect of MDPV as
a DAT blocker, compared to analogues with a secondary and a primary
amine. These results agree with the computational simulations obtained by
molecular docking in which the molecular geometry defined by the amine
induces a differential binding mechanism. Similarly, Glennon and Young
(2016) describe that abbreviation of the pyrrolidine ring of MDPV to its
simplest tertiary, secondary and primary amine analogues resulted in a
progressive decrease in potency at inhibiting DAT. Additionally, Kolanos
et al., (2015) reported that when the pyrrolidine ring of a-PVP is expanded
to a piperidine ring, there is a several-fold reduction in potency as DAT
reuptake inhibitor. The five compounds tested in the present study only
differ in their amino-substituent, including secondary (pentedrone, N-ethyl-
pentedrone) and tertiary amine analogues (N,N-diethyl-pentedrone,
a-PVP and a-PpVP). In our experiments, a-PVP and N-ethyl-pentedrone
appeared to be the most potent drugs at inhibiting DAT and NET, followed
by a-PpVP. Conversely, N,N-diethyl-pentedrone was the weakest. Taken
together, the present iz vitro data extend previous findings to reveal that
the potency of these compounds to block reuptake at hDAT and hNET
increases when the amino group expands from a methyl to an ethyl but
decreases from a pyrrolidine to a piperidine ring. It is important to highlight
the results obtained for N,N-diethyl-pentedrone, which show the lowest
affinities and potencies to block uptake in hDAT and hNET. Therefore,
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we suggest that possibly being a primary, secondary or tertiary amine may
not be the sole contributing factor that may account for potency at DA
and NA uptake inhibition. No positive correlation was observed between
IC,, values of uptake inhibition of the 5 compounds tested at hDAT or
hNET with molecular and physicochemical parameters related with
lipophilicity (CLogP), molecular surface (Total surface Area and Volume)
or steric bulk (CMR). However, a positive correlation was observed between
hDAT/hSERT ratio and the CLogP of the N-terminal group; the higher
the lipophilicity of the substituent, the higher is its selectivity for hDAT vs
hSERT, and therefore, a higher abuse liability. Additionally, a significant
correlation was also observed between IC,  values of uptake inhibition
for the five compounds tested at hSERT and CLogP, Total Surface Area,
Volume and CMR. Thus, it seems that the potency inhibiting 5-HT uptake
improves with decreasing bulk and lipophilicity of the amino substituent.
Accordingly, pentedrone and N-ethyl-pentedrone, which are the substances
with the least bulk in the amino-substitution, are more potent in inhibiting
hSERT mediated uptake, even though the effect remains being weak. These
correlations on hSERT inhibition are extremely useful information and must
be corroborated in further research involving other synthetic cathinones

with more serotoninergic activity.

In addition, uptake-2 inhibition assays were also performed in order
to evaluate the possible effects of such compounds on other monoamine
transporters known to be of low-afhinity/high-capacity: hOCT-2 and
hOCT-3 (Koepsell, 2013; Engel and Wang 2005). OCT-2 participates in
reabsorption of endogenous compounds such as choline or monoamine
neurotransmitters, and in the reabsorption of ultrafiltrated drugs (Koepsell
et al, 1999). OCT-3, also known as extraneuronal monoamine transporter

(EMT), even though it is expressed in neurons (Vialou et al., 2008; Gasser et
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al., 2017; Mayer et al., 2018), has an special role in neurotransmitter uptake
in the brain (Jonker and Schrinkel, 2004; Koepsell et al., 1999; Koepsell
and Endou, 2004). The null involvement of hOCT-1-3 in the cocaine
transport iz vivo and in vitro has also been described (Chapy et al., 2014).
However, a significant inhibition of OCTs by D-amphetamine and MDMA
was reported by Amphoux et al., (2006). Meanwhile only hOCT-1 and
hOCT-2 were sensitive to cocaine. In addition, amphetamine is known to
promote non-exocytotic release of substrates in the presence of cocaine in
an OCT-3-dependent manner (Mayer et al., 2018). Recently, Mayer et al.,
(2019) described that the combination of MDPV and mephedrone interrupts
the function of hDAT, hNET and hSERT but promotes release via OCT-3,
which result in drastically elevated monoamine levels that may lead to

deleterious side effects (Mayer et al., 2019).

Our findings demonstrated that all the five compounds tested significantly
inhibit hOCT-2 function with similar potencies. By contrast, and like cocaine
(Amphoux et al., 2006), all the compounds tested did not produce any effect on
hOCT-3 function.

To assess the psychostimulant and rewarding properties of the five
compounds, we used a motor performance and CPP test, respectively, which
are standard paradigms in assessing the abuse potential of drugs in animals
(FDA/CDER, 2010). As DA and NA uptake inhibitors, all the compounds
stimulate locomotion. When comparing the medium doses used for reaching
the same locomotor effect, we can conclude that N-ethyl-pentedrone and
a-PVP are the substances that needed less dose (3 mg/kg), followed by
pentedrone (10 mg/kg), N,N-diethyl-pentedrone (12.5 mg/kg), and finally,
a-PpVP (25 mg/kg). The present study also confirms previous reports
about psychostimulant effects of a-PVP and pentedrone (Gatch et al., 2015a;
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Giannotti et al., 2017; Marusich et al., 2014; Marusich et al., 2016; Wojciesak
et al., 2018; Javadi-Paydar et al., 2018; Gatch et al., 2015b; Hwang et al., 2017),

and extends this observation to other a-aminovalerophenone derivatives.

As expected, the rank order of 17 vivo potencies seems to go in parallel
with their potencies to inhibit hDAT function. The substances that needed
less dose to produce the same behavioural effects (N-ethyl-pentedrone and
a-PVDP), are the ones with highest affinities and potencies at inhibiting
hDAT. However, it is important to highlight the result obtained for a-PpVP;
despite being one of the most potent substances inhibiting hDAT, a high
dose is required to induce the same locomotor effect in relation to other
compounds. Considering these results, further studies are needed to fully
elucidate the discrepancies observed between the in vitro and the in vivo
behavioural studies for a-PpVP. At this point, we can only hypothesize that
some pharmacokinetic and/or metabolic effects such as absorption and/or
crossing blood-brain-barrier may be involved in such difference in iz vitro

vs in vivo effects.

Finally, we also demonstrated that all the compounds tested rewarding
effects. In fact, our results for pentedrone and a-PVP are consistent with
previous studies (Hwang et al., 2017; Gatch et al., 2015a). As described by
studies where CPP test was used, no dose-response relationship was observed
for any drug. However, it is noteworthy to mention that N-ethyl-pentedrone
was able to induce conditioning at all the doses tested. Once again, these
results demonstrate the high abuse liability of this synthetic cathinone
currently available on the drug market. Moreover, the results obtained for
a-PpVP are of interest since only the lowest dose induced place-conditioning

in spite of not producing hyperlocomotion. The other two doses tested
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(25 mg/kg and 75 mg/kg) produce an increase in the locomotor activity but

do not exert rewarding properties.

In summary, all of the a-aminovalerophenone compounds studied
act as potent DA and NA uptake inhibitors, with weak activity on SERT.
Regarding the amino-group, the potency at inhibiting DAT and NET
increased from a methyl to an ethyl group and decreased from a pyrrolidine
to a piperidine ring. However, we cannot conclude that tertiary amines are
more potent DA and NA uptake inhibitors since N,N-diethyl-pentedrone
(a tertiary amine) was the weakest compound inhibiting monoamine
uptakes. A positive correlation between the hDAT/hSERT ratio and the
CLogP of the amino-substituent exists, pointing to a high abuse liability
with increased lipophilicity of these substituents. In addition, although these
compounds are not potential SERT inhibitors, the potency at inhibiting
5-HT uptake appeared to be inversely proportional to some physicochemical
and molecular parameters such as lipophilicity, surface and bulk of the
N-substituent. Further research, characterizing other synthetic cathinones
with preferential SERT activity is needed in order to corroborate these results.
Finally, our study also provides the first evidence that N-ethyl-pentedrone,
N,N-diethyl-pentedrone and a-PpVP are able to induce psychostimulant

and rewarding effects in mice.
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3.4.7. SUPPLEMENTARY MATERIAL

Synthesis of aminovalerophenone derivatives

The synthesis and characterization of the five cathinones was carried
out through three steps, following the procedure formerly described
(Meltzer et al., 2006). First of all, the ketone intermediate was prepared by
alkylation of the nitrile compound (Step 1), followed by acidic hydrolysis.
The n-BuMgCl was added in a dropwise manner to a solution of benzonitrile
in toluene in anhydrous conditions. After three hours at room temperature,
the reaction was complete. A solution of H,SO, (4%) was added into the
reaction mixture previously cooled. The organic layer was extracted
with Et,O, dried (MgSO,), filtered and reduced in vacuo to an oil. The
a-bromination reaction was carried out by adding bromine in a dropwise
manner to a solution of the ketone intermediate in Et20 in presence of AICI,
in catalytic amounts (Step 2). The excess of bromine is neutralized with a
solution of Na,S,O,. The organic layer is separated, dried (MgSO,), filtrated
and reduced in vacuo to an oil. The abromoketone was dissolved in Et,O,
and the corresponding amine (methylamine, ethylamine, diethylamine,
pyrrolidine and piperidine), was added all at once (Step 3). After 24-48 h the
reactions were completed. The reaction mixtures were extracted with HCI
1 N and then back-extracted into Et,O by basification to pH 10 with NaOH
1 M. The organic layers were dried (MgSO,), filtered and reduced in vacuo
to an oil. Each product was dissolved in EtOH and a mixture of Et,0 with
HCI (3 M) in CPME was added in a dropwise manner in order to obtain
the hydrochloride salt. Solids were collected by filtration. The identification

of the five compounds was assessed by proton nuclear magnetic resonance
(H NMR) (CDCl,) yielding the following results:

256



RESULTS CHAPTER 4

a-methylaminovalerophenone hydrochloride (pentedrone): § 10.55 (s,
1H), 9.16 s, 1H), 796 (dd, ] = 8.4, 1.2 Hz, 2H), 7.70 - 7.64 (m, 1H), 7.53 (;,
] = 7.8 Hz, 2H), 494 (s, 1H), 2.81 (s, 3H), 2.30 = 2.16 (m, 1H), 2.16 — 2.02
(m, 1H), 1.61 - 1.46 (m, 1H), 1.45 - 1.29 (m, 1H), 0.89 (¢, ] = 7.3 Hz, 3H);
a-ethylaminovalerophenone hydrochloride (N-ethyl-pentedrone): 6 7.99 -
798 (d, ] = 7.4 Hz, 2H), 772 - 7.68 (t, | = 74 Hz, 1H), 7.58 - 7.54 (1, | = 7.6
Hz, 2H), 6.99 (s, OH), 4.97 (s, 1H), 3.24 (s, 1H), 3.04 (s, 1H), 2.33 - 2.29 (d,
] = 12.4 Hz, 1H), 2.21 - 2.14 (m, 1H), 1.56 - 1.53 ;, ] = 7.2 Hz, 3H), 1.48 -
1.32 (m, 2H), 0.90 - 0.86 (t, ] = 7.2 Hz, 3H); a-diethylaminovalerophenone
hydrochloride (N,N-diethyl-pentedrone): 8.18 - 8.10 (m, 2H), 7.75 (ddt, ] =
79,70, 1.2 Hz, 1H), 7.66 - 7.57 (m, 2H), 5.34 (dd, ] = 6.3, 49 Hz, 1H), 3.48
dq, J = 14.6, 7.3 Hz, 1H), 3.36 - 3.25 (m, 3H), 3.1 (dq, ] = 14.3, 7.3 Hz,
1H), 2.06 - 1.92 (m, 2H), 1.41 (¢, ] = 7.3 Hz, 3H), 1.33 (¢, | = 7.3 Hz, 3H),
1.30 - 1.12 (m, 3H), 0.86 (t, ] = 7.3 Hz, 3H); o pyrrolidinovalerophenone
hydrochloride (@-PVP): 6 : 12.42 (s, 1H), 8.02-7.96 (m, 2H), 7.72-7.67 (m, 1H),
7.58-7.54 (m, 2H), 5.25 (dt, ] = 8.0, 5.1 Hz, 1H), 3.82 (m, 2H), 3.62 (m, 1H),
2.95 (dq, J = 10.5, 7.7 Hz, 1H), 2.03 (m, 2FL), 2.19 (m, 3H), 1.35 (m, 1), 1.47
(m, 1H), 0.89 (t, ] = 7.3 Hz, 3H); a- piperidinevalerophenone hydrochloride
(a-PpVP): § : 1240 (s, 1H), 8.02 - 797 (m, 2H), 7.73 - 7.67 (ddt, ] = 7.4 Hz,
2H), 7.58 - 7.52 (m, 1H), 5.03 dt, ] = 10.3, 3.8 Hz, 1H), 3.67 (d, ] = 12.0 Hz,
1H), 3.51 - 3.45 (m, 1H), 3.42 - 3.37 (d, ] = 21.1 Hz, 1H), 2.75 - 2.64 (m,
1H), 2.53 - 2.45 (m, 1H), 2.41 - 2.33 (m, 1H), 2.30 - 2.17 (m, 1H), 2.03 - 1.97
(m, 2F1), 1.96 - 1.87 (m, 2H), 1.75 - 1.63 (d, ] = 12.5 Hz, 1H), 1.47 - 1.30 (m,
2H), 091 (t, 3H);

Chemical purity of the obtained compounds was also assessed by thin
layer chromatography 'H NMR, “C NMR and mass spectrometry. All
analytical data were consistent with the assigned structure with over 98%

purity for the cathinone derivative.
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Figure S1. Effects of a-aminovalerophenone derivatives on PHIDA and PHINA uptake
inhibition in rat brain synaptosomes. Data are expressed as a percentage of control uptake

(mean + SD) of 3-4 independent experiments performed in duplicate.
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Figure S2. Correlations between logIC_ values at dopamine (DA) and noradrenaline

(NA) transporters by a-aminovalerophenone derivatives, assessed either in rat brain
synaptosomes (A) or transfected HEK293 cells (B). Pent: Pentedrone; NEP: N-ethyl-
pentedrone; NNDP: N,N-diethyl-pentedrone.
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Table $3. Correlation analysis between molecular or physicochemical descriptors and

log IC,, or hDAT/hSERT ratio values of monoamine uptake in transfected HEK293

cells.
Log ICso hDAT Log ICso hNET Log ICs)hSERT 108 hD::gé hSERT
r? p 2 p ? p 2 p
CLogP 0082 P>005 0008 P>005 0917 P<005 0806 P<0.05
Total
Surface Area 0013 P>0.05 0066 P>005 0922 P<001 0639 P>005
(A
Volume (A®) 0024 P>005 0050 P>005 0925 P<001 0677 P>005
CMR 0045 P>005 0029 P>005 0926 P<001 0734 P>005

CLogP; partition coefficient.

CMR; calculated molar refractivity
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DISCUSSION

4.1. Part I: MDPV

The tidal wave of new emerging psychoactive substances has
completely modified the drug scene and the current landscape of addiction.
Currently, hundreds of new designer drugs are being consumed by millions
of people worldwide regardless most of them are barely known. Safety data
on toxicity and carcinogenic potential of many NPS are not available or
very limited, and information on long-term adverse effects or risks derived
from their consumption are still largely unexplored. Furthermore, purity
and composition of products containing NPS are often unknown, which
places users at a high risk as evidenced by hospital emergency admissions
and deaths, sometimes associated with polydrug use (UNODC, 2019a). To
date, not only the authorities and health professionals but also the general
population need to be clearly informed and aware of the dangers derived
from NPS spread and use. In this regard, this doctoral dissertation aims to
contribute to scientific knowledge by providing new insights about MDPYV,
that is, about the neuroadaptive changes underlying its abuse, addictive
properties, behavioural effects, as well as about its relationship with cocaine,

the most consumed psychostimulant worldwide.
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4.1.1. Behavioural sensitization to MDPYV and cocaine

By way of reminder, behavioural sensitization to psychostimulants is
the phenomenon whereby repeated intermittent exposure to drugs results
in a progressive and enduring increase in the motor stimulant response to
the drug (Kalivas et al., 1993; Kuczenski & Segal, 1969; Pierce & Kalivas,
1997; Robinson & Berridge, 1993; Steketee & Kalivas, 2011). It has been
largely associated with dynamic changes in neural processes induced by
repeated drug exposure (Nestler, 2001b; Robinson & Berridge, 1993). The
fact that different addictive drugs produce the same physiological effects
suggests that they may exert some of their effects through the same neural
mechanisms. Indeed, cross-sensitization between addictive drugs has already
been described (Lessov & Phillips, 2003; Vezina & Stewart, 1989). In this
context, since cocaine and MDPV share the same mechanism of action, a

cross-sensitization between them could be expected.

A first evidence of the sensitizing properties of MDPV was obtained
in a preliminary research of our group (Buenrostro-Jauregui et al., 2016).
In this study we found out that repeated exposure to a low dose of MDPV
(0.3 mg/kg, once daily for 5 days) during adolescence, induced behavioural
sensitization not only to itself but also to cocaine, providing thus a first
evidence for a relationship between MDPV and cocaine. In a second study,
furthermore, we reported that repeated exposure to a moderate dose
of MDPV (1.5 mg/kg, twice daily, for 7 days) during adolescence could
effectively potentiate cocaine abuse liability in adulthood by sensitizing
the neural circuitry underlying associations between cocaine and its related
stimuli (Lopez-Arnau et al., 2017).

The present thesis (Chapter 2) not only corroborates the sensitizing

properties of an intermediate regime of MDPV (1.5 mg/kg, once daily for
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5days), but also providesafirst evidence of the existence of a cross-sensitization
between cocaine and MDPV. Therefore, repeated administration of
MDPV or cocaine sensitizes to cocaine and MDPV locomotor effects.
This finding is on chief significance since the sensitization phenomenon
has been frequently proposed to influence susceptibility to drug-craving
and drug-relapse by increasing the reinforcing value of an acute drug
administration, even after long withdrawal periods (Cami & Farreé, 2003;
Robinson & Berridge, 1993). Hence, we have demonstrated that repeated
use of one of these psychostimulants may favour relapse when a new dose
is taken after withdrawal, but it also may favour the onset of an addiction
to the other drug when taken for the first time. Altogether, from a clinical
point of view, this feature represents a basic step to provide new knowledge

about factors involved in the vulnerability to cocaine and MDPV addiction.

Furthermore, it 1s well known that MDPV is from 10 to 50-fold more
potent as a DAT blocker than cocaine (Baumann et al., 2013; Simmler et al.,
2013), and therefore, that it exerts more powerful behavioural responses. In
our study we corroborate this statement since we could observe that a dose
of MPDV of 1.5 mg/kg induced a higher locomotor activity than a dose of
cocaine 10 times higher, 15 mg/kg.

The process of behavioural sensitization includes two distinct
phases: initiation and expression. The initiation phase refers to the
period during which the increased behavioural response following daily
drug administration is associated with an increase in extracellular DA
concentration. Behavioural sensitization continues to increase after the
cessation of drug administration, and this procedure produces long-lasting
sensitization, known as the expression of sensitization (Baik, 2013). If we

look at the expression of sensitization (challenge day, 10 days after drug
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cessation), we could say that repeated administration of cocaine 15 mg/kg or
MDPV 1.5 mg/kg induce equivalent sensitization, thus, in this regard, those

doses can be considered equieffective.

Finally, it is important to point out that, in Chapter 3, when
following a treatment schedule which mimics that regularly used for CPP
experiments (MDPV 2 mg/kg or cocaine 10 mg/kg, once daily for 4 days),
we observed behavioural sensitization to the motor effects of cocaine but
not to MDPV. One the one hand, regarding cocaine-induced sensitization,
our result is consistent with previous studies (Chapter 2, Ferrer-Pérez et
al., 2019, 2018). However, on the other hand, we must take into account
that although sensitization to MDPV locomotor effects has already been
reported to date by our group (Chapter 2, Buenrostro-Jauregui et al., 2016;
Lopez-Arnau et al., 2017) and others (Berquist et al., 2016; Kohler et al.,
2018; Watterson et al., 2016), the drug administration regime that we used
in our last study (Chapter 3) was completely different. For instance, the
mentioned authors obtained a significant increase in the motor response to
MDPV when administering doses of 0.5 or 1 mg/kg to Sprague-Dawley rats,
once daily for 7 days. Similarly, as mentioned above, we reported locomotor
sensitization when administering also lower doses (0.3 and 1.5 mg/kg).
Conversely, and in accordance with our results from Chapter 3, when higher
doses of MDPV were used in other studies, drug sensitization was no longer
observed (Watterson et al., 2016). Furthermore, cross-sensitization between
MDPV and cocaine or methamphetamine has also been described but with
lower doses of MDPV (Berquist et al., 2016; Kohler et al., 2018; Watterson
et al., 2016). Overall, it seems reasonable to hypothesize that the higher dose
employed in our latest study could have induced an intense motor response
that could have reached a ceiling effect, being the reason why we did not

observe sensitization to MDPV. In addition, this lack of drug sensitization
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may be a result of increasing levels of stereotypic behaviour at high doses,

which has already been reported (Aarde et al., 2013; Fantegrossi et al., 2013).

4.1.2. Behavioural effects after a sensitization regime of MDPV

The drug administration protocol followed in Chapter 1 (MDPV
1.5 mg/kg, twice daily, for 7 days), besides inducing behavioural sensitization

to itself and to cocaine, caused, additionally, other behavioural abnormalities.

Firstly, mice treated repeatedly with MDPV showed increased
anxiety-like responses in the EPM that were apparent mainly long after
treatment, when animals had already become adults. Such anxiety-like
behaviour encouraged us to test other behavioural abnormalities in the
OF, a test that provides an initial screen for locomotion, anxiety and
emotional-related behaviours (Bailey & Crawley, 2009). After MDPV
treatment, mice displayed a different behaviour: they ventured more
frequently into the central area of the OF, where they stayed longer. This
conduct is considered atypical because it involves leaving a defensive zone to
enter in a more exposed one, so it opposes to the rodents’ natural aversion
to brightly lit open areas. Moreover, it reflects a non-anxious-related
behaviour. However, considering the results obtained in the EPM paradigm,
we could not attribute this atypical behaviour to an anxiolytic effect of
MDPYV, but to an increased willingness to explore. Additionally, repeated
exposure to the OF is a method for assessing habituation to an increasingly
familiar environment. Accordingly, our results can be interpreted as a
faster habituation to a new environment induced by MDPV, favouring a

risky behaviour (Clément et al., 1995). In fact, increased exploration in the
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centre along with a major number of visits to the same area by the rodents
is interpreted as a tendency for novelty-seeking and risk-taking behaviour,
which, in turn, has been associated with predisposition to rewarding and
addictive behaviours (Valvassori et al., 2017). Consistent with our results,
the same pattern has also been observed with other drugs, for example,
short after a prolonged treatment with MDMA (Abad et al., 2014), which,
in addition, also induced a lasting anxiety-like response (Rodriguez-Arias et
al., 2011).

Finally, case studies have reported that MDPV, as other synthetic
cathinones, induces an aggressive behaviour in humans (James et al., 2011;
Murray et al., 2012; Penders et al., 2012). In this sense, our study is, to our
knowledge, the first that really proves that MDPV exposure can increase
aggressiveness in mice, as we evidenced that animals were more aggressive
shortly after MDPV withdrawal, albeit such greater aggressiveness faded
over time. Afterwards, our results have been corroborated by other research

groups (De-Giorgio et al., 2019).

4.1.3. Neuroadaptive changes underlying MDPV abuse

Repeated exposure to a drug causes repeated perturbation of the
intracellular pathways, which first initiates and then maintains the
long-lasting molecular and cellular adaptations that underlie addiction.
Hence, the process of addiction can be considered as a form of drug-induced
neural plasticity (Nestler, 2001a; Nestler et al., 1993). In this regard, we aimed
to elucidate the neuroadaptive changes, that is changes in the expression

of specific neural biomarkers, underlying such sensitization observed to

270



DISCUSSION

cocaine and MDPV, as well as the related abnormal behaviours. For that, we
focused especially on the DR1 - cAMP and the BDNF - TrkB intracellular
signalling pathways. In this sense, the present thesis aims to describe the
molecular changes occurred in reward-related brain areas (especially in the
striatum and the cortex) at two different moments during forced abstinence:
shortly after exposure to MDPV (1, 2 or 24 h after the last dose) or later after
(10, 12 or 21 days after treatment).

The discussion collects and jointly discusses all the results obtained
for the same biomarker throughout all the chapters. Importantly, although
MDPYV and cocaine share their mechanism of action - both drugs are mainly
DAT blockers - and are similar enough to produce cross-sensitization, some
differences in the intracellular responses that they trigger must be highlighted

and thus will be explained in detail all along the discussion.

DR2:DR]1 ratio

Drugs of abuse elevate brain DA levels, and iz vivo, chronic drug use
is generally accompanied by a selective decrease in striatal DR2 availability
in the brain (Nader et al., 2006; Volkow et al., 1991). Accordingly, the ratio
of DR2:DR1 signalling alters towards DR1. However, such reductions on
DR2 availability recover during abstinence. In this sense, DR2 availability
is predictive of future seeking behaviour (Nader et al., 2006). Furthermore,
changes in the ratio DR2:DR1 towards DR1, either by downregulation
of DR2s or upregulation of DR1s, are considered to contribute to
cocaine-induced behavioural sensitization (Thompson et al., 2010). Similarly,
in Chapter 1, repeated exposure to a sensitizing regime of MDPV induced
an initial increase of DR1 population and a DR2 reduction (Lopez-Arnau
et al., 2017). Hence, the DR2:DR1 ratio altered towards DR1. Nevertheless,
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after three weeks of abstinence, DR1 population decreased substantially and

DR2 availability returned to normal.

Addiction-related changes may reflect increased motivation for drugs
but reduced pharmacological impact on reward processes (tolerance),
leading to compensatory increases in drug intake. In this context, Edwards
et al., (2007) suggested that such changes could result in enhancing DR2 and
reducing DR1 responsiveness, respectively. Furthermore, the emergence of
these features from early to late withdrawal, as it occurred in our study with
MDPYV, parallels time-dependent increases in drug-seeking behaviours that
have been shown to persist from weeks to months following chronic cocaine
self-administration. Thus, reduced DR1 function along with increased DR2
function, seem to exacerbate relapse to cocaine use despite efforts to abstain.
As we obtained similar results in the pattern of expression of DR1 and DR2
populations in early and late withdrawal, we could hypothesize the same

regarding the role of such receptors in MDPV-related behaviours.

Furthermore, Chen et al., (2005) observed a positive association of
reduced DR2 and aggressive and pathological violent behaviours. Therefore,
we cannot rule out the possibility such decrease in DR2 population
evidenced early after MDPV exposure could contribute, in addition, to the
aggressiveness observed at the same time. Moreover, this behavioural effect

faded during withdrawal, when DR2 availability returned to normal.

AFosB

AFosB is one of the most studied transcription factors in drug
addiction. It is known to play a role in drug-induced hyperlocomotor

response, the rewarding effects and relatively prolonged sensitization to
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drugs. For instance, there is compelling evidence that AFosB is involved in
close to one quarter of all the genes influenced by chronic cocaine exposure
in the NAcc (McClung & Nestler, 2003), thus its expression is involved in the
increased locomotor and rewarding responses to cocaine and causes increased

cocaine-seeking behaviour and self-administration (Whisler et al., 1999).

Repeated exposure to MDPV also provokes an enduring accumulation
of AFosB in ventral striatum, which, in addition, persisted for a long period
of time (Lopez-Arnau et al., 2017). Moreover, such striatal accumulation of
AFosB, along with an increase in CREB expression, has been associated to
MDPV-induced behavioural sensitization (Buenrostro-Jauregui et al., 2016;
Lopez-Arnau et al., 2017).

Nevertheless, in Chapter 1, following the same drug administration
protocol as Lopez-Arnau et al., 2017) (MDPV 1.5 mg/kg, twice daily for 7 days),
we also observed an increase of AFosB protein levels within the OFC, which,
in turn, was even higher than that observed in VS. Moreover, the abnormalities
observed after a repeated MDPV exposure co-occurred with such increase of
AFosB protein levels within the OFC. Importantly, this feature has already
been related not only to increased risk-taking behaviours, but also to locomotor
sensitization to cocaine (Winstanley et al., 2009a, 2009b). Therefore, we cannot
rule out the possibility that such increase of AFosB levels in the OFC is involved
in both behavioural abnormalities observed after MDPV exposure: behavioural
sensitization and increased risk-taking behaviour. Hence, we extend knowledge
suggesting that behavioural sensitization to MDPV might be associated not

only to the accumulation of AFosB in VS, but also within the OFC.

Consistent with our previous findings, in Chapter 3, we also observed
a long-lasting accumulation of AFosB in VS after repeated MDPV exposure
(2 mg/kg, once daily for 4 days) which, in addition, persisted for at least
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12 days after drug withdrawal. Such overexpression, furthermore, correlates
with the long time needed to extinguish memories associated with MDPV
after CPP conditioning, suggesting an active role of AFosB underlying the
rewarding effects of MDPV. Conversely, following our treatment schedule,
cocaine exposure (10 mg/kg) did not induce AFosB accumulation, which
correlates with the shorter time needed to extinguish the preference in

comparison to MDPV-conditioned animals.

AFosB primarily functions as a transcriptional activator, while it
acts as a repressor for a small subset of genes (McClung & Nestler, 2003).
Interestingly, this differential activity of AFosB is a function of the duration
and the degree of its expression (Nestler, 2008). From our studies, a different
pattern of expression of AFosB target genes and other related biomarkers has
been observed in comparison to those induced by cocaine, strengthening
the belief that MDPV and cocaine are siblings rather than identical twins, so

they trigger different intracellular responses.

c-Fos

One of AFosB target genes is ¢-fos. Induction of c-Fos is considered an
early marker of neural activation, and it is also essential for the behavioural
responses to cocaine (Zhang et al., 2006). Renthal et al., (2008) demonstrated
that AFosB mediates an epigenetic desensitization to the cfos gene after
chronic exposure to a psychostimulant, which helps to create the molecular
switch that enables its own accumulation. In accordance, in Lopez-Arnau et
al.,, (2017) we corroborated such negative association between both factors
in a way that, although a challenge of cocaine significantly increased c-Fos
expression as an undoubtedly reflection of neuronal activation by the drug,

such increase was less pronounced in MDPV-pretreated animals, which
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presented high AFosB protein levels. Hence, our results are in line with

previous findings demonstrating that repeated injections of cocaine cause

blunted responses to acute cocaine-induced increases in the expression of
p p

immediate early genes, including cos (for a review see McCoy et al., 2011).

In Chapter 3, however, we found that after a cocaine injection
given during the extinction of previously drug-conditioned animals, the
transcription of the c¢fos gene modestly decreased. Conversely, when animals

were challenged with MDPV, no changes in c-Fos mRNA were observed.

Altogether, at this point, some controversy regarding c-Fos expression
must be noted since our results from Chapter 3 seem inconsistent with
what we found previosly in Lopez-Arnau et al., 2017. The main differences
between our two studies were: the drug administration protocol followed,
the mouse strain used, the brain area and cellular compartment examined
and the biomolecule quantified. Therefore, some of these parameters must
be affecting differently the expression of c-Fos. Although both treatments
induced the accumulation of AFosB within the VS, an increment that,
in fact, was higher after the treatment followed in Chapter 1, consistent
with the higher exposition to MDPV; a new drug exposure of sensitized
animals after a withdrawal period, triggered an opposite response on c-Fos
expression. Concretely, a cocaine injection increased c-Fos protein levels in
dorsal striatum of MDPV-pretreated animals (Chapter 1), while it decreased
c-Fos mRNA in ventral striatum of MDPV- and cocaine-pretreated mice in
Chapter 3, both observations performed at the same time-point: 2 h after the

acute drug injection.

Under basal conditions, c-Fos mRNA and protein are expressed at very

low, barely detectable, levels in most brain regions. Following induction,
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c-Fos protein primarily accumulates in the nucleus. However, the time
course of c-Fos mRNA and protein expression runs differently: mRNA
levels peak between 30 and 60 min whereas protein levels peak between 1
and 3 h following an acute challenge, and this expression returns to basal
levels within 4-6 h. Moreover, the half-life of c-Fos mRNA is approximately
15 min, therefore, mRNA encoding c-Fos should return to normal levels
when examining at a time-point optimal for observing peak protein levels.
Therefore, at a same time-point, nuclear c-Fos protein expression would
correspond to earlier exposure to an stimulus, while total mRNA expression
would correspond to later exposure to a different stimulus. Nevertheless,
some exceptions to this time course must be noted, including delayed or
prolonged patterns of cos activation. Consequently, the presence or absence
of changes in c-Fos can depend on many factors, including whether mRNA
or protein levels are being examined. Traditionally, it is assumed that changes
in mRNA will always lead to changes in protein expression. However,
there are multiple additional factors that can influence protein expression,
including post-transcriptional modifications, inefhicient translation, rapid
mRNA decay or protein degradation and therefore changes in cfos are not
always consistent with its protein levels. Furthermore, c-Fos activation only
occurs upon robust stimulation, thus, sometimes to capture subtle changes
in response to weaker stimulus might be difficult. Even though gPCR
and western blotting are quantitative approaches that allow an accurate
assessment of mRNA and protein expression changes, these approaches
lack the spatial resolution as they require bulk tissue dissection. Thus,
subtle differences can go unnoticed when analysing larger samples (i.e. the
ventral striatum instead of the NAcc or the whole cellular lysate instead
of the nuclear). Taken together, a failure of an experiment to influence

c-Fos expression may be a consequence of several interacting factors, so it is
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necessary to be cautious when interpreting null findings (see McReynolds et
al., 2018 for more in-depth discussion). Alternatively, we cannot exclude the
possibility that such differences might be due to the mouse strain used: Swiss
CD-1 (Chapter 1) or OF1 (Chapter 3) mice. In this context, further studies
need to be performed to understand why and how cfos expression tends to
decrease after an acute administration of psychostimulants given during the

CPP extinction phase in OF1 -conditioned mice.

CDK5

Cdks is another widely recognized target gene for AFosB, whose
activation, however, is not only under positive control of AFosB, but it
is also regulated by the extracellular signal-regulated kinase (ERK), the
phosphorylation of which is increased in the NAcc by drugs of abuse through
a DR1-dependent mechanism (Valjent et al., 2004). CdkS5 is an example of a
gene that is induced by chronic, but not acute, cocaine administration (Bibb
et al., 2001).

Unlike other cyclin-dependent kinases, CDK5 has its own activation
factors: p35 and p39. However, it can be also activated by p25 and p29,
the calpain-mediated cleavage products of p35 and p39. It is thought that
when CDKS5 is activated by p35 or p39, it takes part in physiological
processes, while CDK5/p25 and CDK5/p29 are related with neurotoxic and
neurodegenerative processes, that is an aberrant and pathological activity of
the protein (Angelo et al., 2006; Cheung & Ip, 2007; Hawasli & Bibb, 2007).
For instance, CDK5/p25 seems to hyperphosphorylate Tau, mainly at Thr
205 and Ser 202, which aggregates as tangles in the neurons of Alzheimer’s

disease patients, impairing learning and memory (Patrick et al., 1999).
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In Chapter 1 we observed that CDKS5 is induced by chronic MDPV
administration (1.5 mg/kg, twice daily for 7 days), as occurs with cocaine,
and, apparently, such increment was not accompanied by an aberrant and
pathological activation of the protein nor by an alteration of the levels of
phospho-Tau at Thr 205. Moreover, it is noteworthy that unlike AFosB,
whose levels declined over time, the expression of CDK5 remained stable
during the whole withdrawal, that is for at least 3 weeks after drug cessation.
Therefore, we can suggest that the hyperdopaminergic state observed in
mice after repeated exposure to MDPV might activate the mitogen-activated
protein kinase pathway (MAPK/ERK) which would contribute to the stable
induction and expression of CDKS5 besides AFosB.

Additionally, in Chapter 3, we also measured CDKS5 protein levels
in ventral striatum after repeated exposure to MDPV (2 mg/kg, once daily
for 4 days), and, under these conditions, we did not find any modification
in its expression. Hence, it is likely that the induction of CDK5 by drugs
may depend on the drug administration protocol and the dose. It is known
that CDK5 phosphorylates DARPP-32 at Thr 75, which results in a
decreased DR1/cAMP signalling, considered to be as an adaptative change
to drug addiction, concretely, an homeostatic negative feedback against
the behavioural effects of drugs (Bibb et al., 2001; Nishi et al., 2011). In
this context, we can hypothesize that the administration regime used in
Chapter 3 may have not been intense enough to generate such a homeostatic
response, thus inducing changes in CDK5 expression, while the regime used

in Chapter 1 was.

Regarding cocaine (10 mg/kg, once daily for 4 days), no changes
in CDK5 expression were observed, albeit no AFosB accumulation was

evidenced either.
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GluA2

AFosB induces GluA2 expression in the NAcc (Kelz et al., 1999).
GluA2 is an AMPA receptor subunit that reduces permeability to Ca** and

thus, decreases its overall current (Song & Huganir, 2002).

Growing evidence indicates that cocaine indirectly influences
glutamate transmission producing persistent maladaptive forms of
neuroplasticity that lead to cocaine-seeking behaviour (for a review see
Schmidt & Pierce, 2010). It is known that cocaine increases extraneuronal
levels of glutamate in the NAcc shortly after its administration (Smith et
al., 1995), which decreased along withdrawal (Baker et al., 2003). Consistent
with these results, several studies have shown that AMPA receptors
contribute to the reinstatement of cocaine-seeking in such a way that the
administration of AMPA receptor agonists directly into the NAcc promote
reinstatement of cocaine seeking, while an antagonist completely blocks it
(for a review see Schmidt & Pierce, 2010).

Nonetheless, studies examining glutamate receptor subunit mRNA
and protein expression in the NAcc of animals receiving non-contingent
injections of cocaine and in animals self-administering intravenous injections
of cocaine report inconsistent findings. For instance, although some studies
have demonstrated no changes in the expression of GluA2 subunits in the
NAcc after withdrawal from either cocaine-self administration (Conrad et
al., 2008; Ghasemzadeh et al., 1999) and non-contingent cocaine repeated
exposure (Churchill et al., 1999), others have reported increased GluA2

levels after cocaine self-administration (Lu et al., 2003).

Additionally, cocaine withdrawal in cocaine-sensitized animals has

been associated with a slowly developing redistribution and subsequent
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increased expression of AMPA receptors in the surface of the NAcc
neurons (Boudreau et al., 2007; Boudreau & Wolf, 2005; Conrad et al.,
2008), which, in turn, internalize after a cocaine challenge (Boudreau et
al., 2007). Some controversy must be noted since Boudreau et al., reported
an increased surface/intracellular ratio for GluA2 subunit 14 and 21 days
after non-contingent repeated cocaine exposure but not on day 1, whereas
Conrad et al., showed a small increase of such ratio only on withdrawal day
1 but not on day 45 after cocaine self-administration. Instead, Conrad et al.,
(2008) reported that after prolonged withdrawal from cocaine, the normal
complement of GluA2-containing AMPA receptors is supplemented by the
addition of GluA2-lacking receptors (GluR1/3 and/or homomeric GluR1).

Collectively, these studies indicate that repeated exposure to cocaine
followed by a period of forced abstinence, when extracellular glutamate levels
are decreased in the NAcc, is associated with increased numbers of synaptic
AMPA receptors combined with the higher conductance of GluA2-lacking
AMPA receptors, which may increase reactivity of neurons to cocaine-related

cues, resulting in intensification of drug craving and relapse.

In ourstudy (Chapter 1), we did not observe any effect on GluA2 subunit
expression shortly after repeated non-contingent administration of MDPYV,
as it has been described for cocaine (Churchill et al., 1999). However, and by
contrast to cocaine, GluA2 subunit decreased substantially over withdrawal
(day 21) and an apparent internalization of the subunit was suspected, even
though it did not reach statistical significance. Therefore, although the
neuroadaptations produced during cocaine and MPDV withdrawal appear
to be different, the final net result does not seem to differ as much: there is
a lower presence of GluA2-containing AMPA receptors on the cell surface,

and thus, a higher conductance.
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Accordingly, we may speculate that this adaptation of the GluA2
AMPA-subunit is the result of the likely decreased glutamatergic
neurotransmission present after withdrawal from repeated MDPV exposure,
as it has been observed after repeated cocaine exposure (Baker et al., 2003).
Likewise, the glutamate system has been associated with the reinforcing and

psychostimulant properties of MDPV (Gregg et al., 2016).

NFEB

Nfkb is another induced -target gene of AFosB (Ang et al., 2001). There
are a number of subunits than can comprise a transcription factor dimer of
the NF«B family, including p65, RelB, c-Rel, p50 and p52, being p65 one of
the most common subunits which generally heterodimerize with p50 and

thus, trigger active transcription (Nennig & Schank, 2017).

It has been reported that chronic, but not acute, cocaine exposure
increases NF«kB p65 subunit in the NAcc by means of a AFosB -mediated
mechanism (Ang et al., 2001; Russo et al., 2009b). By contrast, even though
AFosB accumulates after repeated exposure to MDPV (Lopez-Arnau et al.,
2017), in Chapter 1 we did not observe any change in NF«B protein levels
in VS neither 2 h nor 24 h (data not shown) after treatment, suggesting a

different modulation of NF«B expression by cocaine and MDPV.

G9a

GYa is a histone 3 lysine 9 -specific dimethyltransferase that acts as
a negative regulator of several genes including fosB, arc and bdnf (Walker
et al., 2013; Zhang et al., 2014). It has already been reported the essential

role of G9a in cocaine-induced plasticity and related behaviours, specifically,
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through a AFosB-dependent mechanism (Maze et al., 2010). Although
many cocaine-induced alterations in gene expression appear transiently
after drug exposure, numerous genes display enhanced transcriptional
inducibility following drug administration (i.e. sensitization). Accordingly,
this phenomenon can be largely dependent on G9a activity in the NAcc. An
initial proposed hypothesis was that in response to acute cocaine exposure,
G9a acts to maintain homeostatic levels of gene expression in the NAcc by
repressing genes known to enhance synaptic plasticity in the same brain area.
Nevertheless, following chronic exposure, G9a recruitment to target gene
promoters is diminished, leading to the enhanced transcriptional expression
of associated transcripts. These data suggest that, as G9a is repressed by
chronic, but not acute, cocaine administration, G9a target genes become
more sensitive (i.e. more likely to be induced) by future exposures to the
drug (Maze et al., 2010; Maze & Nestler, 2011). In this sense, Maze et al.,
(2010) proved that localized knockout of G9a in NAcc neurons increased
cocaine-conditioned place preference in mice, whereas G9a overexpression
diminished it. However, more recently, Anderson et al., (2019) have
demonstrated disparate results, so they found that an RNAi-mediated
knockdown of G9a in NAcc shell neurons exerts powerful reductions in
cocaine self-administration, cocaine-seeking and basal anxiety-related
behavioural responses. Moreover, deletion of G9a in DRI striatal neurons
reduces cocaine-place preference, and so, unrepressed genes in these neurons
may also reduce cocaine self-administration and relapse behaviours (Maze
et al., 2014). Consistent with this, G9a overexpression enhances cocaine
self-administration, stress-induced reinstatement and anxiety during forced
abstinence (Anderson et al., 2018). Altogether, these new evidences suggest
that G9a reductions observed after chronic drug exposure (i.e. cocaine

and morphine) may represent a common adaptive response of neurons to
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compensate for the negative effects of chronic drug use on the brain. In this
sense, there would seem to be numerous genes normally suppressed by G9a
that act to counter the concomitant increase in addiction-promoting gene
expression that also are unmasked by overall G9a reductions, for instance,
AFosB. At this point, therefore, some controversy regarding the role of
GYa in drug addiction can be noted: while previous studies proposed that
repeated cocaine exposure decreases G9a in the NAcc and thereby enhances
expression of certain addiction-promoting genes, recent studies suggest the
opposite, that countering this cocaine-induced decrease in G9a activity

actually exacerbates addiction and sensitivity to relapse.

In the present doctoral thesis, G9a acquired a special relevance, thus

mRNA levels encoding G9a were determined in all chapters devoted to
MDPV study (Part I).

In Chapter 1, unexpectedly, G9a was overexpressed in VS (contains
NAcc) 24 h after repeated exposure to MDPV (1.5 mg/kg, twice daily for
7 days), evincing, thus, a key difference between the mechanisms underlying
cocaine and MDPV addiction. Furthermore, as MDPV-treated animals
showed increased AFosB protein levels in the same brain area, alternative
mechanisms must modulate G9a expression, aside from AFosB. In this sense,
we could suggest that most probably the overexpression of genes known to
enhance synaptic plasticity, which are at the same time G9%a target genes
(i.e. arc, fosB, cdkS or nfkb) might have been limited or even blocked by
such G9a overexpression, a feature that could explain, at least partly, the
aforementioned differences observed in gene expression induced by repeated

exposure to cocaine or to MDPV.

In Chapter 2, we determined G9a expression in VS after either an acute or

repeated exposure to MDPV or cocaine. Consistent with what was described by
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Mazeetal., (2010), G9a was overexpressed 1 hafter acute cocaine administration,
which returned to normal within 2 h. Surprisingly, the same pattern of
expression was observed after a single exposure to MDPV. Nevertheless,
following repeated exposure to drugs, some discrepancy with Maze et al.,
(2010) must be highlighted. Regarding cocaine, in our study we observed an
initial overexpression of G9a, as occurred after an acute administration, which
may reflect the acute effect of the drug. However, it reverted to normal within
24 h. Accordingly, we did not find any GY9a repression as Maze et al., (2010)
described, although we cannot rule out the possibility that such repression
could have been observed shortly after 24 h. Conversely, regarding MDPV,
we did not observe any change in G9a expression 2 h after the repeated drug
exposure, as occurred after an acute administration, but a tendency to decline
after 24 h, like cocaine. In this context, therefore, our findings suggest that
GYa expression after MDPV- intake may be time and dose-dependent, since we
observed different modulation of G9a in Chapter 1 and 2, which only differ
in the drug administration protocol followed. Furthermore, it seems that G9a

regulation runs temporarily different for cocaine than for MDPV.

Importantly, G9a expression in mPFC was not altered neither by acute
nor repeated doses of the drugs, suggesting that G9a expression appears to
be differentially modulated as a function not only of the treatment schedule,
the dose used and the time of the determination, but also of the brain area
analysed. Accordingly, changes in G9a expression induced by cocaine and
MDPV seem to occur in the ventral striatum, where they probably play a
relevant role in the regulation of behavioural responses to the drugs (Maze
et al., 2014), rather than in the mPFC.

Finally, in Chapter 3, following a repeated exposure to MDPV or

cocaine, no changes in G9a expression were observed 48 h after the last drug
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injection. In this sense, our results are in agreement with what we reported
previously: the effects of the drugs might have faded (returned to normal) at
that time. In relation to MDPV-treated animals, as occurred in Chapter 1,
the increased AFosB protein levels observed in VS did not repress G9a, thus
alternative mechanism must certainly modulate G9a expression. In addition,
the pattern of administration might not have been strong enough to produce
lasting changes in G9a expression, while it was in Chapter 1. In any case,
there are no reports concerning G9a expression after more than 24 h after

the last drug injection.

Furthermore, G9a expression was also determined 12 days after
the CPP paradigm, 2 h after an acute dose of saline, cocaine 10 mg/kg or
MDPV 2 mg/kg given to drug-conditioned animals (Chapter 3). Under
these conditions, we found out, once more, different effects triggered by
MDPV and cocaine. On one hand, the effect of an acute cocaine injection
on the early expression of G9a was always a repression, regardless of the
conditioning drug. Such repression might reflect the adaptative response of
neurons to a new drug administration after withdrawal. On the other hand,
we did not see any change in G9a expression 2 h after the MDPV acute
injection in MDPV-conditioned animals, consistent with what we found in
Chapter 2.

Finally, it is important to point out that, although several putative
GYa target genes in the NAcc have been identified using chromatin
immunoprecipitation (ChIP) with an anti-G9a antibody, when determining
the expression of these genes after the non-contingent administration of
drugs to mice, we did not see any relationship between the levels of mRNA
G9a and the mRNA levels encoding its target genes Arc (Chapter 1 and 3),
FosB, CDK5, NF«B (Chapter 1) or BDNF (Chapter 2), suggesting additional
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regulatory mechanisms of their expression. Furthermore, although in some
conditions we did not see changes in G9a mRNA, we cannot discard possible
changes in the enzyme protein levels or in its activity, as well as in H3K9m?2

levels.

Overall, the huge complexity and variability of the effects of drugs of
abuse on GY9a expression becomes evident. That is, many genes, including
cfos and g9a, are differentially regulated depending on several factors
like the region of the mesolimbic pathway being analysed, the moment
within the withdrawal period, as well as the drug administration protocol
followed, among other parameters. Accordingly, further studies are needed

to completely elucidate and understand the role of G9a in drug addiction.

Arc

Arc is an immediate early gene considered a reliable index of activity-
dependent synaptic modifications (Fumagalli et al., 2006; Salery et al., 2017).
Therefore, its activation by psychomotor stimulants has been interpreted
primarily as a key step influencing long-term plasticity in neurons (Nestler,
2001b). For this reason, the effects of different drugs of abuse on Arc
expression have been largely studied after both acute and chronic expositions
(Fumagalli et al., 2006; Kodama et al., 1998; Schiltz et al.,2005). For
example, Fumagalli et al., 2006 have described the corticostriatal regulation
of Arc expression after cocaine exposure, evidencing an overexpression
of the protein in striatum after both acute and chronic exposures. In fact,
compelling evidence suggests that Arc contributes to the long-term effects
of drugs such as cocaine, probably by alteration of the morphology of
dendrites and spines observed in different brain regions after drug exposure
(Norrholm et al., 2003; Robinson & Kolb, 1999, 2004). Nevertheless, it is
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important to highlight that Arc expression, like c-Fos, G9a and many other
factors, is differentially modulated, even by the same drug, as a function of
the treatment schedule, the dose used, and the brain area analysed. Moreover,
a discrepancy between transcriptional (mRNA levels) and translational
(protein levels) processes has also been observed, in such a way that an
increased mRNA does not translate in increased protein levels in the same

brain area (Fumagalli et al., 2006).

As described for cocaine, Arc expression is up-regulated 24 h after
repeated MDPV exposure in ventral striatum (Chapter 1). However, such
overexpression dissipated over withdrawal until reaching protein levels
substantially lower than those of the control group, on day 21. At this point,
as an attempt to elucidate the reason for such decline, we measured the
mRNA levels encoding Arc and we observed that, interestingly, they were
significantly increased. Therefore, a discrepancy between Arc mRNA and
protein levels at the same time become evident. As mentioned above, such
inconsistency has also been described after subchronic and chronic cocaine
exposures (Fumagalli et al., 2006). Therefore, as Fumagalli et al., (2006)
did, we can reasonably attribute this controversy to the fact that repeated
administration of MDPV might prolong Arc mRNA half-life, for example
by reducing Arc mRNA turnover or inhibiting protein synthesis. This
possibility, in addition, is in agreement with Ichikawa et al., (2003), who
elegantly showed that, after in vitro stimulation of neuronal activity, Arc

mRNA accumulates because of protein synthesis inhibition.

All considered, the increase in Arc expression observed shortly after
MDPV repeated exposure herein reported may alter the morphology of

dendrites and spines in striatum, thereby setting the stage for drug addiction.
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In Chapter 3, Arc protein levels were measured after a weaker drug
administration protocol in comparison to that used in Chapter 1 (MDPV
2 mg/kg, once daily for 4 days vs MDPV 1.5 mg/kg, twice daily for 7 days,
respectively). In this study, we did not observe any variation in Arc protein
levelsin ventral striatum, 48 h after the last drug injection. Overall, our results
are consistent with what has already been observed after a similar cocaine
exposure, for which an Arc overexpression was only detected 2 h after the
last drug-injection, but not later (Fumagalli et al., 2006). Accordingly, Arc
modulation depends on the pattern of administration of the drug, which
was different in Chapter 1 and 3, and thus, that may be the reason why we

obtained distinct results.

Additionally, in the same Chapter 3, mRNA levels encoding Arc were
determined 12 days after the CPP paradigm, 2 h after an acute dose of saline,
cocaine 10 mg/kg or MDPV 2 mg/kg. In this context, a single exposure
to MDPV did not alter Arc transcription. By contrast, after a cocaine
administration, no effect was observed in MDPV-conditioned animals but a

decrease in cocaine-conditioned ones.

BDNF

BDNF is a neurotrophic factor that has been widely studied. Research
done over the last decades point BDNF to be involved in the long-term
neuronal adaptations leading to functional modifications in the synapses
associated with cocaine abuse and related behaviours, such as behavioural
sensitization and drug-conditioning (Ghitza et al., 2010; Horger et al., 1999;
Le Foll et al., 2005; McGinty et al., 2010; Russo et al., 2009a). Nevertheless,
the bdnf gene is differentially regulated in regions of the mesolimbic pathway

during the abstinence period following repeated cocaine administration
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(McCarthy et al., 2012). Indeed, as happens with c-Fos, G9a and Arc, the
regional selectivity and timing of cocaine effects can vary widely depending
on the experimental conditions, reason why the literature regarding the
effects of cocaine on BDNF expression is confusing with many contradictory

observations (for a review see Li & Wolf, 2015).

In Chapter 2, we found out that either an acute or repeated exposure
to MDPV upregulate BDNF mRNA levels in mPFC, the brain area where
is mainly produced. Indeed, BDNF protein is chiefly supplied to NAcc by
anterograde transport from cortical pyramidal neurons in frontal cortex,
rather than by local production. Importantly, BDNF is initially synthesized
as its precursor (proBDNF) and subsequently cleaved into mature BDNF
(mBDNF) (Lessmann et al., 2003). Nevertheless, such early increment in
bdnftranscription induced by MDPV was not accompanied by any alteration
in proBDNF protein levels in NAcc. Furthermore, despite the discrete
up-regulation of mRNA levels in mPFC and the null effects on proBDNF,
mBDNF protein levels were reduced in the NAcc shortly after repeated
exposure to the drug, albeit they returned to normal levels within 10 days.
The decoupling herein observed between transcriptional and translational
processes has already been observed by other authors (Fumagalli et al.,
2007), and could be attributed to the complex regulation of BDNF synthesis
and transport. Alternatively, upregulation of mRNA levels might be a

compensatory response to the primary loss of mBDNF protein.

Very importantly, such decline observed in mBDNF levels induced
by repeated exposure to MDPV appears to be involved in the development
of behavioural sensitization to the drug. Hence, pretreatment with
7,8-dihydroxyflavone, a selective TrkB agonist, during the induction period,

completely blocked the development of sensitization to the cathinone
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derivative. In addition, such finding was corroborated by the fact that, the
previous administration of ANA-12, a potent and selective TrkB antagonist,
prevented the effect of the flavone. However, when assessing the rewarding
properties of MDPV in the CPP paradigm, 7,8-DHF did not modify CPP
acquisition, suggesting that the BDNF - TrkB pathway has a specific effect

on motor sensitization to MDPV, but not to its rewarding effects.

By contrast, no effect on bfnf mRNA transcription, proBDNF nor
mBDNF protein levels were evidenced by cocaine treatment at any time
until 10 days of withdrawal. Accordingly, no effect of the 7,8-DHF on
the development of behavioural sensitization to the drug was observed.
Therefore, additional signalling pathways may be involved in the
development of behavioural sensitization to cocaine, highlighting again the
different intracellular responses that it triggers despite the great similarity of

its mechanism of action with that of MDPV.

It is noteworthy that, regarding mBDNF levels, the differences
observed between cocaine and MDPV in the in vitro determinations agree
with the results of the i vivo experiments, so that 7,8-DHF only prevented
the behavioural sensitization induced by MDPV. Taken together, our results
suggest that the decrease in mBDNF levels induced by MDPV, leading to
a decreased receptor stimulation, is involved in the sensitization developed
to the drug. In fact, the same effect of 7,8-DHF on the development of
behavioural sensitization after repeated administration of methamphetamine
was described by Ren et al., (2014). Hence, even though MDPV and
methamphetamine have substantial differences regarding their mechanism
of action, a decrease in BDNF protein levels has been found during early
withdrawal of both substances (Chen et al., 2014). Therefore, this suggests
that METH and MDPYV abusers may suffer from a severe disfunction on the
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BDNF - TrkB signalling, which is importantly involved in the development
of behavioural sensitization, pointing TrkB modulation as a target to prevent
MDPV and METH sensitization. In fact, models with reduced BDNF
expression exhibit a variety of alterations in the DA system (Apawu et al.,

2015), which indicates that BDNF has some direct influence on this system.

DR3

It is thought that the induction of DR3 in the striatum is triggered
by a DR1/DR5 receptor stimulation-dependent elevation of BDNF in
cortico-striatal neurons (Guillin et al., 2004; Le Foll et al., 2005). Specifically,
BDNF, synthesized in either VTA neurons or neurons originating from the
cortex, controls DR3 expression, which is selective of the NAcc (Guillin
et al., 2004). Accordingly, DR3 expression is elevated in drug addiction
(Staley & Mash, 1996) and it is known to be critically involved in reactivity
to drug-associated stimuli. In fact, DR3 modulation controls behavioural
sensitization and BDNF increases the behavioural response and conditioned
reward to cocaine (Horger et al., 1999) and mephedrone (Ciudad-Roberts et
al., 2015).

In our study (Chapter 2), even though exposure to MDPV induced an
increase of cortical BDNF transcription, we did not observe any change in
accumbal mRNA encoding DR3, neither after acute nor repeated exposure.
Furthermore, we did not find any change after cocaine acute or repeated
exposure, for which no changes in BDNF cortical levels were observed

either at early withdrawal.
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TH

Tyrosine hydroxylase catalyses the rate-limiting step in the biosynthesis
of the catecholamines DA, NA and adrenaline. Repeated cocaine exposure is
known to induce short-term changes such as increased TH expression in the
NAcc (Rodriguez-Espinosa & Fernandez-Espejo, 2015). Similarly, in Chapter
1, repeated exposure to MDPV induced an increase of TH protein levels
that was apparent not only shortly after treatment, but also after 21 days of
abstinence. Therefore, our findings suggest a long-lasting adaptative change
in th gene expression induced by MDPV that can be mediated by several

mechanisms (Kumer & Vrana, 1996).

DAT

DAT is the target of MDPV and cocaine, so both psychostimulants
act mainly blocking DAT by directly binding to it and reducing its uptake
transport rate. Repeated exposure to cocaine in rodents can alter levels of
DAT mRNA and protein, although the nature of these changes has been
highly inconsistent and seems to be influenced by many factors, including
route of administration, dose, and withdrawal period (Kuhar & Pilotte,
1996). Hence, increases, decreases or no changes in DAT expression following
cocaine exposure have been reported. In relation to MDPV, Colon-Perez et
al., (2018) reported DAT downregulation 24 h after a single administration
of MDPYV to rats and suggested that potent binding of MDPV to DAT may
trigger internalization and prolonged alteration in homeostatic regulation of

DA and functional brain network reorganization.

In Chapter 1 we did not observe changes 24 h after the treatment, but
a decrease in total DAT protein levels 21 days after the last drug injection.

292



DISCUSSION

Moreover, such decrease in DAT co-occurred with increased TH levels and
an altered DR2:DR1 ratio towards DR1, leading to a hyperdopaminergic
status. As increased TH expression could lead to increased DA levels in
the synaptic cleft, DAT reduction could be explained, at least partly, as a
mechanism to guarantee a resilience response to avoid terminal injury by
oxygen radicals derived from high DA intracellular levels, since increased
DA uptake through its specific transporter can result in oxidative damage
via the cytosolic oxidation of the neurotransmitter (Masoud et al., 2015).
Alternatively, DAT downregulation may be a homeostatic response once
MDPV disappears from the brain and leaves an increased population of
free transporters that, otherwise, would dramatically remove DA from the
synapses. In this sense, our results were later backed up (see Lopez-Arnau et

al., 2019 in the Annex IV section for more in-depth discussion).

CBI receptor

The effect of cocaine or MDPV consumption on the endocannabinoid
transmissioninreward-relatedareasofthebrainisrelatively under-researched.
Bystrowska et al., (2018) have recently reported a significant decrease
in CB1 receptor expression in the prefrontal cortex, dorsal striatum,
and the basolateral and basomedial amygdala of rats following cocaine
self-administration, and an increase in CB1 receptor expression in the
ventral tegmental area and, in a very discrete way, in the NAcc shell. Besides
this study, most of the studies concerning the role of the endocannabinoid
transmission in cocaine addiction include the use of exogenous modulators
of the system, for instance, CB1 receptor antagonists such as SR141716. In
this way, while Chaperon et al., (1998) described that the coadministration of

SR141716 with cocaine in the conditioning phase abolishes the acquisition of
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CPP to cocaine in rats, Martin et al., (2000) demonstrated cocaine-induced
CPP in CBI receptor knockout mice. Considering this controversy, many
different explanations have surged. However, a more recent evidence
indicates that SR141716 might antagonize, not only CBI, but also a still
uncharacterized cannabinoid receptor which can be solely responsible for
cocaine-induced CPP (Pistis et al., 2004).

Altogether, our findings from Chapter 3 are in agreement with this,
since we did not observe any change in CB1 protein expression when
analysing the whole ventral striatum after MDPV and cocaine-induced CPP.
Hence, we suggest that the implication of the endocannabinoid transmission
on cocaine or MDPV reward and reinstatement might be mediated by other
mechanisms but not alterations in CB1 receptor protein levels in the ventral

striatum.

4.1.4. Neurotoxicity

There are nearly no reports on MDPV-induced neurotoxicity. In
fact, a limited neurotoxic potential for MDPV could be expected due to
its unique nature as a catecholamine transporter blocker, rather than a
releaser, which would block extracellular dopamine from being internalized
in the terminal, where its subsequent oxidation would generate toxic
reactive oxygen species (Masoud et al., 2015). However, Valente et al., (2017)
reported that oxidative stress and mitochondrial dysfunction play a role in
MDPV-induced neuronal damage in vitro, ultimately leading to cell death
by apoptosis. By contrast, Adam et al., (2014) demonstrated that MDPV

does not affect apoptosis in the adult mice brain. Moreover, MDPV seems to
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prevent methamphetamine-induced signs of neurotoxicity, by impeding its
uptake via DAT (Anneken et al., 2015).

Nevertheless, given the hyperdopaminergic status induced after
repeated MDPV exposure (Chapter 1) and because increased DA uptake
through its specific transporter can result in oxidative damage via the
cytosolic oxidation of the neurotransmitter, we aimed to investigate a

putative neurotoxic effect of the cathinone derivative.

Shortly after repeated drug exposure we found out that 4-HNE, a
robust marker of oxidative stress (Perluigi et al., 2012) tripled its levels,
suggesting an important oxidative effect generated by DA or possibly by
the reactive quinones generated from the MDPV metabolism (Baumann et
al., 2017). Nevertheless, and consistent with the available literature (Angoa-
Pérez et al., 2017; Anneken et al., 2015), such oxidative stress did not seem
to be severe enough to cause glial activation. Furthermore, it was transient,
so it disappeared over time without leaving an apparent trace of further

I'61€V3.I'1t consequences.

4.1.5. Rewarding properties of MDPV

In Chapter 3, our first findings corroborate the results garnered from
other studies (Gannon et al., 2017; Gregg et al., 2016; Karlsson et al., 2014;
Watterson et al., 2014; Watterson & Olive, 2014), since we proved that
MDPV induces CPP in a range of doses from 1 to 4 mg/kg. Moreover,
we observed that the preference induced by these doses was similar, with
no dose-response relationship. We also confirmed that, after extinction,
MDPV-induced CPP is robustly reinstated with doses up to 12.5 %
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(0.5 mg/kg) of the conditioning dose (Hicks et al., 2018). In this way, the
present study evidences the rewarding and reinstating ability of MDPV.

Additionally, considering the locomotor cross-sensitization observed
between cocaine and MDPV in Chapter 2, we aimed to explore if the ability
of MDPV to reinstate drug-seeking behaviour is shared by cocaine, and if this
occurs in the other direction, which would constitute cross-reinstatement.
In this context, a dose of 10 mg/kg of cocaine induced a similar preference as
2 mg/kg of MDPV. Nevertheless, although the CPP was equivalent with both
drugs, the time needed to extinguish the preference was significantly longer
after MDPV conditioning. Therefore, our results suggest that, although
the preference is equivalent, the neuroplasticity induced by MDPV may be
greater than that induced by cocaine, as the time needed to overcome MDPV
preference was longer. In addition, our study provides, to our knowledge,
the first evidence that both drugs, cocaine and MDPYV, can reinstate the CPP
induced by the other drug. In this way, a cross-reinstatement between the
two drugs became evident. As in previous studies, we observed reinstatement
of the preference with cocaine doses of 50% (5 mg/kg) and 25% (2.5 mg/kg)
of the cocaine dose employed for conditioning (Blanco-Gandia et al., 2017;
Reguilén et al., 2017). Similarly, preference was also reinstated in MDPV-
conditioned mice with 50% (1 mg/kg) and 25% (0.5 mg/kg) of the dose
employed for conditioning. However, cross-reinstatement was obtained with
2 mg/kg and 10 mg/kg of MDPV and cocaine, respectively, but not with
1 mg/kg and 5 mg/kg. In this sense, it is important to point out that such
decreased sensitivity has previously been observed when cross-reinstatement
was induced by cocaine in morphine-conditioned mice, but only with doses
up to 10 mg/kg (Ribeiro Do Couto et al., 2005). Hence, some differences

underlying the mechanism of action of the two drugs may be the reason
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why, despite their great similarity, they do not trigger the same responses,

and so they are not fully interchangeable.

Finally, it is important to bear in mind that, as discussed above,
and by contrast to cocaine (for a review see Li & Wolf, 2015) and other
cathinones as mephedrone (Ciudad-Roberts et al., 2015), our results point
that BDNF is not directly involved in the rewarding properties of MDPYV,
thus, modulation of the BDNF - TrkB pathway with either TrkB agonists

or antagonists (data not shown) do not modify CPP acquisition.

4.2. Part II: Second-generation synthetic cathinones

The overwhelming apparition of synthetic cathinones on the illicit
drug market has promoted the action of many governments which have
started to pass laws to render these drugs illegal. In this context, the
first-generation of synthetic cathinones, including MDPV, has been listed in
the 1971 Convention (UNODC, 2017). Nevertheless, the problem remains:
when one of these drugs is banned and illegal, the drug market suppliers
respond by producing new unregulated alternatives, and they do so by
taking advantage of a legal loophole whereby, by performing slight chemical
modifications on the already banned drugs, new compounds with similar
psychoactive properties are obtained, with no explicit legislation regarding
their sale, purchase or use. Consequently, these new synthetic cathinones
become easy to obtain, especially through online shops or the darknet. In
this sense, a second-generation of synthetic cathinones including o-PVP and
pentedrone has recently appeared in the market (Brandt et al., 2010; Shanks
et al., 2012). As a-PVP is the 3,4-methylendioxy-lacking counterpart of
MDPYV, it has been considered to emerge as a replacement to MDPV.
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In this context, while the first part of the present doctoral dissertation
focuses on studying MDPV, the second one is devoted to characterizing
the in wvitro pharmacology as well as the psychostimulant and rewarding
properties of novel synthetic cathinones structurally related to a-PVP and
pentedrone, and thus, ultimately, to MDPV. More concretely, it tries to
elucidate the role of the amino terminal group of these molecules in their

interaction with monoaminergic transporters.

a-PVP and pentedrone, like MDPYV, have proved to be potent uptake
blockers at DAT and NET, with much weaker effects at SERT (Eshleman
et al., 2017; Kolanos et al., 2015; Meltzer et al., 2006; Simmler et al., 2014),
and consequently, they exert potent psychostimulant and rewarding effects
(Gatch et al., 2015a; Gatch et al., 2015b; Giannotti et al., 2017; Hwang et
al., 2017; Javadi-Paydar et al., 2018a, 2018b; Marusich et al., 2014), being
a-PVP and MDPV the most potent and effective. In this sense, Kolanos et
al.,, (2013) found that the bulky pyrrolidine ring and the flexible a-carbon
chain are critical attributes for potent uptake inhibition at DAT, whereas
the 3,4-methylenedioxy ring moiety is of little consequence in this regard.
Conversely, the 3,4-methylenedioxy ring is known to increase the affinity
and thus, potency at inhibiting SERT (Eshleman et al., 2017). Therefore,
MDPYV is the most potent SERT inhibitor iz vitro, albeit none of them can
be considered to produce real effects on serotoninergic activity iz vivo at the

doses usually consumed.

In Chapter 4 we extended the study to other novel cathinones
structurally related to o-PVP and pentedrone, which only differ in their
amino substituent: N-ethyl-pentedrone, N,N-diethyl-pentedrone and
a-piperidinevalerophenone (a-PpVP). In this regard, we found out that all
compounds studied act as potent DA and NA uptake inhibitors, with weak
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activity on SERT. Regarding the amino group, the potency at inhibiting DAT
and NET increased from a methyl to an ethyl group and to a pyrrolidine
or piperidine ring. However, we cannot conclude that tertiary amines are
more potent DA and NA uptake inhibitors since N,N-diethyl-pentedrone
(atertiary amine) was the weakest compound inhibiting monoamine uptakes.
Furthermore, a positive correlation exists between the hDAT/hSERT
ratio and the CLogP of the amino-substituent, pointing to a high abuse
liability when increasing lipophilicity of the substituent. In addition, and
although these compounds are not potential SERT inhibitors, the potency
at inhibiting 5-HT uptake appeared to be inversely proportional to some
physicochemical and molecular parameters such as lipophilicity, surface
and bulk of the N-substituent. Accordingly, further research using other
synthetic cathinones with more SERT activity are needed in order to
corroborate these results. Importantly, our study also provides the first
evidence that N-ethyl-pentedrone, N,N-diethyl-pentedrone and a-PpVP are
able to induce psychostimulant and rewarding effects in mice. Therefore,
our findings demonstrate the abuse liability of all the amino-valerophenone
derivatives tested, especially N-ethyl-pentedrone, a NPS currently available

in several Western countries.
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CONCLUSIONS

The present doctoral dissertation has contributed to increasing
scientific knowledge regarding novel psychoactive substances, especially
about MDPV, but also about the new second-generation synthetic cathinones.

Overall, the results obtained lead to the following conclusions:

Part I: MDPV

Chapter 1: Neuroadaptive changes and bebavioural effects after a
sensitization regime of MDPV.

1.1 Repeated exposure to MDPV induces an enduring anxiety-related
behaviour, increases aggressiveness shortly after drug withdrawal and

g8 y g
promotes a quick habituation to new environments, interpreted as a

tendency for novelty-seeking and risk-taking behaviour.

1.2 Repeated exposure to MDPV induces an overexpression of
plasticity-related factors (Arc, CDK5) and TH, which, along with
the decrease of DR1 and DAT populations, points to a dopamine
imbalance, concretely, to a hyperdopaminergic status. Furthermore,
MDPYV increases AFosB not only in ventral striatum, but also within
the orbitofrontal cortex. Altogether, these alterations might be involved
in the neuroadaptive changes underlying drug sensitization and

behavioural-related abnormalities.

1.3 Despite the great similarities between MDPV and cocaine regarding
their mechanism of action, the intracellular responses that they trigger
in reward-related brain areas notably differ. For instance, they modulate
the expression of G9a, NF«kB and GluA2 differently.
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Chapter 2: Role of the BDNF - TrkB signalling pathway in the development

of bebavioural sensitization to MDPV and cocaine.

1.1 Repeated administration of MDPV and cocaine cross-sensitizes to their

locomotor effects.

1.2 MDPV and cocaine modulate the expression of BDNF distinctively:
repeated exposure to MDPV induces an early increase of cortical mRNA
levels encoding BDNF but a decrease in accumbal mBDNF protein.
By contrast, no changes in BDNF expression induced by cocaine are

evident at early withdrawal.

1.3 Pre-treatment with TrkB-agonists such as 7,8-DHF, completely blocks
the development of behavioural sensitization to MDPV, but not to
cocaine, without affecting CPP acquisition. Hence, the BDNF - TrkB
signalling pathway plays a key role in the development of behavioural
sensitization to MDPV, pointing TrkB modulation as a potential target

to prevent sensitization to MDPV.

Chapter 3: Characterization of the rewarding properties elicited by MDPV

and its interaction with cocaine.

1.1 MDPV induces CPP at doses ranging from 1 to 4 mg/kg with similar
preference values. Furthermore, after extinction, MDPV-induced CPP can

be robustly reinstated with doses up to 12.5% of the conditioning dose.

1.2 MDPV and cocaine reinstate the CPP induced by the other drug (cross-re-
instatement), even though relapse in drug-seeking is always higher with

the conditioning drug.
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1.3 Memories associated with MDPV-conditioning need more time to be
extinguished, a feature that correlates with the lasting accumulation of
AFosB in the ventral striatum of these animals. Hence, the neuroplasticity
induced by repeated MDPV exposure may be greater than that induced

by cocaine.

1.4 MDPV-conditioned mice are more responsive to a new cocaine exposure,

implying a high vulnerability to cocaine abuse.

Part II: Second-generation synthetic cathinones

Chapter 4: Role of the amino terminal group in the pharmacological
profile of novel synthetic cathinones structurally related to a-PVP and

pentedrone. Comparative of their rewarding and psychostimulant effects.

1.1 All the compounds tested are potent DA and NA uptake inhibitors,
with weak effects at SERT. Regarding the amino group, the potency at
inhibiting DAT and NET increases from a methyl to an ethyl group and

to a pyrrolidine or piperidine ring.

1.2 A positive correlation exists between the DAT/SERT ratio and the
CLogP of the amino substituent, pointing to a higher abuse liability
when increasing lipophilicity of the substituent. Furthermore, potency
at inhibiting SERT appears to be inversely proportional to lipophilicity,
surface and bulk of the N-substituent.

1.3 All compounds tested induce psychostimulant and rewarding effects in

mice, a fact that evidences their abuse liability.

305






6 BIBLIOGRAPHY







BIBLIOGRAPHY

A

Aarde, S. M., Crechan, K. M., Vandewater, S. A., Dickerson, T. J., & Taffe,
M. A. (2015). In vivo potency and efficacy of the novel cathinone
a-pyrrolidinopentiophenone and 3,4-methylenedioxypyrovalerone:

Self-administration and locomotor stimulation in male rats.
Psychopharmacology (Berl), 232(16), 3045-3055.

Aarde, S. M., Huang, P. K., Creehan, K. M., Dickerson, T. J., & Taffe, M. A.
(2013). The novel recreational drug 3,4-methylenedioxypyrovalerone
(MDPV) is a potent psychomotor stimulant: self-administration and

locomotor activity in rats. Neuropharmacology, 71, 130-140.

Abad, S., Fole, A., del Olmo, N., Pubill, D., Pallas, M., Junyent, F., ...
Escubedo, E. (2014). MDMA enhances hippocampal-dependent
learning and memory under restrictive conditions, and modifies

hippocampal spine density. Psychopharmacology (Berl), 231(5), 863-874.

Acheson, A., Conover, J. C., Fandl, J. P., DeChiara, T. M., Russell, M.,
Thadani, A., ... Lindsay, R. M. (1995). A BDNF autocrine loop in adult
sensory neurons prevents cell death. Nature, 374(6521), 450-453.

Ackerman. (2015). Flakka Becoming More Popular Than Cocaine in South
Florida. Retrieved October 28, 2019, from https://www.thefix.com/

content/flakka-becoming-more-popular-cocaine-south-florida

Adam, A., Gerecsei, L. I, Lepesi, N., & Csillag, A. (2014). Apoptotic effects
of the “designer drug” methylenedioxypyrovalerone (MDPV) on the

neonatal mouse brain. Neurotoxicology, 44, 231-236.

Adams, D., & Fagenson, Z. (n.d.). Cheap, synthetic “flakka” dethroning

cocaine on Florida drug scene. Retrieved October 28, 2019,

309



Neurochemical and psychopharmacological study of MDPV, a cocaine-like psychostimulant
Characterization of structurally-related second-generation synthetic cathinones

from https://www.reuters.com/article/us-usa-florida-flakka/
cheap-synthetic-flakka-dethroning-cocaine-on-florida-drug-scene-
1idUSKBNOOQ1PE20150610

Albensi, B. C., & Mattson, M. P. (2000). Evidence for the involvement of
TNF and NF-kappaB in hippocampal synaptic plasticity. Synapse, 35(2),
151-159.

Alexander, S. P., Kelly, E., Marrion, N. V., Peters, J. A., Faccenda, E.,
Harding, S. D., ... Collaborators, C. (2017). The concise guide to
Pharmacology 2017/18: Transporters. Br | Pharmacol, 174(Suppl 1),
S360-S446.

Alibhai, I. N., Green, T. A., Potashkin, J. A., & Nestler, E. J. (2007).
Regulation of FosB and DeltafosB mRNA expression: in vivo and in
vitro studies. Brain Res, 1143, 22-33.

Altar, C. A., Wiegand, S. J., Cai, N., Bliven, T., Juhasz, M., Conner, J.
M., ... Lindsay, R. M. (1997). Anterograde transport of brain-derived
neurotrophic factor and its role in the brain. Nature, 389(6653), 856-
860.

American Psychiatric Association (APA). Diagnostic and statistical manual
of mental disorders. (5th ed.). (2013). Washington D.C.: American
Psychiatric Publishing.

Anderson, E. M., Larson, E. B., Guzman, D., Wissman, A. M., Neve, R.
L., Nestler, E. J., & Self, D. W. (2018). Overexpression of the Histone
Dimethyltransferase G9a in Nucleus Accumbens Shell Increases

Cocaine Self-Administration, Stress-Induced Reinstatement, and
Anxiety. | Neurosci, 38(4), 803-813.

310



BIBLIOGRAPHY

Anderson, E. M., Sun, H., Guzman, D., Taniguchi, M., Cowan, C.
W., Maze, 1., ... Self, D. W. (2019). Knockdown of the histone di-
methyltransferase G9a in nucleus accumbens shell decreases cocaine

self-administration, stress-induced reinstatement, and anxiety.

Neuropsychopharmacology, 44(8), 1370-1376.

Andrabi, S., Greene, S., Moukaddam, N., & Li, B. (2015). New Drugs of
Abuse and Withdrawal Syndromes. Emerg Med Clin North Am, 33(4),
779-795.

Ang, E., Chen, ]., Zagouras, P., Magna, H., Holland, J., Schaeffer, E., &
Nestler, E. ]J. (2001). Induction of nuclear factor-kappaB in nucleus
accumbens by chronic cocaine administration. ] Neurochem, 79(1),
221-224.

Angelo, M., Plattner, F., & Giese, K. P. (2006). Cyclin-dependent kinase 5
in synaptic plasticity, learning and memory. Journal of Neurochemistry,
99(2), 353-370.

Angoa-Pérez, M., Anneken, J. H., & Kuhn, D. M. (2017). Neurotoxicology
of Synthetic Cathinone Analogs. Curr Top Behav Neurosci., 32, 209-230.

Angoa-Pérez, M., Kane, M. J., Briggs, D. L., Francescutti, D. M., Sykes, C.
E., Shah, M. M., ... Kuhn, D. M. (2013). Mephedrone does not damage
dopamine nerve endings of the striatum, but enhances the neurotoxicity
of methamphetamine, amphetamine, and MDMA. | Neurochem, 125,
102-110.

Anneken, J. H., Angoa-Pérez, M., & Kuhn, D. M. (2015).
3,4-Methylenedioxypyrovalerone prevents while methylone enhances
methamphetamine-induced damage to dopamine nerve endings:

f-ketoamphetamine modulation of neurotoxicity by the dopamine
transporter. | Neurochem, 133(2), 211-222.

311



Neurochemical and psychopharmacological study of MDPV, a cocaine-like psychostimulant
Characterization of structurally-related second-generation synthetic cathinones

Apawu, A. K., Maina, F. K., Taylor, J. R., & Malthews, T. A. (2015). Probing
the ability of presynaptic tyrosine kinase receptors to regulate striatal
dopamine dynamics. ACS Chem Neurosci, 4(5), 895-904.

Archer, R. P. (2009). Fluoromethcathinone, a new substance of abuse.
Forensic Sci Int, 185, 10-20.

Aromatario, M., Bottoni, E., Santoni, M., & Ciallella, C. (2012). New “lethal
highs”: a case of a deadly cocktail of GHB and Mephedrone. Forensic Sci
Int, 223, 38-41.

B

Baik, J. H. (2013). Dopamine signaling in reward-related behaviors. Front
Neural Circuits, 7, 152.

Bailey, K. R., & Crawley, J. N. (2009). Anxiety-Related Behaviors in Mice. In
J. J- Buccatusco (Ed.), Methods of Behavior Analysis in Neuroscience (2nd
editio). Boca Raton (FL):CRC Press/Taylor & Francis.

Baker, D. A., McFarland, K., Lake, R. W., Shen, H., Tang, X. C., Toda, S., &
Kalivas, P. W. (2003). Neuroadaptations in cystine-glutamate exchange
underlie cocaine relapse. Nat Neurosci, 6(7), 743-749.

Baliki, M. N., Mansour, A., Baria, A. T., Huang, L., Berger, S. E., Fields, H.
L., & Apkarian, A. V. (2013). Parceling human accumbens into putative
core and shell dissociates encoding of values for reward and pain. J
Nenrosct, 33(41), 16383-16393.

Banks, M. L., Worst, T. ]., & Sprague, J. . (2014). Synthetic Cathinones
and amphetamine analogues: What’s the rave about? ] Emerg Med, 46,
632-642.

312



BIBLIOGRAPHY

Baumann, M. H. (2014). Awash in a sea of ‘bath salts’: implications for
biomedical research and public health. Addiction, 109, 1577-1579.

Baumann, M. H., Bukhari, M. O., Lehner, K. R., Anizan, S., Rice, K. C,,
Concheiro, M., & Huestis, M. A. (2017). Neuropharmacology of
3,4-Methylenedioxypyrovalerone (MDPV), Its Metabolites, and Related
Analogs. Curr Top Behav Neurosci., 32, 93-117.

Baumann, M. H., Partilla, J. S., Lehner, K. R., Thorndike, E. B.,
Hoffman, A. F.,, Holy, M., ... Schindler, C. W. (2013). Powerful
cocaine-like actions of 3,4-methylenedioxypyrovalerone (MDPV),
a principal constituent of psychoactive “bath salts” products.

Neuropsychopharmacology, 38, 552-562.

Baumann, M. H., & Volkow, N. D. (2016). Abuse of New Psychoactive
Substances: Threats and Solutions. Neuropsychopharmacology, 41, 663-
665.

Berquist, M. D., Traxler, H. K., Mahler, A. M., & Baker, L. E.
(2016). Sensitization to the locomotor stimulant effects of
“bath salt” constituents, 4-methylmethcathinone (4-MMC) and
3,4-methylenedioxypyrovalerone (MDPV), in male Sprague-Dawley
rats. Drug Alcohol Depend., 164, 128-134.

Berridge, K. C., & Kringelbach, M. L. (2015). Pleasure systems in the brain.
Neuron, 86(3), 646-664.

Bibb, J. A., Chen, J., Taylor, J. R., Svenningsson, P., Nishi, A., Snyder, G.
L., ... Greengard, P. (2001). Effects of chronic exposure to cocaine are
regulated by the neuronal protein Cdk5. Nature, 410(6826), 376-380.

313



Neurochemical and psychopharmacological study of MDPV, a cocaine-like psychostimulant
Characterization of structurally-related second-generation synthetic cathinones

Bjjjou, Y., Stinus, L., Le Moal, M., & Cador, M. (1996). Evidence for
selective involvement of dopamine D1 receptors of the ventral
tegmental area in the behavioral sensitization induced by intra-ventral

tegmental area injections of D-amphetamine. | Pharmacol Exp Ther.,
277(2), 1177-1187.

Blanco-Gandia, M. C., Aguilar, M. A., Mifiarro, J., & Rodriguez-Arias, M.
(2018). Reinstatement of drug-seeking in mice using the conditioned

place preference paradigm. J Vis Exp, (136), 1-8.

Blanco-Gandia, M. C., Cantacorps, L., Aracil-Fernandez, A., Montagud-
Romero, S., Aguilar, M. A., Manzanares, J., ... Rodriguez-Arias, M.
(2017). Effects of bingeing on fat during adolescence on the reinforcing
effects of cocaine in adult male mice. Neuropharmacology, 113(Pt A),
31-44.

Bolafios, C. ., & Nestler, E. J. (2004). Neurotrophic Mechanisms in Drug
Addiction. In NeuroMolecular Medicine (Vol. 69).

Bonson, K. R., Dalton, T., & Chiapperino, D. (2019). Scheduling
synthetic cathinone substances under the Controlled Substances Act.
Psychopharmacology, 236, 845-860.

Bordet, R., Ridray, S., Carboni, S., Diaz, J., Sokoloff, P., & Schwartz, J. C.
(1997). Induction of dopamine D3 receptor expression as a mechanism
of behavioral sensitization to levodopa. Proc Natl Acad Sci U S A, 94(7),
3363-3367.

Bossong, M. G., Van Dijk, J. P., & Niesink, R. J. (2005). Methylone and
mCPP, two new drugs of abuse? Addict Biol, 10,321-323.

314



BIBLIOGRAPHY

Boudreau, A. C., Reimers, J. M., Milovanovic, M., & Wolf, M. E. (2007).
Cell surface AMPA receptors in the rat nucleus accumbens increase
during cocaine withdrawal but internalize after cocaine challenge in

association with altered activation of mitogen-activated protein kinases.
J Neurosct, 27(39), 10621-10635.

Boudreau, A. C., & Wolf, M. E. (2005). Behavioral sensitization to cocaine
is associated with increased AMPA receptor surface expression in the
nucleus accumbens. ] Neurosci, 25(40), 9144-9151.

Brand, S. D., King, L. A., & Evans-Brown, M. (2014). The new drug
phenomenon. Drug Testing and Analysis, 6(7-8), 587-597.

Brand, S. D., Sumnall, H. R., Measham, F., & Cole, J. (2010). Analyses of
second-generation “legal highs” in the UK: initial findings. Drug Test
Anal, 2,377-382.

Brunt, T. M., Poortman, A., Niesink, R. J., & Van Den Brink, W.
(2011). Instability of the ecstasy market and a new kid on the block:
Mephedrone. ] Psychopharmacol, 25, 1543-1547.

Buenrostro-Jauregui, M., Ciudad-Roberts, A., Moreno, J., Mufioz-Villegas,
P., Lopez-Arnau, R., Pubill, D., ... Camarasa, J. (2016). Changes in
CREB and deltaFosB are associated with the behavioural sensitization
induced by methylenedioxypyrovalerone. J Psychopharmacol, 30(7),
707-712.

Bystrowska, B., Frankowska, M., Smaga, I., Pomierny-Chamioto, L., & Filip,
M. (2018). Effects of Cocaine Self-Administration and Its Extinction
on the Rat Brain Cannabinoid CB1 and CB2 Receptors. Nexrotox Res.,
34(3), 547-558.

315



Neurochemical and psychopharmacological study of MDPV, a cocaine-like psychostimulant
Characterization of structurally-related second-generation synthetic cathinones

C

Cabrera, F. J. (2000). Aspectos Médico-Legales de la Drogadiccion. Mosby.
Madrid.

Cador, M., Bjijou, Y., & Stinus, L. (1995). Evidence of a complete
independence of the neurobiological substrates for the induction and

expression of behavioral sensitization to amphetamine. Neuroscience,
65(2), 385-395.

Caine, S. B., Thomsen, M., Gabriel, K. ., Berkowitz, J. S., Gold, L. H.,
Koob, G. F,, ... Xu, M. (2007). Lack of self-administration of cocaine in
dopamine D1 receptor knock-out mice. ] Nexrosci, 27(48), 13140-13150.

Cameron, K. N., Kolanos, R., Solis, E. J., Glennon, R. A., & De
Felice, L. J. (2013). Bath salts components mephedrone and
methylenedioxypyrovalerone (MDPV) act synergistically at the human
dopamine transporter. Pharmacol, Br ], 168(7), 1750-1757.

Cam, J., & Farré, M. (2003). Mechanisms of Disease. Drug Addiction. N
Engl ] Med, 349, 975-986.

Carhart-Harris, R. L., King, L. A., & Nutt, D. J. (2011). A web-based survey
on mephedrone. Drug Alcohol Depend, 118, 19-22.

Chaperon, F., Soubrié, P., Puech, A. J., & Thiébot, M. H. (1998).
Involvement of central cannabinoid (CB1) receptors in the

establishment of place conditioning in rats. Psychopharmacology (Berl),
135(4), 324-332.

Chen, J., Kelz, M. B., Hope, B. T., Nakabeppu, Y., & Nestler, E. J. (1997).
Chronic Fos-related antigens: stable variants of deltaFosB induced in
brain by chronic treatments. | Neurosci, 17(13), 4933-4941.

316



BIBLIOGRAPHY

Chen, P. H., Huang, M. C,, Lai, Y. C., Chen, P. Y., & Liu, H. C. (2014).
Serum brain-derived neurotrophic factor levels were reduced during
methamphetamine early withdrawal. Addict Biol, 19(3), 482-485.

Chen, T. J., Blum, K., Mathews, D., Fisher, L., Schnautz, N., Braverman,
E.R., ... Comings, D. E. (2005). Are dopaminergic genes involved
in a predisposition to pathological aggression? Hypothesizing the
importance of “super normal controls” in psychiatricgenetic research of
complex behavioral disorders. Med Hypotheses, 65(4), 703-707.

Cheung, Z. H., & Ip, N. Y. (2007). The roles of cyclin-dependent kinase
5 in dendtrite and synapse development. Biotechnology Journal, 2(8),
949-957.

Churchill, L., Swanson, C. J., Urbina, M., & Kalivas, P. W. (1999). Repeated
cocaine alters glutamate receptor subunit levels in the nucleus
accumbens and ventral tegmental area of rats that develop behavioral
sensitization. | Neurochem, 72(6), 2397-2403.

Ciudad-Roberts, A., Camarasa, J., Ciudad, C. J., Pubill, D., & Escubedo, E.
(2015). Alcohol enhances the psychostimulant and conditioning effects
of mephedrone in adolescent mice; postulation of unique roles of D3

receptors and BDNF in place preference acquisition. Br | Pharmacol,
172(20), 4970-4984.

Clément, Y., Martin, B., Venault, P., & Chapouthier, G. (1995). Involvement
of regions of the 4th and 7th chromosomes in the open-field activity of
mice. Behav Brain Res., 70(1), 51-57.

Colon-Perez, L. M., Pino, J. A., Saha, K., Pompilus, M., Kaplitz, S.,
Choudhury, N., ... Febo, M. (2018). Functional connectivity,

behavioral and dopaminergic alterations 24 hours following acute

317



Neurochemical and psychopharmacological study of MDPV, a cocaine-like psychostimulant
Characterization of structurally-related second-generation synthetic cathinones

exposure to synthetic bath salt drug methylenedioxypyrovalerone.
Neuropharmacology, 137, 178-193.

Conrad, K. L., Tseng, K. Y., Uejima, J. L., Reimers, J. M., Heng, L. J.,
Shaham, Y., ... Wolf, M. E. (2008). Formation of accumbens GluR2-

lacking AMPA receptors mediates incubation of cocaine craving.
Nature, 454(7200), 118-121.

Convention on Psychotropic Substances. (1971). Retrieved October 8, 2019,
from https://www.unodc.org/unodc/en/treaties/psychotropics.html

Corning, J. L. (1885). An experimental study. New York Medical Jouwrnal, 42,
483.

Council Decision 2005/387/JHA. On the information exchange, risk-
assessment and control of new psychoactive substances. (2005). Off

Eur Union, 27, 32-37. Retrieved from https://eur-lex.europa.eu/legal-
content/en/ALL/?uri= CELEX%3A32005D0387

Covington, H. E. 3rd, Maze, L., Sun, H., Bomze, H. M., DeMaio, K. D., Wu,
E. Y, ... Nestler, E. J. (2011). A role for repressive histone methylation

in cocaine-induced vulnerability to stress. Neuron, 71(4), 656-670.

Cozzi, N. V., Sievert, M. K., Shulgin, A. T, Jacob, P. 3rd., & Ruoho, A. E.
(1999). Inhibition of plasma membrane monoamine transporters by
beta-ketoamphetamines. Eur | Pharmacol, 381(1), 63-69.

Crespi, C. (2016). Flakka-Induced Prolonged Psychosis. Case Rep Psychiatry.
https://doi.org/10.1155/2016/3460849

318



BIBLIOGRAPHY

D

Davies, S., Wood, D. M., Smith, G., Button, J., Ramsey, J., Archer, R., ...
Dargan, P. . (2010). Purchasing “legal highs” on the Internet-is there
consistency in what you get? QJM, 103, 489-493.

Day, H. E., Kryskow, E. M., Nyhuis, T. ., Herlihy, L., & Campeau, S.
(2008). Conditioned fear inhibits c-fos mRINA expression in the central
extended amygdala. Brain Res, 1229, 137-146.

De-Giorgio, F., Bilel, S., Ossato, A., Tirri, M., Arfe, R., Foti, F., ... Marti,
M. (2019). Acute and repeated administration of MDPV increases
aggressive behavior in mice: forensic implications. Int | Legal Med.,
133(6), 1797-1808.

Di Chiara, G. (1999). Drug addiction as dopamine-dependent associative
learning disorder. Eur | Pharmacol, 375(1-3), 13-30.

Di Chiara, G., & Imperato, A. (1988). Drugs abused by humans
preferentially increase synaptic dopamine concentrations in the

mesolimbic system of freely moving rats. Proc Natl Acad Sci U S A,
85(14), 5274-5278.

Dragunow, M., & Faull, R. (1989). The use of c-fos as a metabolic marker in
neuronal pathway tracing. ] Neurosci Methods, 29(3), 261-265.

Drug Enforcement Administration (DEA). Schedules of Controlled
Substances: Placement of 10 Synthetic Cathinones Into Schedule L.
Final rule. (2017). In Fed Regist. (Vol. 82).

Drug Enforcement Administration (DEA). Schedules of controlled

substances: temporary placement of three synthetic cathinones in
Schedule I. Final Order (2011). Fed. Regist. (Vol. 75).

319



Neurochemical and psychopharmacological study of MDPV, a cocaine-like psychostimulant
Characterization of structurally-related second-generation synthetic cathinones

Drug Enforcement Administration (DEA). Title 21. United States Code
(USC) Controlled Substances Act. Subchapter I - Control and
Enforcement. (n.d.). Retrieved October 21, 2019, from https://www.
deadiversion.usdoj.gov/21cfr/21usc/811.htm

Dugarin, J., & Nominé, P. (1988). Toxicomanie : historique et classifications.
Histoire, Economie & Société, 549-586.

Durieux, P. F., Bearzatto, B., Guiducci, S., Buch, T., Waisman, A., Zoli,
M., ... de Kerchove d’Exaerde, A. (2009). D2R striatopallidal neurons

inhibit both locomotor and drug reward processes. Nat Neurosci, 12(4),
393-395.

E

Edwards, S., Whisler, K. N., Fuller, D. C., Orsulak, P. J., & Self, D. W.
(2007). Addiction-Related Alterations in D1 and D2 Dopamine
Receptor Behavioral Responses Following Chronic Cocaine Self-

Administration. Nexropsychopharmacology, 32(2), 354-366.

Energy control. Alfa-PVP. (n.d.). Retrieved October 28, 2019, from https://
energycontrol.org/infodrogas/nuevas-drogas/514-alfa-pvp.html

Energy control. MDPV. (n.d.). Retrieved October 28, 2019, from https://

energycontrol.org/infodrogas/nuevas-drogas/390-mdpv.html

Escarcega, R. O., Fuentes-Alexandro, S., Garcia-Carrasco, M., Gatica, A., &
Zamora, A. (2007). The transcription factor nuclear factor-kappa B and
cancer. Clin Oncol (R Coll Radiol), 19(2), 154-161.

320



BIBLIOGRAPHY

Eshleman, A. J., Wolfrum, K. M., Hatfield, M. G., Johnson, R. A., Murphy,
K. V., & Janowsky, A. (2013). Substituted methcathinones differ in
transporter and receptor interactions. Biochem Pharmacol, 85(12), 1803-
1815.

Eshleman, A. J., Wolfrum, K. M., Reed, J. F., Kim, S. O., Swanson, T.,
Johnson, R. A., & Janowsky, A. (2017). Structure-activity relationships
of substituted cathinones, with transporter binding, uptake, and release.
J Pharmacol Exp Ther, 360(1), 33-47.

Espana, R. A., & Jones, S. R. (2013). Presynaptic dopamine modulation by
stimulant self-administration. Front Biosci (Schol Ed), 1(5), 261-276.

European Monitoring Center for Drugs and Drug Addiction (EMCDDA).

European Drug Report. (2016). Retrieved from www.emcdda.europa.eu

European Monitoring Center for Drugs and Drug Addiction (EMCDDA).
European Drug Report. (2017a). https://doi.org/10.1097/
JSM.0b013e31802b4fda

European Monitoring Center for Drugs and Drug Addiction (EMCDDA).

European Drug Report. (2018). Retrieved from www.emcdda.europa.eu

European Monitoring Center for Drugs and Drug Addiction (EMCDDA).

European Drug Report. (2019). Retrieved from www.emcdda.europa.eu

European Monitoring Center for Drugs and Drug Addiction (EMCDDA).
The EMCDDA annual report 2010: the state of the drugs problem in

Europe. (2010a). Retrieved from www.emcdda.europa.eu

European Monitoring Centre for Drugs and Drug Addiction (EMCDDA).
Annex 2. Technical Report on 1-(1,3-benzodioxol-5-yl)-2-(pyrrolidin-
1-yl)pentan-1-one (3,4-methylenedioxypyrovalerone, MDPV). (2014a).

Retrieved from www.emcdda.europa.eu

321



Neurochemical and psychopharmacological study of MDPV, a cocaine-like psychostimulant
Characterization of structurally-related second-generation synthetic cathinones

European Monitoring Centre for Drugs and Drug Addiction (EMCDDA).
High-risk drug use and new psychoactive substances. (2017b). Retrieved

from www.emcdda.europa.eu

European Monitoring Centre for Drugs and Drug Addiction (EMCDDA).
Report on the risk assessment of 1-(1,3-benzodioxol-5-yl)-2-(pyrrolidin-
1-yl)pentan-1-one (3,4-methylenedioxypyrovalerone, MDPV) in the
framework of the Council Decision on new psychoactive. (2014b).

Retrieved from www.emcdda.europa.eu

European Monitoring Centre for Drugs and Drug Addiction (EMCDDA).
Report on the risk assessment of 1-phenyl-2-(pyrrolidin-1-yl)pentan-
1-one (a-pyrrolidinovalerophenone, a-PVP) in the framework of the
Council Decision on new psychoactive substances. (Vol. 23). (2015).

Retrieved from www.emcdda.europa.eu

European Monitoring Centre for Drugs and Drug Addiction (EMCDDA).
Risk assessment of new psychoactive substances Operating guidelines.

(2009). Retrieved from www.emcdda.europa.eu

European Monitoring Centre for Drugs and Drug Addiction (EMCDDA).
Technical report on mephedrone. Risk assessment report of a new
psychoactive subsance: 4-methylmethcathinone (mephedrone). (2010b).

Retrieved from www.emcdda.europa.eu

F

Fantegrossi, W. E., Gannon, B. M., Zimmerman, S. M., & Rice,
K. C. (2013). In vivo effects of abused “bath salt” constituent
3,4-methylenedioxypyrovalerone (MDPYV) in mice: drug
discrimination, thermoregulation, and locomotor activity.

Neuropsychopharmacology, 38(4), 563-573.

322



BIBLIOGRAPHY

Ferrer-Pérez, C., Castro-Zavala, A., Lujan, M. A., Filarowska, J., Ballestin,
R., Mifiarro, J., ... Rodriguez-Arias, M. (2019). Oxytocin prevents
the increase of cocaine-related responses produced by social defeat.
Neuropharmacology, 146, 50-64.

Ferrer-Pérez, C., Martinez, T. E., Montagud-Romero, S., Ballestin,
R., Reguilon, M. D., Mifiarro, J., & Rodriguez-Arias, M. (2018).
Indomethacin blocks the increased conditioned rewarding effects of
cocaine induced by repeated social defeat. PLoS One, 13(12), €0209291.

Franantonio, J., Andrade, L., & Febo, M. (2015). Designer Drugs: A
synthethic Catastrophe. ] Reward Defic Syndpr., 1(2), 82-86.

Freud, S. (1885). Beitrag zur Kenntnis der Coca-Wirkung. Wien Med
Wochenschr. Wien Med Wochenschr, 5, 129-133.

Fumagalli, F., Bedogni, F., Frasca, A., D1 Pasquale, L., Racagni, G., &
Riva, M. A. (2006). Corticostriatal up-regulation of activity-regulated
cytoskeletal-associated protein expression after repeated exposure to
cocaine. Mol Pharmacol, 70(5), 1726-1734.

Fumagalli, F., D1 Pasquale, L., Caffino, L., Racagni, G., & Riva, M. A.
(2007). Repeated exposure to cocaine differently modulates BDNF
mRNA and protein levels in rat striatum and prefrontal cortex. Eur |
Nenrosct, 26(10), 2756-2763.

G

Gaedcke, F. (1855). Ueber das Erythroxylin, dargestellt aus den Blittern des
in Stidamerika cultivirten Strauches Erythroxylon Coca. Archiv Der
Pharmazie, 132(2), 141-150.

323



Neurochemical and psychopharmacological study of MDPV, a cocaine-like psychostimulant
Characterization of structurally-related second-generation synthetic cathinones

Gannon, B. M., Russell, L. N., Modi, M. S., Rice, K. C., & Fantegrossi,
W. E. (2017). Effects of orally self-administered bath salt constituent
3,4-methylenedioxypyrovalerone (MDPV) in mice. Drug Alcohol
Depend., 179, 408-415.

Gannon, B. M., Williamson, A., Rice, K. C., & Fantegrossi, W. E. (2018).
Role of monoaminergic systems and ambient temperature in bath
salts constituent 3,4-methylenedioxypyrovalerone (MDPV)-elicited
hyperthermia and locomotor stimulation in mice. Neuropharmacology,
134, 13-21.

Gatch, M. B., Dolan, S. B., & Forster, M. J. (2015a). Comparative behavioral
pharmacology of three pyrrolidine-containing synthetic cathinone
derivatives. ] Pharmacol Exp Ther., 354(2), 103-110.

Gatch, M. B., Rutledge, M. A., & Forster, M. J. (2015b). Discriminative
and locomotor effects of five synthetic cathinones in rats and mice.
Psychopharmacology (Berl), 232(7), 1197-1205.

German, C. L., Fleckenstein, A. E., & Hanson, G. R. (2014). Bath salts and
synthetic cathinones: an emerging designer drug phenomenon. Life Sci,
97, 2-8.

Ghasemzadeh, M. B., Nelson, L. C., Lu, X. Y., & Kalivas, P. W. (1999).
Neuroadaptations in ionotropic and metabotropic glutamate receptor
mRNA produced by cocaine treatment. ] Neurochem, 72(1), 157-165.

Ghitza, U. E., Zhai, H., Wu, P., Airavaara, M., Shaham, Y., & Lu, L. (2010).
Role of BDNF and GDNF in drug reward and relapse: a review.
Neurosci Biobehav Res, 35(2), 2157-2171.

Giannotti, G., Canazza, I, Caffino, L., Bilel, S., Ossato, A., Fumagalli, F., &

324



BIBLIOGRAPHY

Marti, M. (2017). The Cathinones MDPV and o-PVP Elicit Different
Behavioral and Molecular Effects Following Acute Exposure. Neurotox
Res., 32(4), 594-602.

Giese, C., Igoe, D., Gibbons, Z., Hurley, C., Stokes, S., McNamara, S., ...
Fitzgerald, M. (2015). Injection of new psychoactive substance snow
blow associated with recently acquired HIV infections among homeless
people who inject drugs in Dublin, Ireland, 2015. Euro Surveill, 20(40).

Glennon, R. A., & Young, R. (2016). Neurobiology
of 3,4-Methylenedioxypyrovalerone (MDPV) and
a-Pyrrolidinovalerophenone (a-PVP). Brain Res Bull, 126, 111-126.

Goldstein, R. Z., & Volkow, N. D. (2002). Drug addiction and its underlying
neurobiological basis: neuroimaging evidence for the involvement of the
frontal cortex. Am ] Psychiatry, 159(10), 1642-1652.

Grapp, M., Sauer, C., Vidal, C., & Miiller, D. (2016). GC-MS analysis of the
designer drug a-pyrrolidinovalerophenone and its metabolites in urine

and blood in an acute poisoning case. Forensic Sci Int, 259, 14-19.

Gregg, R. A., Hicks, C., Nayak, S. U., Tallarida, C. S., Nucero, P., Smith, G.
R., ... Rawls, S. M. (2016). Synthetic cathinone MDPV downregulates
glutamate transporter subtype I (GLT-1) and produces rewarding and
locomotor-activating effects that are reduced by a GLT-1 activator.

Neuropharmacology, 108, 111-119.

Grifhiths, P., Evans-Brown, M., & Sedefov, R. (2013). Getting up to speed
with the public health and regulatory challenges posed by new
psychoactive substances in the information age. Addiction, 108(10),
1700-1703.

325



Neurochemical and psychopharmacological study of MDPV, a cocaine-like psychostimulant
Characterization of structurally-related second-generation synthetic cathinones

Guillin, O., Diaz, J., Carroll, P., Griffon, N., Schwartz, J. C., & Sokoloff, P.
(2001). BDNF controls dopamine D3 receptor expression and triggers

behavioural sensitization. Nature, 411, 86-89.

Guillin, O., Griffon, N., Diaz, ]., Le Foll, B., Bezard, E., Gross, C., ...
Sokoloft, P. (2004). Brain-derived neurotrophic factor and the plasticity
of the mesolimbic dopamine pathway. Int Rev Neurobiol., 59, 425-444.

Gustavsson, D., & Escher, C. (2009). Mephedrone--Internet drug which
seems to have come and stay. Fatal cases in Sweden have drawn
attention to previously unknown substance. Lakartidningen, 106, 2769~
2771.

H

Hadlock, G. C., Webb, K. M., McFadden, L. M., Chu, P. W., Ells, J. D.,
Allen, S. C,, ... Fleckenstein, A. E. (2011). 4-Methylmethcathinone
(mephedrone): Neuropharmacological effects of a designer stimulant
of abuse. Journal of Pharmacology and Experimental Therapeutics, 339,
530-536.

Havakuk, O., Rezkalla, S. H., & Kloner, R. A. (2017). The Cardiovascular
Effects of Cocaine. ] Am Coll Cardiol., 70(1), 101-113.

Hawasli, A. H., & Bibb, J. A. (2007). Alternative roles for Cdk5 in learning
and synaptic plasticity. Biotechnology Journal, 2(8), 941-948.

Henderson, G. L. (1988). Designer drugs: past history and future prospects. J
Forensic Sci, 33, 569-575.

Hicks, C., Huang, P., Ramos, L., Nayak, S. U., Caro, Y., Reitz, A. B, ...
Liu-Chen, L. Y. (2018). Dopamine D1-like receptor agonist and D2-like

326



BIBLIOGRAPHY

receptor antagonist (—)-Stepholidine reduces reinstatement of drug-
seeking behavior for 3,4-methylenedioxypyrovalerone (MDPV) in rats.
ACS Chem Neurosci, 9(6), 1327-1337.

Hiroi, N., Brown, J. R., Haile, C. N., Ye, H., Greenberg, M. E., & Nestler,
E. J. (1997). FosB mutant mice: loss of chronic cocaine induction of Fos-

related proteins and heightened sensitivity to cocaine’s psychomotor
and rewarding effects. Proc Natl Acad Sci U S A, 94(19), 10397-10402.

Hiroi, N., Marek, G. J., Brown, J. R., Ye, H., Saudou, F., Vaidya, V. A,,
... Nestler, E. J. (1998). Essential role of the fosB gene in molecular,
cellular, and behavioral actions of chronic electroconvulsive seizures. |
Neurosct, 18(17), 6952-6962.

Hollmann, M., & Heinemann, S. (1994). Cloned glutamate receptors. Annu
Rev Neurosci, 17, 31-108.

Horger, B. A, Iyasere, C. A., Berhow, M. T., Messer, C. J., Nestler, E.
J., & Taylor, J. R. (1999). Enhancement of locomotor activity and
conditioned reward to cocaine by brain-derived neurotrophic factor. J
Neurosct, 19(10), 4110-4122.

Horsley, R. R., Lhotkova, E., Hajkova, K., Feriancikova, B.,
Himl, M., Kuchar, M., & Paleniéek, T. (2018). Behavioural,
Pharmacokinetic, Metabolic, and Hyperthermic Profile of
3,4-Methylenedioxypyrovalerone (MDPV) in the Wistar Rat. Front
Psychiatry, 9, 144.

Howell, L. L., & Kimmel, H. L. (2008). Monoamine transporters and
psychostimulant addiction. Biochem Pharmacol, 75(1), 196-217.

327



Neurochemical and psychopharmacological study of MDPV, a cocaine-like psychostimulant
Characterization of structurally-related second-generation synthetic cathinones

Huang, E. J., & Reichardt, L. F. (2001). Neurotrophins: Roles in Neuronal
Development and Function. Annu Rev Neurosci, 24(1), 677-736.

Hwang, J. Y., Kim, J. S., Oh, J. H., Hong, S. I, Ma, S. X, Jung, Y. H., ...
Jang, C. G. (2017). The new stimulant designer compound pentedrone
exhibits rewarding properties and affects dopaminergic activity. Addict
Biol, 22(1), 117-128.

Hyman, S. E., & Malenka, R. C. (2001). Addiction and the brain: the
neurobiology of compulsion and its persistence. Nat Rev Neurosci,
2(10), 695-703.

I

Ichikawa, H., Fujimoto, T., Taira, E., & Miki, N. (2003). The accumulation
of arc (an immediate early gene) mRNA by the inhibition of protein
synthesis. | Pharmacol Sci, 91(3), 247-254.

J

James, D., Adams, R. D., Spears, R., Cooper, G., Lupton, D. ]J., Thompson,
J. P, ... Service, N. P. I. (2011). Clinical characteristics of mephedrone
toxicity reported to the U.K. National Poisons Information Service.
Emerg Med J., 28(8), 686-689.

Javadi-Paydar, M., Harvey, E. L., Grant, Y., Vandewater, S. A., Creehan, K.
M., Nguyen, J. D., ... Taffe, M. A. (2018a). Binge-like Acquisition of
a-pyrrolidinopentiophenone (a-PVP) Self-Administration in Female
Rats. Psychopharmacology (Berl), 235(8), 2447-2457.

328



BIBLIOGRAPHY

Javadi-Paydar, M., Nguyen, J. D., Vandewater, S. A., Dickerson, T. J., &
Taffe, M. A. (2018b). Locomotor and reinforcing effects of pentedrone,
pentylone and methylone in rats. Neuropharmacology, 134, 57-64.

Johnson, P. S., & Johnson, M. W. (2014). Investigation of “bath salts”
use patterns within an online sample of users in the United States. |
Psychoactive Drugs, 46(5), 369-378.

Jorissen, H. J., Ulery, P. G., Henry, L., Gourmeni, S., Nestler, E. J., &
Rudenko, G. (2007). Dimerization and DNA-binding properties of the
transcription factor DeltaFosB. Biochemistry, 46(28), 8360-8372.

K

Kaizaki, A., Tanaka, S., & Numazawa, S. (2014). New recreational drug
1-phenyl-2-(1-pyrrolidinyl)-1-pentanone (alpha-PVP) activates central

nervous system via dopaminergic neuron. | Toxicol Sci, 39(1), 1-6.

Kalivas, P. W. (2002). Neurocircuitry of addiction. (K. L. Davis, D. Charney,
J. T. Coyle, & C. Nemeroft, Eds.). Philadelphia: Lippincott Williams &
Wilkins.

Kalivas, P. W. (2004). Glutamate systems in cocaine addiction. Curr Opin
Pharmacol, 4(1), 23-29.

Kalivas, P. W., Sorg, B. A., & Hooks, M. S. (1993). The pharmacology and
neural circuitry of sensitization to psychostimulants. Behav Pharmacol,
4(4), 315-334.

Karila, L., Lafaye, G., Scocard, A., Cottencin, O., & Benyamina, A.
(2018). MDPV and o-PVP use in humans: The twisted sisters.
Neuropharmacology, 134, 65-72.

329



Neurochemical and psychopharmacological study of MDPV, a cocaine-like psychostimulant
Characterization of structurally-related second-generation synthetic cathinones

Karlsson, L., Andersson, M., Kronstrand, R., & Kugelberg, F. C. (2014).
Mephedrone, methylone and 3,4-methylenedioxypyrovalerone (MDPV)
induce conditioned place preference in mice. Basic Clin Pharmacol
Toxicol., 115(5), 411-416.

Kelly, J. P. (2011). Cathinone derivatives: A review of their chemistry,
pharmacology and toxicology. Drug Testing and Analysis, 3, 439-453.

Kelz, M. B., Chen, ]J., Carlezon, W. J., Whisler, K., Gilden, L., Beckmann,
A. M, ... Nestler, E. J. (1999). Expression of the transcription factor
deltaFosB in the brain controls sensitivity to cocaine. Nature, 401(6750),
272-276.

Kelz, M. B., & Nestler, E. J. (2000). deltaFosB: a molecular switch underlying
long-term neural plasticity. Curr Opin Neurol, 13(6), 715-720.

Kim, B., & Im, H. I. (2019). The role of the dorsal striatum in choice
impulsivity. Ann N'Y Acad Sci, 1451(1), 92-111.

Kim, J. S., Hwang, J. Y., Hong, S. L, Jung, Y. H., Jung, Y. H., Ma, S. X, &
Seo, J. Y. (2014). Pentedrone induces conditioned place preference and
self-administration through dopaminergic system (Abstract P02-21). J
Neurochem, 130, 62.

King, H. E., Wetzell, B., Rice, K. C., & Riley, A. L. (2014).
3,4-Methylenedioxypyrovalerone (MDPV)-induced conditioned taste
avoidance in the F344/N and LEW rat strains. Pharmacol Biochem
Behav, 126, 163-169.

Kmiotek, E. K., Baimel, C., & Gill, K. J. (2012). Methods for Intravenous
Self Administration in a Mouse Model. J Vis Exp, (70), 3739.

330



BIBLIOGRAPHY

Kodama, M., Akiyama, K., Ujike, H., Shimizu, Y., Tanaka, Y., & Kuroda,
S. (1998). A robust increase in expression of arc gene, an effector
immediate early gene, in the rat brain after acute and chronic

methamphetamine administration. In Brain Res (Vol. 796).

Kohler, R. J., Perrine, S. A., & Baker, L. E. (2018). Repeated exposure
to 3,4-methylenedioxypyrovalerone and cocaine produces
locomotor sensitization with minimal effects on brain monoamines.

Neuropharmacology2, 134(Pt A), 22-27.

Kolanos, R., Sakloth, F., Jain, A. D., Partilla, J. S., Baumann, M. H.,
& Glennon, R. A. (2015). Structural Modification of the Designer
Stimulant a-Pyrrolidinovalerophenone (a-PVP) Influences Potency at
Dopamine Transporters. ACS Chem Neurosci, 6(10), 1726-1731.

Kolanos, R., Solis, E. J., Sakloth, F., De Felice, L. J., & Glennon, R.
A. (2013). “Deconstruction” of the abused synthetic cathinone
methylenedioxypyrovalerone (MDPV) and an examination of effects
at the human dopamine transporter. ACS Chem Neurosci, 4(12), 1524~
1529.

Koob, G. F., & Nestler, E. J. (1997). The neurobiology of drug addiction. J
Neuropsychiatry Clin Neurosci, 9(3), 482-497.

Koob, G. F,, Sanna, P. P., & Bloom, F. E. (1998). Neuroscience of addiction.
Neuron, 21(3), 467-476.

Koob, G. F., & Volkow, N. D. (2016). Neurobiology of addiction: a
neurocircuitry analysis. Lancet Psychiatry, 3(8), 760-773.

Koppe, H., Ludwig, G., & Zeile, K. (1969). Patent No. US3478050A.
Retrieved from https://patents.google.com/patent/US3478050A/en

331



Neurochemical and psychopharmacological study of MDPV, a cocaine-like psychostimulant
Characterization of structurally-related second-generation synthetic cathinones

Kristensen, A. S., Andersen, J., Jorgensen, T. N., Sgrensen, L., Eriksen, J.,
Loland, C.]J., ... Gether, U. (2011). SLC6 neurotransmitter transporters:
structure, function, and regulation. Pharmacol Rev., 63(3), 585-640.

Kuczenski, R., & Segal, D. (1969). Concomitant Characterization of
Behavioral and Striatal Neurotransmitter Response to Amphetamine
Using in vivo Microdialysis. | Neurosci, (6), 2051-2065.

Kuhar, M. J., & Pilotte, N. S. (1996). Neurochemical changes in cocaine
withdrawal. Trends Pharmacol Sci1, 17(7), 260-264.

Kumar, A., Choi, K. H., Renthal, W., Tsankova, N. M., Theobald, D. E.,
Truong, H. T., ... Nestler, E. J. (2005). Chromatin remodeling is a key
mechanism underlying cocaine-induced plasticity in striatum. Nexron,
48(2), 303-314.

Kumer, S. C., & Vrana, K. E. (1996). Intricate regulation of tyrosine
hydroxylase activity and gene expression. | Neurochem, 67(2), 443-462.

L

Le Foll, B., Diaz, ]., & Sokoloff, P. (2005). A single cocaine exposure
increases BDNF and D3 receptor expression: Implications for drug-
conditioning. NeuroReport, 16(2), 175-178.

Lessmann, V., Gottmann, K., & Malcangio, M. (2003). Neurotrophin
secretion: current facts and future prospects. Prog Neurobiol., 69(5),
341-374.

Lessov, C. N., & Phillips, T. J. (2003). Cross-sensitization between the
locomotor stimulant effects of ethanol and those of morphine and
cocaine in mice. Alcohol Clin Exp Res., 27(4), 616-627.

332



BIBLIOGRAPHY

Li, X., & Wolf, M. E. (2015). Multiple faces of BDNF in cocaine addiction.
Behav Brain Res, 279(1), 240-254.

Liveri, K., Constantinou, M. A., Afxentiou, M., & Kanari, P. (2016). A
fatal intoxication related to MDPV and pentedrone combined with

antipsychotic and antidepressant substances in Cyprus. Forensic Sci Int,
265, 160-165.

Logan, B. K., Mohr, A. L. A., Friscia, M., Krotulski, A. J., Papsun, D. M.,
Kacinko, S. L., ... Huestis, M. A. (2017). Reports of Adverse Events
Associated with Use of Novel Psychoactive Substances, 2013-2016: A
Review. Journal of Analytical Toxicology, 41, 573-610.

Lépez-Arnau, R., Duart-Castells, L., Aster, B., Camarasa, J., Escubedo, E., &
Pubill, D. (2019). Effects of MDPV on dopamine transporter regulation

in male rats. Comparison with cocaine. Psychopharmacology, 236(3),
925-938.

Lépez-Arnau, R., Lujan, M. A., Duart-Castells, L., Pubill, D., Camarasa,
J., Valverde, O., & Escubedo, E. (2017). Exposure of adolescent mice
to 3,4-methylenedioxypyrovalerone increases the psychostimulant,

rewarding and reinforcing effects of cocaine in adulthood. British
Journal of Pharmacology, 174(10), 1161-1173.

Lopez-Arnau, R., Martinez-Clemente, J., Pubill, D., Escubedo, E., &
Camarasa, J. (2012). Comparative neuropharmacology of three

psychostimulant cathinone derivatives: butylone, mephedrone and
methylone. Br ] Pharmacol, 167, 407-420.

Lu, L., Grimm, J. W., Shaham, Y., & Hope, B. T. (2003). Molecular
neuroadaptations in the accumbens and ventral tegmental area during
the first 90 days of forced abstinence from cocaine self-administration in
rats. | Neurochem, 85(6), 1604-1613.

333



Neurochemical and psychopharmacological study of MDPV, a cocaine-like psychostimulant
Characterization of structurally-related second-generation synthetic cathinones

M

Manning, C. E., Williams, E. S., & Robison, A. ]J. (2017). Reward Network
Immediate Early Gene Expression in Mood Disorders. Front Behav
Neurosct, 11, 77.

Manti, S., Brown, P., Perez, M. K., & Piedimonte, G. (2017). Neurotrophins
(1st editio; G. Litwack, Ed.). Elsevier.

Marinetti, L. J., & Antonides, H. M. (2013). Analysis of synthetic cathinones
commonly found in bath salts in human performance and postmortem
toxicology: method development, drug distribution and interpretation
of results. ] Anal Toxicol, 37, 135-146.

Martin, M., Ledent, C., Parmentier, M., Maldonado, R., & Valverde,
O. (2000). Cocaine, but not morphine, induces conditioned place
preference and sensitization to locomotor responses in CB1 knockout
mice. Eur | Neurosci, 12(11), 4038-4046.

Martinez-Clemente, J., Escubedo, E., Pubill, D., & Camarasa, J. (2012).
Interaction of mephedrone with dopamine and serotonin targets in rats.
Eur | Neuropsychopharmacol, (22), 231-236.

Marusich, J. A., Antonazzo, K. R., Wiley, J. L., Blough, B. E., Partilla,
J. S., & Baumann, M. H. (2014). Pharmacology of novel synthetic
stimulants structurally related to the “bath salts” constituent
3,4-methylenedioxypyrovalerone (MDPV). Neuropha, 87, 206-213.

Marusich, J. A., Lefever, T. W., Blough, B. E., Thomas, B. F., & Wiley, J. L.
(2016). Pharmacological effects of methamphetamine and alpha-PVP
vapor and injection. Nexroloxicology, 55, 83-91.

334



BIBLIOGRAPHY

Maskell, P. D., De Paoli, G., Seneviratne, C., & Pounder, D. J. (2011).
Mephedrone (4-methylmethcathinone)-related deaths. ] Anal Toxicol, 35,
188-191.

Masoud, S. T., Vecchio, L. M., Bergeron, Y., Hossain, M. M., Nguyen, L.
T., Bermejo, M. K., ... Salahpour, A. (2015). Increased expression of
the dopamine transporter leads to loss of dopamine neurons, oxidative
stress and -DOPA reversible motor deficits. Neurobiol Dis., 74, 66-75.

Maurer, H. H., & Brandt, S. D. (2018). New Psychoactive Substances.
Pharmacology, Clinical, Forensic and Analytical Toxicology. In

Springer.

Maze, 1., Chaudhury, D., Dietz, D. M., Von Schimmelmann, M., Kennedy,
P.]., Lobo, M. K., ... Nestler, E. J. (2014). G9a influences neuronal
subtype specification in striatum. Nat Neurosci, 17(4), 533-539.

Maze, I., Convington, H. 3rd., Dietz, D. M., Laplant, Q., Renthal, W.,
Russo, S. ., ... Nestler, E. J. (2010). Essential role of the histone
methyltransferase G9a in cocaine-induced plasticity. Science, 327(5962),
213-216.

Maze, L., & Nestler, E. J. (2011). The epigenetic landscape of addiction. Ann
NY Acad Sci, 1216, 99-113.

McCarthy, D. M., Brown, A. N., & Bhide, P. G. (2012). Regulation of
BDNF expression by cocaine. Yale | Biol Med., 85(4), 437-446.

McClung, C. A., & Nestler, E. J. (2003). Regulation of gene expression and
cocaine reward by CREB and DeltaFosB. Nat Nexrosci, 6(11), 1208-
1215.

335



Neurochemical and psychopharmacological study of MDPV, a cocaine-like psychostimulant
Characterization of structurally-related second-generation synthetic cathinones

McCoy, M. T., Jayanthi, S., Wulu, J. A., Beauvais, G., Ladenheim, B.,
Martin, T. A., ... Cadet, J. L. (2011). Chronic methamphetamine
exposure suppresses the striatal expression of members of multiple
families of immediate early genes (IEGs) in the rat: normalization by an

acute methamphetamine injection. Psychopharmacology (Berl), 215(2),
353-365.

McGinty, J. F., Whitfield, T. W., & Berglind, W. J. (2010). Brain-derived

neurotrophic factor and cocaine addiction. Brain Res, 1314, 183-193.

McReynolds, J. R., Christianson, J. P., Blacktop, J. M., & Mantsch, J.
R. (2018). What does the Fos say? Using Fos-based approaches to
understand the contribution of stress to substance use disorders.
Nenrobiology of Stress, 9, 271-285.

MDPV, DanceSafe. (n.d.). Retrieved October 28, 2019, from https://
dancesafe.org/mdpv/

Measham, F., Moore, K., Newcombe, R., & Welch, Z. (2010). Tweaking,

bombing, dabbing and stockpiling: the emergence of mephedrone and
the perversity of prohibition. Drugs Alcohol Today, 10, 14-21.

Meflert, M. K., & Baltimore, D. (2005). Physiological functions for brain
NF-kappaB. Trends Neurosci, 28(1), 37-43.

Meflert, M. K., Chang, ]J. M., Wiltgen, B. J., Fanselow, M. S., & Baltimore,
D. (2003). NF-kappa B functions in synaptic signaling and behavior.
Nat Neurosct, 6(10), 1072-1078.

Meltzer, P. C., Butler, D., Deschamps, J. R., & Madras, B. K. (2006).
1-(4-Methylphenyl)-2-pyrrolidin-1-yl-pentan-1-one (Pyrovalerone)
analogues: a promising class of monoamine uptake inhibitors. J Med
Chem, 49, 1420-1432.

336



BIBLIOGRAPHY

Monaco, C., Andreakos, E., Kiriakidis, S., Mauri, C., Bicknell, C., Foxwell,
B., ... Feldmann, M. (2004). Canonical pathway of nuclear factor kappa
B activation selectively regulates proinflammatory and prothrombotic
responses in human atherosclerosis. Proc Natl Acad Sci U S A, 101(15),
5634-5639.

Moratalla, R., Elibol, B., Vallejo, M., & Graybiel, A. M. (1996). Network-
level changes in expression of inducible Fos-Jun proteins in the striatum
during chronic cocaine treatment and withdrawal. Neuron, 17(1), 147-
156.

Morgan, J. L., & Curran, T. (1995). Immediate-early genes: ten years on.
Trends Neurosci, 18(2), 66-67.

Murray, B. L., Murphy, C. M., & Beuhler, M. C. (2012). Death
following recreational use of designer drug “bath salts” containing
3,4-Methylenedioxypyrovalerone (MDPV). ] Med Toxicol., 8(1), 69-75.

N

Nader, M. A., Morgan, D., Gage, H. D., Nader, S. H., Calhoun, T. L.,
Buchheimer, N, ... Mach, R. H. (2006). PET imaging of dopamine D2
receptors during chronic cocaine self-administration in monkeys. Nat
Neurosct, 9(8), 1050-1056.

National Institute on Drug Abuse (NIDA). National Institutes of Health,
U.S. Department of Health and Human Services. (n.d.). Retrieved
October 25, 2019, from https://www.drugabuse.gov

337



Neurochemical and psychopharmacological study of MDPV, a cocaine-like psychostimulant
Characterization of structurally-related second-generation synthetic cathinones

Naylor, ]J. E., Freeman, K. B., Blough, B. E., Woolverton, W. L., &
Huskinson, S. L. (2015). Discriminative-Stimulus Effects of Second
Generation Synthetic Cathinones in Methamphetamine-Trained Rats.
Drug Alcohol Depend., 149, 280-284.

Negus, S. S., & Banks, M. L. (2017). Decoding the Structure of Abuse
Potential for New Psychoactive Substances: Structure-Activity
Relationships for Abuse-Related Effects of 4-Substituted Methcathinone
Analogs. Curr Top Behav Neurosci, 32, 119-131.

Negus, S. S., & Miller, L. L. (2014). Intracranial self-stimulation to evaluate
abuse potential of drugs. Pharmacol Rev, 66(3), 869-917.

Nelson, K. H., Hempel, B. J., Matthew, M. C., Rice, K. C., & Riley, A. L.
(2017). Conditioned Taste Avoidance, Conditioned Place Preference
and Hyperthermia induced by the Second Generation ‘Bath Salt’
a-pyrrolidinopentiophenone (a-PVP). Pharmacol Biochem Bebav, 156,
48-55.

Nennig, S. E., & Schank, ]J. R. (2017). The Role of NFkB in Drug Addiction:
Beyond Inflammation. Alcohol and Alcoholism, 52(2), 172-179.

Nestler, E. J. (2001a). Molecular basis of long-term plasticity underlying
addiction. Nat Rev Neurosci, 2, 119-128.

Nestler, E. J. (2001b). Molecular neurobiology of addiction. American
Journal on Addictions, 10(3), 201-217.

Nestler, E. ]J. (2008). Transcriptional mechanisms of addiction: role of
AFosB. Philos Trans R Soc Lond B Biol Sci, 363(1507), 3245-3255.

Nestler, E. J. (2012). Transcriptional mechanisms of drug addiction. Clin
Psychopharmacol Neurosci, 10(3), 136-143.

338



BIBLIOGRAPHY

Nestler, E. J. (2013). Molecular Mechanisms of Addiction. Retrieved from
https://www.bbrfoundation.org/sites/default/files/pdfs/oct-2013-
webinar-slides.pdf

Nestler, E. J., Hope, B. T., & Widnell, K. L. (1993). Drug addiction: a model
for the molecular basis of neural plasticity. Neuron, 11(6), 995-1006.

Nicola, S. M., Surmeier, ., & Malenka, R. C. (2000). Dopaminergic
modulation of neuronal excitability in the striatum and nucleus

accumbens. Annu Rev Neurosci, 23, 185-215.

Nishi, A., Kuroiwa, M., & Shuto, T. (2011). Mechanisms for the modulation
of dopamine D 1 receptor signaling in striatal neurons. Frontiers in

Neuroanatomy, 5, 1-10.

Norrholm, S. D., Bibb, J. A., Nestler, E. J., Ouimet, C. C., Taylor, J. R., &
Greengard, P. (2003). Cocaine-induced proliferation of dendritic spines
in nucleus accumbens is dependent on the activity of cyclin-dependent
kinase-5. Neuroscience, 116(1), 19-22.

Novellas, J., Lopez-Arnau, R., Carbo, M. L., Pubill, D., Camarasa, J., &
Escubedo, E. (2015). Concentrations of MDPV in rat striatum correlate
with the psychostimulant effect. ] Psychopharmacol, 29(11), 1209-1218.

P

Patrick, G. N., Zukerberg, L., Nikolic, M., de la Monte, S., Dikkes, P., &
Tsai, L. H. (1999). Conversion of p35 to p25 deregulates Cdk5 activity
and promotes neurodegeneration. Nature, 402(6762), 615-622.

339



Neurochemical and psychopharmacological study of MDPV, a cocaine-like psychostimulant
Characterization of structurally-related second-generation synthetic cathinones

Paulson, P. E., Camp, D. M., & Robinson, T. E. (1991). Time course of
transient behavioral depression and persistent behavioral sensitization
in relation to regional brain monoamine concentrations during
amphetamine withdrawal in rats. Psychopharmacology (Berl), 103(4),
480-492.

Peakman, M. C., Colby, C., Perrotti, L. I., Tekumalla, P., Carle, T., Ulery,
P, ... Schaeffer, E. (2003). Inducible, brain region-specific expression
of a dominant negative mutant of c-Jun in transgenic mice decreases

sensitivity to cocaine. Brain Res, 970(1-2), 73-86.

Penders, T. M., Gestring, R. E., & Vilensky, D. A. (2012). Excited delirium
following use of synthetic cathinones (bath salts). Gen Hosp Psychiatry,
34(6), 647-650.

Perluigi, M., Coccia, R., & Butterfield, D. . (2012). 4-Hydroxy-2-Nonenal,
a Reactive Product of Lipid Peroxidation, and Neurodegenerative
Diseases: A Toxic Combination Illuminated by Redox Proteomics
Studies. Antioxid Redox Signal., 17(11), 1590-1609.

Perrotti, L. I., Weaver, R. R., Robison, B., Renthal, W., Maze, 1., Yazdani,
S., ... Nestler, E. J. (2008). Distinct patterns of DeltaFosB induction in
brain by drugs of abuse. Synapse, 62(5), 358-369.

Pickens, C. L., Airavaara, M., Theberge, F., Fanous, S., Hope, B. T., &
Shaham, Y. (2011). Neurobiology of the incubation of drug craving.
Trends Neurosci, Vol. 34, pp. 411-420.

Pierce, R. C., & Kalivas, P. W. (1997). A circuitry model of the expression of
behavioral sensitization to amphetamine-like psychostimulants. Brain
Res Brain Res Rev, Vol. 25, pp. 192-216.

340



BIBLIOGRAPHY

Pistis, M., Perra, S., Pillolla, G., Melis, M., Gessa, G. L., & Muntoni, A. L.
(2004). Cannabinoids modulate neuronal firing in the rat basolateral
amygdala: evidence for CB1- and non-CB1-mediated actions.
Neuropharmacology, 46(1), 115-125.

Prosser, J. M., & Nelson, L. S. (2012). The Toxicology of Bath Salts: A
Review of Synthetic Cathinones. | Med Toxicol, 8, 33-42.

Prus, A. J., James, ]. R., & Rosecrans, J. A. (2000). Chapter 4. Conditioned
Place Preference. In J. J. Buccafusco (Ed.), Methods of Behavior Analysis

in Neuroscience (2n edition).

Pulipparacharuvil, S., Renthal, W., Hale, C. F., Taniguchi, M., Xiao, G.,
Kumar, A., ... Cowan, C. W. (2008). Cocaine regulates MEF2 to control
synaptic and behavioral plasticity. Nexron, 59(4), 621-633.

R

Reguilén, M. D., Montagud-Romero, S., Ferrer-Pérez, C., Roger-Sanchez, C.,
Aguilar, M. A., Mifiarro, J., & Rodriguez-Arias, M. (2017). Dopamine
D2 receptors mediate the increase in reinstatement of the conditioned
rewarding effects of cocaine induced by acute social defeat. Eur |
Pharmacol, 799, 48-57.

Regulation (EC) No 1920/2006 of the European Parliament and of the
Council of 12 December 2006 on the European Monitoring Centre
for Drugs and Drug Addiction (recast). (2006). Off ] Eur Union, 376,
1-13. Retrieved from https://eur-lex.europa.eu/legal-content/en/
ALL/?uri=CELEX:32017R2101

341



Neurochemical and psychopharmacological study of MDPV, a cocaine-like psychostimulant
Characterization of structurally-related second-generation synthetic cathinones

Regunath, H., Ariyamuthu, V. K., Dalal, P., & Misra, M. (2012). Bath
salt intoxication causing acute kidney injury requiring hemodialysis.
Hemodial Int, 1, S47-9.

Reith, M. E., Blough, B. E., Hong, W. C., Jones, K. T., Schmitt, K. C.,
Baumann, M. H., ... Katz, J. L. (2015). Behavioral, biological, and
chemical perspectives on atypical agents targeting the dopamine
transporter. Drug Alcohol Depend, 147, 1-19.

Ren, Q., Zhang, J. C., Ma, M., Fyjita, Y., Wu, J., & Hashimoto, K.
(2014). 7,8-Dihydroxyflavone, a TrkB agonist, attenuates behavioral
abnormalities and neurotoxicity in mice after administration of

methamphetamine. Psychopharmacology (Berl), 231(1), 159-166.

Renthal, W., Carle, T. L., Maze, 1., Covington, H. E. 3rd, Truong, H. T.,
Alibhai, L, ... Nestler, E. J. (2008). Delta FosB mediates epigenetic
desensitization of the c-fos gene after chronic amphetamine exposure. |
Neurosci, 28(29), 7344-7349.

Renthal, W., Kumar, A., Xiao, G., Wilkinson, M., Covington, H. 3rd,
Maze, L, ... Nestler, E. J. (2009). Genome-wide analysis of chromatin

regulation by cocaine reveals a role for sirtuins. Neuron, 62(3), 335-348.

Ribeiro Do Couto, B., Aguilar, M. A., Rodriguez-Arias, M., & Mifiarro, J.
(2005). Long-lasting rewarding effects of morphine induced by drug
primings. Brain Res, 1050(1-2), 53-63.

Robbins, T. W., & Everitt, B. J. (1996). Neurobehavioural mechanisms of
reward and motivation. Curr Opin Neurobiol, 6(2), 228-236.

Robinson, T. E., & Berridge, K. C. (1993). The neural basis of drug craving:
an incentive-sensitization theory of addiction. Brain Res Brain Res Rev,
18(3), 247-291.

342



BIBLIOGRAPHY

Robinson, T. E., & Berridge, K. C. (2000). The psychology and
neurobiology of addiction: an incentive-sensitization view. Addiction, 2,
S91-117.

Robinson, T. E., Gorny, G., Mitton, E., & Kolb, B. (2001). Cocaine Self-
Administration Alters the Morphology of Dendrites and Dendritic
Spines in the Nucleus Accumbens and Neocortex. Synapse, 39(3), 257-
266.

Robinson, T. E., & Kolb, B. (1999). Alterations in the morphology of
dendrites and dendritic spines in the nucleus accumbens and prefrontal
cortex following repeated treatment with amphetamine or cocaine. Exr
J Neurosct, 11(5), 1598-1604.

Robinson, T. E., & Kolb, B. (2004). Structural plasticity associated with
exposure to drugs of abuse. Neuropharmacology, 1, 33-46.

Robison, A. J., & Nestler, E. J. (2011). Transcriptional and Epigenetic
Mechanisms of Addiction. Nat Rev Neurosci, 12(11), 623-637.

Rodriguez-Arias, M., Maldonado, C., Vidal-Infer, A., Guerri, C., Aguilar, M.
A., & Mifiarro, ]. (2011). Intermittent ethanol exposure increases long-
lasting behavioral and neurochemical effects of MDMA in adolescent
mice. Psychopharmacology (Berl), 218(2), 429-442.

Rodriguez-Espinosa, N., & Fernandez-Espejo, E. (2015). Effects of acute and
repeated cocaine on markers for neural plasticity within the mesolimbic

system in rats. Psychopharmacology (Berl), 232(1), 57-62.

Ross, E. A., Reisfield, G. M., Watson, M. C., Chronister, C. W., &
Goldberger, B. A. (2012). Psychoactive “bath salts” intoxication with
methylenedioxypyrovalerone. Am J Med, 125(9), 854-858.

343



Neurochemical and psychopharmacological study of MDPV, a cocaine-like psychostimulant
Characterization of structurally-related second-generation synthetic cathinones

Ross, E. A., Watson, M., & Goldberger, B. (2011). “Bath salts” intoxication.
NEngl]Med, 365, 967-968.

Rothman, R. B., & Baumann, M. H. (2003). Monoamine transporters and
psychostimulant drugs. Eur | Pharmacol, 479(1-3), 23-40.

Ruflle, J. K. (2014). Molecular neurobiology of addiction: what’s all the
AFosB about? Am ]| Drug Alcohol Abuse, 40(6), 428-437.

Russo, S. J., Dietz, D. M., Dumitriu, D., Morrison, J. H., Malenka, R. C.,
& Nestler, E. J. (2010). The addicted synapse: mechanisms of synaptic
and structural plasticity in nucleus accumbens. Trends Neurosci, 33(6),
267-276.

Russo, S. J., Mazei-Robison, M. S., Ables, J. L., & Nestler, E. J. (2009a).
Neurotrophic factors and structural plasticity in addiction.
Neuropharmacology, 56 SUPPL. 1), 73-82.

Russo, S. J., Wilkinson, M. B., Mazei-Robinson, M. S., Dietz, D. M.,
Maze, I, Krishnan, V., ... Nestler, E. J. (2009b). Nuclear factor kappa

B signaling regulates neuronal morphology and cocaine reward. |
Neurosct, 29(11), 3529-3537.

S

Saha, K., Li, Y., Holy, M., Lehner, K. R., Bukhari, M. O., Partilla, J. S.,
... Baumann, M. H. (2019). The synthetic cathinones, butylone and
pentylone, are stimulants that act as dopamine transporter blockers but

5-HT transporter substrates. Psychopharmacology, 236, 953-962.

Salery, M., Dos Santos, M., Saint-Jour, E., Moumneé, L., Pages, C., Kappes,
V., ... Vanhoutte, P. (2017). Activity-Regulated Cytoskeleton-Associated

344



BIBLIOGRAPHY

Protein Accumulates in the Nucleus in Response to Cocaine and Acts
as a Brake on Chromatin Remodeling and Long-Term Behavioral
Alterations. Biol Psychiatry, 81(7), 573-584.

Sanchis-Segura, C., & Spanagel, R. (2006). Behavioural assessment of drug
reinforcement and addictive features in rodents: An overview. Addict
Biol, 11(1), 2-38.

Sande, M. (2016). Characteristics of the use of 3-MMC and other new
psychoactive drugs in Slovenia, and the perceived problems experienced
by users. Int ] Drug Policy, 27, 65-73.

Schifano, F., Corkery, J., & Ghodse, A. H. (2012). Suspected and confirmed
fatalities associated with mephedrone (4- methylmethcathinone, “meow
meow”) in the United Kingdom. J Clin Psychopharmacol, 32(5), 710~
714.

Schiltz, C. A., Kelley, A. E., & Landry, C. F. (2005). Contextual cues

associated with nicotine administration increase arc mRNA expression

in corticolimbic areas of the rat brain. Eur | Neurosci, 21(6), 1703-1711.

Schmidt, H. D., & Pierce, R. C. (2010). Cocaine-induced neuroadaptations
in glutamate transmission Potential therapeutic targets for craving and
addiction. Ann NY Acad Sci, 1187, 35-75.

Schultz, W. (2015). Neuronal Reward and Decision Signals: From Theories
to Data. Physiol Rev, 95, 853-951.

Segrec, N., Nastelic, A., & Pregelj, P. (2016). Pentedrone-Induced acute
psychosis in a patient with opioid addiction: A case report. Heroin
Addict Relat Clin Probl, 18(3), 53-56.

Self, D. W., & Nestler, E. J. (1998). Relapse to drug-seeking: Neural and
molecular mechanisms. Drug Alcohol Depend., 51(1-2), 49-60.

345



Neurochemical and psychopharmacological study of MDPV, a cocaine-like psychostimulant
Characterization of structurally-related second-generation synthetic cathinones

Shaham, Y., Erb, S., & Stewart, J. (2000). Stress-induced relapse to heroin
and cocaine seeking in rats: A review. Brain Res Brain Res Rev, Vol. 33,
pp. 13-33.

Shanks, K. G., Dahn, T., Behonick, G., & Terrell, A. (2012). Analysis of
first and second generation legal highs for synthetic cannabinoids and
synthetic stimulants by ultra-performance liquid chromatography and

time of flight mass spectrometry. ] Anal Toxicol, 36(360-71).

Shaywitz, A. ., & Greenberg, M. E. (1999). CREB: a stimulus-induced
transcription factor activated by a diverse array of extracellular signals.
Annu Rev Biochem, 68, 821-861.

Simmler, L. D., Buser, T. A., Donzelli, M., Schramm, Y., Dieu, L. H.,
Huwyler, J., ... Liechti, M. E. (2013). Pharmacological characterization
of designer cathinones in vitro. British Journal of Pharmacology, 168(2),
458-470.

Simmler, L. D., Rickli, A., Hoener, M. C., & Liechti, M. E. (2014).
Monoamine transporter and receptor interaction profiles of a new series

of designer cathinones. Neuropharmacology, 79, 152-160.

Simmons, S. J., Gregg, R. A., Tran, F. H., Mo, L., von Weltin, E., Barker, D.
J.s ... Muschamp, J. W. (2018). Comparing rewarding and reinforcing
properties between ‘bath salt’ 3,4-methylenedioxypyrovalerone

(MDPV) and cocaine using ultrasonic vocalizations in rats. Addict Biol
Biology, 23(1), 102-110.

Single Convention on Narcotic Drugs 1961 as amended by the 1972
Protocol. (1961). Retrieved October 8, 2019, from https://www.unodc.

org/unodc/en/treaties/single-convention.html

346



BIBLIOGRAPHY

Smith, E. M., Gregg, M., Hashemi, F., Schott, L., & Hughes, T. K. (2006).
Corticotropin Releasing Factor (CRF) activation of NF-kappaB-
directed transcription in leukocytes. Cell Mol Neurobiol., 26(4-6), 1021-
1036.

Smith, J. A., Mo, Q., Guo, H., Kunko, P. M., & Robinson, S. E. (1995).
Cocaine increases extraneuronal levels of aspartate and glutamate in the
nucleus accumbens. Brain Res, 683(2), 264-269.

Song, I, & Huganir, R. L. (2002). Regulation of AMPA receptors during
synaptic plasticity. Trends Neurosci, 25(11), 578-588.

Serensen, L. K. (2011). Determination of cathinones and related ephedrines
in forensic whole-blood samples by liquid-chromatography-electrospray
tandem mass spectrometry. | Chromatogr B Analyt Technol Biomed Life
Sci., 879, 727-736.

Spear, L. P. (2013). Adolescent neurodevelopment. | Adolesc Health, 52(2
Suppl 2), S7-13.

Spiller, H. A., Ryan, M. L., Weston, R. G., & Jansen, ]. (2011). Clinical
experience with and analytical confirmation of “bath salts” and “legal
highs” (synthetic cathinones) in the United States. Clinical Toxicology,
49(6), 499-505.

Staley, J. K., & Mash, D. C. (1996). Adaptive increase in D3 dopamine
receptors in the brain reward circuits of human cocaine fatalities. |
Nenrosct, 16(19), 6100-6106.

Steketee, J. D., & Kalivas, P. W. (2011). Drug wanting: Behavioral
sensitization and relapse to drug-seeking behavior. Pharmacol Rev.,
63(2), 348-365.

347



Neurochemical and psychopharmacological study of MDPV, a cocaine-like psychostimulant
Characterization of structurally-related second-generation synthetic cathinones

Storrs, C. (2015). What is flakka and why is it so dangerous? Retrieved
October 28, 2019, from https://edition.cnn.com/2015/05/26/health/
flakka-gravel-illegal-drugs/

Sumnall, H. R., Evans-Brown, M., & Mcveigh, ]J. (2011). Social, policy, and
public health perspectives on new psychoactive substances. Drug Testing
and Analysis, 3, 515-523.

Sykutera, M., Cychowska, M., & Bloch-Boguslawska, E. (2015). A Fatal
Case of Pentedrone and o-Pyrrolidinovalerophenone Poisoning. | Anal
Toxicol, 39(4), 324-329.

T

Tachibana, M., Sugimoto, K., Fukushima, T., & Shinkai, Y. (2001).
Set domain-containing Protein, G9a, is a Novel Lysine-preferring
Mammalian Histone Methyltransferase with Hyperactivity and Specific
Selectivity to Lysines 9 and 27 of Histone H3-. ] Biol Chem, 276(27),
25309-25317.

Tachibana, M., Sugimoto, K., Nozaki, M., Ueda, J., Ohta, T., Ohki, M.,
... Shinkai, Y. (2002). G9a histone methyltransferase plays a dominant
role in euchromatic histone H3 lysine 9 methylation and is essential for
early embryogenesis. Genes Dev, 16(14), 1779-1791.

Tarjan, A., Dudas, M., Wiessing, L., Horvath, G., Rusvai, E., Treso, B.,
& Csohan, A. (2017). HCV prevalence and risk behaviours among
injectors of new psychoactive substances in a risk environment in

Hungary-An expanding public health burden. Int ] Drug Policy, 41, 1-7.

348



BIBLIOGRAPHY

Taylor, S. B., Lewis, C. R., & Olive, M. F. (2013). The neurocircuitry of
illicit psychostimulant addiction: acute and chronic effects in humans.
Subst Abuse Rebabil, 4, 29-43.

Thompson, D., Martini, L., & Whistler, J. L. (2010). Altered Ratio of D1
and D2 Dopamine Receptors in Mouse Striatum Is Associated with
Behavioral Sensitization to Cocaine. PLoS One, 5(6), ¢11038.

U

United Nations Convention Agains Illicit Trafhic in Narcotic Drugs and

Psychotropic Substances. (1988). Retrieved from www.unodc.org

United Nations Office on Drugs and Crime (UNODC). Early Warning
Advisory on New Psychoactive Substances. (2019a). Retrieved from
https://www.unodc.org/

United Nations Office on Drugs and Crime (UNODC). Market analysis
of synthetic drugs: Amphetamine-type stimulants, new psychoactive
substances. (2017). Retrieved from https://doi.org/10.18356/5¢554389-en

United Nations Ofhice on Drugs and Crime (UNODC). The challenge of

new psychoactive substances. (2013). Retrieved from www.unodc.org

United Nations Office on Drugs and Crime (UNODC). World Drug Report
(United Nations Publication, Sales No. E.19.X1.8). (2019b). Retrieved

from www.unodc.org

Uralets, V., Rana, S., Morgan, S., & Ross, W. (2014). Testing for designer
stimulants: Metabolic profiles of 16 synthetic cathinones excreted free
in human urine. ] Anal Toxicol, 38(5), 233-241.

349



Neurochemical and psychopharmacological study of MDPV, a cocaine-like psychostimulant
Characterization of structurally-related second-generation synthetic cathinones

A"

Valente, M. J., Bastos, M. L., Fernandes, E., Carvalho, F., Guedes de Pinho,
P., & Carvalho, M. (2017). Neurotoxicity of 3-Keto Amphetamines:
Deathly Mechanisms Elicited by Methylone and MDPV in Human
Dopaminergic SH-SY5Y Cells. ACS Chem Neurosci, 8(4), 850-859.

Valjent, E., Pages, C., Hervé, D., Girault, J. A., & Caboche, ]. (2004).
Addictive and non-addictive drugs induce distinct and specific patterns
of ERK activation in mouse brain. Exr | Neurosci, 19(7), 1826-1836.

Valvassori, S. S., Varela, R. B., & Quevedo, J. (2017). Animal Models of
Mood Disorders: Focus on Bipolar Disorder and Depression. In Animal
Modlels for the Study of Human Disease (2n edition, pp. 991-1001).

Academic Press.

VanElzakker, M., Fevurly, R. D., Breindel, T., & Spencer, R. L. (2008).
Environmental novelty is associated with a selective increase in Fos
expression in the output elements of the hippocampal formation and
the perirhinal cortex. Learn Mem, 15(12), 899-908.

Vezina, P., & Stewart, J. (1989). The effect of dopamine receptor blockade on
the development of sensitization to the locomotor activating effects of

amphetamine and morphine. Brain Res., 499(1), 108-120.

Vlachou, S., & Markou, A. (2011). Intracranial Self-Stimulation. In O. M.
(eds) (Ed.), Animal Models of Drug Addiction. Neuromethods, vol 53. (pp.
3-56). Humana Press.

Vlahopoulos, S. A. (2017). Aberrant control of NF-«B in cancer permits
transcriptional and phenotypic plasticity, to curtail dependence on host
tissue: molecular mode. Cancer Biol Med, 14(3), 254-270.

350



BIBLIOGRAPHY

Volkow, N. D., Fowler, J. S., & Wolf, A. P. (1991). Use of positron emission
tomography to study cocaine in the human brain. NIDA Res Monogr,
112, 168-179.

Volkow, N. D., Wang, G. J., Fischman, M. W., Foltin, R., Fowler, J. S.,
Franceschi, D., ... Pappas, N. (2000). Effects of route of administration
on cocaine induced dopamine transporter blockade in the human brain.
Life Sci, 67(12), 1507-1515.

Volkow, N. D., Wang, G. J., Fowler, J. S., Tomasi, D., Telang, F., & Baler,
R. (2011). Addiction: Decreased reward sensitivity and increased
expectation sensitivity conspire to overwhelm the brain’s control
circuit. Bioessays, 32(9), 748-755.

\\4

Wagner, F. A., & Anthony, ]. C. (2002). From first drug use to drug
dependence; developmental periods of risk for dependence upon
marijuana, cocaine, and alcohol. Neuropsychopharmacology, 26(4), 479~
488.

Walker, M. P., Laferla, F. M., Oddo, S. S., & Brewer, G. J. (2013). Reversible
epigenetic histone modifications and Bdnf expression in neurons with
aging and from a mouse model of Alzheimer’s disease. Age (Dord),
35(3), 519-531.

Wander, A. (1963). Patent No. GB 927475. Bern, Switzerland.

Warrick, B. J., Hill, M., Hekman, K., Christensen, R., Goetz, R., Casavant,
M.]J., ... Smolinske, S. (2013). A 9-state analysis of designer stimulant,
“bath salt,” hospital visits reported to poison control centers. Ann
Emerg Med, 62(3), 244-251.

351



Neurochemical and psychopharmacological study of MDPV, a cocaine-like psychostimulant
Characterization of structurally-related second-generation synthetic cathinones

Watterson, L. R., Kufahl, P. R., Nemirovsky, N. E., Sewalia, K.,
Grabenauer, M., Thomas, B. F., ... Olive, M. F. (2014). Potent
rewarding and reinforcing effects of the synthetic cathinone
3,4-methylenedioxypyrovalerone (MDPV). Addict Biol, 19(2), 165-174.

Watterson, L. R., Kufahl, P. R., Taylor, S. B., Nemirovsky, N. E., &
Olive, M. F. (2016). Sensitization to the motor stimulant effects of
3,4-methylenedioxypyrovalerone (MDPV) and cross-sensitization to
methamphetamine in rats. | Drug Alcohol Res. https://doi.org/10.4303/
jdar/235967.

Watterson, L. R., & Olive, M. F. (2014). Synthetic cathinones and their
rewarding and reinforcing effects in rodents. Adv Neurosci (Hindawi),
2014, 209875.

Watterson, L. R., Watterson, E., & Olive, M. F. (2013). Abuse liability of
novel “legal high” designer stimulants: evidence from animal models.
Behav Pharmacol, 24(5-6), 341-355.

Whisler, K., Kelz, M. B., Chen, J., & Nestler, E. J. (1999). Effects of
conditional over-expression of deltaFosB in nucleus accumbens on
cocaine self-administration and relapse to cocaine seeking behavior. Soc
Neurosci Abs., 25, 811.

White, N. M. (1989). Reward or reinforcement: What’s the difference? Newusci
Biobehav Rev, 13(2-3), 181-186.

Winstanley, C. A., Bachtell, R. K., Theobald, D. E. H., Laali, S., Thomas,
A. G, Kumar, A,, ... Nestler, E. J. (2009a). Increased Impulsivity during
Withdrawal from Cocaine Self-Administration: Role for AFosB in the
Orbitofrontal Cortex. Cereb Cortex, 19(2), 435-444.

352



BIBLIOGRAPHY

Winstanley, C. A., Green, T. A., Theobald, D. E., Renthal, W., LaPlant,
Q., DiLeone, R. J., ... Nestler, E. J. (2009b). DeltaFosB induction
in orbitofrontal cortex potentiates locomotor sensitization despite

attenuating the cognitive dysfunction caused by cocaine. Pharmacol
Biochem Behav., 93(3), 278-284.

Winstock, A., Mitcheson, L., Ramsey, J., Davies, S., Puchnarewicz, M., &
Marsden, J. (2011). Mephedrone: Use, subjective effects and health risks.
Addiction, 106, 1991-1996.

Winstock, A. R., Marsden, J., & Mitcheson, L. (2010). What should be done
about mephedrone? BM], 23(340), c1605.

Wise, R. A. (1998). Drug-activation of brain reward pathways. Drug Alcohol
Depend, 51(1-2), 13-22.

Wise, R. A. (2008). Dopamine and reward: The anhedonia hypothesis 30
years on. Neurotoxicity Research, 14, 169-183.

Wojcieszak, J., Andrzejczak, D., Wojtas, A., Golembiowska, K., & Zawilska,
J. B. (2018). Effects of the new generation a-pyrrolidinophenones
on spontaneous locomotor activities in mice, and on extracellular

dopamine and serotonin levels in the mouse striatum. Forensic Toxicol.,
36(2), 334-350.

World Health Organization (WHO). 3,4-Methylenedioxypyrovalerone
(MDPYV) Critical Review Report. (2014). Retrieved from https://www.

who.int

World Health Organization (WHO). Lexicon of alcohol and drug terms, 1st
edition. (Vol. 52, pp. 431-431). (1994). Retrieved from www.who.int

353



Neurochemical and psychopharmacological study of MDPV, a cocaine-like psychostimulant
Characterization of structurally-related second-generation synthetic cathinones

World Health Organization (WHO). Pentedrone Critical Review Report
Agenda item 4.6 Expert Committee on Drug Dependence. (2016).

Retrieved from https://www.who.int

Y

Yager, L. M., Garcia, A. F., Wunsch, A. M., & Ferguson, S. M. (2015). The
ins and outs of the striatum: role in drug addiction. Neuroscience, 301,
529-541.

Z

Zawilska, J. B., & Wojcieszak, J. (2013). Designer cathinones- An emerging
class of novel recreational drugs. Forensic Science International, 231,
42-53,

Zawilska, J., & Wojcieszak, J. (2017). a-Pyrrolidinophenones: a new wave of
designer cathinones. Forensic Toxicol., 35(2), 201-216.

Zhang, J., Zhang, L., Jiao, H., Zhang, Q., Zhang, D., Lou, D., ... Xu, M.
(2006). c-Fos facilitates the acquisition and extinction of cocaine-induced
persistent changes. | Neurosci, 26(51), 13287-13296.

Zhang, X. F., Cooper, D. C., & White, F. ]. (2002). Repeated cocaine
treatment decreases whole-cell calcium current in rat nucleus
accumbens neurons. | Pharmacol Exp Ther., 301(3), 1119-1125.

Zhang, Z., Tao, W., Hou, Y., Wang, W., Kenny, P. J., & Pan, Z. Z. (2014).
MeCP2 repression of G9a in regulation of pain and morphine reward. |
Neurosci, 34(27), 9076-9087.

354



BIBLIOGRAPHY

Zuba, D., & Byrska, B. (2013). Prevalence and co-existence of active
components of “legal highs”. Drug Testing and Analysis, 5(6), 420-429.

Zweifel, L. S., Parker, J. G., Lobb, C. J., Rainwater, A., Wall, V. Z., Fadok, J.
P., ... Palmiter, R. D. (2009). Disruption of NMDAR-dependent burst
firing by dopamine neurons provides selective assessment of phasic
dopamine-dependent behavior. Proc Natl Acad Sci U S A, 106(18), 7281~
7288.

355












The combination of ethanol with mephedrone increases the
signs of neurotoxicity and impairs the neurogenesis and

learning in adolescent CD-1 mice

Ciudad-Roberts, A., Duart-Castells, L., Camarasa, J., Pubill, D.,
Escubedo, E.

Toxicology and Applied Pharmacology 2016; 293:10-20






Toxicology and Applied Pharmacology 293 (2016) 10-20

Toxicology and Applied Pharmacology

journal homepage: www.elsevier.com/locate/ytaap

Contents lists available at ScienceDirect

The combination of ethanol with mephedrone increases the signs of
neurotoxicity and impairs neurogenesis and learning in adolescent

CD-1 mice

@ CrossMark

Andrés Ciudad-Roberts, Leticia Duart-Castells, Jorge Camarasa, David Pubill #, Elena Escubedo

Department of Pharmacology and Therapeutic Chemistry (Pharmacology Section); Institute of Biomedicine (IBUB), Faculty of Pharmacy, Universitat de Barcelona, Barcelona, Spain

ARTICLE INFO

ABSTRACT

Article history:

Received 30 July 2015

Revised 17 December 2015
Accepted 21 December 2015
Available online 30 December 2015

Keywords:
Adolescence
Alcohol
Cathinones
Mephedrone
Neurogenesis
Neurotoxicity

A new family of psychostimulants, under the name of cathinones, has broken into the market in the last decade.
In light of the fact that around 95% of cathinone consumers have been reported to combine them with alcoholic
drinks, we sought to study the consequences of the concomitant administration of ethanol on mephedrone
-induced neurotoxicity. Adolescent male Swiss-CD1 mice were administered four times in one day, every 2 h,
with saline, mephedrone (25 mg/kg), ethanol (2; 1.5; 1.5; 1 g/kg) and their combination at a room temperature
of 26 + 2 °C. The combination with ethanol impaired mephedrone-induced decreases in dopamine transporter
and tyrosine hydroxylase in the frontal cortex; and in serotonin transporter and tryptophan hydroxylase in the
hippocampus by approximately 2-fold, 7 days post-treatment. Furthermore, these decreases correlated with a
2-fold increase in lipid peroxidation, measured as concentration of malondialdehyde (MDA), 24 h post-
treatment, and were accompanied by changes in oxidative stress-related enzymes. Ethanol also notably potenti-
ated mephedrone-induced negative effects on learning and memory, as well as hippocampal neurogenesis,
measured through the Morris water maze (MWM) and 5-bromo-2’-deoxyuridine staining, respectively. These
results are of special significance, since alcohol is widely co-abused with amphetamine derivatives such as
mephedrone, especially during adolescence, a crucial stage in brain maturation. Given that the hippocampus is
greatly involved in learning and memory processes, normal brain development in young adults could be affected

with permanent behavioral consequences after this type of drug co-abuse.

© 2016 Elsevier Inc. All rights reserved.

Introduction

Drug abuse is a matter of concern at all life stages but its occurrence
at earlier ages, such as adolescence, is especially worrisome, as it can
determine the social outcome of an individual. While adolescence is a
crucial stage in brain maturation, experimentation with alcohol and
other drugs during this stage is common; teenagers are not aware of
the risks they are taking, as the regions of the brain that control im-
pulses are still immature. Substance use during adolescence has been
associated with alterations in brain structure, function, and neuro-
cognition (reviewed by Squeglia et al., 2009). Moreover, it has been
reported in studies with humans that drug consumption during

Abbreviations: 5-HT, serotonin; BrdU, bromo-deoxyuridine; CAT, catalase; DA,
dopamine; DAT, dopamine transporter; DG, dentate gyrus; EtOH, ethanol; Gpx,
glutathione peroxidase; MDA, malondialdehyde; MDMA, 3,4-methylenedioxy-
methamphetamine; Meph, mephedrone; NAc, nucleus accumbens; SERT, serotonin
transporter; SOD, superoxide dismutase; TH, tyrosine hydroxylase; TPH, tryptophan
hydroxylase.

* Corresponding author at: Department of Pharmacology and Therapeutic Chemistry,
Faculty of Pharmacy, Universitat de Barcelona, Av. Joan XXIII s/n, 08028 Barcelona, Spain.
E-mail address: d.pubill@ub.edu (D. Pubill).

http://dx.doi.org/10.1016/j.taap.2015.12.019
0041-008X/© 2016 Elsevier Inc. All rights reserved.

adolescence increases the likelihood of drug abuse in adulthood
(Izenwasser, 2005). Specifically, transformations in the prefrontal re-
gions and limbic systems are thought to contribute to increased risk-
taking and novelty/sensation seeking behaviors (Casey et al., 2008;
Chambers et al,, 2003; Spear, 2000).

Currently, most drug use during adolescence is attributable to recre-
ational purposes and occurs in leisure environments, such as dance
clubs and parties (Schifano et al., 2011). Alcohol is omnipresent due to
its legal drug status (Winstock et al., 2011) while other drugs such as
cannabis, cocaine and amphetamine derivatives are often associated
with it (Elliott and Evans, 2014).

Recently, a new family of amphetamine derivatives generically re-
ferred to as cathinones ([3-keto-amphetamines), broke into the drug
market. They were initially sold through legal channels, mainly websites
and smart shops, taking advantage of an existing legal loophole
concerning their chemical structures. Due to this status, they were
also called “legal highs”, together with other designer drugs such as syn-
thetic cannabinoids. The drug enforcement organization of many coun-
tries have made efforts to ban these substances, but the pace at which
new compounds appear in the market exceeds the speed at which
the necessary legal machinery for their illegalization is established
(EMCDDA report, 2014).
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Among these new drugs, mephedrone (4-methylmethcathinone)
has become very popular, mainly due to its affordability, purity and ini-
tial legal high status (it is currently banned in several countries). It is
known to have similar effects to other psychostimulant drugs such as
3,4-methylenedioxy-methamphetamine (MDMA, Brunt et al., 2012;
Varner et al.,, 2013), or even superior (Winstock et al., 2010; Vardakou
et al, 2011). Moreover, the abuse potential of cathinone derivatives is
comparable to that of cocaine or MDMA (McElrath and O'Neill, 2011).
Mephedrone users evidence a desire to re-dose (Winstock et al.,
2011), increasing the risk of overdoses (Maskell et al.,, 2011; Wood
etal, 2011).

Preclinical studies have shown that mephedrone stimulates the re-
lease of dopamine (DA), serotonin (5-HT) and norepinephrine and in-
hibits their re-uptake in the CNS (Kehr et al., 2011; Baumann et al.,
2012; Lopez-Arnau et al., 2012; Martinez-Clemente et al., 2012). These
mechanisms are similar to those of MDMA (reviewed by Green et al.,
2003), which also induces species-dependent neurotoxicity when ad-
ministered following a binge-dosing schedule in a hot environment
(Sanchez et al., 2004). Neurotoxicity of amphetamine derivatives is a
matter of concern and has been subject of a great amount of research.
This led to undertake studies exploring a possible neurotoxic effect of
mephedrone in rodents. Reported research evidences the need to per-
form neurotoxicity assays under different administration schedules
and controlled room temperature. For example, Angoa-Perez et al.
(2012) and den Hollander et al. (2013) reported no damage by
mephedrone to DA or 5-HT systems when administered to mice,
while our group more recently reported neurotoxicity using a dosing
schedule which better agreed with mephedrone pharmacokinetics
and exploring cerebral areas others than the striatum (Martinez-
Clemente et al., 2013, 2014). Thus, using a two-day consumption pat-
tern in mice, mephedrone induced a dopamine and serotonin transport-
er loss that was accompanied by a decrease in tyrosine hydroxylase and
tryptophan hydroxylase 2 expressions one week after administration
(Martinez-Clemente et al., 2014). Moreover, similar results have recent-
ly been reported in rats (Lopez-Arnau et al., 2015).

In the UK, around 95% of cathinone consumers combine them with
alcohol (Winstock et al,, 2011), thus studying the consequences of
these combinations in adolescent subjects seems of the essence, since
a potentiation of their effects may increase their abuse liability
(Ciudad-Roberts et al.,, 2015) and neurotoxicity. Moreover, adolescents
are less sensitive than adults to the depressant effects of ethanol, as
well as to the subsequent hangover (reviewed by Witt, 2010), which fa-
cilitates the intake of higher amounts. Numerous studies report neuro-
toxic effects of ethanol itself in consumption models using adolescent
rodents (reviewed by Guerri and Pascual, 2010), mainly leading to im-
pairment in memory and visual and verbal tasks (Harper, 2007).
Excitotoxicity and neuroinflammation seem to be involved in such del-
eterious effects (Pascual et al., 2007). Also, neurogenesis from the gran-
ular layer of the dentate gyrus of the hippocampus is impaired following
treatment with ethanol (Morris et al., 2010; McClain et al., 2011; Ehlers
et al,, 2013) and adolescents are more sensitive than adults to such ef-
fects. (Crews et al,, 2006).

To date, there are no available studies on the neurotoxic effects of
the combination of cathinones and ethanol, although there have been
reports on the effects of the combination of MDMA plus ethanol.
Hernandez-Rabaza et al. (2010) described that this drug combination
produces cognitive impairment in adolescent rats at doses that do not
when administered alone. This impairment is accompanied by a de-
crease in survival of neuronal precursor cells as well as a decrease in
the presence of mature cells in the dentate gyrus (DG) of the hippocam-
pus. Furthermore, [zco et al. (2007) found that ethanol potentiates
MDMA neurotoxicity through the production of hydroxyl radicals.

These antecedents and our recent works (Martinez-Clemente et al.,
2014; Lopez-Arnau et al., 2015) led us to hypothesize that the combina-
tion of mephedrone with ethanol could also result in increased damage
and cognitive impairment. Therefore the aim of the present work is to

investigate the effects of this combination on several neurochemical
and cognitive markers of neurotoxicity, as well as on hippocampal
neurogenesis.

Materials and methods
Animals

All animal care and experimental protocols in this study complied
with the guidelines of the European Community Council (86/609/ECC)
and ARRIVE, and were approved by the Animal Ethics Committee of
the University of Barcelona. Male adolescent Swiss CD-1 mice (Charles
River, Lyon, France) of ages between PND 35-42 (20-32 g), were used
for all experiments. The animals were housed 5-6 per cage at 22 +
1 °C under a 12 h light/dark cycle with free access to standard diet and
drinking water.

Drugs and reagents

Pure racemic mephedrone was synthetized and characterized in
house as described previously (Lépez-Arnau et al., 2012). Absolute
ethanol was purchased from Scharlau (Barcelona, Spain) and diluted
in saline at different concentrations, never exceeding 20% (w/v) to
avoid tissue irritation. Mephedrone solutions for injection were pre-
pared in saline or ethanol/saline solutions immediately before sub-
cutaneous administration at a volume of 10 ml/kg. [PH]WIN 35428
and [*H]paroxetine were purchased from Perkin Elmer (Boston,
MA, USA). Bromo-deoxy-Uridine and protease inhibitors were from
Sigma-Aldrich. Bromo-deoxy-uridine was dissolved in saline con-
taining 0.007 M NaOH. The rest of reagents were of analytical grade
and purchased from several commercial sources.

In-vivo treatment

In a previous work (Martinez-Clemente et al., 2014), we assessed
the neurotoxic effects of mephedrone in mice at three different treat-
ment regimens: four doses of 25 mg/kg in one day; four doses of
50 mg/kg in one day; three doses of 25 mg/kg during two consecutive
days. We found that the latter two elicited clear dopaminergic and sero-
tonergic impairment in several areas of the brain. Given that the aim of
this work was to determine whether ethanol is capable of increasing the
neurotoxic effects of a mephedrone treatment regimen with little neu-
rotoxic effects, we used four doses of 25 mg/kg (s.c.) in one day, every
two hours, as a reference treatment for all experiments in this work.

In humans, the typical amount of mephedrone consumed over an
evening/night is about 0.5-1 g, usually taken in doses of 100-200 mg
every hour or two hours (Kelly, 2011). Following the body surface
area normalization method (Reagan-Shaw et al., 2008), we calculated
an equivalent dose in mice of 25 mg/kg, which corresponds to
2 mg/kg in a human. The interval of 2 h between doses was chosen ac-
cording the mephedrone half-life in rats (ty,53 = 0.55 h, Martinez-
Clemente et al., 2013). Furthermore, during the whole duration of the
treatment, room temperature was set at 26 + 2 °C, at which this drug
has been reported to induce signs of neurotoxicity (Martinez-
Clemente et al., 2014), in order to reproduce the common hot condi-
tions found in crowded dance clubs.

Given that we wanted to emulate recreational ethanol intake, we
sought to find a regimen that caused blood ethanol concentration to
level around 1.5 g/l during the whole duration of the treatment. Due
to clearly different kinetics between mephedrone and ethanol
(Bejanian et al., 1990; Martinez-Clemente et al., 2013), we administered
changing doses of ethanol throughout the treatment schedule, which
was given subcutaneously mixed in the same injection with mephe-
drone, which allowed constant ethanol plasma concentration, dimin-
ished distress to the animals and simplified treatment execution. No
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signs of pain or discomfort were observed when the animals received
ethanol by this route and at the concentrations used.

To set up ethanol dose combinations, we performed test experi-
ments extracting blood samples from animals 1 h after each administra-
tion. Around 50 ul were extracted through jugular punction and placed
in tubes coated with ethylenediaminetetraacetic acid (EDTA) to avoid
coagulation. After centrifugation, ethanol concentration was immedi-
ately determined in serum through gas chromatography, using metha-
nol as an internal standard (Macchia et al., 1995).

After testing several combinations, we chose decreasing doses of
ethanol every two hours as follows: 2, 1.5, 1.5, 1 g/kg which rendered
uniform blood concentrations ranging between 1 and 1.5 g/l. The
time-course of ethanol blood concentrations after this treatment sched-
ule is provided as supplementary material.

The treatment was repeated three times, differing in the time of sac-
rifice which allowed performing different studies. Thus, in Study 1, the
mice were killed 7 days after the last injection, whereas in Study 2
and Study 3 they were killed 24 h and 28 days after, respectively. Treat-
ment 1 and 3 were performed with 6 animals per group, while treat-
ment 2 was performed with 6-8 animals, as sample pooling was
required for lipid peroxidation assays.

Tissue sample preparation

Crude membrane preparation (collecting both synaptosomal and
endosomal fraction) was prepared as described (Escubedo et al,
2005) with minor modifications. Mice from Study 1 were killed by cer-
vical dislocation 7 days after treatment to perform radioligand binding
to DAT and SERT and Western blotting of TH and TPH-2. Hippocampus,
striatum and frontal cortex were quickly dissected out and stored at
— 80 °C until use. When required, tissue samples were thawed and ho-
mogenized through sonication at 4 °C The homogenates were centri-
fuged at 1000xg for 15 min at 4 °C. Aliquots of the resulting
supernatants were stored at — 80 °C until use for Western blot assays.
The rest of the samples were resuspended and centrifuged at
15,000 x g for 30 min at 4 °C. The pellets were resuspended in buffer
and incubated at 37 °C for 5 min and then recentrifuged. The final pellets
were resuspended in the appropriate buffer and stored at —80 °C until
use in radioligand binding experiments. Protein content was deter-
mined using the Bio-Rad Protein Reagent (Bio-Rad Labs., Inc., Hercules,
CA, USA), according to the manufacturer's instructions.

For all oxidative stress assays, animals from Study 2 were killed 24 h
after treatment. For measuring the malondialdehyde (MDA) produc-
tion, tissue samples were homogenized on ice in 30 volumes of the
MDA lysis buffer (see below). The homogenates were centrifuged at
13,000 % g for 10 min to remove insoluble material. Aliquots of the su-
pernatant were used for lipid peroxidation assay. Samples for Western
blot were prepared as described above.

DA and 5-HT transporter density

The density of the DA transporter in striatal or frontal cortex mem-
branes was measured by [*H]WIN 35428 binding assays. These were
performed in tubes containing 5 nM [*H]WIN 35428 in 0.1/0.32 M sodi-
um phosphate/sucrose-buffer (pH 7.9) and 50 (striatum) or 100 pg
(cortex) of membranes. Incubation was done for 2 h at 4 °C. Non-
specific binding was determined in the presence of 30 UM bupropion.

The density of the 5-HT transporter in the hippocampal and frontal
cortex membranes was quantified by measuring the specific binding
of 0.1 nM [ H]paroxetine after incubation with 150 pg of membranes
at 25 °C for 2 h in a Tris-HCl buffer (50 mM, pH 7.4), containing
120 mM NaCl and 5 mM KCl. Clomipramine (100 pM) was used to de-
termine non-specific binding.

All incubations were finished by rapid filtration under vacuum
through Whatman GF/B glass fiber filters pre-soaked in 0.5% poly-
ethyleneimine. Tubes and filters were washed rapidly twice with 4 ml

of ice-cold buffer, and the radioactivity trapped in the filters was mea-
sured by liquid scintillation spectrometry.

Lipid peroxidation

Lipid peroxidation was assessed using a colorimetric assay kit (Lipid
peroxidation assay kit, Sigma-Aldrich) following the manufacturer's in-
structions. Briefly, we measured the accumulation of thiobarbituric
acid-reactive substances (TBARS) in homogenates from the frontal cor-
tex and hippocampus, expressed in terms of malondialdehyde (MDA)
content. Samples were incubated with thiobarbituric acid at 95 °C for
60 min. The reaction was stopped by chilling samples on ice. The absor-
bances of the resulting supernatants were measured at 532 nm, and the
concentrations of MDA were calculated by interpolation in a standard
curve built with known concentrations of MDA standard.

Western blotting and immunodetection

A general Western blotting and immunodetection protocol was used
to determine the expression of tyrosine hydroxylase (TH) and trypto-
phan hydroxylase 2 (TPH2), as well as antioxidant enzymes superoxide
dismutase (SOD), glutathione peroxidase (Gpx) and catalase (CAT) in
mice receiving the treatments. Due to limitations in the amount of re-
maining processed tissue after TBARS assays, a representative number
of samples from each treatment group was used for WB studies. For
each sample, 20 pg of protein was mixed with sample buffer, boiled,
and loaded onto a 10% acrylamide gel. Proteins were electrophoresed
and subsequently transferred to polyvinylidene fluoride (PVDF) sheets
(Immobilon-P; Millipore, USA). PVDF membranes were blocked over-
night and incubated for 2 h at room temperature with a primary
mouse monoclonal antibody against TH (Transduction Laboratories,
Lexington, KY, USA) dil. 1:5000; rabbit polyclonal anti-TPH2 (Millipore,
Billerica, MA, USA) dil.1:1000; sheep polyclonal anti-SOD Cu/Zn (EMD
Chemicals, La Jolla, CA, USA) dil.1:2000; mouse monoclonal anti-Gpx
(ab108427, Abcam, Cambridge, UK) dil. 1:1000; rabbit polyclonal anti-
CAT (EMD Chemicals, La Jolla, CA, USA) dil 1:2500. After washing,
the membranes were incubated with a corresponding peroxidase-
conjugated anti-IgG antibody: antimouse IgG dil. 1:2500; antirabbit
IgG dil. 1:5000 (GE Healthcare, Buckinghamshire, UK) and anti-
sheep IgG, dil 1:1000 (Dako Cytomation, Denmark).

Immunoreactive protein was visualized using a chemiluminescence-
based detection kit following the manufacturer’s protocol (Immobilon
Western, Millipore) and a BioRad ChemiDoc XRS gel documentation sys-
tem (BioRad, Hercules, CA, USA). Scanned blots were analyzed using
BioRad Image Lab software and dot densities were expressed as a per-
centage of those taken from the control. Immunodetection of beta-actin
(1:2500 mouse monoclonal antibody, Healthcare) or GAPDH (1:2500
mouse monoclonal antibody, Sigma-Aldrich) served as a control of load
uniformity for each lane and was used to normalize differences in the
corresponding enzyme expression due to protein content.

Morris water maze

Spatial learning and memory were assessed in a Morris water maze
one week after treatment of mice from Study 3 (see below for details).
Animals were trained in the water maze, which consisted of a circular
pool (100 cm diameter and 45 cm high) that was filled with water
(22 £ 1 °C) to a depth of 25 cm and rendered opaque by the addition
of a non-toxic latex solution. The pool was in an isolated room and
black curtains were closed around it to suppress room cues (Vorhees
and Williams, 2006). Four positions around the edge of the tank were
designated as north (N), south (S), east (E), and west (W) and also de-
fined the division of the tank into four quadrants: NE, SE, SW, and NW,
providing alternative start positions. Four extra-maze distal cues were
located equidistantly around the pool, labeling the N, S, E and W loca-
tions. These cues consisted of a black circle, triangle, square and
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diamond shape drawn on a blank hard surface. A Plexiglas escape plat-
form (11 cm diameter) was submerged to a depth of 1 cm from the
water surface and was not visible at the water level. The path taken by
each mouse and the escape latency (the time needed by each mouse
to find the platform, in s) was recorded by a zenithal video camera con-
nected to a computer running a tracking software (Smart, Panlab SL,
Barcelona, Spain). The area within 10 cm from the edge of the pool
was defined as the ‘border zone’. The platform was always located in
the NE quadrant. Throughout six days of training, the mice received
one training session per day, consisting of five trials, by using a semi-
random set of start locations that were not equidistant from the goal,
creating short and long paths to the platform (a total of 30 trials per an-
imal were to reach asymptotic performance). This was designed so that
the animal was not able to learn a specific order of right or left turns to
locate the platform, because none of the start positions was repeated the
same day. Therefore, the only way to perform well was to learn the rel-
ative location of the platform with respect to the distal cues. A trial was
started by placing the mouse in the desired start position of the pool,
facing the tank wall. The mice were allowed to swim to the hidden plat-
form, and the escape latency was determined. If an animal did not es-
cape within 60 s, it was gently placed on the platform or guided to it.
The mice were allowed to rest for 30 s (inter-trial interval) on the plat-
form (even those that failed to locate it). To assess reference memory at
the end of learning, a probe trial (free swimming without platform for
60 s), was given 24 h after the last training session. In the probe trial, an-
imals were assigned a start location which had not been used in any of
the learning trials, to ensure that their spatial preference was a reflec-
tion of the memory of the goal location rather than for a specific swim
path. Different parameters of each mouse's performance were analyzed:
the total time and distance spent swimming in each quadrant, entries in
each quadrant and time elapsed (latency) until the mouse first reached
the target zone (absent platform).

Administration of BrdU and tissue preparations for
neurogenesis assessment

Animals from Study 3 also received two injections of Bromo-
deoxyuridine (BrdU, 100 mg/kg, i.p.) (Burns and Kuan, 2005). The first
injection was done 2 h after the last mephedrone injection and the sec-
ond one was given 12 h later. BrdU is a thymidine analog that is incor-
porated into cells in place of a thymine base pair as the cell undergoes
DNA replication during the S phase of the mitotic cell cycle, and as
such is a measure of cell proliferation. 28 days after the first BrdU injec-
tion, animals were anesthetized with sodium pentobarbital and killed
by transcardial perfusion, firstly with 30 ml of PBS and then with 60 to
100 ml of 4% paraformaldehyde (PFA). Their brains were removed,
postfixed overnight in 4% PFA and equilibrated in a 30% sucrose solution
in PBS. 30 um coronal sections were collected on a freezing cryostat and
stored free-floating in a cryoprotective solution (30% sucrose, 30%
polyethyleneglycol in PBS) at — 20 °C until used for immunohistochem-
ical analysis.

Immunohistochemistry and its quantification

For BrdU detection, sections of interest were selected and washed
with PBS, incubated in 2 N HCl at 37 °C for 30 min, washed in PBS, incu-
bated in 0.1 M boric acid at 37 °C, washed in PBS and blocked for 1 hina
blocking solution (PBS containing 0.2 M glycine, 10% fetal bovine serum,
0.3% Triton X-100 and 0.2% gelatin) The tissue sections were stained
overnight with specified combinations of the following primary anti-
bodies: mouse anti-BrdU (1:250) and rabbit monoclonal anti-NeuN
(1:500; Millipore). Secondary antibodies used for both primary anti-
bodies were Alexa-Fluor 488 donkey anti-mouse IgG (1:500; Life Tech-
nologies) and Alexa-Fluor 594 goat anti-rabbit IgG (1:500; Life
Technologies). Slices were finally washed and mounted on StarFrost

(Knittel, Germany) coded slides using Fluoromount-G solution (Elec-
tron Microscopy Sciences).

Neurogenesis was evaluated by counting the cells that were double
labeled with BrdU and NeuN (using fluorescent microscope Leitz DMIRB
magnification X400). We counted the number of labeled cells in six cor-
onal sections per mouse brain (180 pm apart), that were stained and
mounted on coded slides, though the rostrocaudal extent of the granule
cell layer (blind to the observer). The total number of cells counted in
the selected coronal sections from each brain was multiplied by the vol-
ume index (the ratio between the volume of the DG and the total com-
bined volume of the selected sections). Cellular co-labeling of BrdU and
NeuN was confirmed by confocal microscopy (TCS SP2 Leica confocal
microscope).

Statistical analysis

All data are expressed as mean + standard error of the mean
(S.E.M.). Differences between groups were compared using one-way
or two-way ANOVA; Student's ¢ test for paired data was used to assess
differences in latency between days 1 and 6 of a same group. Significant
(P < 0.05) differences were then analyzed by Tukey's post hoc test for
multiple means comparisons where appropriate. Statistic calculations
were performed using GraphPAD Prism 4 (one-way) and SPSS (two-
way ANOVA) software.

Results

Effect of the combination of mephedrone and ethanol on different markers
of DA and 5-HT neurotoxicity

In Study 1, statistical analysis of the results from [*H]WIN35428
binding showed an overall significant effect of treatment (ANOVA:
F320 = 7.08, P < 0.01). 7 days post-treatment, mephedrone induced a
loss in DA reuptake sites ([>H]WIN35428 specific binding) in the frontal
cortex by 25% (Fig. 1A). Ethanol significantly increased this effect
(P <0.01) to the level of duplicating it, bringing DAT levels down to
48% of basal values (P <0.001). Ethanol alone did not significantly affect
transporter density. DAT was not affected in the striatum by any of the
drug treatments (Fig. 1B).

In the hippocampus (Fig. 1C), after treatments with mephedrone or
ethanol, 5-HT reuptake sites, measured as specific [*H]paroxetine bind-
ing, were decreased by 25% (P < 0.05) and 33% (P < 0.01) respectively
(F320 = 26.69, P <0.001). Their combination caused a significant in-
crease in receptor density loss compared to mephedrone alone,
reaching a 66% decrease over baseline levels (P < 0.001). Conversely,
SERT levels were unaffected in the frontal cortex by any of the drug
treatments (Fig. 1D).

In light of these results, we investigated the expression of the TH in
the frontal cortex and TPH-2 in the hippocampus. There was a good re-
lationship between the decrease in the [*H]WIN35428 specific binding
and the decrease in enzyme expression in the frontal cortex, where eth-
anol significantly increased TH depletion (F3 2o = 11.46,P <0.001). Sim-
ilar results were found for TPH-2, where the combination with ethanol
caused a significant reduction over the group treated only with
mephedrone (F;,0 = 17.04, P < 0.001).

Assessment of oxidative stress

Due to the robust changes in DA and 5-HT markers, we repeated the
treatment (Study 2), euthanizing the animals 24 h after the first dose.
The aim of this experiment was to elucidate whether this phenomenon
could be explained by changes in oxidative stress markers. We used two
approaches: determination of lipid peroxidation and oxidative stress-
related enzymes.

Lipid peroxidation was measured as a raise in the MDA levels, a gen-
eral indicator of the decomposition of polyunsaturated fatty acids. One
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Fig. 1. Levels of dopamine (DAT, panels A and B) and serotonin (SERT, panels C and D) transporters in specific brain areas of adolescent CD-1 mice 7 days after being treated with either
saline, ethanol, mephedrone or their combination, following the schedule described in the Materials and methods section. DAT and SERT were measured as specific binding of [P HJWIN
35428 and [*H]paroxetine, respectively. Panels E and F show the quantification of Western blots for tyrosine hydroxylase (TH) in the frontal cortex and tryptophan hydroxylase 2 (TPH-2)
in the hippocampus. Values represent means + SEM of values coming from 6 animals per group, normalized with respect to the saline-treated values. *P < 0.05, **P < 0.01, ***P < 0.001 vs.

saline; #P < 0.05, ##P < 0.01 between the indicated groups.

way ANOVA revealed an overall effect of treatment both in the frontal
cortex (F316 = 8.08, P < 0.01) and in the hippocampus (Fig. 2A)
(F311 = 8.10, P < 0.01). Mephedrone alone only significantly increased
MDA levels in the hippocampus. By contrast, the combination of
mephedrone and ethanol caused substantial increases in the levels of
MDA,; these levels were significantly higher than those found for the
mephedrone group in both assessed brain areas (Fig. 2A, B).

In order to support the hypothesis that these high amounts of
MDA were produced by an increase in reactive oxygen species, we
assessed the effect of ethanol on mephedrone-induced oxidative
stress by measuring the levels of the antioxidant enzymes superox-
ide dismutase (SOD), catalase (CAT), and glutathione peroxidase

(Gpx) in the remainder of the tissue used for MDA experiments.
Due to the amount of tissue required for MDA determinations, quan-
tification of the antioxidant enzymes was only feasible in the frontal
cortex.

The treatment had statistically significant effects on Gpx (F5;7 =
4.19,P < 0.05) and CAT levels (F; 17 = 16.89, P <0.001), which were sig-
nificantly and similarly overexpressed in both mephedrone-treated
groups (Fig. 3A, B).

Regarding SOD expression, although the overall ANOVA did not
reach statistic significance due to the higher deviations, there is a clear
tendency towards increase (around 85%) in both mephedrone-treated
groups (Fig. 3C).
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Fig. 2. Assessment of lipid peroxidation measured as levels of malondialdehyde (MDA) in
hippocampus (A) and frontal cortex (B) from adolescent CD-1 mice, 24 h after being
treated with either saline, ethanol, mephedrone or their combination, following the
schedule described in the Materials and methods section. Values represent means +
SEM of the umol of MDA per mg of tissue coming from 6 to 8 animals per group.
*P < 0.05, **P < 0.01 vs. saline; #P < 0.05, ##P < 0.01 between the indicated groups.

Effects on the Morris water maze test

With the mice from Study 3, we investigated the effect of mephe-
drone, ethanol and their combination on learning and memory process-
es seven days after finishing the treatment, using the Morris water
maze. The analysis of the swimming mean speed in the overall maze de-
noted no differences between groups (F3 9 = 0.53, P > 0.05; saline:
22.49 4 1.26 cm/s; ethanol: 22.91 4 0.91; mephedrone: 22.5 + 1.36;
mephedrone + ethanol: 21.13 4+ 0.51 cm/s). Therefore, latency was
taken to quantify the performance in the water maze. Overall, there
was an appropriate learning of the task in all groups, as escape latency
diminished over time. In the acquisition phase, two-way repeated mea-
sures ANOVA showed a significant effect of treatment and training days:
variable treatment (F5 30 = 11.93, P < 0.001); variable days of acquisi-
tion (F522 = 7.510, P < 0.001). ANOVA also showed that the interaction
between the variables treatment x day was almost significant
(F1s.666 = 1.56, P = 0.07). All the above reflects differential learning
across the various groups, as can be seen in Fig. 4A.

Post-hoc analysis revealed inter-group differences in learning after
day 3. On day 4, mephedrone + ethanol was significantly different to
saline; on day 5, mephedrone and mephedrone + ethanol were
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Fig. 3. Levels of enzymes related with antioxidant response in frontal cortex from
adolescent CD-1 mice, 24 h after being treated with either saline, ethanol, mephedrone
or their combination, following the schedule described in the Materials and methods
section. Gpx1 (panel A), catalase (panel B) and SOD (panel C) levels were determined
through Western blot and the quantifications by densitometry are depicted as bar
graphs. Values represent means + SEM of normalized values coming from 6 to 8
animals per group. *P < 0.05, ***P < 0.001 vs. saline.
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Fig. 4. Effects of treatment with either saline, ethanol, mephedrone or their combination on spatial learning and memory. Adolescent mice were treated as described in Materials and
Methods and seven days after they were submitted to the Morris water maze paradigm, consisting of 6 days of training and 1 day of trial. Panel A shows the mean latency of
differently treated mice to find the hidden platform, throughout the 6 days of training. Panel B represents, on the probe test day (day 7), the latency to first reach the area where the
platform had been located during the training period. Finally, panels C and D depict the percentage of time spent and the number of entries of every group in the target (NE) quadrant,
respectively, on the test day. Values represent means + SEM coming from 6 animals per group. One-way or two-way ANOVA were performed where appropriate.P < 0.05,

**P < 0.01vs. saline; #P < 0.05 between the indicated groups.

significantly different to saline. On day 6, mephedrone + ethanol was,
as on day 4, the only significantly different group to saline.

Comparison was performed between latency on day 1 and day 6 for
each group individually in order to confirm learning (paired t-test).
All groups showed significantly lower values on day 6, except for
mephedrone + ethanol.

Twenty-four hours after the last training day acquisition, the probe
trial demonstrated significant differences in several parameters:

Latency to reach target platform location. ~We measured the time
employed by each animal before entering the area where the platform
had been located during the learning phase. ANOVA revealed an overall
effect of treatment (F3,0 = 3.00, P < 0.05). The mice treated with
mephedrone + ethanol took longer than those of the other groups to
reach that area (Fig. 4D). Post-hoc analysis showed significant differ-
ence between mephedrone + ethanol and saline, as well as between
mephedrone and mephedrone + ethanol.

Time in each quadrant after 60s.  Two-way ANOVA revealed a signifi-
cant effect of the interaction between the “quadrant” and “treatment”
variables (Fg 76 = 2.53, P = 0.01). Post-hoc analysis showed that time
in the platform quadrant (NE quadrant) was different in the mephe-
drone (P < 0.05) and mephedrone + ethanol groups (P < 0.05) with re-
spect to saline (Fig. 4E). In these groups, animals spent approximately
25% of the time in the NE quadrant, which can be attributable to
chance, whereas in the saline and ethanol groups, this percentage

was significantly higher, thus reflecting better memory. There were
no inter-group differences in none of the other three quadrants.

Entries in the target quadrant. = ANOVA revealed an overall effect of
treatment over the number of entries in the platform quadrant
(F320 = 3.88,P<0.05) (Fig. 4F). Post-hoc analysis showed that only an-
imals treated with mephedrone + ethanol attained significantly lower
entry values than control animals (P < 0.05).

Effects on neurogenesis.  Continuing the Study 3, 28 days after receiv-
ing the drug treatment (14 days post-MWM test) the animals were
sacrificed and their sectioned brains were stained for BrdU and NeuN
(Fig. 5 A-D). A one-way ANOVA of BrdU + cells*volume index in the
DG showed a main group effect (F350 = 9.373; P < 0.001). Post hoc
test showed a significant decrease in newly formed cells in the DG of
mice administered with mephedrone (75 £+ 10%, P < 0.05) and
mephedrone + ethanol (46 & 2.75%, P < 0.001) with respect to saline.
Furthermore, a significant difference was found between both
mephedrone-treated groups (P < 0.05), indicating an increased delete-
rious effect of the combination. BrdU count in animals treated with eth-
anol alone was unaffected with respect to saline (Fig. 5D).

Discussion

Alcoholic drinks are frequently combined with the new psycho-
stimulant substances (Elliott and Evans, 2014). It has been reported
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Fig. 5. Neurogenesis assessment in the dentate gyrus of the hippocampus of mice, 28 days after treatment with either saline, ethanol, mephedrone or their combination. Adolescent mice
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immunostained for BrdU (proliferating cells) and NeuN (neuronal marker). Panels A-D show representative micrographs of the overlayed fluorescence for the two labels, where red
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overall quantification and means of BrdU-positive neurons and data are means 4+ SEM coming from 6 animals per group. *P < 0.05, ***P < 0.001vs. saline; #P < 0.05 between the

indicated groups.

that ethanol (the psychoactive ingredient of alcoholic drinks) enhances
the subjective effects of other drugs of abuse such as MDMA, and studies
have shown that it increases its rewarding and psychostimulant effects
(Jones et al,, 2010). Similarly, our group reported a significant increase
in mephedrone-induced conditioned place preference and psycho-
stimulant properties (Ciudad-Roberts et al,, 2015). Due to evidence
pointing towards an increase in mephedrone's behavioral effects, it be-
came essential to explore the potential enhancement of its neurotoxic
effects.

In a previous work, three different treatment schedules were
tested for neurotoxicity markers, showing a dose and time-
dependent selective neurotoxicity of mephedrone in mice
(Martinez-Clemente et al., 2014). Out of the three, the present
schedule was selected for this study (four administrations of
25 mg/kg in one day, every 2 h, at a room temperature of 26 °C), as
it showed to be the most equivalent to a typical recreational use;
this same rationale was applied for the selection of the treatment
schedule for ethanol (see methods for details).

Monoamine transporters such as DAT and SERT are primary targets
of psychostimulants. Persistent decreases in transporter levels are

generally related to neurotoxic effects of psychostimulants (Battaglia
etal, 1987; Escubedo et al,, 2005). Accordingly, as an initial approach,
both SERT and DAT were measured in several areas of the brain
7 days after drug exposure. In the striatum, neither of both markers
was modified by mephedrone nor ethanol, whereas SERT and DAT
decreased in the hippocampus and frontal cortex, respectively.
These effects were further potentiated by the concomitant adminis-
tration of ethanol. It must be noted that DAT and SERT were not mod-
ified in the hippocampus and the cortex, respectively, pointing to a
neurotransmitter/region-specific effect. This is in agreement with
our previous reports (Martinez-Clemente et al., 2014). In fact, sero-
tonergic and dopaminergic toxicities by other amphetamine deriva-
tives (i.e. MDMA; Green et al., 2003; Yamamoto and Bankson, 2005)
have also been reported to be region-specific and the extension or af-
fectation of a given brain area also depend on the dosing schedule. In
the case of mephedrone, affectation of serotonergic terminals in the
frontal cortex only appeared in a two-day treatment (3 doses of
25 mg/kg per day), while dopaminergic impairment in the striatum
was detected when increasing the dose of mephedrone (four doses
of 50 mg/kg in one day) (Martinez-Clemente et al., 2014).
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Given the marked decrease in transporter levels, we sought to mea-
sure, in the affected areas, the DA and 5-HT synthesis-limiting enzymes
TH and TPH-2, specific neuronal markers. There was a good correlation
between changes in enzymes and their respective neurotransmitter
transporters: most importantly, ethanol was capable of potentiating,
again, the decreases in enzyme levels. This points towards the possibil-
ity that changes in DAT and SERT are, in fact, due to a deleterious effect,
rather than simply a homeostatic compensatory mechanism. This is
supported by the fact that decreases persisted 7 days after treatment
termination,

In an attempt to explain the effects on these DA- and 5-HT-related
parameters, a series of oxidative stress markers were assessed, as this
phenomenon is known to be responsible for the deleterious effects of
multiple drugs of abuse (Yamamoto and Bankson, 2005). Oxidative
stress can damage phospholipids, which are essential components of
the cellular membrane, as well as other cellular structures, such as the
nucleus and mitochondria, thus compromising cells viability. The com-
plete degradation (i.e., peroxidation) of lipids is a hallmark of oxidative
damage. Specifically, the polyunsaturated fatty acids present in the
membranes' phospholipids are particularly sensitive to attack by hy-
droxyl radicals and other oxidants (Wu and Cederbaum, 2003).

In one of our previous studies, conducted in rats, we showed that
mephedrone increases lipid peroxidation (Lopez-Arnau et al., 2015).
Furthermore, ethanol has been described to increase ROS production
through several mechanisms, such as the decrease in functional gluta-
thione (GSH), the induction of the enzyme CYP E1 or the formation of
ethanol-breakdown products (Montoliu et al., 1995; Lieber, 1997; Wu
and Cederbaum, 2003).

In the present study, ethanol was capable of significantly increas-
ing mephedrone-induced lipid peroxidation (by around 2-fold) in
the frontal cortex and hippocampus, while the increase in TBARs
that is induced when administered alone did not reach statistical sig-
nificance. This is accompanied by the fact that this group did not suf-
fer visible changes in oxidative stress-related enzymes (Gpx, SOD
and CAT). Moreover, enzyme production was not further increased
in the mephedrone + ethanol group. We hypothesize that all the
above points to a potentiation in oxidative stress-related damage,
where the effects of the drug combination exceed the antioxidant re-
sponse leading to increased effect of generated ROS.

In this sense, GSH is believed to be the most important antioxidant
present in cells (Wu and Cederbaum, 2003). When conjugated to GSH,
H,0, is converted into innocuous H,0 + glutathione disulfide through
the enzymatic reaction mediated by Gpx. Ethanol has been shown to in-
duce, in a dose-dependent manner, a depletion of GSH levels (Montoliu
etal, 1995). It is feasible that, despite the increased amount of Gpx, eth-
anol causes a decrease in available GSH such that the generated H,0, by
the effect of mephedrone cannot be metabolized at a sufficient rate.

Due to the fact that neurotoxicity markers were consistently modi-
fied in the hippocampus and frontal cortex of mephedrone and
mephedrone + ethanol exposed mice we sought to determine whether
the assessed treatment was capable of causing significant differences in
behavioral markers for memory and learning, as the hippocampus is the
brain area most related with these functions (Squire, 1992). Interesting-
ly, during the learning phase of the MWM protocol, animals treated
with the drug combination presented significantly worse performance
than control animals on the last three training days, being the only
group that did not show a significant reduction in latency to platform
on day 6 with respect to day 1. The learning curve of the mephedrone
group is between those of the vehicle and the combination groups, indi-
cating a lesser effect on learning. This is in agreement with the poor per-
formance of the mephedrone + ethanol group on the probe test day,
with respect to the group treated with mephedrone alone and points
to a higher deleterious effect of the combination treatment on learning
and memory.

Following the MWM test, neurogenesis was measured 28 days after
treatment. There was a good correlation between the total amount of

new cells and overall MWM performance, as only the groups treated
with mephedrone showed a significantly lower cell count to that of
saline; furthermore, there was a significant difference between them,
the combination group exhibiting the lowest amount of new cells.
5-HT input to the hippocampus positively regulates adult neuro-
genesis (Brezun and Daszuta, 1999). In this sense, 5-HT reuptake inhib-
itors increase hippocampal neurogenesis (Malberg and Duman, 2003).
Furthermore, repeated exposure to high doses of MDMA causes the
opposite effect (Catlow et al., 2010). Similarly to what occurs with
mephedrone in the present study, MDMA is known to produce a deple-
tion of serotonergic markers in the hippocampus 7 days after repeated
treatment (O'Shea et al.,, 1998); this 5-HT depletion can, in turn, cause
decreased cell survival in the dentate gyrus (Brezun and Daszuta, 2000).

As far as ethanol alone is concerned, in the present study it caused a
significant decrease in TH in the frontal cortex; a similar effect had been
previously described by Landau et al. (2007), who administered an eth-
anol treatment consisting of 6 doses at 1 g/kg, causing a dramatic drop
in TH, DA and its main metabolites HVA and DOPAC. The fact that no
significant decrease was detected in DAT backs the possibility that the
decrease in TH was in fact due to homeostatic regulations.

Although we detected changes in SERT, and TPH-2 after treating an-
imals with ethanol alone, the behavioral consequences of its adminis-
tration seem to only be apparent when given concomitantly with
mephedrone. This could be due to the fact that these changes do not re-
flect a deleterious permanent injury when ethanol is administered
alone. This is backed by the observation that ethanol alone did not
cause significant changes in oxidative stress markers, which we hypoth-
esize to be responsible for the nerve terminal damage and subsequent
5-HT and DA depletion in the mephedrone-treated groups. Finally,
this hypothesis is further supported by the fact that, as mentioned
above, serotonergic depletion in the hippocampus causes decreased
neurogenesis, a phenomenon that has not been detected in the present
study for the ethanol group, pointing to the possibility that serotonergic
transmission was unaffected in these animals. Nonetheless, although it
is beyond the scope of the present work, further studies are warranted
to better explain the decreases in 5-HT and DA markers caused by this
ethanol regimen.

To sum up, the co-administration of ethanol in adolescent mice
potentiates the neurotoxic properties of a mephedrone treatment. We
postulate that this phenomenon takes place through an increase in ox-
idative stress, which, in the hippocampus, is reflected by learning and
memory deficits, as well as decreased neurogenesis.

All this suggests an increased risk if translated to humans. This is the
first neurotoxicity study performed on polyabuse with cathinones,
which are becoming increasingly popular among adolescents. Given
that cathinones are mostly used in combination with alcoholic drinks,
and that this new family of psychostimulants is generally regarded as
“safe”, this study is of crucial importance. Thus, an experimental-based
warning concerning the risks regarding the combined consumption of
these drugs should be conveyed to the population at large. Nonetheless,
although adolescent brains are exceptionally vulnerable, from present
data we cannot discern whether or not these effects are specific to this
age window. A replica of this study using adult mice would be necessary
to determine whether adults could be susceptible to changes of the
same nature and degree.
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Methylenedioxypyrovalerone (MDPV) is a new psychostimulant cathinone acting as a selective dopamine trans-
porter blocker. Due to the concomitant consumption of ethanol (EtOH) and new psychoactive substances, it is of
interest to explore a possible pharmacological interaction between MDPV and EtOH. In locomotor activity assays,
EtOH (1 g/kg i.p.) elicited a reduction in the stimulant effect induced by low doses of MDPV (0.1-0.3 mg/kg, s.c.)
in rats, jointly with a decrease in blood and brain MDPV concentrations. Experiments in rat liver microsomes
showed different effects depending on the [MDPV]/[EtOH] relationship, evidencing, at certain concentrations,

I;,tm-’erf;&lenedioxypyrovalerone the enhancing effect of EtOH on MDPV metabolism. These suggest that EtOH interacts with MDPV at microsomal
Ethanol level, increasing its metabolic rate. The interaction between both substances was also supported by results in
Psychostimulant plasma EtOH concentration, which were significantly increased by MDPV, in such a manner that EtOH elimina-
Conditioning tion rate was significantly reduced. The possible toxicological impact of this phenomenon deserves further inves-
Interaction tigation. In contrast, the rewarding properties of MDPV were unaltered by EtOH. Microdialysis experiments
verified that, in the NAcc, both substances could also act synergistically, in such a manner that extracellular do-
pamine concentrations are maintained. Finally, if the psychostimulant effect induced by MDPV decreased with
EtOH, it could favor the boosting and re-dosing in search of the desired effects. However, as the rewarding effect
of each dose of the substance would not decrease, the addictive liability could increase considerably. Moreover,

we must warn about the increase in EtOH concentrations when consumed concomitantly with MDPV.
© 2017 Elsevier Inc. All rights reserved.
1. Introduction Recreational polydrug use is quite common (Pedersen and Skrondal,

The popularity of cathinones as recreational drugs has been increas-
ing since they first appeared in the illicit drug market. 3,4-
Methylenedioxypyrovalerone (MDPV) is a synthetic cathinone which
shares pharmacodynamics and structural similarities with cocaine and
MDMA (3,4-methylenedioxymethamphetamine). Some studies have
demonstrated that MDPV is even more potent than cocaine in blocking
the dopamine transporter (DAT), as well as in producing locomotor ac-
tivation (Baumann et al., 2013; Cameron et al., 2013). Moreover, MDPV
shows rewarding and reinforcing properties similar to those of cocaine
(Baumann et al.,, 2013; King et al., 2015).

* Corresponding author at: Department of Pharmacology, Toxicology and Therapeutic
Chemistry, Faculty of Pharmacy, University of Barcelona, Av. Joan XXIII 27-31, 08028
Barcelona, Spain.

E-mail address: d.pubill@ub.edu (D. Pubill).

http://dx.doi.org/10.1016/j.pnpbp.2017.02.011
0278-5846/© 2017 Elsevier Inc. All rights reserved.

1999). New psychoactive substances are also commonly combined with
many other drugs, especially ethanol (EtOH) (Elliott and Evans, 2014).
Many studies in rodents indicate that EtOH can alter the pharmacolog-
ical profile of cocaine, and vice versa (Busse et al., 2005, 2004; Masur
et al., 1989; Sobel and Riley, 1997). A dose-dependent attenuation of
cocaine-induced hyperlocomotion when EtOH is administered prior to
cocaine has been described (Dewey et al., 1997). In rats, EEOH-MDMA
co-administration potentiates MDMA-induced hyperlocomotion and
rewarding effect (Ben Hamida et al,, 2007; Jones et al., 2010). In fact,
in animal models, EtOH increases the concentrations of MDMA, and its
main metabolite, in blood and brain depending on the administration
regimen (Ben Hamida et al., 2007; Cassel et al., 2007). Thus, when inves-
tigating possible drug-drug interactions such as MDPV-EtOH, both
pharmacokinetics and pharmacodynamics issues must be considered.
Just a few studies have been published on MDPV metabolism in rats
and humans (Anizan et al., 2014b; Meyer et al., 2010; Negreira et al.,
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2015). In previous findings from our lab, we also have demonstrated in
rats a correlation between MDPV brain concentrations and enhance-
ment of the locomotor activity (Novellas et al., 2015).

The effects of EtOH on the brain are numerous and extremely com-
plex. EtOH potentiates GABAergic transmission, but additional mecha-
nisms elicited by EtOH can modulate this effect, triggering different
consequences in the striatum (STR) and Nucleus accumbens (NAcc).
Its metabolism involves alcohol-dehydrogenase (ADH) and microsomal
oxidases (for review see (Cederbaum, 2012)).

To date, there is no report describing the pharmacokinetics and/or
pharmacodynamics of MDPV in the presence of EtOH. Therefore, the
aim of this study was to assess whether EtOH can modify the
psychostimulant and/or conditioning effects of MDPV when adminis-
tered concomitantly, as well as MDPV concentrations in blood and rat
brain. Moreover, it is known that dopamine (DA) and the NAcc play a
key function in the neural circuitry underlying psychostimulant action
and acquisition of reward. Therefore, we investigated the effects of
MDPV alone and combined with EtOH on the concentration of extracel-
lular DA and its main metabolites in NAcc. The surprising results we ob-
tained warranted a study aimed at determining the effects of MDPV on
EtOH pharmacokinetics and pharmacodynamics.

2. Experimental procedures
2.1. Subjects and drugs

Male Sprague-Dawley rats (Charles River, Spain), weighing 250-
300 g were used. All animal care and experimental protocols in this
study complied with the guidelines of the European Community Council
Directive (2010/63/EU) and ARRIVE, and were approved by the Animal
Ethics Committee of the University of Barcelona.

MDPV and methylone were synthesized in racemic form as HCl salt
in our laboratory as described previously (Lépez-Arnau et al., 2012;
Novellas et al., 2015). DA-HCl, 3,4-dihydroxyphenylacetic acid
(DOPAC), homovanilic acid (HVA), NADPH, as well as chemicals for mo-
bile phase and perfusion medium preparations were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Rat liver microsomes prepared
from a pool of male Sprague-Dawley rats were purchased from Life
Technologies Europe. Absolute EtOH was purchased from Scharlau (Bar-
celona, Spain) and diluted in saline at a concentration that never
exceeded 20% (v/v) to avoid tissue irritation. Animals were randomly
assigned to the following treatment groups: saline + saline,
saline + EtOH, MDPV + saline or MDPV + EtOH, onwards saline,
EtOH, MDPV or MDPV + EtOH groups.

2.2. Locomotor activity

After being assigned to the different treatment groups (N =
3-5/group) the animals received two habituation sessions (48 and
24 h before the experiment) in the activity box (LE8811, Panlab, Barce-
lona, Spain). On the testing day, the animals were injected with saline,
MDPV (0.1, 0.3, 1 or 3 mg/kg, s.c.), EtOH (1 g/kg, i.p.) or their combina-
tion. Since EtOH, at certain doses, can impair or enhance locomotion, it
was administered at doses reported to not affect basal activity (Cassel
et al,, 2004; Hodge et al., 2004). After drug administration, the animals
were immediately placed in the activity box and horizontal locomotor
activity (HLA) was monitored over a 20-min block during 60, 120 or
360 min. Occlusions of the photo beams (breaks) were recorded
(SedaCom32, Panlab, Barcelona). Results are expressed as the area
under the curve (AUC), which was measured as the total changes
from baseline at each recording interval. This interval was taken from
time O until hyperlocomotion vanished, that is, until activity was not
significantly different from that of the saline group. Accordingly, the ef-
fect of 0.1 mg/kg MDPV ended after 60 min, that of 0.3 and 1 mg/kg after
120 min and that of 3 mg/kg after 360 min. The ANOVAs were thus

performed between the values of the four groups at the same time cho-
sen for each MDPV dose.

2.3. Conditioned place preference (CPP) test

The apparatus was composed of three distinct compartments (two
compartments communicated by a central corridor) separated by man-
ually operated doors. CPP was performed in three phases: precondition-
ing, conditioning and post-conditioning test. During the pre-
conditioning phase (days 0 and 1), rats were placed in the middle of
the corridor and had free access and roam among the three compart-
ments of the apparatus for 20 min. The mean time spent in each com-
partment was recorded (Smart 3.0, Panlab, Barcelona, Spain).

During the conditioning phase (days 2, 4, 6 and 8), rats (N = 6-
10/group) were treated with saline, MDPV (0.3 or 3.0 mg/kg s.c.),
EtOH (1 g/kg i.p.) or both, and immediately confined into one of the
two conditioning compartments for 30 min. We intended to use a
dose of EtOH that did not produce CPP on its own (Tzschentke, 2007).
On days 3, 5, 7 and 9 animals received saline and were confined to the
opposite compartment. The animals were exposed to only one pairing
per day and treatments were counterbalanced.

The post-conditioning test (day 10) was conducted identically to the
pre-conditioning phase. A preference score was expressed in seconds
and calculated for each animal as the difference between the time
spent in the drug-paired compartment in the test minus the time
spent in the same compartment in the pre-conditioning phase.

2.4. Surgery and microdialysis experiments

The microdialysis experiments were carried out on awake rats (N =
3-5/group) according to the protocol described by Kehr et al. (2011),
with some modifications. Rats were anesthetized with ketamine
(90 mg/kg i.p.) plus xylazine (10 mg/kg, i.p.) and placed in a stereotaxic
frame. After exposure of the skull, a hole for a guide cannula and three
holes for the anchor screws were drilled. Then, an intracerebral guide
cannula (AT6.14.iC, Agntho's, Liding6, Sweden) was surgically im-
planted and aimed at the NAcc, according to the coordinates: 1.6 mm
lateral, 2.2 mm anterior to bregma and 6.0 mm ventral to the dura sur-
face (Paxinos and Watson, 2007), and fixed to the skull using dental ce-
ment. Rats were allowed at least one week for recovery from surgery.
On the evening before an experiment, a microdialysis probe
(AT.6.14.2, Agntho's, Lidingo, Sweden; 2 mm membrane length with
15,000 Da cut-off) was inserted into the guide cannula and perfused
overnight with artificial cerebrospinal fluid (aCSF) solution (148 mM
Nacl, 2.2 mM CaCl,, 0.8 mM MgCl,, 1.2 mM Na,HPO,4 and 0.3 mM
NaH,POy,) at a flow rate of 0.6 pL/min. On the next day, the flow was
changed to 1 pL/min and after a stabilization period of 2 h, the microdi-
alysis samples were collected at 20 min intervals in plastic vials filled
with 10 pL of an antioxidant mixture (0.1 M acetic acid; 0.27 mM
Na,EDTA; 0.5 mM ascorbic acid) (Thorré et al., 1997). The first three
samples were used for estimation of basal levels of DA, DOPAC and
HVA. Thereafter, saline, MDPV (0.3 or 3.0 mg/kg s.c.), EtOH (1 g/kg
i.p.), or both were injected to separate groups of rats and the fractions
were collected for 120 or 240 min and stored at — 80 °C before analysis.
At the end of the experiments, the animals were perfused with parafor-
maldehyde and the brains were removed and examined for correct
placement of the probe using Cresyl violet staining. Only the data
from those rats with correct probe placements were included in the
study.

2.5. Liquid chromatography/mass spectrometry determination of DA and
metabolites in dialysate samples

An Agilent 1290 Liquid Chromatography (LC) system equipped with
an autosampler and coupled to AB Sciex QTRAP 6500 mass spectrome-
ter (MS) was used to quantify the corresponding monoamine and
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metabolites. Chromatographic separation was achieved on a Discovery
HS F5 (150 mm x 4 mm, 3 pm, Sigma-Aldrich, St. Louis, MO, USA)
pentafluorophenyl column thermostated at 37 °C. The mobile phase
was water (A) and methanol (B) with 0.1% of HCOOH in both solvents.
An increasing linear gradient (v/v) of B was used (t (min), %B), as fol-
lows, (0, 0), (0.5, 0), (5.90, 30), (6, 100), (9, 100), (9.10, 0), (10.0, 0) at
a constant flow rate (500 pL/min). The flow was directed to waste for
the first 2 min to prevent the inorganic ions of aCSF solution to enter
the mass spectrometer. The microdialysate samples were refrigerated
at 4 °C and 20 pL were injected, without sample pretreatment, into the
LC-MS/MS system. Mass spectrometric quantification in positive ion
mode was carried out using the following transitions: DA (m/z
154 — 137 and 154 — 91) and DOPAC (m/z 123 — 77). A negative ion
mode was used in the analysis of HVA (m/z 181 - 122).

Six standards (from 0.1 nM to 10 nM for DA or from 10 nM to 1 pM
for metabolites) were prepared daily in a solution composed by aCSF/
antioxidant mixture (2:1) to obtain the calibration curve. The method
showed linearity within the concentration range studied and the detec-
tion limit (signal-to-noise ratio = 3) for DA was 0.05 nM and for DOPAC
and HVA was 1 nM. The accuracy of the assay was 85-115% and the
intra- and inter-assay coefficients of variation were <15%. Analyst
v1.4.2 software was used to calculate the areas of chromatographic
peaks.

2.6. MDPV concentrations in blood and the STR

Before blood sampling, rats (N = 6-8/group) were implanted with
an intravenous (i.v.) jugular catheter under isoflurane anesthesia
(Caine and Koob, 1993). Blood samples (150-200 pL) were collected
from awake rats through the catheter at 5, 10, 20, 30, 40, 60 and
120 min after MDPV injection (0.3 mg/kg, s.c.) alone or in combination
with EtOH (1 g/kg, i.p.) and transferred to 300 L tubes with EDTA. Ac-
cording to the method previously described (Novellas et al., 2015), 90 pL
of plasma was mixed with 10 pL of an internal standard (IS) solution
(methylone, 200 ng/mL). The mixture was extracted by adding 250 pL
of methanol. After centrifugation (10,000 x g, 5 min), 250 L of superna-
tant were acidified with HCOOH (50%) (Serensen, 2011). The mixture
was ultrafiltered and 100 pL of the filtrate were transferred to an
autosampler vial to quantify MDPV concentrations by LC-MS/MS
(Novellas et al., 2015).

A PE Sciex API3000 triple quadrupole mass spectrometer equipped
with an electrospray ionization (ESI) source was used to quantify the
MDPV in brain and blood samples. Chromatographic separation was
achieved on a Luna C18 (100 x 2.0 mm, 2.5 um) column. The mobile
phase was water (A) and methanol (B) with 0.1% of HCOOH in both sol-
vents. An increasing linear gradient (v/v) of B was used (t (min), %B), as
follows, (0, 5), (20, 95), (22, 95), (22.5, 5) and (27.5, 5), at a constant
flow rate (150 pL/min). 5 pL of biological samples were injected into
the LC-MS/MS system.

As there is a direct correlation between brain concentrations and
hyperlocomotion elicited by MDPV (Novellas et al., 2015), we quanti-
fied MDPV in rat STR after its administration alone (0.3 and 3 mg/kg
s.c.) or with EtOH (1 g/kg i.p.). To minimize the number of animals
used in this study and according to the data of locomotor activity, the
MDPV concentrations in STR were measured only at 20 min after drug
administration. Moreover, a blood sample was also collected and
MDPV plasma concentrations were quantified as above in order to cal-
culate the brain/blood ratio at this time.

This experiment was carried out as described by Novellas et al.,
2015, with minor modification. Briefly, rats STR (N = 5/group) were ho-
mogenized and centrifuged (1000 xg, 20 min). The sample plus IS
(methylone) was applied to a C8 Sep-Pak® SPE cartridges (Waters
Corp., Milford, MA, USA). MDPV was eluted with methanol and trans-
ferred in an auto sampler vial to quantify MDPV concentrations by LC-
MS/MS as above.

2.7. Blood EtOH concentration (BEC)

Blood samples (150-200 pL) from animals (N = 4/group) were col-
lected through vein catheters at 5, 10, 20, 30, 40, 60 and 120 min after
EtOH injection (1 g/kg i.p.) alone or in combination with MDPV
(0.3 mg/kg, s.c.). 80 pL of plasma were transferred to sample microvials,
combined with 20 pL of IS solution (1-propanol, 1 g/L) and placed in a
water bath at 50 °C for 5 min. Then, 1 mL of the headspace gas was
injected with a Hamilton syringe into the gas chromatograph (Agilent
7890A GC-System) equipped with a flame ionization detector (FID).
EtOH and IS were separated on a capillary column (Supelcowax-10®,
30 m x 250 um x 0.25 um) using helium as a carrier gas (2.0 mL/min,
split ratio 20:1). The column oven temperature was isothermal at
55 °C and the injector and the FID system were selected at 150 and
200 °C, respectively. BECs were quantified from linear standard curves
in EtOH-free plasma (0.1-2 g/L EtOH) using the peak area ratios of
EtOH to the IS using Agilent Chemstation software.

2.8. MDPV metabolism in rat liver microsomes

The evaluation of MDPV metabolism was carried out at 37 °Cin a
shaking bath. Preliminary experiments were performed to determine
whether MDPV metabolism was linear with respect to time and to eval-
uate the percentage of MDPV metabolized. The final incubation mix-
tures (250 pL) contained MDPV (1 or 10 uM), EtOH (0, 0.1, 1.0, 10 or
100 mM), rat liver microsomes (0.5 mg protein/mL), and NADPH
(1 mM) in 100 mM sodium phosphate buffer (pH 7.4). After a 5-min
pre-incubation with NADPH, the reactions were initiated by the addi-
tion of rat liver microsomes and stopped 3 min later by the addition of
625 L ice-cold methanol. A negative control in the absence of NADPH
was employed to verify the NAPDH-dependent reaction. All the experi-
ments were performed in triplicate. To each reaction mixture, 20 pL IS
solution (methylone, 10 pg/mL) was added. The resulting mixture was
centrifuged (10,000 x g, 5 min). The supernatant was filtered (cellulose
acetate membrane pore size 0.22 um), acidified with 100 uL HCOOH
(50%) and centrifuged (12,000 x g, 10 min). The supernatants were
then transferred to HPLC vials, and MDPV concentrations were analyzed
by LC-MS/MS as previously described.

2.9. Statistical analysis

Data were expressed as mean =+ standard error of the mean (SEM).
Differences between groups were compared using a one- or two-way
(repeated measures) analysis of variance (ANOVA) or Student's t-test
for independent samples where appropriate. Significant differences
(p < 0.05) were analyzed using the Tukey's post hoc test for multiple
comparison measures (InVivoStat software package). In all two-way
ANOVA analysis, the variable time and the interaction
treatment x time were significant. To ease reading, the statistics of
these variables were not showed.

3. Results
3.1. Effects on locomotor activity

HLA was monitored for 60, 120 or 360 min depending on the MDPV
dose (see Table 1). The AUC analysis of variance demonstrated an over-
all significant effect of treatment variable (AUCo_g0 min F3.12 = 9.73,
p <0.001; AUCo_120 min F5,16 = 30.11, p < 0.001; AUCo_360 min F3,12 =
8.33,p <0.01). The post hoc test revealed that MDPV increased the loco-
motor activity at all doses tested compared with the saline group. More-
over, at low doses of MDPV (0.1 and 0.3 mg/kg) co-administration of
EtOH induced a significant decrease (p < 0.01) in HLA compared with
MDPV alone (See Table 1). Nevertheless, at higher doses of MDPV (1
and 3 mg/kg) co-administration of EtOH did not produce any change.
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:;:::‘: ;f MDPV alone or in combination with EtOH on HLA in rats. Results are expressed as mean + SEM and represent the measurement of the area under the curve (AUC).
Drug AUC
0-60 min 0-120 min 0-360 min
Saline 10,565 + 1809 14,359 + 3233 15,485 + 3164

EtOH 1 g/kg 13,433 + 2228
MDPV 0.1 mg/kg 30,950 + 5401
MDPV 0.1 mg/kg + EtOH 9050 + 2278%*
MDPV 0.3 mg/kg -
MDPV 0.3 mg/kg + EtOH -
MDPV 1 mg/kg -
MDPV 1 mg/kg + EtOH -
MDPV 3 mg/kg -
MDPV 3 mg/kg + EtOH -

o

13,827 + 2300

15,085 + 2239

88,016 + 10,189 -
30,506 + 6160* -
134,596 + 17,712 -
140915 + 13917 -
- 202,924 + 38,741"
- 254,328 + 68,569

* p<0.05 vs. saline.
** p<0.01 vs. saline.
*** p<0.001 vs. saline.
*# p<0.05 vs. the corresponding MDPV group.
## p<0.01vs. the corresponding MDPV group.

Fig. 1 shows the time course of the effects on locomotor activity elic-
ited by EtOH and MDPV (0.3 mg/kg Fig. 1A, 3 mg/kg Fig. 1B). At the dose
of 0.3 mg/kg, the post hoc test confirmed statistical significance be-
tween 0.3 mg/kg MDPV and 0.3 mg/kg MDPV -+ EtOH group, suggesting
a blockade of the psychostimulant effect elicited by MDPV. However, no
effects of EtOH on the hyperlocomotion induced by 3 mg/kg MDPV were
found at any time point.

3.2. Effect of EtOH on the place conditioning induced by MDPV

On the test day (day 10, post-conditioning), results revealed a signif-
icant effect of treatment (F5 36 = 6.94, p < 0.001). MDPV treated animals
acquired similar place preference after being conditioned with both
doses. The concomitant administration of EtOH did not modify the re-
warding effect induced by MDPV. Moreover, as we expected, EtOH did
not exert any effect on preference score by itself (Fig. 2).

3.3. Effects of MDPV alone or with EtOH on DA, DOPAC and HVA concentra-
tions in the NAcc

Fig. 3 shows the time course of the extracellular concentrations of
DA in the NAcc of animals after an acute administration of MDPV
0.3 mg/kg (panel A) or 3 mg/kg (panel B), MDPV + EtOH, EtOH or sa-
line. Two-way ANOVA revealed a significant effect of the treatment var-
iable (panel A: F31; = 8.210, p < 0.01; panel B: F3 10 = 14.58, p <0.001).
However, the post-hoc analysis did not show any difference in DA con-
centrations between MDPV and MDPV + EtOH at any time point or
MDPV dose tested. Administration of MDPV (0.3 and 3 mg/kg) caused
arapid increase in extracellular concentrations of DA, reaching changes
in peak concentrations of 382.4 £ 74.1% (Fig. 3A, p < 0.001) and
1477.1 £ 524.9% (Fig. 3B, p < 0.001) compared to saline, at 20 and
40 min, respectively. Moreover, we observed a slight increase, although
no significant, of about 50% in the extracellular concentrations of DA
after EtOH (1 g/kg) administration.

The overall effects of saline, EtOH, MDPV and MDPV + EtOH on the
DA concentrations, expressed as relative AUC values, are depicted in
Figs. 4A and 5A. MDPV (0.3 and 3 mg/kg) caused an increase in total
DA of 150.0 & 35.1% (p < 0.01) and 891.1 & 218.7% (p < 0.01), respec-
tively, that was unchanged when EtOH was administered
concomitantly.

The same samples were also analyzed for the quantification of
DOPAC and HVA concentrations. Following MDPV administration, the
DOPAC and HVA concentrations were significantly reduced (21.7 +
0.2, and 17.4 + 3.5%, respectively, Fig. 4B), and this decline was damp-
ened by EtOH co-administration. In a similar way, when the high dose
of MDPV was used, a significant reduction in the DOPAC concentrations
of 23.1 & 6.2% was found (Fig. 5B) without being significantly modifed
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Fig. 1. Time course of locomotor activity induced by saline, EtOH, MDPV or MDPV plus
EtOH administration. In panel A (MDPV 0.3 mg/kg), two-way ANOVA revealed the effect
of the treatment variable (F31; = 24.49, p <0.001). In panel B (MDPV 3 mg/kg), two-
way ANOVA also denoted the effect of treatment (F3 1, = 10.12, p < 0.01). Data are
expressed as the mean =+ SEM. */#p < 0.05, **/##p < 0.01 or ***/##4#p < 0.001 vs. saline
group at the corresponding time point; &&p < 0.01, &&&p < 0.001 vs. MDPV + EtOH
group at the corresponding time point.
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Fig. 2. Effect of EtOH on MDPV-induced conditioned place preference. Results are
expressed as the mean 4 SEM. *p < 0.05 or ***p < 0.001 vs. saline group.

by EtOH. In addition, HVA concentrations remained unchanged
(Fig. 5C).

3.4. Effect of EtOH on MDPV concentrations in blood and rat STR

We measured the plasma concentrations of MDPV over time after
s.c. administration of 0.3 mg/kg alone or in combination with EtOH i.p.
There was a significant reduction of MDPV concentrations during the
first 20 min when combined with EtOH. As shown in Fig. 6, the
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Fig. 3. Effect of saline, EtOH, MDPV alone (0.3 mg/kg, panel A, or 3 mg/kg, panel B) or in
combination with EtOH on extracellular levels of DA in the NAcc of awake rats. The
arrow indicates the time of drug or saline administration. Data are mean + SEM and
expressed as a percentage of preinjection baseline values (% basal). *p < 0.05, **p < 0.01
or **p < 0.001 MDPV vs. saline group. #p < 0.05, ##p < 0.01 or ###p < 0.001
MDPV + EtOH vs. saline group.
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Fig. 4. Overall effects of saline, EtOH, MDPV alone (0.3 mg/kg) and plus EtOH on DA (panel
A), DOPAC (panel B) and HVA (panel C) levels in the NAcc of awake rats. The columns
represent the AUCy_120 min Values calculated as the differences in relative changes (%) in
these compounds between the drug- and saline-treated groups. *p < 0.05, **p < 0.01 vs.
saline group; &p < 0.05 vs. MDPV + EtOH group.

statistical test revealed a significant effect of the treatment variable
(F1.14 = 5.969, p < 0.05). Moreover, the AUCs _ 120 analysis also showed
a significant decrease in the total amount of MDPV (Fig. 6 inset).

20 min after the MDPV (0.3 mg/kg) injection, the results in STR cor-
roborated the decrease in MDPV plasma concentrations described
above (MDPV 0.3 mg/kg = 133.6 + 8.5 ng MDPV/g tissue; MDPV
0.3 mg/kg + EtOH 1 g/kg = 77.4 + 10.4 ng MDPV/g tissue (t = 4.189,
p < 0.05)). The assessed brain/blood ratio at 20 min was 2.2 4 0.5
after MDPV administration and also 2.2 4+ 0.5 after MDPV + EtOH.

Because the combination of EtOH with MDPV 3 mg/kg did not mod-
ify MDPV hyperlocomotion, we tested the blood and brain concentra-
tions of this combination only at the time point of 20 min (maximal
psychostimulant effect and maximal striatal concentrations; Novellas
et al, 2015). Concerning plasma concentrations, no significant changes
were observed between both groups (MDPV 3 mg/kg = 446.0 +
39.5 ng/mL; MDPV 3 mg/kg + EtOH 1 g/kg = 385.8 + 25.4 ng/mL;
n.s.). As expected, the combination with EtOH also resulted in no differ-
ent striatal concentrations (MDPV: 1266.5 & 40.1 ng MDPV/g tissue vs
MDPV + EtOH: 1179.8 £ 68.8 ng MDPV/g tissue; n.s.).
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Fig. 5. Overall effects of saline, EtOH, MDPV alone (3 mg/kg) and plus EtOH on DA (panel
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group.

3.5. MDPV metabolism in rat liver microsomes in the presence of EtOH

The metabolic rate of MDPV was determined using rat liver micro-
somes. The amount of MDPV decreased linearly in a time-dependent
manner and at a very high velocity (63% of substrate metabolized at
15 min). MDPV metabolism was NADPH- and microsome-dependent.
In order to avoid substrate depletion, the experiments were performed
with an incubation time of 3 min (25% of MDPV metabolized). The
amount of MDPV metabolized at 3 min of incubation is expressed as
100% of metabolic rate. The effects of increasing amounts of EtOH on
MDPV metabolism were then assessed (Fig. 7).

When MDPV was assayed at high concentration (10 uM) (Fig. 7A),
EtOH inhibited the MDPV metabolism in a concentration-dependent
manner (F4 10 = 40.56; p < 0.001). Nevertheless, when using a lower
MDPV concentration (1 pM), we demonstrated a biphasic effect of
EtOH on microsomal activity (F410 = 29.96; p < 0.001) (Fig. 7B). EtOH
1 mM increased MDPV microsomal metabolism (p < 0.01), but at high
concentrations (100 mM) an inhibition of the microsomal activity was

found. Consequently, the enhanced MDPV metabolism induced by
EtOH was evidenced only when combining MDPV and EtOH at concen-
trations of 1 UM and 1 mM, respectively. In these conditions, the meta-
bolic rate of MDPV was increased from 100% to 145%.

3.6. Effect of MDPV on BECs

We measured the BECs over time after i.p. administration of EtOH
alone or in combination with MDPV (0.3 mg/kg, s.c.) (Fig. 8). After com-
paring both BEC curves versus time, a significant effect of treatment
(F16 = 13.97; p < 0.001) was observed. BECs were significantly higher
during 60 min (p < 0.01) post-administration in rats given 0.3 mg/kg
MDPV compared to those given 1 g/kg EtOH alone. Furthermore, the
AUC analysis also supported these differences (Fig. 8 inset; t = 3.833,
p <0.01). Additionally, both BECs time course were adequately fitted
to a mono-exponential decay model, allowing us to calculate the corre-
sponding half-life values. MDPV increased the EtOH half-life from
23.0 4 2.4 min to 64.7 & 9.4 min (t = 4.315; p <0.01).

4. Discussion

In the present study we have described a pharmacokinetic interac-
tion between MDPV and EtOH, substances often consumed concurrent-
ly (Elliott and Evans, 2014), that could have a significant toxicological
impact. The initial approach of this work was to assess the effect of
EtOH on MDPV-induced changes in behavioral parameters for
psychostimulant and conditioning properties. The chosen EtOH dose
(1 g/kg, i.p.) yielded a BEC in the range of that observed after moderate
alcohol drinking (Eckardt et al., 1998). Our initial finding was of great
interest, as EtOH significantly reduced locomotor activity counts (70%
and 65%) induced by low subcutaneous doses of MDPV (0.1 and
0.3 mg/kg, respectively). Being obtained the previous results on loco-
motor activity, our study was mainly focused on two different s.c.
doses of MDPV, 0.3 and 3 mg/kg, which are equivalent to a 3 and
30 mg dose for a 60 kg person (Reagan-Shaw et al., 2008), respectively.
Tentative estimations pointed towards threshold levels around 1-5 mg
to “strong” effects between 10 and 25 mg (www.erowid.org). Interest-
ingly, our subsequent experiments using the dose of 3 mg/kg MDPV
showed that the locomotor effects of this higher dose were not signifi-
cantly affected by EtOH.

Next, we assayed the effects of EtOH on the rewarding effects (CPP)
induced by two different doses of MDPV (0.3 and 3 mg/kg). Both MDPV
doses produced CPP, with a higher significance degree for the dose of
3 mg/kg, but not significantly different with respect to the dose of
0.3 mg/kg which showed an important SEM. This probably denotes an
effect bordering on significance. By contrast, the result of the dose of
3 mg/kg is more robust and supports a high rewarding effect of this
drug at this dose. In fact, DA release in the NAcc, which is directly related
with rewarding effects, was about three-fold higher after the dose of
3 mg/kg. This points to a dose-response relationship in the rewarding
effect regardless the lack of significance between doses on CPP. Accord-
ingly, other authors (i.e. King et al., 2015) reported that MDPV not al-
ways shows a clear dose-response effect in the CPP paradigm.

Conversely to the effect of EtOH on MDPV-induced
hyperlocomotion, the rewarding properties of MDPV were unaffected
by EtOH. If the psychostimulant effect of the cathinone decreased with
alcohol, it could favor the boosting and re-dosing in search of the lost ef-
fects. These are typical behaviors followed by consumers of such sub-
stances (Ross et al., 2012). However, as the reinforcing effect of each
dose of the substance would not decrease, the addictive liability could
increase.

In an attempt to shed a light on the potential underlying mecha-
nisms for this phenomenon, MDPV concentrations were determined
both in plasma and STR after a single administration of MDPV alone or
in combination with EtOH. It is known that MDPV crosses the blood
brain barrier (BBB) through passive diffusion and active transport.
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Fig. 6. Time-course of MDPV plasma levels after s.c. administration of MDPV alone (0.3 mg/kg) (filled circles) or in combination with EtOH (open circles). Data are expressed as the
mean + SEM. *p < 0.05, **p < 0.01 or ***p <0.001 vs. MDPV + EtOH group at the corresponding time point. Inset: Overall effect of EtOH on AUC values of MDPV plasma levels.

*p < 0.05 vs. MDPV group.

This last feature is a differential trait of this compound with respect to
other synthetic cathinones (Simmler et al., 2013). Thus, we initially hy-
pothesized that EtOH could be disrupting the active transport of MDPV
through the BBB. In agreement with the registered psychostimulant ef-
fect, the results revealed a significant reduction (of around 50%) in
MDPV concentrations in both blood and brain when the cathinone,
only at the lowest dose tested (0.3 mg/kg, s.c.), was combined with
EtOH. Consequently, no blood/brain ratio disruption was observed.

With these results, taking into account the reported extensive me-
tabolism of MDPV (Anizan et al,, 2014a,b; Meyer et al., 2010; Negreira
et al.,, 2015; Uralets et al., 2014), the high liposolubility of this drug
and the frequent interactions of EtOH with other drugs' metabolism,
the most likely explanation for this effect could be a metabolic interac-
tion. Consequently, we carried out the in vitro studies with rat liver mi-
crosomes to test the possibility of an interaction under some specific
concentrations of MDPV and EtOH. Interestingly we found two opposite
effects, depending on [MDPV]/[EtOH] relationship. When MDPV was
assayed at a high concentration (10 pM), EtOH inhibited the MDPV me-
tabolism in a dose-dependent manner. When using a lower MDPV con-
centration (1 uM), we demonstrated a biphasic effect of EtOH. The
enhancing effect of EtOH on MDPV metabolism was mainly evidenced
when combining MDPV 1 uM and EtOH 1 mM.

Therefore, the stimulation of MDPV metabolism induced by EtOH is
a reasonable explanation for the decrease in MDPV concentrations ob-
served in vivo after concomitant administration of EtOH and low
doses of MDPV. In fact, a similar interaction on microsomal metabolism
had already been described for other substances. Linnoila et al. (1990)
studied plasma concentrations of adinazolam and EtOH when adminis-
tered jointly. They observed higher BEC when administering
adinazolam after EtOH, while concentrations of the adinazolam main
metabolite were higher. Moreover, Hellum and Nilsen (2007) studied
the effect of EtOH on the CYP2D6 mediated metabolism of dextrome-
thorphan. They clearly demonstrated a biphasic effect of EtOH on
CYP2D6. EtOH, at concentrations from 0.5% to 1.1%, increased CYP2D6
activity as compared to control. For EtOH concentrations exceeding
1.5%, a linear inhibition of the CYP2D6 activity was found.

The main enzymes responsible for the transformation from MDPV
into its metabolites, in rats, are CYP2D1 (rat orthologue of human
CYP2D6), CYP2C19 and CYP1A2 (Meyer et al.,, 2010; Negreira et al,,
2015). CYP2C19 could be inhibited by low concentrations of EtOH
(Busby et al,, 1999). Therefore, CYP2D1 seems to be the main candidate
to show a stimulant effect of EtOH over MDPV metabolism. However,

this aspect deserves further investigation and requires extending the
study also to the human liver microsomes.

Given the effect of EtOH on locomotor activity, as well as on MDPV
concentrations, it proved interesting to look for an explanation to the
fact that MDPV conditioning properties were not affected by the combi-
nation. For this purpose, microdialysis experiments were performed
and changes in DA, DOPAC and HVA in NAcc were assessed. We found
that MDPV produces a rapid dose-dependent elevation of extracellular
DA, as expected (Schindler et al., 2015). As previously described for a
DAT blocker (Kalivas and Duffy, 1990; Miiller et al., 2004; Shimada
etal,, 1996), in parallel with an increase in DA concentration, a slight de-
crease in DA metabolites was found. This occurs because DA metabolism
by MAO takes place inside the nerve terminal. The resulting DOPAC is
actively transported to the synaptic cleft (Miyamoto et al., 1991). As
MDPV inhibits DAT, DA metabolism is reduced. Similar effects were ob-
served at 3 mg/kg, except for HVA, which can be explained by the high
extracellular DA concentrations reached (1500%, Fig. 3B) allowing me-
tabolism by COMT, which is localized in the plasma membrane
(Trendelenburg, 1990).

Similarly, EtOH-treated animals showed a slight increase, although
no significant, in DA concentrations. It is known that EtOH modulates
the function of GABA, receptors, reducing DA release. In the VTA, how-
ever, EtOH decreases rather than increases GABAergic neurotransmis-
sion (Stobbs et al., 2004; Xiao et al., 2007), leading to increased
mesoaccumbal DA release (Marti-Prats et al., 2015; Melendez et al.,
2003; Yoshimoto et al., 1992). Thus, while in the NAcc this substance in-
creases the release of DA, in the dorsal STR it does just the opposite
(Budygin et al., 2001). This is the reason why the effect of EtOH on
motor activity is more likely to vary depending on the different experi-
mental conditions, whereas its reinforcing and rewarding effect are
clear and reproducible (Acevedo et al., 2013; Cunningham et al., 2002;
Durcan and Lister, 1988; Frye and Breese, 1981; Milton et al., 1995;
Morales et al., 2012; Robledo et al., 1991; Wrébel, 2011).

Interestingly, the increase in DA concentrations induced by MDPV
was not significantly modified by EtOH. In fact, EtOH may increase DA
release. Although this increase was not statistically significant when ad-
ministered alone, significant levels could be reached when combined
with the DA uptake inhibition induced by MDPV. This should result in
increased extracellular DA levels and potentiation of the effects of
MDPV. However, the pharmacokinetic interaction with 1 g/kg EtOH ob-
served at 0.3 mg/kg MDPV produces decreased blood and brain MDPV
levels, so the effect of MDPV should be lower than expected when
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Fig. 7. In vitro metabolism of MDPV by rat liver microsomes. MDPV 10 uM (panel A) or
1 uM (panel B) was incubated with rat liver microsomes in the presence of different
EtOH concentrations. A negative control (Ctrl —) in the absence of NADPH was
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of metabolic rate (positive control, Ctrl +) and the rest of results are normalized by this
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combined with EtOH, making a potentiation more unlikely. In our ex-
periments, such decreased effect of MDPV appears to be compensated
by the DA release induced by EtOH which may act synergistically with
the uptake inhibition. At 3 mg/kg, the increase in DA concentration in-
duced by MDPV is so high that probably could mask the enhancing ef-
fect of EtOH, which cannot be appreciated.

At that moment, we also wondered if, in addition to MDPV concen-
trations, those of EtOH could be modified when combining both drugs.
Interestingly, BEC's were very significantly increased by MDPV, in such
a manner that its elimination rate was extremely reduced (half-life in-
creased from 23.01 + 2.35 min to 64.69 4 9.36, p < 0.01). For this rea-
son, it is really feasible that the decrease in DA (as a consequence of
lower amounts of brain MDPV) was compensated by the increase in
DA elicited by higher EtOH concentrations, yielding similar conditioning
effects. Accordingly, although synaptic DA concentrations were similar,
the amount of DA taken up into the terminal (and thus metabolized into
DOPAC and HVA) was higher, as expected for a milder blockade of DAT,
due to lower concentrations of MDPV.
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Fig. 8. Time course of BEC's after the administration of EtOH alone (filled circles) or in
combination with MDPV (open circles). Data are expressed as the mean + SEM.
**p <0.01 vs. EtOH group at the corresponding time point. Inset: Overall effect of MDPV
on AUC values of BEC's.

The effects on locomotor activity must be discussed apart, as it re-
sults from increased DA not only in NAcc but also in other brain areas
where EtOH inhibits DA release, so the psychostimulant effect of
MDPV can be modified in a different way than the mesoaccumbal rein-
forcing effect.

Due to the possible toxicological impact, it would be interesting to
study the exact mechanism responsible of increased BEC by the pres-
ence of MDPV. On one hand, Meyer et al. (2012) suggest that ADH has
a large impact on the -keto group reduction of cathinones (Meyer
et al., 2012). On the other hand, studies carried out in urine of MDPV
users demonstrate the absence of the metabolic product of this 3-keto
reduction, likely due to both pyrrolidine- ring and methylenedioxy-
group of MDPV (Uralets et al., 2014). Therefore, MDPV could not act
as a substrate of ADH but might inhibit ADH activity, impairing ethanol
metabolism. However, this hypothesis requires a thorough study of the
effect of MDPV on ADH.

Finally, we would like to stress that under certain conditions the
combination of MDPV plus EtOH reduces the psychostimulant effect of
the cathinone, whereas its reinforcing effect is maintained. This would
lead to repeat or increase drug intake in search of the desired stimula-
tion, while the accompanying extra reinforcement could induce higher
abuse liability. Due to the possible toxicological impact, further research
focused on finding out the exact mechanism by which MDPV increases
EtOH half-life and whether this phenomenon takes also place in
humans is warranted. Moreover, from the present results is mandatory
to warn about the risk of EtOH intoxication when this is consumed con-
comitantly with MDPV.

5. Conclusions

In summary, EtOH, at low-moderate doses, seems to trigger a strong
decrease in overall concentrations of MDPV, when low doses of
cathinone are administered, which dampens the MDPV-induced
hyperlocomotion. This phenomenon could be explained by a pharmaco-
kinetic interaction in the metabolic process. Therefore, MDPV and EtOH
can interact at microsomal level, increasing the metabolic rate of MDPV.
The interaction between both substances was also supported by results
on BEC, which were significantly increased by MDPV, in such a manner
that EtOH elimination rate was significantly lowered. In the NAcc, both
substances could also act synergistically, in such a manner that although
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brain MPDV concentrations are lower, the synaptic DA concentration is
maintained high enough by EtOH to elicit a similar reinforcing effect.
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BACKGROUND AND PURPOSE

3,4-Methylenedioxypyrovalerone (MDPV) is a synthetic cathinone with powerful psychostimulant effects. It selectively inhibits
the dopamine transporter (DAT) and is 10-50-fold more potent as a DAT blocker than cocaine, suggesting a high abuse liability.
The main objective of the present study was to assess the consequences of an early (adolescence) MDPV exposure on the
psychostimulant, rewarding and reinforcing effects induced by cocaine in adult mice.

EXPERIMENTAL APPROACH

Twenty-one days after MDPV pretreatment (1.5 mg-kg ', s.c., twice daily for 7 days), adult mice were tested with cocaine, using
locomotor activity, conditioned place preference and self-administration (SA) paradigms. In parallel, dopamine D, receptor
density and the expression of c-Fos and AFosB in the striatum were determined.

KEY RESULTS

MDPV treatment enhanced the psychostimulant and conditioning effects of cocaine. Acquisition of cocaine SA was unchanged in
mice pretreated with MDPV, whereas the breaking point achieved under a progressive ratio programme and reinstatement after
extinction were higher in this group of mice. MDPV decreased D, receptor density but increased AFosB expression three-fold. As
expected, acute cocaine increased c-Fos expression, but MDPV pretreatment negatively influenced its expression. AFosB
accumulation declined during MDPV withdrawal, although it remained elevated in adult mice when tested for cocaine effects.

CONCLUSION AND IMPLICATIONS

MDPV exposure during adolescence induced long-lasting adaptive changes related to enhanced responsiveness to cocaine in the
adult mice that seems to lead to a higher vulnerability to cocaine abuse. This particular behaviour correlated with increased
expression of AFosB.

Abbreviations
CPP, conditioned place preference; DAT, dopamine transporter; HLA, horizontal locomotor activity; MDPV, 3,4-
methylenedioxypyrovalerone; NPS, new psychoactive substances; SA, self-administration

© 2017 The British Pharmacological Society DOI:10.1111/bph.13771
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Introduction

In recent years, the illicit drug-market has changed
remarkably and several new psychoactive substances
(NPS), such as the synthetic cathinones, have been
identified. The popularity of synthetic cathinones has
increased due to their ease of access, price and initial
legal status (Bijlsma et al., 2015; Katselou et al., 2015).
3,4-Methylenedioxypyrovalerone (MDPV) is considered as
one of the most abused synthetic cathinone and the main
ingredient of ‘bath salts’ (Zuba and Byrska, 2013; Johnson
and Johnson, 2014) and able of triggering powerful
psychostimulant effects (Baumann et al., 2013).

Cocaine is also a powerful psychostimulant, and its
repeated use could lead to a substance use disorder and is
often associated with other severe psychiatric and medical
complications (Pozzi et al., 2008; Walsh et al., 2009). Despite
the invasion of the illegal market by the NPS, the illicit use of
cocaine is still a persistent health problem worldwide
(UNODC, n.d.). Similarly, MDPV shows cocaine-like
properties and selectively inhibits dopamine (DAT) and
noradrenaline transporters, being 10- to 50-fold more potent
than cocaine, as a DAT blocker (Simmler et al., 2013;
Baumann et al., 2013). Furthermore, it shows rewarding and
reinforcing effects (King ef al., 2014), pointing to a similar
abuse liability to that of cocaine.

Although MDPV use could be considered as a transient
trend in drug abuse, the long-lasting consequences of its
repeated consumption are still unknown. Considering this,
it is relevant to determine whether the use of MDPV will lead
to an increased sensitivity and subsequent vulnerability to
cocaine abuse. Adolescents and young adults use MDPV as a
cheaper and easily obtained alternative to classical
psychostimulants. Conversely, cocaine is a more widely and
currently used psychostimulant and is generally consumed
in adulthood. Consequently, the main objective of the
present study was to assess the consequences of early and
repeated MDPV exposure on the responses of adult mice to
the psychostimulant cocaine.

A repeated (7 days) moderate dose (1.5 mg-kg™', twice,
daily) of MDPV eliciting hyperlocomotion was chosen for
this study. After this MDPV schedule, adult mice were tested
to cocaine responses. Hence, hyperlocomotion to an acute
dose of cocaine was assayed as an indicative of its
psychostimulant effect. In a second experiment, we
investigated whether MDPV schedule could enhance the
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rewarding effects of cocaine, using the conditioned place
preference (CPP). Next, we evaluated the reinforcing cocaine
effects on the self-administration (SA) paradigm. Earlier
studies have shown that dopamine D, receptors played a role
in the development and expression of behavioural
sensitization (Thompson et al.,, 2010). Moreover, the
expression of c-Fos and deltaFosB (AFosB) in some brain areas
is induced by acute or chronic exposure to virtually all drugs
of abuse and regulates their psychomotor and rewarding
effects. Therefore, we have assessed the D, receptor density
and the expression of c-Fos and AFosB in dorsal and ventral
striatum.

Hence, we have performed behavioural procedures
(hyperlocomotion, CPP and SA) and biochemical analyses
that allowed us to characterize the liability for cocaine abuse
shown by adult mice who were pretreated, as adolescents,
with MDPV.

Methods

Animals

All animal care and experimental protocols were approved by
the Animal Ethics Committee of the University of Barcelona
and PRBB, respectively, under the supervision of the
Autonomic Government of Catalonia, following the
guidelines of the European Community Council (2010/63/
EU). All efforts were made to minimize animal suffering and
to reduce the number of animals used. Animal studies are
reported in compliance with the ARRIVE guidelines
(Kilkenny ef al., 2010; McGrath and Lilley, 2015). Animals
were housed four per cage (polycarbonate with wood-derived
bedding) at 22 + 1°C under a 12 h light/dark cycle with free
access to food and drinking water.

Our model was based on the following considerations.
Adolescence is a period of particular vulnerability to drug
addiction (Cass ef al., 2013), being a period of life in which
different psychiatric disorders emerge (Paus et al., 2008). For
this reason, we used for our study adolescent (PND 41-44)
male Swiss CD-1 mice (Charles River, Spain), which are
equivalent to the beginning of peri-adolescence (Spear and
Brake, 1983), and assayed cocaine effects after 21 days of
withdrawal, when animals had reached adulthood. The CD-
1 mouse strain was selected for its optimal sensitivity to the
reinforcing and psychostimulating effects of cocaine
(McKerchar et al., 200S5).



Drug administration protocols and
experimental design

In administration regime A, MDPV (1.5 mg-kg ') or saline
(5 mg-kg *) was injected s.c. to mice twice daily (4 h apart)
for three consecutive days and, thereafter, they were exposed
to the cocaine-sensitization protocol (Figure 1A). In
administration regime B, animals were also treated with
MDPV (1.5 mg-kg ") or saline (5 mL-kg ') twice daily for
seven consecutive days and were then housed in their home
cages until reaching adulthood (PND 69-72), when they
were tested for cocaine-induced horizontal locomotor
activity (HLA), CPP and SA experiments as described below
(Figure 1B). This dose is equivalent to a dose in humans of
about 6 mg twice a day (Reagan-Shaw ef al., 2008), in which
threshold dosages are around 1-5 mg and strong effects are
shown with 10-25 mg (2014). Re-dosing is a typical pattern
of consumption followed by consumers of such substances
to avoid an unpleasant comedown (Ross et al., 2012).

Sensitization to the locomotor responses
induced by a repeated cocaine administration
Locomotor activity was evaluated by placing the mice
individually in the actimeter boxes (24 x 24 x 24 cm) (LE881
IR, Panlab, Barcelona, Spain) provided with 14 axes (Y and
X) in alow-luminosity room. Animals were treated with saline
(n = 10) or MDPV (n = 11), according to the administration

A withdrawal

Day: 1 3 8

Early exposure to MDPV enhances cocaine effects

regime A. The sensitization procedure consisted of three
phases over 14 days: habituation, treatment and challenge.
In the habituation phase (Days 6-7), mice were placed on
the actimeter boxes for 30 min immediately after an i.p. saline
injection. Treatment phase consisted of five sessions (Days
8-12). In each session, mice received daily an i.p. injection
of cocaine (7.5 mg-kg ') immediately before being placed in
the apparatus for 15 min. Finally, following a 7 day drug-free
period after the last cocaine injection, mice were tested (Day
19 - challenge phase) with a cocaine injection (7.5 mg-kg ',
i.p.) in the same actimeter boxes, and the locomotor activity
was registered for 15 min.

Cocaine-induced HLA

The HLA response induced by a single cocaine injection was
video-monitored (Smart 3.0, Panlab, s.l.u., Barcelona, Spain)
for 15 min in a black Plexiglass open field arena
(25 x 25 x 40 cm) under low-light conditions. Two days before
testing, the animals were handled for 10 min and placed in
the black arena for habituation. Two groups of animals
(n = 12 per group) were pretreated in their home cage
according to administration regime B, and after 21 days of
withdrawal, when they reached adulthood (PND 69-72),
both groups were challenged with saline (5 mL-kg™!, i.p.)
(Day 27) and cocaine (7.5 rng-kg’1 i.p.) (Day 28), and
locomotor activity was registered.

withdrawal
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- — v

MDPV (1.5mg-kg-1

Cocaine sensitization

Cocaine challenge

twice-4h) or saline (7.5mg-kg-"-day-1) (7.5mg-kg™")
(PND 41-44) (PND 48-51) (PND 59-62)
B withdrawal
J 1
Day: 1 7 28
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twice-4h) or saline
(PND 41-44)

Habituation days
(saline injection)

Figure 1

v

Behavioral testing

(cocaine induced-

HLA, CPP and SA)
(PND 69-72)

Drug exposure protocol and experimental design. (A) In administration regime A, animals were treated with MDPV or saline twice daily for 3 days
and, 5 days after, they were exposed to a cocaine sensitization protocol. (B) In administration regime B, animals were treated with MDPV or saline
twice daily for 7 days and, 21 days later, cocaine-induced HLA, CPP and SA experiments were performed.
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Cocaine-induced CPP

The cocaine potential to induce approaching behaviours
toward drug-related stimuli was determined using an
unbiased place conditioning paradigm, as described by Soria
et al. (2006). The apparatus consisted of two main
conditioning compartments (30 x 29 x 35 cm) connected by
a smaller, central compartment (Cibertec S.A., Madrid,
Spain). The conditioning compartments were disposed with
differences in visual and tactile cues. All the compartments
were equipped with infrared emitter/detector pairs along
the length of the box.

Saline- and MDPV-pretreated animals according to
administration regime B (n = 16 per group) were subjected
to the CPP procedure after a 21 day long drug-free period.
During the preconditioning phase (day 28), initial
unconditioned preference for the stimulus alternatives was
determined. In this test, mice were placed in the central
compartment and had free access to both compartments of
the apparatus for 18 min. During the conditioning
phase (days 29-34), mice received an i.p. injection of cocaine
10 mg-kg ' immediately before being placed into one of the
two conditioning compartments for 20 min on days 29, 31
and 33. On the alternate days (30, 32 and 35), mice were
placed in the other compartment for 20 min after being given
a saline injection. Treatments were counterbalanced as much
as possible between compartments. Control animals received
saline every day. The preference test was conducted exactly as
the preconditioning phase. A CPP score was calculated for
each subject as the difference between times spent in the
drug-paired and the saline-paired compartments during the
pre-conditioning and the preference tests.

Cocaine operant SA

Acquisition of cocaine SA. The SA experiments were carried
out in eight mouse operant chambers (Model ENV-307A-CT,
Med Associates, Inc. Cibertec S.A., Madrid, Spain), as
previously described by Soria et al. (2006). Saline- and
MDPV-pretreated mice according to administration regime
B (n = 16 per group) were trained for 2 h-day ' to nosepokes
in order to receive 1 mgkg ! cocaine infusions on 10
consecutive days under a fixed ratio 1 (FR1).

Surgical implantation of the catheter into the jugular
vein was performed following anaesthesia with a mixture
of ketamine (100 mg-mL ') and xylazine (20 mgkg').
The anaesthetic solution was injected in a volume of
0.15 mL-10 g’l, i.p. (Soria et al., 2006; Tourino et al., 2012).
Mice were housed individually and allowed to recover for at
least 3 days. During recovery, mice were treated daily with
an analgesic (meloxicam 0.5 mg-kg ™, injected in a volume
of 0.1 mL10 g', ip.) and an antibiotic solution
(enrofloxacin 7.5 mgkg ', injected in a volume of
0.03mL-10 g ', i.p.). The home cages were placed upon
thermal blankets to avoid post-anaesthesia hypothermia.

SA procedures started 21 days after the last day of
administration regime B (Day 28). Active and inactive
nosepokes were assigned randomly. Cocaine was delivered
in a 20 pL injection for 2 s via a syringe mounted on a
microinfusion pump (PHM-100A, Med-Associates, Georgia,
VT, USA) connected to single-channel liquid swivel (375/25,
Instech Lab, Plymouth Meeting, PA, USA) and the mouse’s
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intravenous catheter. All FR1 sessions started with a cocaine
priming infusion. When mice responded on the active hole,
the stimulus lights (one located inside the nosepoke and the
other above it) lit up for 4 s and a cocaine infusion was
delivered automatically. Each infusion was followed by a
30 s time-out period in which a nosepoke on the active hole
had no consequences. Mice were considered to have acquired
stable SA behaviour when the following criteria were met in
two consecutive FR1 sessions: (a) 80% stability in
reinforcements (the number of reinforces in each day
deviated by <20% from the mean number of reinforces in
two consecutive days); (b) > 65% of responses were received
at the active hole; and (¢) a minimum of five responses in
the active hole. After 10 days of training (Day 38), mice that
achieved the acquisition criteria (n = 9 per group) were moved
to a progressive ratio (PR) session. In the PR session (2 h), the
response requirement to earn an injection escalated
throughout the following series: 1-2-3-5-12-18-27-40-
60-90-135-200-300-450-675-1000.

Extinction and reinstatement. All the animals that reached
the acquisition criteria were subjected to an extinction
phase. The extinction procedure was adapted from Soria
et al. (2008). Nosepokes in the active hole produced neither
cocaine infusion nor stimulus light presentation. Extinction
sessions (2 h) were conducted once a day, S days-week’1
until reaching the extinction criteria. These criteria were
achieved when mice made a mean number of responses in
two consecutive extinction sessions of less than 40% of the
responses performed during the last day of the cocaine-
training phase. Twenty-four hours after achieving the
extinction criteria, mice underwent a cocaine-primed
reinstatement session, as previously described (Soria et al.,
2008). In order to recover the extinguished cocaine-seeking
behaviour, saline- and MDPV-pretreated mice (n = 9 per
group) were confined to the operant chambers for 2 h
immediately after receiving an i.p. injection of cocaine
10 mg-kg '. Nosepokes had no consequences in any of the
holes.

Tissue sample preparations

Mice pretreated according to the administration regime B
were killed by cervical dislocation 24 h after the treatment
(Day 8) or after saline/cocaine challenge (Day 28) for the
analysis of AFosB expression and D, receptor density or 2 h
after saline/cocaine challenge for the determination of c-Fos
expression. The inclusion of a saline challenge group allowed
us to study also the long-term effects of MDPV treatment.
Ventral (including NAcc), dorsal or the whole striatum, when
appropriate, were quickly dissected out and stored at —80°C
until use.

Tissue samples for Western blot analysis were processed as
described (Pubill et al., 2013), with minor modifications.
Briefly, for nuclear c-Fos Western blot analysis, dorsal
striatum tissue samples were homogenized at 4°C in 400 pL
of buffer (5 mM Tris-HCI, 320 mM sucrose) with the protease
inhibitor cocktail. The homogenates were centrifuged at
1000 x g for 15 min at 4°C, and the pellets were resuspended
in buffer (Tris-HCl 50 mM) with the protease inhibitor
cocktail.



For AFosB Western blot analysis, ventral striatum tissue
samples were thawed and homogenized at 4°C in 20 volumes
of lysis buffer (20 mM Tris—-HCI, pH = 8, 1% NP40, 137 mM
NaCl, 10% glycerol, 2 mM EDTA) with the protease inhibitor
cocktail. The homogenates were shaken and rolled for
120 min at 4°C and centrifuged at 15000 x g for 30 min at
4°C. Aliquots of resulting supernatants (total lysate) were
stored at —80°C until use.

For [*HJraclopride binding assays, crude membrane
preparation from the whole striatum was prepared as
described by Martinez-Clemente et al., (2012). Briefly, tissue
samples were thawed and homogenized at 4°C in 20 volumes
of buffer (5 mM Tris-HCI, 320 mM sucrose) with the protease
inhibitor cocktail. The homogenates were centrifuged at
15000 x g for 30 min at 4°C. The pellets were resuspended
in buffer and incubated at 37°C for 5 min to remove
endogenous neurotransmitters. The protein samples were
recentrifuged, and the final pellets were resuspended in the
appropriate buffer and stored at —80°C until use. Protein
content was determined using the Bio-Rad Protein Reagent
(BioRad, Inc., Madrid, Spain).

Western blotting and immunodetection

AFosB and c-Fos Western blot analyses were performed as
described by Buenrostro-Jauregui et al. (2016) with minor
modifications. Briefly, for each sample, 10 or 20 pg of protein
was mixed with loading buffer [0.5 M Tris-HCI, pH = 6.8, 10%
glycerol, 2% (w/v) SDS, 5% (v/v) 2-p-mercaptoethanol, 0.05%
bromophenol blue], boiled for 5 min and loaded onto a 10%
acrylamide gel. Proteins were then transferred to PVDF sheets
(Immobilion-P, Millipore). PVDF membranes were blocked
for 1 h at room temperature with 5% defatted milk in
Tris-buffer plus 0.05% Tween-20 and incubated overnight at
4°C with mouse primary antibody anti-FosB (1:250) or rabbit
primary antibody anti-c-Fos (1:200). After washing,
membranes were incubated for 1 h at room temperature with
a peroxidase-conjugated (1:2500) antimouse or antirabbit
(1:2000) IgG antibody. Immunoreactive protein was
visualized using a chemoluminescence-based detection kit
(Immobilion Western, Millipore) and a BioRad ChemiDoc
XRS gel documentation system (BioRad, Inc., Madrid,
Spain). Scanned blots were analysed using BioRad Image
Software, and dot densities were expressed as a proportion
of those taken from control. As a control for load, B-tubulin
(1:2500) or GAPDH (1:5000) antibody was used.

D, receptor density

The density of D, receptors in striatal membranes was
measured by [*HJraclopride binding assays as described
(Martinez-Clemente et al., 2014). Assays were performed in
tubes containing 2 nM [*H]raclopride and 50 pg of
membranes. Incubation was carried out at 25°C for 1 hin a
Tris-HCI buffer. Sulpiride (300 pM) was used to determine
non-specific binding. The incubation was ended by rapid
filtration under vacuum through Whatman GF/B glass fibre
filters. The radioactivity in the filters was measured by liquid
scintillation spectrometry.

Data acquisition and statistical analysis
The data and statistical analysis in this study comply with the
recommendations on experimental design and analysis in

Early exposure to MDPV enhances cocaine effects

pharmacology (Curtis et al., 2015). Data were expressed as
mean + SEM. Data from biochemical analyses were
normalized with 100% defined as the mean of the technical
replicates in the control group, and the SEM was normalized
appropriately. Animals were randomly assigned to an
experimental group. During the behavioural manipulations,
researchers were not aware of the pretreatment that each
animal had received.

Differences between groups were compared using two-
way ANOVA or Student’s f-test for independent samples
where appropriate. The o error probability was set at 0.05.
Significant differences (P < 0.05) were analysed using the
Tukey’s post hoc test for multiple comparison measures
(InVivoStat software package) only if F achieved the
necessary level of statistical significance (P < 0.05) and no
significant variance inhomogeneity was observed. The exact
group size for the individual experiments is shown in the
corresponding figure legends. To analyse the acquisition of
cocaine SA during the 10 day training, extinction of the
operant behaviour and reinstatement, a three-way ANOVA
was calculated, with nosepoke (active or inactive), treatment
with MDPV or saline, and day (or session) as factors of
variation. Subsequent Tukey’s post hoc tests were calculated
when required. Breaking point achieved at the end of the PR
sessions was analysed using the non-parametric
Mann-Whitney U-test.

Materials

Pureracemic MDPV-HCl was synthesized and characterized in
our laboratory as described (Novellas et al., 2015). Cocaine was
provided by the Spanish National Institute of Toxicology.
MDPV and cocaine solutions for injection were prepared in
0.9% NaCl (saline, pH = 7.4) immediately before
administration. Mouse monoclonal AFosB antibody and the
protease inhibitor cocktail were purchased from Abcam
(Cambridge, UK) and rabbit polyclonal c-Fos antibody from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). [3HJ
raclopride was obtained from Perkin Elmer Life Sci. (Boston,
MA, USA). Ketamine was from Rhone Merieux (Lyon,
France). Xylazine, sulpiride and all buffer reagents (analytical
grade) were obtained from Sigma-Aldrich (St. Louis, MO, USA).

Results

Sensitization to the hyperlocomotor responses
induced by repeated cocaine administration

To evaluate the behavioural sensitization to cocaine 5 days
after MDPV pretreatment (regime A), we assessed the hyper-
locomotion induced by repeated cocaine administration
(Figure 2). During the treatment phase (Figure 2 inset),
cocaine induced an acute hyperlocomotion that increased
with repeated daily exposure. Two-way ANOVA revealed
effect of the day (F476 = 8.791) and the pretreatment factor
(Fy,10 = 6.025,) without interaction between factors.

When analysing the differences between the first day of
the treatment (Day 8) and the cocaine challenge (Day 19)
(Figure 2), two-way ANOVA also demonstrated a significant
effect of the day (F; 10 = 9.909) and the pretreatment factor
(F1,10 = 9.504) without the interaction between pretreatment
and day.
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Effect of MDPV treatment (regime A) on cocaine-induced sensitization. Bars represent mean (+SEM) of cumulative breaks per animal after cocaine
(7.5 mg-kg ™", i.p.) injection on the first day of the sensitization protocol (Day 8) and the challenge day (Day 19) (saline-pretreated group, n=10
and MDPV-pretreated group, n=11). *P < 0.05, compared with the saline-pretreated group. Inset: Cumulative breaks per animal during the
treatment phase of the cocaine-induced sensitization protocol in saline- and MDPV-pretreated mice.

Interestingly, mice pretreated with MDPV showed a
significant increase in the hyperlocomotor activity induced
by cocaine on both, the first day of cocaine administration
(Day 8) and the challenge day (Day 19) compared with
saline-pretreated mice. Overall, these results indicate
that pre-exposure to MDPV is able to enhance the response
to cocaine, without affecting the acquisition of sensitization.

Cocaine-induced HLA

The HLA was monitored for 15 min after a single saline
(5mg-kg™ ') or cocaine (7.5 mg-kg ') i.p. injection to mice
previously pretreated with saline or MDPV according to
administration regime B (Figure 3). This dose of cocaine
elicited a significant psychostimulant effect on saline- and
MDPV-pretreated animals, although a higher hyper-
locomotor response was observed in the group pretreated
with the psychostimulant. Two-way ANOVA revealed
significant effect of the cocaine challenge (F; 44 = 53.60) and
interaction between challenge and pretreatment (Fy 44 = 4.58),
but no effect of the pretreatment factor was found. This means
that MDPV pretreatment, by itself, is not capable of
increasing locomotor activity when mice are challenged with
saline, but only after challenge with cocaine.

Cocaine-induced CPP

As shown in Figure 4A, saline- and MDPV-pretreated mice
(regime B) presented no preference for any of the
compartments (Figure 4A). Only one animal from the
saline-pretreated group was withdrawn from the study due
to an initial preference for one of the compartments (>65%
of the total session time spent in one compartment). The
repeated administration of cocaine (10 mgkg ', ip.)
produced a preference for the cocaine-paired compartment
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Effect of MDPV treatment (regime B) on cocaine-induced HLA. Bars
represent mean (+SEM) of the distance travelled after a single saline
(5 mL-kg™", i.p.) or cocaine (7.5 mg-kg ™', i.p) injection 21 days after
treatment (n = 12 per group). *P < 0.05, compared with the
corresponding saline injection. #P < 0.05, compared with the
saline-pretreated group.

(Figure 4B). Two-way ANOVA demonstrated a significant
effect of the pretreatment factor (Fy sg = 15.0), treatment effect
(F1,5s = 114.4) and interaction between treatment and
pretreatment (Fy sg = 7.075). Accordingly, MDPV-pretreated
mice showed an increased expression of the cocaine-
induced CPP compared with the saline-pretreated group
(Figure 4B).
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Effect of MDPV treatment (regime B) on cocaine-induced CPP. Bars represent mean (+SEM) of CPP score (see Methods for details) during
preconditioning (n =16 per group) (Panel A) and preference test (n =16 per group) (Panel B). *P < 0.05, compared with saline-pretreated group;
#P < 0.05, compared with its respective control group (conditioned with saline).

Self-administration reinforced with cocaine

Acquisition of cocaine SA. The effect of the MDPV
pretreatment (regime B) on the reinforcing properties of
cocaine was evaluated in the SA procedure. First, both
saline- and MDPV-pretreated mice were trained to self-
administer cocaine (1 mg-kg ' per infusion) during 10 days
under a FR1 schedule of reinforcement. The criteria
acquisition rates were equal for both groups: 56%. All the
statistical analyses and data representations were performed
only with mice that acquired the learning criteria. Three-
way ANOVA (pretreatment x day of training x nosepoke) of
infusions on both nosepokes given along the FR1 sessions
yielded no significant effects of the pretreatment factor
(F1,0 = 0.56) (Figure 5A), thus indicating a lack of effect of
MDPV pretreatment on the acquisition of cocaine SA
behaviour. The operant procedure produced the acquisition
of cocaine SA as revealed by the day of training factor
(F9,9 = 2.138). Animals were able to discriminate between
active and inactive nosepokes as indicated by the nosepoke
factor (F;,0 = 108.8). An interaction between day of training
and nosepoke factors was also found (Fo o = 4.45). No other

A S.A. Acquisition Curve

-0~ SAL - Active nosepokes B
24 O+ SAL - Inactive nosepokes 30

interactions were found. A significant effect of MDPV
pretreatment was revealed in the breaking point achieved
on the PR session (Mann-Whitney U = 15.5) (Figure 5B),
indicating that MDPV pretreatment increased the value of
cocaine as reinforcer.

Extinction and  cocaine-primed  reinstatement. Three-way
ANOVA (pretreatment x extinction day x nosepokes) showed
that groups extinguished cocaine SA behaviour among the
extinction sessions, as the factor extinction day had a
significant effect (Fy1,17 = 14.78) (Figure 6A). However, the
factor pretreatment had no significant influence over
nosepokes along the extinction phase (F;;; = 0.057).
Animals were able to discriminate between mnosepokes
(F1,11 = 284.6), but as the interaction between this factor
and pretreatment revealed (F; 1, = 16), both groups stopped
discriminating between nosepokes in different days.
Subsequent post hoc analyses indicated that MDPV-
pretreated animals discriminated between nosepokes until
day 7 (Tukey), whereas SAL-pretreated animals
discriminated until day 6 (Tukey). A significant interaction
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Figure 5

(Panel A) Effect of MDPV treatment (regime B) on the acquisition of cocaine SA behaviour for 2 h daily FR1 sessions during 10 days of
training (n = 9 per group). (Panel B) Effect of MDPV treatment (regime B) on SA behaviour breaking point in a PR schedule of reinforcement
(n =9 per group). Data represent the mean (+SEM) of the last ratio achieved in the PR session during 2 h. *P < 0.05, compared with the
saline-pretreated group.
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(Panel A) Extinction of cocaine SA behaviour for 2 h daily sessions during 12 days (n = 9 per group). *P < 0.05, compared with the inactive
nosepokes performed by the same group in the same day of extinction phase. (Panel B) Cocaine-primed, drug-induced reinstatement of cocaine
SA behaviour (n =9 per group). The different phases of the experiment are showed in the X axis. *P < 0.05, compared with the active nosepokes
performed by the same group in the last day of extinction. #P < 0.05, compared with the active nosepokes of the same group in the same
experimental phase. Data represent the mean of nosepokes + SEM in the active and inactive holes.

between extinction day and nosepokes (Fy1,11 = 7645) was
found. No other interactions were found.

After extinction of cocaine SA, mice that acquired
the extinction criteria were submitted to a cocaine-primed
(10 mg-kg "), drug-induced reinstatement session (Figure 6B).
Three-way ANOVA (pretreatment x session x nosepokes) showed
a significant effect of day (F33 = 8.263) and nosepokes
(F13 = 116.9), without pretreatment effect (F13 = 0.477).
Significant interactions were found between days and
nosepokes (F33 = 6.128), and pretreatment and nosepokes
(Fy,3 = 3.979). Post hoc analyses indicated that both groups
of pretreatments did not differ in the number of active
nosepokes in the reinstatement session. However, MDPV-
pretreated mice, unlike SAL-pretreated, reinstated their
previously extinguished cocaine-SA behaviour after being
drug-primed (cocaine 10 mg-kg'). Therefore, SAL-pretreated
mice did not reinstate previous extinguished cocaine-SA
behaviour (Tukey). Interestingly, MDPV-pretreated mice
achieved a significant difference between active nosepokes
in reinstatement session versus the last day of extinction
(Tukey) (Figure 6B).

c-Fos and AFosB expression

Because we had seen that the pretreatment with MDPV
modified the response to cocaine, we wanted to determine
how the MDPV pretreatment influenced the expression of
certain factors that are known to be associated with the
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effects of cocaine, such as c-Fos and AFosB. Expression of
the transcription factor AFosB in the brain also controls the
responsiveness of an animal to the rewarding and
locomotor-activating effects of cocaine. Following regime B,
we investigated the expression of AFosB 24 h after saline or
MDPV pretreatment (Day 8) (Figure 7A) and after saline or
cocaine challenge (Day 29) (Figure 7B) and also c-Fos 2 h after
saline or cocaine challenge (Day 28) (Figure 7C).

As shown in Figure 7A, mice pretreated with MDPV
(regime B) showed a significant increase of AFosB expression,
by 300% compared with saline-treated mice, when measured
24 h after finishing the treatment. At day 29, 24 h after
receiving the saline/cocaine challenge, the statistical analysis
showed a significant effect of the prefreatment factor
(Fy,18 = 5.976; Figure 7B). Therefore and although the high
AFosB expression declined during withdrawal, this factor still
remained apparently elevated (132% animals pretreated with
MDPV and challenged with saline). In addition, cocaine
challenge also produced an increase in AFosB expression
compared with saline injection (F;,15 = 4.699).

The c-Fos expression has been used as a marker for
neuronal activity. In this context, two-way ANOVA revealed
effect of the challenge factor (F; 13 = 54.21; Figure 7C). Cocaine
induced a significant increase in c-Fos expression in both
groups, saline- and MDPV-pretreated mice (320% and 220%
respectively). Accordingly, statistical analysis also disclosed
the effect of the pretreatment factor (F; 15 =8.497). Thus, MDPV
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Effect of MDPV treatment (regime B) on AFosB expression 24 h after
treatment (n = 6 per group) (Panel A) or saline and cocaine challenge
(saline-pretreated group, n = 5 per group and MDPV-pretreated
group, n = 6 per group) (Panel B). *P < 0.05, compared with the
saline-pretreated group. $P < 0.05, two-way ANOVA pretreatment
factor (F1,15 = 5.976). (Panel C) Effect of MDPV treatment (regime
B) on c-Fos expression 2 h after saline and cocaine challenge
(saline-pretreated group, n = 5 per group and MDPV-pretreated
group, n= 6 per group). *P < 0.05, compared with its corresponding
saline-challenge group. #P < 0.05, compared with the saline-
pretreated group. Results are expressed as mean + SEM.

pretreatment reduces the cocaine-induced expression of this
marker. Moreover, after saline challenge, MDPV-pretreated
mice showed a decrease (52%) in c-Fos expression compared
with SAL-pretreated mice, although such differences did not
reach statistical significance. Therefore, it seemed that, at
the same time when AFosB was increasing, c-Fos expression
was reduced.
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D, receptor density

To determine the involvement of striatal dopamine D,
receptors, we measured [*H]raclopride binding in this brain
area 24 h after treatment (Figure 8A) or saline and cocaine
challenge (Figure 8B). Twenty-four hours after MDPV
pretreatment, the D, receptor density was significantly
decreased (t;5 = 2.613). However, 24 h after saline or cocaine
challenge, two-way ANOVA only revealed differences of the
challenge factor (Fy 30 = 4.179). However, post hoc analysis did
not demonstrate statistical significance.

Discussion

Cocaine abuse represents a heavy burden of disease in many
countries and has become a global problem. Any factor that
increases the vulnerability to cocaine abuse must be carefully
evaluated. In the present study, we demonstrate that MDPV
enhances the responsiveness to cocaine in all tested aspects.

In a first study (regime A), we investigated the influence of
a short-term MDPV exposure on the behavioural
sensitization induced by cocaine. MDPV produced a gradual
increase of cocaine hyperlocomotor effects and a high
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Figure 8

Effect of MDPV treatment (regime B) on D, receptor density 24 h
after treatment (saline-pretreated group, n = 9 and MDPV-
pretreated group, n = 11) (Panel A), and after saline or cocaine
challenge (saline-pretreated group, n = 8 per group and MDPV-
pretreated group, n = 9 per group) (Panel B). D, receptor density
was measured as [3H]raclopride bound in the mouse striatum.
Results are expressed as mean + SEM. *P < 0.05, compared with
the saline-pretreated group.
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reactivity to a cocaine challenge after 7 days of cocaine
withdrawal. However, mice exposed to MDPV showed a
higher response to cocaine when they received this
psychostimulant for the first time, and this increased
hyperlocomotor effect was maintained throughout all the
sensitization procedure.

In a second set of experiments, we carried out a repeated
treatment (regime B) with a moderate dose of MDPV, in
adolescent mice, and we investigated the influence on the
acute effects of cocaine on adulthood, including motor
responses, rewarding effects on the CPP, and the cocaine-
induced reinforcing effects on the SA paradigm.

We found that mice exposed to MDPV were more reactive
to cocaine but not to saline injection. So this observed
response was independent of the environmental context
because MDPV treatment was administered in the
home cages. Accordingly, an MDPV treatment with low doses
(0.30r0.5 mg-kg ') during 5-7 days increased responsiveness
to acute cocaine (5-10 mg-kg ") after a 10-11 days drug-free
period (Berquist et al., 2016; Buenrostro-Jauregui et al., 2016).

We also sought to find out if MDPV exposure resulted in
increased responsiveness to cocaine in reward and
reinforcing effects on mice. Our results revealed that repeated
administration of MDPV in adolescent mice led to a long-
term increase of cocaine-induced behavioural adaptations,
related to its abuse potential, when tested into adulthood in
the CPP. This paradigm is used to reflect the degree by which
drugs of abuse establish approaching behaviours toward
drug-related stimuli (Bardo and Bevins, 2000). The observed
increase in the robustness of the conditioned responses in
the CPP expression seems to reflect an increase in the abuse
liability of cocaine after exposure to MDPV. Thus, our
findings demonstrate that MDPV exposure during
adolescence can effectively potentiate cocaine abuse liability
in adulthood by sensitizing the neural circuitry underlying
associations between cocaine and its related stimuli. To
our knowledge, this is the first study that evaluates the
long-term effects of MDPV treatment on cocaine-induced
CPP. However, similar effects of MDPV pretreatment
on the development of psychostimulants-induced
reinforcing effects have been recently reported. For instance,
MDPV (1.8 mgkg ' during 5 days) attenuated the taste
avoidance induced by cocaine (18 mgkg '), but not those
induced by LiCl, in rats (Woloshchuk et al, 2016). As
mentioned above, MDPV also sensitized to cocaine
locomotor response after a drug washout period (Berquist
et al., 2016; Buenrostro-Jauregui et al., 2016). Moreover, an
intermittent repeated exposure to MDPV (1 mgkg ' during
5 days) produced sensitization to methamphetamine
challenge (0.5 mg-kg’l) in rats (Watterson et al., 2016).
Nevertheless, no study has yet evaluated global MDPV effects
on cocaine-induced abuse liability and, in particular,
evaluated its effects on cocaine-induced reinforcing effects
on the SA paradigm, as we present in the present study. In
fact, mice repeatedly exposed to MDPV during adolescence
made greater efforts to obtain a cocaine infusion in a PR
schedule of reinforcement when tested in adulthood. The
PR schedule of reinforcement requires behaviours specially
linked to motivational functions, such as instrumental
learning, execution of efforts and sustained engagement
(Randall et al., 2012). The lack of difference between mice
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exposed to MDPV or to saline during the acquisition phase
of SA could be attributed to the fact that this phase was
performed under an FR1 schedule of reinforcement that
seems not to be appropriate to determine the reinforcement
efficiency (Richardson and Roberts, 1996). In this sense, it is
a common feature of rodent cocaine SA studies to find a
certain degree of inconsistency between results on FR1, PR
schedules and reinstatement sessions depending on the
experimental conditions (Homberg ef al, 2002; Morgan
et al., 2005; Zhang et al., 2005; Espaia et al., 2011).

In addition, MDPV-pretreated mice delayed extinction
after acquisition of the operant behaviour to cocaine and
reinstated after a cocaine priming injection. Reinstatement
of SA behaviour reflects the reinforcing properties of drugs
and its pharmacological manipulations (Shaham et al.,
2003; Soria et al., 2008; Bossert et al., 2013). We have also
found a drug-seeking reinstatement behaviour in mice
previously exposed to MDPV, suggesting a higher level of
craving than in control mice. Thus, we suggest that MDPV
exposure during adolescence will strengthen the efforts to
obtain cocaine in adulthood, and this effect leads to an
enhanced vulnerability to reinstate cocaine SA behaviour
once extinguished.

These results lead us to hypothesize that MDPV
administration induces long-lasting adaptive changes,
leading to a greater response to cocaine. AFosB, c-Fos and D,
receptors are factors involved in the acute and long-lasting
effects of cocaine (Larson et al., 2010; Lee et al., 2013). For
instance, studies performed using positron emission
topography have consistently shown that drug abuse is
accompanied by a decrease in striatal D, receptor availability.
Furthermore, studies in drug-naive, non-human primates
suggest that D, receptor availability is predictive of drug-
seeking behaviour (Nader et al., 2006). In the present study,
we have found that repeated MDPV exposure was associated
with a decreased striatal density of D, receptors, probably
reflecting a neuroadaptive effect in response to MDPV
dopaminergic stimulation, but this effect is only transient as
it did not remain after 21 days of withdrawal, when D,
receptor population was observed to return to initial values.
Additionally, we determined D, receptor levels after the
challenge of cocaine. As expected, an acute dose of this drug
modulated D, receptors, although without influence of
MDPV pre-exposure.

There is growing evidence for an important role of AFosB
in animal models of drug addiction (Nestler, 2008). The Fos
family of proteins is rapidly and transiently induced in the
striatum after acute administration of several drugs of abuse
(Graybiel et al., 1990; Hope et al., 1992; Young et al., 1991).
Although most of them are highly unstable, AFosB is
progressively accumulated after repeated drug exposure. This
accumulation has been linked to cocaine-induced reward,
locomotor sensitization and SA behaviour (Colby et al.,
2003; Kelz et al., 1999; McClung et al., 2004), which together
suggest a role in the neural mechanisms involved in
transitioning between recreational wuse and abuse
phenomenon. In the present study, an increased expression
of AFosB was found 24 h after the end of the MDPV exposure
and levels of this factor remained raised throughout the
period of abstinence. Therefore, it is reasonable to propose
that the increased level of this transcription factor responded



to MDPV treatment, leading to an increased responsiveness
to cocaine effects. Changes in AFosB seem to extend the
regulation of drug sensitivity toward more complex
behaviours (Colby et al., 2003). Thus, according to our
findings, mice overexpressing AFosB work harder to self-
administer cocaine in PR schedule of reinforcement in SA
assays, suggesting that AFosB may sensitize animals to the
incentive motivational properties of cocaine and thereby
leading to a propensity for relapse after drug withdrawal.

Numerous putative targets for AFosB have been identified
in brain, and some of these target genes have been related to
the cellular and behavioural effects of this transcription
factor (McClung et al., 2004). One of these target genes is
c-Fos. Induction of c-Fos protein is considered an early marker
of neural activation, and it is also important for behavioural
responses to cocaine (Zhang et al.,, 2006). This factor
is markedly activated by acute administration of
psychostimulants, but only weakly after repeated exposure
(Hope et al., 1992; Persico et al., 1993), when levels of AFosB
are high. In this sense, Renthal et al. (2008) demonstrated
that AFosB mediates epigenetic desensitization of the c-Fos
gene after chronic exposure to a psychostimulant. In our
study, a significant increase of c-Fos expression appeared a
short time after cocaine challenge that undoubtedly reflects
neuronal activation by the drug. However, this protein
expression was related to MDPV pretreatment. Thus, levels
of c-Fos seemed to be inversely associated with MDPV
pretreatment, when AFosB is significantly expressed. Results
demonstrate a negative association between both factors, in
accordance with the findings of Renthal et al., (2008).

In summary, MDPV increased most of the behavioural
responses related to cocaine effects, including locomotor
sensitization, reward and the strength of cocaine as reinforcer
in a SA procedure. It is noteworthy that MDPV increased
capability to reinstate cocaine SA behaviour once
extinguished, presumably indicating increased craving, after
MDPV exposure during adolescence. These behavioural
alterations were associated with an accumulation of AFosB,
a sustained molecular switch for cocaine addiction, providing
a possible mechanism by which molecular changes induced
by MDPV can persist for weeks after withdrawal and
supporting the deleterious effects of MDPV on cocaine abuse
liability. Therefore, these results suggest that consumption of
MDPV during adolescence induces long-lasting adaptive
changes leading to a higher response to cocaine in the
adulthood, predisposing to a higher vulnerability to abuse
of this drug. From a clinical point of view, this feature
represents a basic step to provide new knowledge about
factors involved in the vulnerability to cocaine addiction.
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Abstract

Rationale MDPV (3.,4-methylenedioxypyrovalerone) is a synthetic cathinone present in bath salts. It is a powerful
psychostimulant and blocker of the dopamine transporter (DAT), like cocaine. It is known that acute exposure to
psychostimulants induces rapid changes in DAT function.

Objectives To investigate the effects of MDPV on DAT function comparing with cocaine.

Methods Binding of [PH]WIN 35428 was performed on PC 12 cells treated with MDPV and washed. Rat striatal synaptosomes
were incubated with MDPV or cocaine (1 uM) for 1 h and [3H]d0pamine (DA) uptake was performed. Also, different treatments
with MDPV or cocaine were performed in Sprague-Dawley rats to assess locomotor activity and ex vivo [*H]DA uptake.
Results MDPV increased surface [’HJWIN 35428 binding on PC 12 cells. In vitro incubation of synaptosomes with MDPV
produced significant increases in Viay and Ky for PH]DA uptake. In synaptosomes from MDPV- (1.5 mg/kg, s.c.) and cocaine-
(30 mg/kg, i.p.) treated rats, there was a significantly higher and more persistent increase in [’H]DA uptake in the case of MDPV
than cocaine. Repeated doses of MDPV developed tolerance to this DAT upregulation and 24 h after the 5-day treatment with
MDPV, [PH]DA uptake was reduced. However, a challenge with the same drugs after withdrawal recovered the DAT upregu-
lation by both drugs and showed an increased response to MDPV vs the first dose. At the same time, animals were sensitized to
the stereotypies induced by both psychostimulants.

Conclusions MDPYV induces a rapid and reversible functional upregulation of DAT more powerfully and lasting than cocaine.

Keywords Bath salts - Cathinones - Cocaine - Dopamine transporter - Dopamine uptake - MDPV - Upregulation

Introduction

Membrane neurotransmitter transporters play a key role in the
regulation of neural transmission as they are responsible for
removal of neurotransmitters released into the synaptic cleft
upon neuronal stimulation. Thus, the dopamine transporter
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(DAT) is crucial for dopaminergic transmission in the
nigrostriatal and mesocorticolimbic dopaminergic pathways
(see Lohr et al. 2017 or Torres et al. 2003 as reviews) and
modifications in its density or transport rate can reduce or
enhance the effects of a given amount of dopamine (DA).

DAT, as other monoamine transporters, exhibits a great abil-
ity to modify its density in the plasma membrane through a very
fast trafficking through internalization and recycling in a protein
kinase C (PKC)-regulated manner (Loder and Melikian 2003;
Ramamoorthy et al. 2011; Schmitt and Reith 2010).

Psychostimulants increase synaptic monoamine levels by act-
ing on their transporters, either by directly binding and inhibiting
their function (e.g., cocaine, Ritz et al. 1987) or through a com-
bined mechanism consisting in entering the cell as a transporter
substrate and reversing the transport of cytosolic monoamines
(e.g., amphetamine) which are previously displaced from synap-
tic vesicles by the drug (Sulzer and Galli 2003).

Apart from these acute effects on monoamine uptake, rapid
and reversible compensatory changes in transporters and their
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function have been reported as well. Generally speaking, using
samples from which residual drug has been washed away,
psychostimulants that act as substrates of the transporters
(e.g., amphetamine and analogues) induce an acute decrease
in uptake, whereas blockers (e.g., cocaine or methylphenidate)
tend to increase it. For example, an acute injection of metham-
phetamine (METH) to rats reversibly decreases plasmalemmal
DA uptake in striatal synaptosomes (Fleckenstein et al. 1997).
Similarly, uptake of serotonin is affected by METH treatment
(Haughey et al. 2000). Moreover, in vitro incubation of striatal
synaptosomes with METH followed by drug washout, rapidly
decreased DAT activity, but not total WIN 35428 binding sites
(Escubedo et al. 2005; Pubill et al. 2005; Sandoval et al. 2001).
Similar effects were reported for MDMA (3,4-
methylenedioxymethamphetamine) (Chipana et al. 2006;
Hansen et al. 2002). It has been reported that PKC-mediated
DAT phosphorylation contributes to this in vitro amphetamine-
induced deficit (Cervinski et al. 2005; Giambalvo 2003;
Sandoval et al. 2001) which is accompanied by transporter
internalization (Saunders et al. 2000; Johnson ct al. 2005).

Regarding cocaine, published results from animal in vivo
and human postmortem studies are variable depending on the
subjects and experimental design. Most reports demonstrate
that chronic exposure to cocaine increases DAT binding sites
and function (Little et al. 1999; Mash et al. 2002; Staley et al.
1994), but others show a decrease or no change in the striatum
following cocaine exposure (i.e., Farfel et al. 1992;
Izenwasser and Cox 1990; Letchworth et al. 1997; Peraile
et al. 2010; Samuvel et al. 2008; Wilson and Kish 1996).
However, in vitro studies in hDAT-transfected cells generally
report that acute cocaine treatment produces increases in sur-
face [PHJWIN 35428 binding and PHIDA uptake, with no
change in DAT total protein or mRNA, but through induction
of'the trafficking from endosomes to the plasma membrane by
a mechanism that remains to be elucidated (Little et al. 2002;
Zahniser and Sorkin 2009).

Synthetic cathinones have become a very popular group of
illicit psychostimulants as substitutes of other amphetamine
derivatives such as methamphetamine or MDMA (NIDA
2018: https://www.drugabuse.gov/publications/drugfacts/
synthetic-cathinones-bath-salts). One such synthetic
cathinone, MDPV (3,4-methylenedioxypyrovalerone), shares
pharmacodynamics with cocaine. It is a common ingredient of
the so-called bath salts (Zuba and Byrska 2013; Johnson and
Johnson 2014), which are commercialized by certain Internet
sites, although it is currently banned in many countries be-
cause its consumption has led to several life-threatening med-
ical consequences (Kesha et al. 2013; Wright et al. 2013). It is
a highly selective and potent reuptake inhibitor at monoamine
transporters, with greater specificity for the DAT and norepi-
nephrine transporters, compared to that for serotonin trans-
porters. In vitro experiments have shown that MDPV is a more
potent reuptake inhibitor than cocaine at DAT (Baumann et al.
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2013; Cameron et al. 2013; Simmler et al. 2013), while in vivo
studies have found that MDPV has is at least 10-fold more
potent at increasing extracellular DA than cocaine (Baumann
ctal. 2013). Moreover, MDPV robustly increases locomotion,
traveled distance and stereotypic movements in rats and mice
and produces more intense locomotor and rewarding effects
compared to cocaine (Aarde et al. 2013; Gatch et al. 2013;
Lopez-Amau et al. 2017).

Considering the persistence of synthetic cathinone abuse,
especially MDPV (Alvarez et al. 2017; Bade et al. 2017), it is
necessary to increase the knowledge of'its neuropharmacolog-
ical profile to better understand the effects and risks of this
drug. To our knowledge, there are no previous reports of the
effects of MDPV or any other synthetic cathinone on DAT
regulation. Therefore, the aim of this work is to investigate
the effects of MDPV on DAT density and function, using
in vitro (PC12 cells and striatal synaptosomes) and ex vivo
models (striatal synaptosomes from treated rats) after an acute
exposure to the drug and a sensitization regime. Parallel ex-
periments with cocaine were also run in order to compare their
cffects.

Materials and methods
Drugs and reagents

MDPV was synthesized in racemic form as hydrochloride in
our laboratory as described previously (Novellas et al. 2015)
and with permission from the University of Barcelona.
Cocaine-HCl was provided by the Spanish National Institute
of Toxicology. MDPV and cocaine solutions for injection
were freshly prepared in saline (0.9% NaCl, pH =7.4) every
day before administration.

[PH]DA and [PH]WIN 35428 were from PerkinElmer
(Boston, MA, USA). Dulbecco’s modified Eagle’s medium
(DMEM), culture serums, and antibiotics were purchased
from GIBCO (Invitrogen Corp., Paisley, UK). Pargyline,
bupropion, HEPES sodium, and ascorbic acid were purchased
from Sigma-Aldrich Company Ltd. All other reagents were of
analytical grade and obtained from several commercial
sources.

PC12 cell culture and treatment

The rat pheochromocytoma PC 12 cell line has been reported
as a model to study DAT trafficking (Loder and Melikian
2003) and we used it to investigate the effects of amphetamine
derivatives on DA transport (Chipana et al. 2008). For these
reasons, we considered these cells a suitable model for this
study. PC 12 cells were routinely cultured in 92-mm dishes
(Nunc) coated with collagen and maintained in DMEM sup-
plemented with heat-inactivated 5% fetal bovine serum, 10%
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horse serum, 10 mM HEPES, 2 mM glutamine, 25 Ul/ml
penicillin, and 25 pg/ml streptomycin. Cells were cultured
to semi-confluency in a humidified 5% CO, atmosphere at
37 °C, and medium was changed every 2-3 days. For split-
ting, cells were dislodged from the dish using a pipette with
medium, with a portion of these replated onto new culture
dishes. Cells were used between passages 15 and 25.

To ensure their proper differentiation, cells were mechani-
cally dislodged and seeded (200 x 10® cells per well) onto
collagen-coated 24-well plates (Nunc) in medium containing
50 ng/ml nerve growth factor (NGF, Upstate Biotechnology,
Lake Placid, NY), 1% horse serum, 10 mM HEPES, and 2%
glutamine in DMEM. Under these conditions, the cells devel-
oped a neuronal phenotype with neurite outgrowth that was
already apparent 24 h after seeding (Garcia-Rates et al. 2007).

Treatments were performed 48 h after seeding in difteren-
tiation medium. MDPV was dissolved in DMEM and added
to the corresponding wells in a volume of 10 pl to reach the
desired final concentration. The concentration of MDPV used
(0.1 uM) was chosen from preliminary experiments showing
that higher concentrations required many washes to be re-
moved, thus compromising the attachment of the cells.
Previous reports stated that MDPV can reach peak concentra-
tions of around 1 and 4 puM in plasma and striatum, respec-
tively, after subcutaneous administration (Novellas et al.
2015). Control wells received 10 pl of DMEM. The plates
were returned to the incubator for the desired time, until the
binding experiment was performed.

Binding of [H]WIN 35428 to PC12 cells

[PH]WIN 35428 binding was used to label membrane DAT in
differentiated PC 12 cells. After incubation with MDPYV, the
medium was carefully removed and the cells were washed
twice with 1 ml of warm Dulbecco’s phosphate-buffered sa-
line (PBS, Biological Industries Inc.). Then, 500 pl of
[PH]WIN35428 (final radioligand concentration 5 nM) diluted
in 0.32 M sucrose-supplemented PBS was added to each well.
A parallel set of wells also contained 30 uM bupropion to
assess non-specific binding. The plates were placed on ice,
and incubation was performed for 2 h at 4 °C. Binding was
terminated by detaching the cells by pipetting and filtering
through Whatman GF/B glass-fiber filters pre-soaked in
0.5% polyethyleneimine, followed by three 1 ml washes of
wells and filters with ice-cold buffer. The radioactivity
retained in the filters was measured through liquid scintillation
spectrometry. Each experiment was run in triplicate wells.

Animals and treatment
The experimental protocols concerning the use of animals in

this work were approved by the Animal Ethics Committee of
the University of Barcelona under supervision of the

Autonomous Government of Catalonia, following the guide-
lines of the European Communities Council (86/609/EEC).
Efforts were made to minimize suffering and reduce the num-
ber of animals used.

Male adult Sprague-Dawley (SD) rats (aged 10-12 weeks
and weighing 250-350 g; Harlan Ibérica, Barcelona, Spain)
were used for synaptosome assays. They were housed at 22 °C
under a 12-h light/dark cycle with free access to food and
water. For in vitro incubations with the drugs, animals (2 rats
per experiment) were anesthetized and sacrificed and synap-
tosomes were obtained. For ex vivo experiments with synap-
tosomes originating from treated animals, MDPV (1.5 mg/kg)
and cocaine (30 mg/kg) were dissolved in saline and admin-
istered subcutaneously (s.c.) or intraperitoneally (i.p.), respec-
tively, in a volume of 1 ml/kg. Then, the animals were anes-
thetized and sacrificed and synaptosomes were obtained after
1,3, 0r 16 h. The dose of MDPV used in this study (1.5 mg/kg)
is equivalent to a dose of approximately 15 mg in humans
(Reagan-Shaw et al. 2008; Novellas et al. 2015) which is in
the middle range of the doses most commonly used by con-
sumers. The dose of cocaine of 30 mg/kg has been chosen on
the basis that MDPV is more potent (10—-30-fold) than cocaine
(Baumann et al. 2013; Kolanos et al. 2013; Simmler et al.
2013), and the psychomotor stimulation induced by
30 mg/kg of cocaine was not statistically different from that
induced by 1.5 mg/kg of MDPV (see Figs. 6 and 7).

The repeated administration procedure consisted in a daily
administration of saline, MDPV, or cocaine for 5 consecutive
days, followed by 10 days of withdrawal and, 1 day after, a
challenge of saline (1 m/kg), MDPV (1.5 mg/kg, s.c.) or co-
caine (30 mg/kg, i.p.) was injected. A similar procedure was
reported by Gregg et al. (2013) and our group, producing a
robust psychomotor sensitization to MDPV and cocaine in
mice (Buenrostro-Jauregui et al. 2016). One set of animals
received only the first dose to obtain the uptake values 1 h
after the acute dose (day 1, n=4 for each treatment). Two
other sets of rats were sacrificed 1 and 24 h after the fifth dose
to obtain the results of day 5 and day 6 (n=4 and 6 for each
treatment group, respectively). Finally, another set of six ani-
mals per group was sacrificed 1 h after the challenge.

Obtention of striatal synaptosomes

Striatal synaptosomes (P2 fraction) were obtained as de-
scribed by Sandoval et al. (2001), with minor modifications.
Rats were decapitated under isoflurane anesthesia, their brains
rapidly removed and the striatum was dissected out on ice,
weighed, and placed in 20 volumes of cold homogenization
buffer (5 mM Tris-HCI and 320 mM sucrose). Tissues were
homogenized on ice using a borosilicate glass tube fitted with
a motor-driven Teflon pestle and centrifuged twice to obtain
the P2 fraction (synaptosomes). In the case of synaptosomes
originating from treated rats, the pellet was resuspended in
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5 ml of Tris-sucrose buffer and re-centrifuged three times, in
order to wash out the residual drugs that could interfere with
the experiments.

Finally, the synaptosome fraction was resuspended in
Hank’s Balanced Salt Solution (HBSS, Biological Industries,
Inc.) supplemented with 5.5 mM glucose and 20 mM HEPES-
sodium (HBSS/G/H, pH 7.4) for [P’H]DA uptake experiments
orin 0.1/0.32 M sodium phosphate/sucrose buffer (pH 7.9) for
[*H]WIN 35428 binding. The resuspension was done to reach
a final protein concentration of approximately 0.1 mg/ml.
Protein concentration was determined using the Bio-Rad
Protein Reagent (Bio-Rad Labs., Inc., Hercules, CA, USA)
according to the manufacturer’s instructions and using bovine
serum albumin as a standard.

[*HIDA uptake

For in vitro treatment experiments, synaptosomes were ob-
tained as described above and distributed in 1 ml aliquots in
centrifuge tubes to perform the incubation with MDPV or
cocaine in a shaking water bath at 37 °C for 1 h. Ten micro-
liters of MDPV or cocaine solution or buffer was added to
each tube to reach the desired final concentration (1 uM).
After incubation, synaptosomes were centrifuged at
13,000xg for 20 min and washed three more times with
5 ml of Tris-sucrose buffer followed by centrifugation. The
final pellets were resuspended in uptake buffer (HBSS/G/H
buffer plus 10 uM pargyline and 1 mM ascorbic acid). For
experiments with tissue from treated rats, striatal synapto-
somes were obtained as described above and, after the three
washes, directly resuspended in uptake buffer.

Reaction tubes consisted in 0.125 ml of uptake buffer,
0.1 ml of synaptosome suspension and 0.025 ml of [PH]DA
added at the start of incubation. The remaining synaptosomes
from each pellet were kept for further protein concentration
assessment. Tubes were warmed 5 min at 37 °C before the
addition of [’H]DA after which incubation was carried out for
a further 5 min. Uptake reaction was stopped by rapid filtra-
tion as described for binding experiments. The radioactivity
trapped on the filters was measured by liquid scintillation
spectrometry. Non-specific uptake was determined at 4 °C in
parallel samples containing 100 uM cocaine. Specific DA
uptake was calculated subtracting non-specific uptake values
from those of total uptake (37 °C). Each experiment was run in
duplicate tubes.

Specific DA uptake for each condition was normalized by
dividing by the protein concentration and expressed as per-
centage of uptake with respect to control tubes.

We could not perform reliable [PH]DA uptake in differen-
tiated PC 12 cells with our means due to methodological is-
sues (i.e., the need to perform repeated washes to remove free
[PH]DA, leading to cell loss by detachment or, alternatively, to
mechanically detach the cells and filtering which provokes

@ Springer

indeterminate neurite and cell breaking with substrate
leakage).

Locomotor activity recording

The locomotor responses induced by MDPV (1.5 mg/kg, s.c.)
or cocaine (30 mg/kg, i.p.) were assessed in black Plexiglas
open-field arenas (/ x w x A: 45 x 45 x 40 cm) under low-light
conditions. Two days before testing, the animals were handled
for 10 min, administered saline (1 ml’kg), and placed in the
arena for habituation for 30 min each day. On the test day, the
rats were administered the assigned treatment and placed in
the arenas and their horizontal traveling were video-monitored
by a zenithal video-camera coupled to a computer running a
tracking software (Smart 3.0, Panlab, S.L.U., Barcelona,
Spain) for 60 min. Total traveled distances were obtained
and analyzed.

Stereotypy scoring

Stercotyped behaviors were scored by two observers blind to
treatment condition using the method of Creese and Iversen
(1974). Briefly, video recordings (60 min) were divided into
10-min segments. Behavior during the first minute of each
segment was rated on a 06 scale: 0 = asleep or lying down,
1 = predominantly slow locomotor activity with non-
stereotyped rearing and sniffing, 2 = predominantly rapid lo-
comotor activity with bursts of stereotyped rearing and
sniffing, 3 = predominantly stereotyped rearing and sniffing
with some locomotor activity, 4 = stereotyped rearing and
sniffing maintained in a small area of the enclosure, 5 = ste-
reotyped behavior maintained in a small area with oral stereo-
typies (licking or gnawing), 6 = assumption of awkward or
bizarre posture. A score between 0 and 2 is, generally, consid-
ered a normal behavior. Both raters were trained on the same
set of sample videos and achieved an inter-rater reliability of at
least 0.90 before scoring experimental recordings. The score
for each rat and experimental day is the average sum of the
scores obtained in each recording block by both observers.

Data analysis

One-way ANOVA followed by Tukey’s post hoc test or
Student’s ¢ test was used to analyze data from the binding
experiments with cells and synaptosomes. Paired data were
applied when comparing Ky; and V. of control and
MDPV from different experiments, as each one was per-
formed with the same synaptosomal preparation. A two-way
ANOVA was used to compare the effects of MDPV, cocaine,
and saline on DA uptake (treatment x time factors), as well as
to compare the effects of the first dose with those of the chal-
lenge (treatment x dose factors) in the sensitization schedule.
Finally, a two-way (day and treatment) ANOVA with repeated
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measures was used to analyze the temporal evolution of loco-
motion and stereotypies during the sensitization procedure.
When the overall ANOVA yielded significant effects,
Tukey’s post hoc tests were applied for comparisons between
groups.

Results

MDPV treatment increases [*H]WIN 35428 binding
on the surface of differentiated PC12 cells

After preliminary trials, we assessed the effect of the exposure
t0 0.1 uM MDPV on [PHJWIN 35428 binding to intact NGF-
differentiated PC12 cells, as a measure of DAT present in the
cell membrane. Incubation with the cathinone was performed
for 30 min, 1, 3, and 24 h. As can be seen in Fig. 1, a short
(30 min—1 h) exposure to MDPV was able to increase super-
ficial DAT expression by 120% compared to control (DMEM
alone). This elevation was also evident at 3 h, but was no
longer different from control at 24 h (one-way ANOVA:
Fe14=8297, p<0.001).

In vitro effects of MDPV and cocaine on [*H]DA uptake
in striatal synaptosomes

The effects observed on [PHJWIN 35428 binding in differen-
tiated PC12 cells encouraged us to test if this increased bind-
ing was accompanied by increased function of DAT (in-
creased DA uptake). Unfortunately, due to technical issues,
we could not perform uptake assays with these cells (see
“Materials and Methods™). For this reason, we chose an alter-
native experimental model and investigated whether in vitro
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Fig. 1 Effect of MDPV (0.1 uM) during different incubation times on
PHIWIN 35428 binding to intact differentiated PC12 cells. Results are
the means of two independent experiments carried out in triplicates and
are expressed as the mean + SEM of the percentage from the binding
obtained in medium-treated cells (control).**p <0.01; **¥p <0.001 vs.
control

incubation of striatal synaptosomes with MDPV was able to
modify DA uptake, as occurs with other amphetamine deriv-
atives, and how such modification was influenced by substrate
concentration. Due to its similar mechanism of action, we also
sought to compare these effects with those of cocaine. For this
reason, we performed kinetic [PH]DA uptake experiments
with synaptosomes pre-incubated with either MDPV or co-
caine (both at 1 uM) for 1 h and compared the values with
those obtained from control (pre-incubated in the absence of
drug) synaptosomes.

For MDPV, significant increases in both Ky (62%) and
Vinax (57%) were obtained, showing higher uptake values in
the MDPV group as long the substrate concentration was
raised (Fig. 2). Cocaine induced a more modest increase in
Viax (30%), without significantly modifying the Ky value
(Fig. 3).

We also performed experiments measuring [*H]DA uptake
after incubating striatal synaptosomes for 1 h with increasing
concentrations of MDPV or cocaine. In this case, we chose a
constant [*H]DA concentration of 0.2 1M because differences
between control and drug-treated kinetic curves were more
apparent from and above this concentration. One-way
ANOVA for each drug reported statistically significant effects
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Fig. 2 Effect of pre-incubation with MDPV (1 uM) on PHIDA uptake
kinetics in rat striatal synaptosomes. Panel a shows the values of V.,
while panel b shows those of K. Results are the means + SEM from five
experiments carried out on duplicates. Panel ¢ depicts a representative
experiment of such kinetics. *#p <0.01 vs. control
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Fig. 3 Effect of pre-incubation with cocaine (1 uM) on PHIDA uptake
kinetics in rat striatal synaptosomes. Panel a shows the values of V.,
while panel b shows those of Ky;. Results are the means + SEM from five
experiments carried out on duplicates. Panel ¢ depicts a representative
experiment of such kinetics. *p < 0.05 vs. control

of drug treatment (MDPV: Fs 1, =3.667, p <0.05; cocaine:
F51,=19.20,p <0.0001). As depicted in Fig. 4a, MDPV pro-
duced a statistically significant increase in uptake at a concen-
tration of 0.1 uM whereas the differences in uptake at the rest
of concentrations did not reach statistical significance. On the
other hand, cocaine started showing a tendency to upregulate
uptake at a concentration of 1 M, which became statistically
significant at concentrations of 10 and 50 uM (Fig. 4b).

Administration of a single dose of MDPV upregulates
DA uptake more potently and longer than cocaine

After the in vitro results, we investigated whether acute ad-
ministration of MDPV to rats was able to similarly increase
DA uptake. Accordingly, we treated rats with saline, MDPV
(1.5 mg/kg, s.c.) or cocaine (30 mg/kg, i.p.) and sacrificed
them after 1, 3, and 16 h (Fig. 5). Striatal synaptosomes were
immediately obtained and washed and uptake of [PH]DA
(0.2 uM) was performed. This substrate concentration was
chosen after the in vitro experiments showing that the differ-
ences between groups were more apparent at higher [PH]DA
concentrations.
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Fig. 4 Effect of increasing MDPV (a) and cocaine (b) concentrations on
[PH]DA uptake in rat striatal synaptosomes. Results are the means + SEM
from four experiments carried out on duplicates. *p < 0.05; **p < 0.01 vs.
control (0 uM)

The two-way ANOVA of the results showed the existence
of significant differences for treatment (F, ,7=60.09,
p<0.0001) and time (F,,7=25.86, p <0.0001), as well as a
significant interaction between them (F4 ,7=13.30,
»<0.0001). MDPV administration induced a significant in-
crease in [PH]DA uptake (around 120%, p < 0.001) measured
1 h after administration which persisted until 3 h post-treat-
ment. Cocaine treatment also induced a significant, but small-
er, increase than MDPV in [PH]DA uptake (around 75%,
p<0.001) when assessed 1 h after administration, but it was
no longer evident 3 h post-treatment.

Effects of a repeated administration of MDPV
or cocaine on DA uptake

In view of the effects of an acute in vivo administration
of MDPV (1.5 mg/kg), we investigated the conse-
quences of its daily administration for 5 days, followed
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Fig. 5 [PH]DA uptake in striatal
synaptosomes from rats treated
acutely with saline (1 ml/kg, s.c.),
MDPV (1.5 mg/kg, s.c.), or
cocaine (30 mg/kg, i.p.) and
sacrificed after 1, 3, or 16 h.
Uptake values are normalized as
percentage of control (saline
group, 100%) and are the means +
SEM of those from four animals
per group and time. ANOVA post
hoc comparisons: **#*p < 0.001
vs. saline at the same time point;
###, <0.001 vs. cocaine at the
same time point
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by 10 days of withdrawal, on the changes in DA uptake
induced by a challenge with the drug (1.5 mg/kg, s.c.).
One set of rats was sacrificed 1 h after the first admin-
istration (acute, day 1), and another set 1 h after the
challenge dose (challenge day). The same schedule
was concomitantly carried out with cocaine (30 mg/kg)
for comparison. Moreover, we sacrificed one set of rats
1 (day 5) and 24 h (day 6) after receiving the fifth dose
of the assigned treatment in order to study how the DA
uptake at these time points was affected. The results are
depicted in Fig. 6.

The two-way ANOVA showed significant effects of
drug treatment (F,45=95.00, »p<0.0001) and time
(F3.48="74.85, p<0.0001), as well as an interaction be-
tween these factors (Fg45=24.84, p<0.0001). The re-
sults and post hoc tests showed that there was an in-
crease in DA uptake after the challenge in the striatum
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of rats which had received the repeated administration
of MDPV and that this increase was higher than that
produced by a single administration (p<0.05). As oc-
curred with the acute dose, the effects of cocaine, al-
though significant, were less than those of MDPV and,
interestingly, the increase in DA uptake produced by the
challenge with cocaine did not significantly differ from
that of the acute dose (day 1).

One hour after the fifth dose (day 5), DA uptake was
increased in the animals receiving drugs, especially those
given MDPV, whose increase was significant with respect
to saline. The increases, however, were not as high as
those induced by the first doses (day 1). Moreover, 24 h
after the fifth dose (day 6), the uptake levels were signif-
icantly reduced in the case of MDPV-treated rats, whereas
those treated with cocaine did not show significant differ-
ences with respect to saline.
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Fig. 6 Effects of repeated daily administration of MDPV or cocaine on
striatal DA uptake at different time points. Results are expressed as
percentage of control (saline group, 100%) and are the mean £ SEM
(n=4-6 per group). Tukey’s post hoc test: **¥*p < 0.001, **p <0.01 vs.

saline at the same time point; *#» <0.001, #p <0.01 vs. cocaine at the
same time point; ***p <0.001, %p <0.05 with respect to the same
treatment group at day 1; ©©®p<0.001 with respect to the same
treatment group at day 5
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Comparative effects of MDPV and cocaine
in hyperlocomotion and stereotyped behavior
during the repeated administration procedure

Locomotor activity of rats was measured during the 5 days of
administration and the challenge day in order to assess wheth-
er locomotor sensitization had also occurred. A two-way
ANOVA with repeated measures revealed significant effects
of treatment (F5 15 =38.21, p <0.0001) and day (F460=4.17,
p<0.01), but no interaction between these variables. MDPV
(1.5 mg/kg) and cocaine (30 mg/kg, which is considered a
high dose) induced similar increases in locomotor activity
(Fig. 7a). Interestingly, over the daily administration period,
locomotor activity decreased in the case of MDPV or did not
significantly change in the case of cocaine. Moreover, on the
challenge day, the two-way ANOVA revealed significant ef-
fects of treatment (£} 190=17.79, p<0.01) and day (F150=

27.49, p<0.0001) as well as an interaction between the two
variables (F,,0=7.952 p<0.01). The locomotor activity
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Fig. 7 a Locomotor activity during daily administration of saline (1 ml/
kg), MDPV (1.5 mg/kg, s.c.), or cocaine (30 mg/kg, i.p.) to rats for 5
consecutive days. b Locomotor activity induced by a challenge with
saline (1 ml/kg, s.c.), MDPV (1.5 mg/kg, s.c.), or cocaine (30 mg/kg,
i.p.) after 10 days of withdrawal, compared with the distance recorded
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induced by both drugs was significantly less than that induced
on the first day (Fig. 7b).

However, we observed an increase in stereotypies over the
administration days, including repetitive head weaving,
sniffing, and rearing, which could account for the reduction
in ambulation. To explore this hypothesis, we re-analyzed the
videos and scored the stereotyped behavior. The results are
displayed in Fig. 7c, d, and the two-way ANOVA with repeat-
ed measures revealed a significant effect of treatment (<5 ;5=
74.40, p<0.0001) and day (Fy¢=43,87, p<0.0001) and a
significant interaction between these factors (£ ¢o=10.33,
p<0.0001). The stereotypy score increased along the 5 days
of treatment (Fig. 7c) and there was a sensitization of the
stereotyped behavior on the challenge day for both drugs
(p<0.001, Fig. 7d). Again, the stereotypy score on the chal-
lenge day for MDPV was higher than that of cocaine. The
overall two-way repeated measures ANOVA comparing the
stereotypies on day 1 and after the challenge showed signifi-
cant effects of treatment (F, ;5=91.33, p<0.0001) and day
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on day 1. Panels ¢ and d show the stereotypy scores assigned from the
corresponding recordings to the data depicted in A and B, respectively.
Data represent the mean + SEM of the values from six rats per group.
*p <0.05, **p < 0.01, ***p < 0.001 vs. the corresponding value on day 1.
#1 < 0.05 between the indicated groups
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(F115=149.1, p<0.0001), as well as an interaction between
these factors (F ;5=26.56, p <0.0001).

Finally, to assess whether the increase in stereotypies was
correlated with the decreased locomotion, we carried out the
correlation analysis between stereotypy score and distance
(shown in Fig. 8). As can be observed, there was a very sig-
nificant negative correlation between stereotypy score and
distance in the case of MDPV, while the analysis correspond-
ing to cocaine did not reach statistical significance.
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Fig. 8 Correlation analyses between the means of the stereotypy score
and the corresponding traveled distance during the consecutive 5 days of
treatment with saline (1 ml/kg), MDPV (1.5 mg/kg, s.c.), or cocaine
(30 mg/ke, i.p.)

Discussion

In the present work, we studied the regulatory effects of
MDPV on DAT density and function in vitro as well as DAT
function after an acute administration and during a repeated
schedule, followed by drug removal. As cited in the
“Introduction,” apart from the effects produced when they
reach the synapses, psychostimulants can rapidly induce either
up- or downregulation of DAT depending on their mechanism
of action. MDPV (like cocaine) is a non-substrate DAT
blocker, (Baumann et al. 2013; Simmler et al. 2013), and
therefore an upregulation of this transporter would be expect-
ed. A small DA-releasing effect of MDPV at very low con-
centrations (1 nM) has also been reported (Shekar et al. 2017).
However, the concentrations of MDPYV reached in CNS after
an average dosing are much higher (Novellas et al. 2015) and,
therefore, a predominance of blockade is expected.
Nevertheless, due to the higher affinity and potency on DAT
when compared with cocaine, the study of such effects of
MDPYV are of great interest in order to increase the knowledge
about this new drug and to predict possible side effects after its
consumption.

To start with, we tested the effects of MDPV exposition on
surface DAT density (PH]WIN 35428 binding) in NGF-
differentiated PC 12 cells. This cell line develops a phenotype
of dopaminergic neurons upon differentiation and, therefore,
is a good model to study dopaminergic drugs and DAT
(Greene and Tischler 1976; Kittner et al. 1987; Chipana
et al. 2008). We must point out that binding was carried out
on intact plate-attached cells, in order to avoid binding to
intracellular forms of DAT which would have masked any
change in the membrane population. Using this experimental
model, we found that MDPV, at a concentration within those
achieved in brain and plasma after recreational administration
(Novellas et al. 2015), produces a rapid upregulation of
[PHJWIN 35428 binding sites which persists for at least 3 h.
These results are in agreement with those reported by other
groups using cell lines transfected with hDAT and exposed to
cocaine (Daws et al. 2002; Little et al. 2002). The decline in
DAT after 24-h incubation might have several explanations
that require further investigation. One possibility could be
the spontancous degradation of MDPYV or cell metabolism as
PC 12 have been reported to express several xenobiotic me-
tabolizing cytochrome P450 isoforms (Kashyap et al. 2011).
The decrease in MDPV concentration may lead to a process of
restoration of DAT levels.

Recently, Colon-Perez et al. (2018) reported a rapid inter-
nalization of fluorescence-labeled DAT after 1 h exposure to
MDPV (0.3 uM) in transfected HEK cells, whereas we found
an increase in surface [PHJWIN 35428 binding. A possible
explanation to this discrepancy is the fact that the model they
used is not a neural derived cell line, does not constitutively
express DAT, and does not contain dopamine or other
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monoamines. By contrast, PC 12 cells and striatal synapto-
somes express DAT and might be equipped with all the ma-
chinery that may be involved in DAT trafficking and regula-
tion in dopaminergic neurons under physiological conditions
(i.e., secretory vesicles, dopamine receptors, and dopamine
itself) whereas the cell line used by Colon-Perez et al. might
not. In fact, Little et al. (2002) used a neuronal cell line (N2A)
for similar purposes and reported, as we do, an upregulation of
DAT upon incubation with cocaine, which is in line with our
results and others’.

The next step was to investigate whether this binding
upregulation was accompanied by increased DA uptake.
For this reason, we moved to the in vitro model of striatal
synaptosomes. This model had been successfully used by
our group and others for measuring the effects of an acute
exposure to METH and MDMA (Chipana et al. 2006;
Escubedo et al. 2005; Hansen et al. 2002; Pubill et al.
2005; Sandoval et al. 2001). In these experiments, we
studied the kinetics of DA uptake in striatal synaptosomes
treated with buffer, MDPV or cocaine at the same concen-
tration for 1 h. MDPV significantly increased Vi.x, as
cocaine, and increased Ky, whereas cocaine did not sig-
nificantly modify this parameter. The increase in Vi, is
compatible with the increased [PHJWIN 35428 binding
we found in PC12 cells treated with MDPV and that re-
ported in hDAT-transfected cell lines treated with cocaine
(Little et al. 2002; Zahniser and Sorkin 2009) and indi-
cates that there exists a rapid functional upregulation of
DAT upon acute exposition to MDPV and cocaine. The
fact that Ky remained unchanged after treatment with
cocaine is in agreement with the results from Little et al.
(2002) using transfected cells. To our knowledge, this is
the first time that such upregulation is reported for MDPV
and for cocaine in rat striatal synaptosomes. Moreover,
the fact that these effects are produced in vitro in synap-
tosomes suggests that this upregulation takes place rapid-
ly, at the nerve terminals, without the need of increased
gene translation or de novo protein synthesis. This is in
line with the results reported using transfected cell lines,
where no changes in DAT total protein or mRNA were
found (Little et al. 2002; Zahniser and Sorkin 2009), sug-
gesting a fast effect on DAT trafficking from endosomes
to the plasma membrane by a mechanism that remains to
be elucidated. The greater effects of MDPV compared
with cocaine could be explained by its higher affinity
for DAT (Baumann et al. 2013; Simmler et al. 2013).

The relevance and relative impact of both increased Ky and
Vinax for DA uptake in the case of MDPV deserves further
investigation. An interesting point is that significant increases
in these two parameters have been reported in the nucleus
accumbens of post-mortem brains from schizophrenic patients
(Haberland and Hetey 1987). In fact, the reported increase in
Ky was about twofold, whereas what we found was about
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50%. The changes in DAT function could be responsible, at
least in part, of the psychiatric effects observed in some
MDPV abusers (Schmoll et al. 2017).

In addition, we assessed the effect of an in vitro incubation
(1 h) with increasing concentrations of MDPV and cocaine on
DA uptake. At a substrate concentration of 0.2 uM, MDPV
significantly increased uptake only at 0.1 uM while the con-
centrations of 0.05 and 1 uM only reached statistical signifi-
cance when compared with control using a Student’s ¢ test
(data not shown). Interestingly, the uptake values at concen-
trations of 1 uM and above were lower than at 0.1 uM, re-
gardless increased V,,,x was found thanks to using higher
substrate concentrations. An explanation to this point could
be the high affinity of MDPV for DAT, which is probably
accompanied by a very slow dissociation rate. This slow dis-
sociation makes necessary to perform repetitive washes to
remove all drug residuals and reveal the transporter upregula-
tion. In fact, the MDPV concentrations of 10 and 50 uM ini-
tially produced uptake downregulation when performing three
washes (not shown), whereas performing one additional wash
resulted in an uptake value higher than 100%. This phenom-
enon could also explain the increase in Ky, produced by
MDPYV, which suggests that, despite the upregulation of trans-
porters, a higher amount of substrate would be necessary to
reach half the V.« because the function of part of the DAT
population might be impaired by residual MDPV or previous
exposition to high concentrations of drug. Conversely, the
highest concentrations of cocaine produced an increase in up-
take, with a steady maximum effect, which was lower than
that of MDPV and in line with an increased V,,,, without
changes in Ky;.

Given the in vitro effects of MDPV, we further investigated
whether an in vivo acute dose of this drug induced such up-
regulation and compared its effects with those of cocaine. In
this case, we used doses of both drugs that produced similar
psychomotor effects and measured uptake at a single concen-
tration of [PH]JDA, which according to the previous kinetic
experiments showed the highest difference between groups.
The upregulation of DA uptake also appeared in drug-treated
animals, and the percentages of increase were higher than
those found in vitro (V,,,,x), indicating that the in vivo condi-
tions facilitate the observed effects. Again, MDPV showed a
higher potency than cocaine at upregulating DA uptake.
Moreover, its effects lasted at least 3 h post-administration,
whereas the effects of cocaine were not significantly elevated
at this time point. In both cases, the effect was reversible and
no differences were found 16 h later. The longer persistence of
MDPYV effects could be explained by its long half-live in the
brain, as significant levels of this drug can be found in striatum
3 h after administration (Novellas et al. 2015). Moreover,
MDPYV seems to have a slower dissociation from DAT, which
implies the need to perform several washes of the preparation
to remove residual drug, which can still be detected by HPLC-
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MS in synaptosomes even after tissue homogenization and
centrifugation (data not shown). On the other hand, cocaine
has been reported to disappear more rapidly from the brain, so
that its concentration in rat brain is very low at 1 h after ad-
ministration (Bowman et al. 1999). This could explain why its
effects on DAT are less persistent after a single administration.
An aspect to consider is how long DAT is upregulated once
the drug concentration has declined in brain, because an in-
creased number of DAT in the absence of blocker could pro-
duce a hypodopaminergic status that may lead to search for
drug re-dosing.

The next experiments focused on DA uptake after a repeated
administration of these psychostimulants. Mash et al. (2002)
reported a parallel increase in By, of [3 HJWIN 35428 binding
and Vi for PH]DA uptake in postmortem synaptosomes from
cocaine abusers, indicating functional upregulation of DAT fol-
lowing chronic cocaine use. Another group (Samuvel et al.
2008) described that rats which self-administered cocaine
followed by a 3-week abstinence showed a higher level of
surface DAT and DA uptake in the striatum.

No previous reports exist concerning the effects of MDPV
on DAT density and function, so we investigated the function
of DAT after a repeated administration regime with MDPV or
cocaine, followed by a period of withdrawal and a challenge
with the drug. Interestingly, we found a sensitization of the
DA uptake upregulation induced by MDPYV, but not by co-
caine. This indicates that MDPYV, at the dose used, affects the
population of DAT or its trafficking mechanisms differently,
leading to increased upregulation by a re-exposure to the drug
after a period of withdrawal. Further investigations are war-
ranted in order to determine what mechanisms are involved in
such effect. In line with these findings, when we assessed DA
uptake 24 h after the fifth daily dose, we observed that uptake
levels of cocaine-treated rats did not differ from controls,
whereas those of the MDPV-treated group were significantly
lower. This finding evidences again the differences between
MDPYV and cocaine. A recent publication by Colon-Perez
et al. (2018) also reports DAT downregulation 24 h after the
administration of MDPYV to rats. Moreover, we had previously
reported a decrease in [CHJWIN 35428 binding in the striatum
of mice that had received a repeated administration of MDPV
(1.5 mg/kg) for 7 days after 21 days of withdrawal (prelimi-
nary results presented as a communication at the Neuroscience
2017 congress by Duart-Castells et al. 2017). Although in the
present work, we did not measure DAT function after with-
drawal, just before the challenge, these previous results sug-
gest that DAT would be still downregulated at this time point
(10 days after). A reduced DAT population would also ex-
plain, at least in part, why the challenge with the same dose
of MDPV increases the stereotypies, as the blockade of DA
uptake would be higher, leading to a hyperdopaminergic sta-
tus. Consequently, a higher uptake upregulation would be ex-
pected as an attempt to restore normal DA synaptic levels.

DAT downregulation may be a homeostatic response once
MDPV disappeared from the brain and left an increased pop-
ulation of free transporters that would dramatically reduce DA
in the synapses if it was not normalized. The fact that DA
uptake levels have returned to control values 16 h after an
acute administration backs this argument. Moreover, 1 h after
the fifth dose, DA uptake was significantly increased but to a
lesser extent with respect to the first dose in MDPV rats, and
closer to controls in the cocaine group. This suggests the de-
velopment of a tolerance to the upregulation of DAT that may
reflect a reduction in rapidly available DAT after the repeated
administration. This could also account in some extent, to the
subsequent reduction in DAT and to the sensitization of the
homeostatic mechanism to respond to further exposures to the
drug.

Another interesting issue was the behavioral responses to
this repeated administration regime. Behavioral sensitization
to psychostimulants can be attributed not only to a direct phar-
macological action of the drug but also to environmental con-
ditions associated with the drug experience (Pierce and
Kalivas 1997). It has been suggested that behavioral sensiti-
zation could be involved in the development and maintenance
of drug addiction (Tzschentke and Schmidt 2000) through
enhanced incentive salience (Robinson and Berridge 1993).
When we measured locomotor activity every day after the
drug administration, we observed a progressive decrease in
the locomotor response to the drug in the case of MDPV and
a non-significant change in the case of cocaine. This response
was also reflected on the challenge day, when both drug-
treated groups showed a reduced locomotor activity after the
drug administration when compared to that induced by the
first dose, and very significant in the case of MDPV. These
behaviors, however, were correlated with an increase in ste-
reotypies, especially in the case of MDPV. Stereotypies appear
after administration of a number of psychotropic drugs and
become more apparent at higher doses in the case of
psychostimulants, to an extent that they can preclude
hyperlocomotion and mask it when measured as an indicator
of psychostimulation (Creese and Iversen 1974; Pritchard
et al. 2012). It has been suggested that stereotyped behavior
is correlated with an imbalance between the medial prefrontal
and sensorimotor circuits of the basal ganglia resulting in a
loss of control of motor behavior (Aliane et al. 2009). Given
the higher potency of MDPYV, relatively low doses (if com-
pared with cocaine) are able to produce stereotypies in rats and
sensitization to these effects (Gregg et al. 2016). Similar ef-
fects had already been described for cocaine (Aliane et al.
2009; Souza et al. 2014). Our results are in line with those
reported by Watterson et al. (2016), who used a 5-day daily or
every 48 h administration of MDPV (1 or 5 mg/kg) followed
by 5 days of withdrawal to assess motor sensitization. With
this schedule, they only found motor sensitization to MDPV in
the case of administering the drug every 48 h and at the dose
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of 1 mg/kg and attributed the lack of effect of 5 mg/kg to the
strong stereotyped behavior that this dose induces, although
they did not quantify stereotypies. In our case and theirs using
the daily administration of 1 mg/kg, sensitization to stereoty-
pies might have developed more easily, thus precluding the
locomotor sensitization.

A reduced population of DAT at the time of challenge could
account for an increased psychostimulant effect of MDPV
leading to more intense stereotypies. Thus, the increased up-
regulation of DAT with respect to day 1 could obey an attempt
to reduce the excess of DA in the synapses after the intense
blockade by MDPV.

In summary, we demonstrate here that acute exposure to
MDPYV induces rapid and reversible upregulation of DAT
function, probably as a response to the intense blockade
exerted by the drug. This effect takes place at the nerve termi-
nal, without the need of gene transcription or de novo protein
synthesis, and is higher than that exerted by an equimolar
(in vitro) or an equipotent (in vivo) dose of cocaine.
Moreover, after repeated administration of MDPYV, sensitiza-
tion occurs to this effect. Further studies are needed to assess
the impact of this regulation in the addictive properties of this
drug, as well as to investigate the molecular mechanisms
involved.
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ABSTRACT

Prenatal alcohol exposure is a leading cause of neurobehavioural
and neurocognitive deficits collectively known as foetal alcohol spectrum
disorders (FASD), including eating disorders and increased risk for substance
abuse as very common issues. In this context, the present study aimed
to assess the interaction between alcohol exposure during gestation and
lactation periods and a high fat diet (HFD) during adolescence. Accordingly,
pregnant C57Bl/6 mice underwent a procedure for alcohol binge drinking
during gestation and lactation periods. Subsequently, prenatal and lactation
alcohol-exposed (PLAE) female offspring were fed with a HFD for 8 weeks
and thereafter, some nutrition-related parameters as well as their response to

cocaine were assessed.

In our model, feeding young females with a HFD increased their
triglyceride blood levels but did not induce an overweight compared to those
fed with a standard diet. Moreover, PLAE affected how females responded
to the fatty diet as they consumed less amount of food than water-exposed
offspring, consistent with their lower gain weight. HFD reduced
dopamine uptake and, only in non-alcohol-exposed animals, increased
the psychostimulant effect of cocaine. Surprisingly, PLAE attenuated
body weight gain and prevented the enhanced psychostimulant response
to cocaine and the overexpression of cannabinoid 1 receptors induced by
a HFD. PLAE also induced an alteration of biomarkers in the prefrontal
cortex and this effect was mitigated by a HFD-based feeding. Therefore, in
female offspring, several effects triggered by one of these factors, PLAE or

a HFD, were blunted by the other, noting some interactions between them.
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INTRODUCTION

Prenatal alcohol exposure is a leading cause of significant
neurobehavioural and neurocognitive deficits. For instance, it induces serious
neurophysiological and neuropsychological sequelae that contribute to
increased risk for substance abuse problems among people with foetal alcohol
spectrum disorders (FASD) (Grant et al., 2013). In this sense, Barbier et al.
(2008) reported that alcohol-exposed male offspring are more sensitive to the
anxiolytic effect of ethanol, a feature that could partially explain the altered
pattern of consumption of ethanol observed in these animals. Furthermore,
it has been described that maternal binge-like alcohol consumption during
gestation and lactation alters sensitivity to the reinforcing effects of cocaine and
thus, enhances vulnerability to cocaine addiction in adult mice (Cantacorps
et al., 2019).

Additionally,  prenatal  alcohol  exposure  increases  the
hypothalamic-pituitary-adrenal (HPA) axis tone, resulting in HPA
dysregulation throughout life. More concretely, foetal programming of the
HPA axis by prenatal alcohol exposure alters neuroadaptive mechanisms
that mediate the stress response, thus sensitizing the organism to stressors
encountered later in life, and mediating, at least partly, the increased
vulnerability to mental illness in individuals with FASD (Hellemans, et al.,
2010). Nevertheless, the potential consequences of maternal alcohol exposure
for eating behaviours, nutritional status, as well as on other nutritional issues
of offspring during childhood are relatively under-researched. In this regard,
it is known that alcohol may be associated with altered acquisition and
distribution of body mass with increasing age (Spohr et al., 2012; Klug et
al., 2002). Likewise, eating disorders seem to be common, thereby children

with FASD show increased feeding behaviours with a surrounding lack of
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satiety that suggest an altered food intake self-regulation. Indeed, rates of
overweight and obesity are increased among children with FASD diagnosis,
particularly in females (Werts et al., 2014). Altogether, evidence is suggestive
of possible metabolic and/or endocrine disruptions in people with FASD.
Furthermore, responses to drugs (therapeutic and recreational) are also
profoundly impacted by eating conditions, including body weight and type
of food, and such changes in drug sensitivity might be long-lasting (Baladi et
al., 2010).

In this context, the present study aims to assess the interaction between
alcohol exposure during gestation and lactation and a high fat diet (HFD)
during the female offspring’s adolescence and their consequences on the
psychostimulant-induced effects of cocaine (both behavioural and molecular)

and on nutrition-related parameters.

It is important to highlight that the experimental model used in the
present study intends to mimic as much as possible real-life consumption
patterns. Hence, C57Bl/6 female mice were exposed to alcohol following
the drinking-in-the-dark (DID) paradigm during the period that mimics
the entire gestational period. Subsequently, prenatal and lactation alcohol-
exposed (PLAE) female offspring were fed ad libitum with a HFD for
8 weeks. Thereafter, they were assessed for the psychostimulant, sensitizing
and rewarding effects of cocaine using the horizontal locomotor test and
the conditioned place preference (CPP) paradigm. In parallel, cocaine-
related factors regarding dopaminergic neurotransmission and neuronal
damage were studied in specific brain areas: the ventral striatum (VS) and
the prefrontal cortex (PFC), respectively. Additionally, nutrition-related
parameters such as food intake, glucose and triglyceride blood levels were

measured, and the expression levels of ghrelin-related genes were determined
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in the hypothalamus. Importantly, we could observe that several effects
triggered by PLAE were blunted by a HFD, and vice versa, evidencing an

interaction between both factors.

MATERIALS AND METHODS

Animals

Twelve-week-old male and female C57BL/6 inbred mice were
purchased from Charles River (Barcelona, Spain) and shipped to our
animal facility (UBIOMEX, PRBB) to be used as breeders. Upon arrival,
they were housed in standard cages at constant temperature 21 + 1°C)
and humidity (55 + 10%), under a reversed light-dark cycle (white lights
on 20:00-08:00 h). After one week of acclimatization, breeding pairs were
mated, and pregnant females were observed daily for parturition. For each
litter, the date of birth was designated as PND 0. Pups remained with their
mothers for 21 days and were then weaned (PND 21). Food and water
were available ad libitum except during the DID procedure, as described
below. Every effort was made to minimize the number of animals used
and their suffering. All animal care and experimental procedures were
approved by the local ethics committee (CEEA-PRBB) and conducted in
accordance with the European Union Directive 2010/63/EU guidelines on
the protection of animals used for scientific purposes. ARRIVE guidelines
for reporting animal research have been followed. For all the experiments,
animals were randomly assigned to an experimental group. During the
behavioural manipulations, researchers were not aware of the treatment

that each animal had received.
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The C57Bl/6 mouse strain was selected as it drinks alcohol voluntarily
and in large quantities (Yoneyama et al., 2008). Moreover, it is a particularly
good model of diet-induced obesity and has become one of the most important
tools for understanding the interplay of HFD and the development of obesity
(Wang and Liao, 2013).

Materials

Ethyl alcohol was purchased from Merck (Darmstadt, Germany)
and diluted in tap water in order to obtain a 20% (v/v) alcohol solution
for the Drinking-in-the-dark test. Cocaine hydrochloride was purchased
in Alcaliber S.A. (Madrid, Spain) with the authorization of the “Agencia
Espafiola del Medicamento y Productos Sanitarios” (Ministerio de Sanidad,
Consumo y Bienestar Social) and prepared in 0.9% NaCl pH=7.4 (saline)

immediately before administration.

The protease and phosphatase inhibitor cocktail was purchased
from Abcam (Cambridge, UK). PH]DA was from Perkin Elmer (Boston,
USA). Pargyline, HEPES sodium and ascorbic acid were obtained from
Sigma-Aldrich (St. Louis, MO, USA). All the other reagents were of

analytical grade and purchased from several commercial sources.

Experimental design

For a better understanding, the experimental design and the four
experimental groups involved in the study are depicted in Figure 1 and

explained in more detail below.
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A Pregnancy Parturition Weaning
(PND 21-28)

. Gestation . Lactation .

Females | DID test (water or alcohol)

Female offspring 8 weeks feeding SD or HFD >
Birth Diet assignation + Glc and TG determination
(PND 0) (PND29) « Behavioral testing (cocaine-

induced sensitization, CPP)
* Molecular determinations

(PND 86)
B Feeding for 8 weeks
Standard diet (SD) High-fat diet (HFD)
Maternal Wat Water, standard diet Water, high-fat diet
exposure ater (W-SD) (W-HFD)

during
gestationand Alcohol Alcohol, standard diet
lactation coho (A-SD)

Figure 1. (A) Experimental design. Pregnant C57BL/6 females were exposed to alcohol or
water (control) during the gestation and lactation periods, following the drinking-in-the-dark
(DID) procedure. After weaning (PND 21-28), female offspring were assigned a standard (SD) or
a high-fat diet (HFD). After feeding for 8 weeks, their glucose (Glc) and triglyceride (TG) blood
levelsweredetermined and, thereafter, mice weretested either for cocaine-induced sensitization,
cocaine-induced conditioned place preference (CPP) or for molecular determinations. (B)
Experimental groups of the study: there are four experimental groups according to the exposure
of their mothers to water (W) or alcohol (A) during the gestation and lactation periods, and the
diet they were fed (SD or HFD). PND: postnatal day.

Drinking-in-the-dark (DID) test

To reproduce an episodic pattern of excessive alcohol drinking (binge-
like alcohol consumption), pregnant and nursing C57Bl/6 mice were exposed
to alcohol following the DID paradigm (Rhodes et al., 2005), which has been
proposed as a useful binge drinking model of FASD (Boehm et al., 2008).

The procedure was conducted as previously reported (Cantacorps et al.,
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2017; 2019), starting two days after mating. Pregnant females were randomly
assigned to two groups: alcohol and water-exposed (control). Briefly, water
bottles were replaced with 10-ml graduated cylinders fitted with sipper tubes
containing either 20% (v/v) alcohol in tap water or only tap water 3 h after
the lights were turned off. Following a 2 h-access period, individual intake
was recorded, and the original water drinking bottles were returned to the
home cage. During this period, female mice were individually housed, and
each corresponding male breeding pair was removed from the home cage
for the DID procedure. This procedure was repeated on days 2 and 3 and
fresh fluids were provided each day (from Monday to Wednesday). On day
4 (Thursday), alcohol or water cylinders were left for 4 h and fluid intakes
were recorded. Food was removed during the alcohol exposure periods
and then, returned to the home cage. Two empty control cages (water and
alcohol) were placed in the rack to measure general liquid loss (leakage/
evaporation) and drip values were subtracted from the drinking values.
Fluid intakes (g/kg body weight) were calculated based on average 2-day
body weight values, as dams were weighed at 2-day intervals (Mondays
and Wednesdays). The procedure was maintained throughout the 3-week
gestation and the 3-week lactation periods as most mothers who drink
during pregnancy continue doing so when breastfeeding and, therefore,
they transfer alcohol to their offspring through their milk (Haastrup et al.,
2014). Moreover, the maturational rate of mice does not linearly correlate
with humans, it occurs 150 times faster during the first month of life and
45 times faster over the next five months (Flurkey et al., 2007). Considering
this, the first 10 postnatal days in rodents are approximately equivalent to
the third human gestational trimester (Alfonso-Loeches and Guerri, 2011;
Patten et al., 2014). Accordingly, in our study, we completely covered the

entire human-equivalent gestational period.
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Feeding conditions

Two different types of diet were assigned to female offspring: a
standard diet (SD, 831193 RM1; Special Diets Services, Essex, UK) and a
high-fat diet (HFD, D05122301; Research Diets, Inc., USA). The SD has an
energy density of 3.52 kcal/g (energy contribution from 75.1% carbohydrates,
17.49% protein and 7.42% fat). The HFD has an energy density of 4.73 kcal/g
(35% carbohydrate energy, 20% protein energy and 45% fat energy). The fat

source is composed of 91% hydrogenated coconut oil and 9% soybean oil.

On PND 29, female offspring were randomly divided in four
experimental groups and assigned either a SD or a HFD (Figure 1B).
Animals were fed with both diets from the weaning (3-4 weeks-old) up to
sacrifice, being fed for at least 8 weeks before performing the behavioural
tests and molecular determinations. Therefore, all experiments were carried
out during the youth of the animals (Flurkey et al., 2007). The weight of the
animals and the food intake were monitored weekly during the whole feeding
period. The weight gain throughout the feeding period was calculated for
each animal as the difference of weight between the last and the first week of

diet exposure, expressed in grams.

Glucose and triglyceride determination

Fasting triglycerides and glucose levels were measured following
8 weeks of SD or HFD feeding, before the performance of the behavioural
tests and molecular determinations. In brief, mice were fasted for 6 h and
blood samples were extracted from the tail between 3 pm and 4 pm. The
tests were performed in a quiet room using an appropriate measuring device

(Accutrend Plus® system Cobas, Roche, Spain).
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Behavioural Tests
Cocaine-induced locomotor sensitization

Female offspring mice were tested for the psychostimulant and
sensitizing effects of cocaine as previously described by Duart-Castells et
al., 2019b, with minor modifications (Figure 4A). Briefly, on day -2, all mice
received a single dose of cocaine 8 mg/kg i.p. and were immediately placed
into the open field arena where their horizontal locomotor activity (HLA)
was recorded by a computerized monitoring software (Smart 3.0 Panlab,
Barcelona, Spain) for 30 min. Three days later, animals were given cocaine
(15 mg/kg 1.p.), once daily for five consecutive days (days 1-5). After ten days
of withdrawal (day 15), all mice were given a challenge of cocaine (8 mg/kg
1.p.) and their HLA was registered again for 30 min, as performed on day -2.
Even though HLA was only recorded on days -2 and 15, mice were placed

in the open field arenas for 1 h after every injection during the treatment.
Cocaine-induced conditioned place preference (CPP)

Female offspring mice were tested for the rewarding properties of
cocaine using an unbiased CPP paradigm, as previously described (Lujan
et al., 2019). The CPP procedure consisted on three different phases:
preconditioning, conditioning and testing day. During preconditioning, mice
could freely explore both compartments for 20 min. Mice showing strong
unconditioned aversion (<35% of the session time) or preference (>65%)
for either compartment were excluded from the study. The conditioning
phase consisted of four pairings: mice received an 1.p. injection of 15 mg/kg
cocaine immediately prior to confinement to the drug-paired compartment

for 30 min on days 2, 4, 6 and 8, while on alternate days (3, 5, 7 and 9)
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mice received physiological saline before being confined to the vehicle-
paired compartment for 30 min. Treatments were counterbalanced between
compartments. Non-drug paired mice were administered saline prior to
confinement to one of the two compartments every day. Finally, the testing
session was conducted under the same conditions as in the preconditioning
phase. The time spent in each compartment during the preconditioning
and testing sessions, as well as the distance travelled, were recorded by
computerized monitoring software (CIBERTEC APL software). A CPP
score was calculated for each subject as the difference between the time spent
in the drug-paired compartment during the testing and pre-conditioning

sessions.

Molecular determinations
Tissue samples preparation

Mice were sacrificed by cervical dislocation to perform biomolecular
determinations. The whole striatum, ventral striatum, prefrontal cortex or
hypothalamus, when appropriate, were quickly dissected out and, except

the whole striatum, they were stored at -80°C until use.

For the PH]DA uptake experiments, mice synaptosome suspensions

from fresh striatums were prepared as described by Pubill et al., 2005.

Total protein extracts were isolated from ventral striatum and
prefrontal cortex and processed as described by Pubill et al., 2013, with
minor modifications. Briefly, tissue samples were thawed and homogenized
through sonication at 4°C in 20 volumes of lysis buffer 20 mM Tris-HCI,
1% NP40, 137 mM NaCl and 2 mM EDTA, pH=38) containing a protease
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and phosphatase inhibitor cocktail. Thereafter, the homogenates were
shaken and rolled for 2 h at 4°C and subsequently centrifuged at 15,000 xg
for 30 min at 4°C. Protein content of the supernatants was determined using

the Bio-Rad Protein Reagent (Bio Rad, Inc. Spain).
PH]DA uptake in striatal synaptosomes

Reactions tubes were composed of 25 ul of the radioligand PH]DA
(final concentration 5 nM), 100 ul of the synaptosome suspension and 125 pl
of Hank’s HEPES-buffered solution containing pargyline (20 mM) and
ascorbic acid (1 mM). The incubation was performed for 5 min at 37 °C.
Uptake reactions were terminated by rapid vacuum filtration through
Whatmann GF/B glass fibre filters (Whatman Intl Ltd, Maidstone, UK) pre-
soaked with 0.5% polyethyleneimine. Tubes and filters were washed three
times with ice-cold 50 mM Tris-HCI. The radioactivity trapped on the filters
was measured by liquid scintillation spectrometry. Non-specific uptake value
was determined in parallel samples containing cocaine (final concentration
300 uM) at 4 °C. The non-specific uptake value was subtracted from the data
to yield specific uptake.

Western blot analysis

A general Western blotting protocol was used as described by Duart-
Castells et al., 2019a, with minor modifications. Membranes were incubated
overnight at 4°C with caspase-3 (1:1000, Transduction Laboratories,
Lexington, USA), CB1 (1:1000, Frontiers Institute, South Africa), MBP
(1:1000, Abcam, Cambridge, UK), NeuN (1:10000 Abcam, Cambridge,
UK), NF«B (1:1000, Cell Signalling Technology, Inc) or TH (1:5000,
Transduction Laboratories, Lexington, USA) primary antibodies. After
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washing, membranes were incubated for 1 h at room temperature with their
respective secondary peroxidase-conjugated anti-IgG antibody: donkey anti-
rabbit, sheep anti-mouse or goat anti-rat (1:5000, GE Healthcare, USA).
GAPDH (1:5000, Merck Millipore, USA) antibody was used as a control

for loading.
Total RNA extraction and gene expression determination

RNA extraction and quantitative RT-PCR were performed using
standard procedures. Briefly, hypothalamus was excised from five mice from
each group. Total RNA was extracted from hypothalamus using TRIzol™
Reagent (Invitrogen, ref. 15596018), following the manufacturer’s indications.
cDNA was obtained using Transcriptor First Strand cDNA Synthesis Kit
(Roche, ref. 04379012001), using 1 pg total RNA. The protocol was performed
using Anchored Oligo (dT)18 Primers to obtain cDNA from all the mRNA.
Quantitative real-time polymerase chain reaction (QRT-PCR) was performed
using Power SYBR Green PCR Master Mix adapted for LightCycler 480
(Applied Biosystems, ref.4367659), according to the manufacturer’sindications
in the LightCycler 480 Instrument IT (Roche, ref. 05015243001). The sequences
of the primers used for each gene were 5- TGCAGACCGAGCAGAAGAAG
(primer forward) and 5- GACTCGTGCAGCCTTACACA (primer
reverse) for AgRP; 5- TATCTCTGCTCGTGTGTTTG (primer
forward) and 5-GTTCTGGGGGCGTTTTCTG (primer reverse) for
Npy; and 5- TATGCAGTCGCCCTTCCT (primer forward) and 5*-
ACATCAATCAGGTGTGTCTGCT (primer reverse) for Cprlc.

Data acquisition and statistical analysis

Data are expressed as mean + SEM. Data from biochemical analysis

(Western blot and PH]DA uptake experiments) were normalized with 100%
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defined as the mean of the technical replicates in the control group (W-SD).

In qPCR analysis, data were expressed as fold-change variations relative to
W-SD.

Differences between groups were compared using two-way ANOVA
with diet (SD or HFD) and maternal exposure (water or alcohol) as factors
of variation. To analyze the food intake, cocaine-induced sensitization and
cocaine-induced CPP, a three-way ANOVA was performed, with diet (SD
or HFD), mother’s exposure (water or alcohol) and time (day or week), as
factors of variations. The « error probability was set at 0.05. Significant
differences (P < 0.05) were analyzed using the Bonferroni post-hoc test
for multiple comparison measures only if F achieved the necessary level of
statistical significance (P < 0.05) and no significant variance in homogeneity
was observed. Statistic calculations were performed using GraphPad Prism

8.0 software.

RESULTS

Maternal alcobol consumption

Two-way ANOVA with repeated measures analysis of water and alcohol
volumes of consumption during DID testing showed a significant effect of
day[F = 27.693; P < 0.001]and alcohol [F ;= 66.795; P < 0.001], with
interaction between factors [F = 10.482; P < 0.001] (n=26-27/group)

(Figure 2A). Bonferroni post-hoc comparisons revealed a significant increase

23,1173

23,1173

in water consumption on day 4 compared with day 1 (P < 0.001), day 2
(P < 0.001) and day 3 (P < 0.001), on day 8 compared with day 5 (P <
0.05), day 6 (P < 0.05) and day 7 (P < 0.01), on day 16 compared with day
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14 (P < 0.05) and on day 24 compared with day 21 (P < 0.05), day 22 (P <
0.01) and day 23 (P < 0.05). Furthermore, a significant increase in alcohol
consumption on day 4 compared with day 1 (P < 0.01) and day 2 (P <
0.05), on day 8 compared with day 5 (P < 0.05) and on day 24 compared
with day 22 (P < 0.01) was found. Additionally, one-way ANOVA with
repeated measures analysis of alcohol intake showed a significant effect of day

[F23 575
revealed a significant increase in alcohol intake on day 4 compared with day

1 (P < 0.01) and day 2 (P < 0.05), on day 8 compared with day 5 (P < 0.05)
and on day 24 compared with day 22 (P < 0.01).

= 7.389; P < 0.001] (Figure 2B). Bonferroni post-hoc comparisons
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Figure 2. Maternal alcohol drinking. (A) Volume of water or alcohol consumed and (B) Alcobol
intake (g ethanol (EtOH)/kg), throughout the gestation (week 1-3) and lactation (week 4-6)
periods during the DID test. Alcohol was available for two hours per day on days 1-3 and four
hours on day 4 of the series. Results are expressed as mean + SEM. *P < 0.05, **P < 0.01 day
4 of each week compared with the 3 previous days in the alcohol-exposed group. #P < 0.05,
##P < 0.01 and ###P < 0.001 day 4 of each week compared with the 3 previous days in the

water-exposed group.
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Body weight and food intake

Initially, the body weight after weaning was not affected by alcohol

exposure [F,  =1.241, n.s.]. From that moment on, all groups of animals

3,85
gained weight over time across the 8-week exposure period. Two-way
ANOVA of the weight gain revealed a significant effect of the alcohol factor
[F, ,,=1496; P < 0.001] but not of the diet [F, ,,=0451; P > 0.05] (n=25-
27/group). Accordingly, no significant differences in weight gain between
the groups fed with HFD os. those fed with SD were observed by the
end of exposure. Bonferroni post-hoc multiple comparisons revealed that
the weight gain of the A-HFD group was significantly lower than that of
W-HFD. Conversely, no differences were observed in weight gain between

animals fed with SD, whether exposed to water or alcohol (Figure 3A).

Weekly food intake, calculated either as an average of grams/day or
Kcal/day, was also measured. Three-way ANOVA (alcohol x diet x week) with
repeated measures of grams/day ingested yielded a significant effect of diet
[F, 00=305.5; P < 0.001] and time [F, , =68.85; P < 0.001], with interaction
between alcobol x diet [F, _=6.034; P < 0.05] and tzme x diet [F, . =62.20; P
< 0.01] (Figure 3B). Subsequent Bonferroni post-hoc tests revealed significant

1,100 7,651

differences in food intake between SD and HFD groups in mice exposed to
alcohol (P < 0.001). Furthermore, significant differences between SD and HFD
levels of food intake were found on weeks 1, 2, 3, 6, 7 and 8 (P < 0.001; in all
cases) (n=25-27/group).

Regarding the weekly food intake in Kcal/day, three-way ANOVA
analysis (alcobol x diet x week) with repeated measures showed a significant effect
=7444;P < 0.001]and diet[F, =27.86; P < 0.001], with significant
=68.85; P < 0.001] and alcohol x diet

of time[F,

interactions between time x diet [F,
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[F
that, from the 2" week of diet consumption until the 6, the HFD-groups (water
and alcohol) significantly ingested more Kcal/day than SD-fed mice (P < 0.001;

=6.36; P < 0.05] (Figure 3C). Bonferroni post-hoc comparisons indicated

1,100

in all cases). Nevertheless, from week 6 until the end, these groups reduced their

Kcal intake until being equated to that of the SD-fed groups.
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Figure 3. (A) Body weight gain after 8 weeks of feeding. It was calculated for each animal as

the difference of weight between the last and the first week of diet exposure, expressed in grams.
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(B) Mean daily food intake measured in grams and (C) Kcal, of mice exposed to water (W)
or alcohol (A) during the gestation and lactation periods and exposed to a standard diet (SD)
or a high fat diet (HFD) for 8 weeks. Results are expressed as mean + SEM. ###P < 0.001 vs
W-HFD; $$P < 0.01 vs W-SD; *P < 0.05, ** P < 0.01, ***P < 0.001 vs the corresponding
group (water or alcohol) fed with SD.

In accordance with the significant interaction found (alcohol x diet),

maternal exposure to alcohol did not modify the food and Kcal intake when
female offspring were fed with SD but it did when fed with HFD.

Glucose and Triglyceride blood levels

Two-way ANOVA analysis of triglycerides blood levels showed
=11.275; P < 0.01] (n=25-27/group).
Thus, HFD exposure significantly increased triglycerides blood levels in

a significant effect of the diet [F ,
comparison to SD (P < 0.05 for both groups, alcohol and water). By contrast,
neither the diet nor the maternal alcohol exposure altered the glucose blood

levels by the end of exposure.

Cocaine-induced locomotor sensitization

Three-way ANOVA analysis (alcobol x diet x day) with repeated
L, =471; P < 0.05] and
154=94.15; P < 0.001] (n=9-10/group). As shown in Figure 4B,

a first administration of cocaine (8 mg/kg i.p., day -2) elicited a similar

measures showed a significant effect of the diet [F
time [F

hyperlocomotion in all groups of animals, but an increased response in the
W-HFD group compared to the W-SD (P < 0.05). Furthermore, all groups
of animals developed behavioural sensitization to cocaine as the locomotor

response induced by the drug (8 mg/kg i.p.) on day 15 (challenge day, 10 days
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after treatment) was in all cases considerably higher than on day -2, before

starting the treatment (P < 0.001; in all cases).
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Figure 4. (A) Drug administration protocol. Animals first received a single administration
of cocaine 8 mg/kg i.p. ([day -2). After three days, they were given a 5-days treatment of
cocaine 15 mg/kg i.p. (days 1-5). Ten days later (day 15), all mice were challenged with cocaine
8 mg/kg 1.p. The cocaine-induced horizontal locomotor activity (HLA) was registered on days
-2 and 15, immediately after the drug injection. (B) Cocaine locomotor sensitization. Effect
of cocaine (8 mg/kg i.p.) on the HLA: the white bars represent the HLA of mice after the first
cocaine injection given on day -2. The black bars represent the distance travelled on day 15.
Results are expressed as mean + SEM of the distance travelled (cm) in 30 min. ***P < 0.001 vs
day -2; # P < 0.05 significant differences between W-SD and W-HFD on day -2.
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Basal locomotor activity and cocaine-induced CPP

Another batch of female offspring were subjected to the CPP paradigm
after the 8-week feeding period. Additionally, the locomotor activity of each
group of animals was measured during the preconditioning test to determine

any possible effect of these variables on basal locomotion.

Firstly, two-way ANOVA of the results did not show any significant
effect of the diet nor alcohol exposure on the distance travelled by the

animals.

Regarding the CPP experiments, three-way ANOVA analysis (alcohol
Ly =93.314
P < 0.001] (n=10-12/group), indicating that the repeated administration

x diet x day) revealed a significant effect of cocaine treatment [F

of cocaine (15 mg/kg, 1.p.) produced a preference for the cocaine-paired
=091, P >
=0.496; P > 0.05] were found. Interactions between

compartment in all groups. However, no effect of alcohol [F
0.05] or the diet [F

factors were not statistically significant either.

1,78

Molecular determinations

Another batch of animals was sacrificed after the period of exposure
to the diet for molecular determination purposes. In order to explain the
differences observed in the food intake in the A-HFD group, the expression
of genes involved in the ghrelin signalling pathway was determined in the
hypothalamus. In parallel, as an attempt to explain the results observed
from the cocaine-induced sensitization experiments, "H]DA uptake in
striatal synaptosomes and the expression of tyrosine hydroxylase (TH) and
cannabinoid 1 receptor (CB1) in VS were evaluated. Finally, the expression

of proteins involved in neuronal and myelin damage were determined in the
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PFC in view of previous studies using male offpsring from mice subjected to
the DID procedure (Cantacorps et al., 2019): nuclear nuclei (NeuN), nuclear
factor (NFkB). caspase-3 and myelin basic protein (MBP).

Effects on genes involved in the ghrelin signalling pathway

We analyzed by qPCR the mRNA levels of ghrelin-related genes that
promote food intake: neuropeptide Y (NPY) and Agouti-related protein
(AgRP), and no significative changes were observed. We also analyzed
the mRNA levels CPT1C as a mediator of the ghrelin signalling but no
significative changes were observed either. However, in the latter case, it
should be mentioned that the variable alcohol almost reached statistical
significance (P = 0.055), in such a way that both alcohol-exposed groups
(SD and HFD) showed a decreased expression of this gene.

Effects on [PH]DA uptake

Striatal synaptosome suspensions were prepared to perform PH]DA
uptake experiments. Two-way ANOVA vyielded a significant effect of diet
[F, ,,=16.28; P < 0.001] (n=7-9/group). Accordingly, mice exposed to HFD
presented lower DA uptake activity than those fed with SD (P < 0.01 and
P < 0.05 vs. the water and alcohol-matching groups, respectively) (Figure 5).

Effects on TH and CBI receptor expression in ventral striatum

As shown in Figure 6A, the expression of TH was not affected neither
by alcohol nor by the diet. By contrast, two-way ANOVA of the results of
| 14=6:576; P < 0.05]
=21.14; P < 0.001] with interaction between both factors

CB1 expression yielded a significant effect of the diet [F
and alcohol [F

1,16
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[F, ,=10.27;P < 0.01] (Figure 6B). Bonferroni post-hoc multiple comparisons
showed a significant increase in CB1 receptor expression in W-HFD mice
compared to W-SD (P < 0.01). However, such overexpression was not

present in animals fed with HFD and exposed to alcohol (n=5/group).
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Figure 5. PHIDA uptake in striatal synaptosomes of mice exposed to water (W) or alcohol (A)
during the gestation and lactation periods, after 8 weeks of feeding with a standard diet (SD)
or a high fat diet (HFD). Data are expressed as a percentage of control uptake relative to W-SD
(mean + SEM). *P < 0.05 and **P < 0.01 vs the corresponding SD-group (water or alcohol)

Neuronal and myelin damage within the prefrontal cortex

In our study, using female offspring, no differences were observed in
NeuN or NF«B/p65 expression (Figure 6C and 6D). Regarding caspase-3, a
protein that plays a key role in cell apoptosis, two-way ANOVA showed a
116=3-8; P < 0.01] (Figure 6E). Thus,

alcohol exposure seemed to differentially affect the expression of caspase-3

significant interaction diet x alcobol [F

depending on the ingested diet. Finally, two-way ANOVA of the results
1’15=5.O38;
P < 0.05] (Figure 6F). Therefore, alcohol exposure significantly decreased

of MBP expression revealed a significant effect of alcohol [F

MBP protein levels, mainly in animals fed with SD (n=4-5/group).
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Figure 6. Effects on (A) TH and (B) CBI protein expression in ventral striatum and (C) NeuN,
(D) NFkB, (E) caspase-3 and (E) MBP protein in the prefrontal cortex induced by PLAE and the
subsequent exposure to a standard diet (SD) or a high fat diet (HFD) for 8 weeks. Results are
expressed as mean + SEM. **P < 0.01 vs W-SD.
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DISCUSSION

The present study aimed to assess the interaction between alcohol
exposure during gestation and lactation and a high fat diet during the female
offspring’adolescence on some nutrition-related parameters as well as on the

response to cocaine.

In previous studies using an animal model of maternal binge-like
alcohol drinking we found out that the increase in maternal body weight
during the prenatal and lactational DID test was not affected by alcohol
consumption (Cantacorps et al., 2017). Similarly, in our study, there was
no contribution of PLAE to offspring’s body weight either. In agreement
with the results garnered from other studies (Hicks et al., 2016, Sims et al.,
2013, Hwang et al., 2010), we did not observe any significant weight gain
in mice fed with a HFD with respect to the SD group. When food intake
was measured across the feeding period, we found that the HFD induced
a metabolic reprogramming in such a way that, from week 6 until the end
of the exposure, HFD-fed mice reduced the grams of ingested food, thus
equaling their Kcal/day intake to those of the SD-group. Importantly, the
equal intake of Kcal is in line with the non-significant differences observed
in body weight between W-HFD and W-SD at the end of the experiment.
In addition, previous studies have described that male C57Bl/6 mice on
HFD are more susceptible to weight gain than females (Gelineau et al., 2017;
Yang et al., 2014). Particularly, Hwang et al., (2010) reported that the HFD-
induced weight gains appeared earlier in C57Bl/6 males (46-days old) than
in females (129-days old) and were much greater in males. Overall, we can
reasonably deduce that, in our model, female offspring were probably in a
pre-obesity state and thus, they needed a longer exposure period to the HFD
(more than 16-20 weeks) (Wang and Liao, 2013) to develop an obesity status.
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Additionally, PLAE affected how C57Bl/6 responded to the HFD
in such a way that, during almost the whole feeding-period, A-HFD mice
ate significantly less grams of food, and thus, less Kcal, than the W-HFD,
consistent with their lower weight gain. Indeed, the same results have been
observed by Amos-Kroohs et al. (2018). Importantly, such lower weight
gain observed in the A-HFD cannot be attributed to an increased basal
locomotor activity of these animals since no differences were observed in
their locomotion. However, regarding the molecular determinations and,
more concretely, the effects of PLAE and a HFD on ghrelin-related genes,
although no changes were observed in NPY or AgRP mRNA expression,
an apparent decrease of the CPTC1 expression in A-HFD mice should be
noted. Hypothalamic CPT1C mediates the central effects of leptin and
ghrelin on feeding behaviour (Ramirez et al., 2013, Gao et al., 2011). More
specifically, besides other mechanisms, ghrelin induces food intake through
regulation of hypothalamic CPT1C, so the orexigenic action of ghrelin
is totally blunted in CPT1C knockout mice despite having the canonical
ghrelin signalling pathway activated (Ramirez et al., 2013). Accordingly,
aside from the metabolic reprogramming induced by HFD, which caused
an overall decrease in food intake, PLAE seemed to additionally induce a
decrease in CPTC1 expression, a feature that might be involved in the lower

weight gain observed in such group of animals, A-HFD.

TG and glucose blood levels were also assessed. The HFD significantly
increased TG blood levels, but not those of glucose. Nonetheless, this lack of
effect of HFD on carbohydrate metabolism should not be surprising as it has
already been described that female C57Bl/6 mice are particularly resistant
to the physiological changes caused by HFD as they exhibit a better glucose
tolerance than males (Gelineau et al., 2017). Importantly, no additional

effects of PLAE were evidenced on TG and glucose blood levels.
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FASD isassociated witha higher risk of later developing drug abuse. Our
results showed that PLAE and/or a HFD did not modify CPP acquisition,
thus the rewarding effects of cocaine were not altered. Consistent with our
findings, Blanco-Gandia et al. (2017) suggested that consumption of a HFD
during adolescence by male OF1 mice induces neurobiochemical changes
that increased sensitivity to cocaine but only when fat is withdrawn, acting
as an alternative reward. Nevertheless, in previous studies using the same
DID procedure (Cantacorps et al., 2019), we found out that PLAE enhanced
the preference for the cocaine-paired compartment in the CPP test. In
this sense, the present study only differs from the previous one in that we
tested females instead of males. Accordingly, we can reasonably attribute
such discrepancy to sex-dependent differences; thereby PLAE enhances the
rewarding properties of cocaine in males but not in females. No effects of
the HFD were observed either.

The psychostimulant and sensitizing effects of cocaine were also tested
using the horizontal locomotor activity test. Locomotion induced by an
acute dose of cocaine was assayed as an indicative of its psychostimulant
effect. In agreement with Collins et al., (2015), in our study the W-HFD
group showed an enhanced locomotor response to the first administration of
cocaine, as compared to W-SD. Data in rats indicate that the consumption of
fat and, perhaps, the resulting hormonal changes, markedly alter dopamine
systems (Baladi et al., 2010). In the same line, we observed an increased
sensitivity to the psychostimulant effect of cocaine in animals fed with
HFD, which at the same time, did not present any overweight. This is on
chief importance since it provides evidence that consuming a HFD during
early development enhances the psychostimulant effect of cocaine, and
thus, might favor and increase the probability of repeating and perpetuating

the use of the substance, ultimately leading to its abuse. Accordingly, we
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can suggest that a HFD might increase vulnerability to cocaine abuse in
water-exposed animals, so PLAE seemed to prevent such enhanced locomotor
response to the drug. Locomotor sensitization (behavioural sensitization) to
psychostimulants is the process whereby repeated exposure to drugs results
in a progressive and enduring increase in the motor stimulant response to
the drug (Kalivas et al., 1993). In this case, the hyperlocomotion induced by
the cocaine challenge 10 days after repeated exposure the drug was the same
for all groups. One possibility, which remains highly speculative, is that
a longer feeding-period, and thus a more severe metabolic reprogramming
might be needed to provoke long-lasting changes in cocaine effects. Even so,
considering that the W-HFD group presented an enhanced response to the
first administration of cocaine, we cannot rule out the possibility that the
rate at which each experimental group developed locomotor sensitization
was not the same, and thus, could be influenced by PLAE or, most probably,
by a HFD. Therefore, further studies are needed to completely clarify this

1ssue.

When assessing PH]DA uptake in striatal synaptosomes we found
out that the HFD reduced the overall PH]DA uptake in both, A-HFD
and W-HFD groups. However, no effect of PLAE was found. Our data
provide further evidence for diet-induced alterations in DA uptake and thus,
implicate diet in the regulation of DA function, which can lead to functional
modifications in DA signalling (Cone et al., 2013; Morris et al., 2011; Speed
et al., 2011; South and Huang, 2008a). By decreasing DA uptake, HFD
consumption prolongs the duration of phasic DA release and could promote
adaptations such as downregulation of DA receptors, a feature of both
human and rodent models of obesity (Johnson and Kenny, 2010; Wang et al.,
2009). Cone et al. (2013) described that prolonged HFD appears to reduce
the rate of DA uptake via DAT likely by interfering with DAT trafhicking
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or perhaps maturation, but not by decreasing DAT gene expression or
DAT mRNA stability. Therefore, diet-related decreases in membrane DAT
could precede and contribute to the onset of DA receptors downregulation,
obesity and compulsive eating behaviour that develop over the course of

HFD consumption (Johnson and Kenny, 2010).

Cocaine mediates an increase of the motor activity by increasing
DA signalling via the mesostriatal pathway through both DAT- dependent
and independent mechanisms (Gardner and Ashby, 2000). In this sense,
considering the results from the DA uptake and cocaine-induced locomotion
experiments, it seems reasonable that the W-HFD group, which presented
a lower DA uptake, elicited an enhanced psychostimulant response, so the
few available functional transporters might have been blocked by cocaine,
leading to high levels of the neurotransmitter at the synapse and thus, to a
major psychostimulant effect. Nevertheless, A-HFD also showed reduced
DA uptake but presented a similar locomotor response to that of the control
group, W-SD, after the first administration of cocaine. In this regard, we
can suggest that most probably alcohol might increase DA transmission
by means of modifying DAT-independent mechanisms, that is mobilizing
reserve DA vesicles, attenuating GABA transmission onto dopaminergic
neurons within the VTA or oscillating the firing rate of DA cell bodies
(Venton et al., 2006; Steffensen et al., 2008; Shi et al., 2004).

In addition to DA uptake, we assessed other two proteins related
to dopaminergic neurotransmission in the ventral striatum: TH and CB1
receptor. In our model, the expression of the rate-limiting enzyme in DA
synthesis, TH, was not affected neither by alcohol nor by the diet. By
contrast, feeding animals with a HFD led to an increase in CB1 receptors

but only in water-exposed animals, so PLAE prevented such overexpression.
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This increment in CB1 receptors has been previously described as an early
“defensive” stage during the first weeks of HFD consumption, which
results in a long-lasting “failure” stage when obesity appears (South and
Huang et al., 2008b). The CBI1 receptor system plays an important role
in regulating the positive reinforcing properties of alcohol, therefore, such
increment observed in CB1 receptor density might be involved in the

increased vulnerability to alcohol abuse (Hungund, 2003).

Recent studies have demonstrated that alcohol intake activates
the innate immune system in the central nervous system, leading to
neuroinflammation and contributing to brain damage and behavioural
dysfunctions (Montesinos et al., 2016). In this context, we have already
reported that PLAE increases pro-inflammatory markers, alters the
expression of myelin proteins, and induces glial activation and neuron
cell damage in the PFC of male C57Bl/6 mice (PND 70) (Cantacorps et
al., 2017). In the present study, effects of PLAE were evident in caspase-3
and MBP protein expression, in such a way that alcohol exposure during
gestation and lactation periods induced an increase in caspase-3 but a
decrease in MBP. Regarding NeulN expression, although a significant
decrease was found in A-SD mice compared to W-SD (t,=2.557, P < 0.05),
such difference was blunted until being non-significant when considering
also the variable diet in the analysis. Therefore, we could confirm that the
effects of PLAE on NeuN, caspase-3 and MBP expression were the same in
both sexes albeit female offspring seemed more resistant to such effects than
males. Furthermore, all the alterations induced by PLAE were blunted in
HFD groups, thereby a short exposure to a fatty diet seems to counteract

the deleterious effects of prenatal and lactational alcohol exposure.

In summary, the current study evaluated the impact of alcohol

exposure during gestation and lactation periods and consuming a HFD
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during adolescence on the effects of cocaine as well as on nutrition-related
parameters. In our model, feeding young female C57Bl/6 mice with a
HEFD for 8 weeks increased their TG blood levels but did not induce an
overweight compared to those fed with SD. Moreover, PLAE affected how
females responded to the fatty diet as they consumed less amount of food
than water-exposed offspring, consistent with their lower gain weight. HFD
reduced DA uptake and, only in non-alcohol-exposed animals, increased
the psychostimulant effect of cocaine. Surprisingly, PLAE attenuated
body weight gain and prevented the enhanced psychostimulant response
to cocaine and the overexpression of CB1 receptors induced by a HFD.
By contrast, the biomarkers altered in the PFC by PLAE, such as NeuN,
caspase-3 or MBP, were mitigated by a HFD-based feeding. Therefore, in
female offspring, several effects triggered by one of these factors, PLAE or

a HFD, were blunted by the other, noting some interactions between them.
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