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Ecstasy’s neurotoxicity: in vitro findings  

from mitochondria to the cell 

Abstract 

3,4-Methylenedioxymethamphetamine (MDMA; “ecstasy”), a psychoactive substance 

with hallucinogenic properties, is a worldwide major recreational drug of abuse with well-

known acute- and long-lasting neurotoxic effects, which have been disclosed both in 

laboratory animal models and humans. Despite the large amount of data concerning 

MDMA’s neurotoxicity, acquired by many different research groups along several years, 

the mechanisms involved in MDMA-induced neurotoxicity are still not completely revealed. 

The studies presented in this thesis aimed to contribute to a better understanding of the 

mechanistic basis underlying MDMA’s neurotoxicity, at molecular and cellular level. Thus, 

through the use of different approaches and in vitro neuronal models, the role of 

metabolism, monoamine neurotransmitters and hyperthermia was investigated, with 

special focus on mitochondrial-dependent trails. 

In mouse brain synaptosomes, MDMA metabolites and monoamine neurotransmitters 

induced a concentration- and time-dependent hydrogen peroxide (H2O2) formation, which 

was independent on mitochondrial polarization status and partially rescued by 

antioxidants. Monoamine oxidase-mediated metabolism also contributed to the H2O2 

production induced by the neurotransmitters serotonin and dopamine. The toxic effect 

involved oxidative modifications, such as lipid peroxidation, protein carbonylation and 

formation of quinoproteins. Additionally, MDMA metabolites and monoamine 

neurotransmitters stimulated the Na+- and K+-activated adenosine 5’-triphosphatase 

(Na+/K+ ATPase) activity, in a concentration-dependent manner, an effect also partially 

attenuated by the antioxidant N-acetylcysteine (NAC).  

In SH-SY5Y differentiated cells, MDMA metabolites induced mitochondrial dysfunction 

and cell death in a concentration-dependent manner, which was differently affected by 

time and temperature of exposure. The catechol precursors α-methyldopamine and N-

methyl-α-methyldopamine revealed to be less toxic than their corresponding 

monoconjugates with reduced glutathione (GSH) or NAC. As observed in the 

synaptosome model, MDMA, at the range  of concentrations tested, did not reveal 

apparent toxicity. The MDMA metabolites were poorly accumulated in the intracellular 

compartment and their concentration in cell culture medium decreased over time, an 

effect potentiated by hyperthermia. In the same experimental model, the mixture of MDMA 

and its metabolites, at a range of concentrations with remarkable relevance to the in vivo 

scenario, triggered toxicity in a time- and temperature-dependent manner, which was fully 

protected by the antioxidant NAC and accompanied by caspase 3 activation. Notably, as a 
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mixture, MDMA and its metabolites presented a different toxicity profile, compared to each 

compound alone, even at equimolar concentrations. Intracellular Ca2+ raises, increased 

formation of reactive oxygen species and de novo synthesis of GSH were also associated 

with the toxic effects triggered by this mixture in SH-SY5Y differentiated cells. 

The neuronal integrity and functionality are dependent upon the proper maintenance of 

a healthy mitochondrial population, through fusion/fission events, and efficient distribution 

of functional mitochondria. Therefore, the effects of MDMA on mitochondrial dynamics 

were also investigated. MDMA, at a non-cytotoxic concentration, dramatically impaired 

axonal transport of mitochondria in hippocampal neurons, in a time-dependent manner, 

which was acompanied by an increase in intracellular Ca2+ levels, both in the cell body 

and neuronal extensions. MDMA’s mitochondrial trafficking phenotype relied on Miro1-

independent mechanisms, but was mainly dependent on Tau protein phosphorylation by 

glycogen synthase 3β. Notably, impaired mitochondrial movement was also observed for 

the non-cytotoxic mixture of MDMA and its metabolites. The mitochondrial trafficking 

deficits triggered either by MDMA or by the mixture of MDMA and its metabolites were 

linked to increased mitochondrial fragmentation, and largely depended on mitofusin 2 and 

dynamin-related protein 1 functions, thus supporting a role for fusion/fission events in the 

mitochondrial trafficking phenotype regulated by MDMA.  

In conclusion, the studies included in this thesis allowed to increase the understanding 

about the cellular and molecular targets of MDMA and its metabolites at neuronal level, 

with remarkable focus on mitochondrial-dependent pathways, providing, therefore, an 

important headway in the MDMA’s neurotoxicity field.   

 

Keywords  

3,4-Methylenedioxymethamphetamine (MDMA; “ecstasy”); MDMA metabolites; 

Mitochondrial trafficking; Oxidative stress; Neurotoxicity. 
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Ecstasy’s neurotoxicity: in vitro findings  

from mitochondria to the cell 

Resumo 

A 3,4-metilenodioximetanfetamina (MDMA; ”ecstasy”), uma substância psicoativa com 

propriedades alucinogénias, é uma das principais drogas de abuso a nível mundial com 

efeitos neurotóxicos de curta e longa duração bem documentados, os quais têm sido 

observados em modelos animais de laboratório e em humanos Apesar da elevada 

quantidade de estudos realizados por diversos grupos de investigação diferentes, ao 

longo de vários anos, os mecanismos subjacentes à neurotoxicidade induzida pela 

MDMA ainda não estão completamente elucidados. Os estudos apresentados nesta tese 

têm como objetivo contribuir para uma melhor compreensão das bases mecanísticas a 

nível molecular e celular subjacentes à neurotoxicidade da MDMA. Assim, através do uso 

de diferentes abordagens e diferentes modelos neuronais in vitro, o papel do 

metabolismo, dos neurotransmissores monoaminérgicos e da hipertermia foi estudado, 

com especial destaque para vias dependentes da mitocôndria. 

Em sinaptossomas de cérebro de murganho, os metabolitos da MDMA e os 

neurotransmissores monoaminérgicos induziram a formação de peróxido de hidrogénio 

(H2O2) de uma forma dependente do tempo e da concentração, a qual foi independente 

do estado de polarização mitocondrial e parcialmente atenuada por antioxidantes. O 

metabolismo mediado pela monoamina oxídase também contribuiu para a produção de 

H2O2 induzida pelos neurotransmissores serotonina e dopamina. O efeito tóxico envolveu 

modificações oxidativas, tais como peroxidação lipídica, carbonilação proteica e formação 

de quinoproteínas. Adicionalmente, os metabolitos da MDMA e os neurotransmissores 

monoaminados estimularam a actividade da adenosina 5’-trifosfatase activada pelo Na+ e 

pelo K+ (Na+/K+ ATPase), de uma maneira dependente da concentração, um efeito 

também parcialmente atenuado pelo antioxidante N-acetilcisteína (NAC). 

Em células SH-SY5Y diferenciadas, os metabolitos da MDMA induziram disfunção 

mitocondrial e morte celular de uma maneira dependente da concentração, a qual foi 

diferentemente afetada pelo tempo e pela temperatura de exposição. Os percursores 

catecólicos α-metildopamina e N-metil-α-metildopamina revelaram ser menos tóxicos que 

os seus correspondentes monoconjugados com a glutationa reduzida (GSH) ou com a 

NAC. Como observado no modelo sinaptossoma, a MDMA, na gama de concentrações 

testada, não revelou toxicidade significativa. Os metabolitos da MDMA não atingiram 

elevadas concentrações no compartimento intracelular e a sua concentração no meio de 

cultura diminuiu ao longo do tempo, um efeito potenciado pela hiperthermia. No mesmo 

modelo experimental, a mistura de MDMA e seus metabolitos, numa gama de 
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concentrações com notável relevância para o cenário in vivo, induziu toxicidade de uma 

forma dependente do tempo e da temperatura de exposição, a qual foi totalmente 

prevenida pelo antioxidante NAC e acompanhada pela ativação da caspase 3. 

Notavelmente, como uma mistura, a MDMA e os seus metabolitos apresentaram um 

diferente perfil de toxicidade, comparativamente à toxicidade observada para cada 

composto isoladamente, em concentrações equimolares. Um aumento nos níveis 

intracelulares de Ca2+, formação aumentada de espécies reativas de oxigénio e síntese 

de novo de GSH foram também associados com os efeitos tóxicos induzidos por esta 

mistura em células SH-SY5Y diferenciadas. 

A integridade e funcionalidade neuronais estão dependentes da manutenção de uma 

população de mitocôndrias saudáveis, através de eventos de fusão/fissão, e de uma 

eficiente distribuição das mitocôndrias funcionais. Por esse motivo, os efeitos da MDMA 

na dinâmica mitocondrial foram também estudados. A MDMA, numa concentração não 

citotóxica, comprometeu significativamente o transporte axonal de mitocôndrias em 

neurónios do hipocampo, de uma forma dependente do tempo, o qual foi acompanhado 

por um aumento dos níveis intracelulares de Ca2+, tanto no corpo celular como nas 

extensões neuronais. O fenótipo de tráfego mitocondrial induzido pela MDMA envolveu 

mecanismos independentes da proteína Miro1, dependendo, no entanto, da fosforilação 

da proteína Tau pela sintetase 3β do glicogénio. Notavelmente, uma diminuição da 

mobilidade mitocondrial foi também observada para a mistura não citotóxica de MDMA e 

seus metabolitos. Os défices de tráfego mitocondrial provocados quer pela MDMA, quer 

pela mistura de MDMA e seus metabolitos, foram associados a uma aumentada 

fragmentação mitocondrial, e dependeram largamente das funções da mitofusina 2 e da 

proteína 1 relacionada com a dinamina, sustentando, assim, um papel para os eventos de 

fusão/fissão no fenótipo de tráfego mitocondrial regulado pela MDMA. 

Em conclusão, os estudos incluídos nesta dissertação permitiram aumentar a 

compreensão sobre os alvos moleculares e celulares da MDMA e dos seus metabolitos a 

nível neuronal, com especial destaque para vias dependentes da mitocôndria, 

proporcionando assim progressos importantes no âmbito da neurotoxicidade da MDMA. 
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Outline of the Thesis 

This thesis was divided into four main chapters: 

► Chapter I - General Introduction and Main Goals of the Thesis 

In chapter I, a review of the existing literature about (1) “ecstasy”-induced neurotoxicity, 

(2) in vitro neurotoxicity testing and (3) mitochondrial fusion/fission and transport in 

neurons are presented, to provide a good basis to a better understanding of the obtained 

results in the scope of this thesis. Finally, the end of this chapter includes the main goals 

of the thesis.  

► Chapter II - Experimental Section, Results and Partial Discussions 

This chapter includes the manuscripts published or submitted for publication, as well as 

a manuscript under preparation, designed in the scope of this thesis. 

► Chapter III - Integrated Discussion and Main Conclusions 

The third chapter integrates all the results obtained, as well as their relevance on 

“ecstasy”’s neurotoxicity. In the end, a list of the main conclusions that can be taken from 

the studies included in this thesis are summarized. 

► Chapter IV - References 

The last chapter lists all the references of the literature used in the general introduction 

and integrated discussion.  
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I.1 General Introduction 

The recreational use of stimulant, entactogenic or psychoactive drugs, such as 

amphetamine-like compounds, namely 3,4-methylenedioxymethamphetamine (MDMA; 

“ecstasy”), is an important health risk factor (Kalant, 2001; Capela et al., 2009; Hill and 

Thomas, 2011; Carvalho et al., 2012). MDMA is a powerful hallucinogenic drug, which has 

raised concern worldwide because of its high abuse liability. Moreover, a plethora of 

studies have demonstrated that MDMA has the potential to induce neurotoxicity, both in 

laboratory animals (Stone et al., 1987; O'Hearn et al., 1988; Hatzidimitriou et al., 1999; Bai 

et al., 2001; Cadet et al., 2001; Granado et al., 2008; Granado et al., 2011) and humans 

(McCann et al., 1994; Quednow et al., 2006; Roberts et al., 2009; Adamaszek et al., 2010; 

Tai et al., 2011; Parrott, 2012), as documented by several studies conducted in human 

MDMA users. Though limited in scope, studies in MDMA users have shown that MDMA 

has the potential to induce neuronal injury in discrete areas of the brain, such as cortex 

(CTX), hippocampus (HIP), striatum and raphe nuclei (Quednow et al., 2006; Capela et 

al., 2009; Adamaszek et al., 2010; Tai et al., 2011; Carvalho et al., 2012; Parrott, 2012), 

additionally to the reduction of several serotonergic biochemical markers (McCann et al., 

1994; Parrott, 2012; Schouw et al., 2012). Studies comparing “ecstasy” users and 

nonusers support an association between long-lasting neurocognitive impairments, 

including learning and memory deficits and mood disturbances, and “ecstasy” use 

(Quednow et al., 2006; Roberts et al., 2009; Adamaszek et al., 2010; Tai et al., 2011; Di 

Iorio et al., 2012). Furthermore, MDMA shares the common trait that is rewarding, which is 

generally accompanied by a state of addiction and dependence to the drug after repeated 

exposure (Büttner, 2011). Research on the neurobiology of drug addiction has shown that 

the reinforcing properties associated with drug abuse are mainly mediated by activation of 

HIP (Fernàndez-Castillo et al., 2012), the mesolimbic dopaminergic system and the 

extended amygdala (Hyman et al., 2006; Nakagawa and Kaneko, 2008; Koob and 

Volkow, 2009). In fact, many lines of evidence suggest that chronic MDMA consumption 

leads to the enhancement of the mesocorticolimbic dopaminergic neurons from the ventral 

tegmental area to the nucleus accumbens and the medial prefrontal CTX. The neural 

adaptation of dopaminergic-glutamatergic system is considered to be critically implicated 

in neuropsychotoxic effects of this drug of abuse (Nakagawa and Kaneko, 2008).  

Emerging studies in the MDMA’s research field have emphasize a promising role to 

monoaminergic system, metabolism and hyperthermia in developing neurotoxic actions 

(Alves et al., 2007; Capela et al., 2007b; Alves et al., 2009b; Capela et al., 2009; Carvalho 

et al., 2012), in which mitochondrial-dependent pathways have been suggested as key 

players (Quinton and Yamamoto, 2006; Alves et al., 2007; Alves et al., 2009b; Puerta et 
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al., 2010). However, it is reasonable to note that the truly acute- and long-lasting neuronal 

effects of MDMA exposure remain largely unknown. Despite this, the understanding of the 

mechanisms involved in MDMA-induced neurotoxic actions is extremely important, not 

only in addressing the brain targets of MDMA’s action, but also to develop putative 

treatments for the drug abuse and toxicity in humans. Thus, to a better integration and 

understanding of the studies performed in the scope of this thesis, in the introduction 

section we provide an overview of the following subjects: 

► Neurotoxicity of “ecstasy”, with special focus on the role of the monoaminergic 

system, metabolism and hyperthermia;  

► In vitro neurotoxicity assessment, including the main advantages and limitations and 

models, with particular attention to the systems used in our studies (synaptosomes, SH-

SY5Y differentiated cells and cultured hippocampal neurons); 

► Mitochondrial dynamics, which, being critical for proper neuronal functioning and 

survival, may constitute an important target in developing neurotoxicity. 

Thus, this background allows a harmonious integration of the studies included in this 

thesis, as highlighted by its title: “Ecstasy’s neurotoxicity: in vitro findings from 

mitochondria to the cell”. 
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I.1.1  Neurotoxicity 

Neurotoxicity can be defined as any adverse effect on the chemistry, structure or 

function of the nervous system, during development or at maturity, induced by chemical, 

biological or physical influences (Costa, 1998a). A large number of compounds have been 

shown to cause neurotoxicity, including metals (e.g. lead) (Baranowska-Bosiacka et al., 

2013), industrial chemicals (e.g. acrylamide) (Erkekoglu and Baydar, 2013), solvents (e.g. 

toluene) (Win-Shwe and Fujimaki, 2010), natural toxins (e.g. domoic acid) (Hogberg and 

Bal-Price, 2011), pharmaceutical drugs (e.g. doxorubicin) (Pal et al., 2012), drugs of 

abuse (e.g. MDMA) (Capela et al., 2009) and pesticides (e.g. organophosphates) 

(Flaskos, 2012). The nervous system is particularly sensitive to toxic insults because of a 

number of intrinsic characteristics, such as dependence upon aerobic metabolism, the 

presence of axonal transport, or the processes of neurotransmission (Moser et al., 2010). 

In addition, the developing nervous system, during which replication, migration, 

differentiation and myelination of neurons and synapse formation occur, is believed to be 

even more susceptible to neurotoxic chemicals. This is aggravated by the lack of a fully 

developed blood-brain barrier (BBB). A neurotoxic effect can be the direct alteration of the 

neuronal structure or activity or can be the result of a cascade of effects due to glia 

activation and glia-neuron interactions. Additionally, a neurotoxic effect can manifest 

immediately or only years later after the substance exposure, it can be permanent or 

reversible, and it can affect the whole nervous system, or only parts of it (Tabakman et al., 

2004; Coecke et al., 2006; Moser et al., 2010). 

From a general mechanistic perspective, neurotoxicants can be divided into four 

groups: those which cause neuronopathies, those which target the axon and cause 

axonopathies, those inducing myelopathies, and those affecting neurotransmission 

(Costa, 1998a). A number of chemicals may cause toxicity that result in the loss of 

neurons (neuronopathy), either by necrosis or by apoptosis. Such neuronal loss is 

irreversible, and may result in a global encephalopathy or, whether only subpopulations of 

neurons are affected, in the loss of particular functions. An example is 1-methyl-4-phenyl-

1,2,3,6-tetrahydropyridine (MPTP), which causes degeneration of dopaminergic neurons, 

resulting in Parkinson's disease-like symptoms (Yuan et al., 2013a), or trimethyltin, which 

targets hippocampal, amygdala and pyriform cortical neurons, resulting in cognitive 

impairment (Feldman et al., 1993). Chemicals can cause neuronal cell death by a variety 

of mechanisms, including disruption of the cytoskeleton, induction of oxidative stress, Ca2+ 

overload, or by damaging mitochondria. A large number of neurotoxic chemicals mainly 

target the axon, and cause axonopathies. The axon degenerates, and with it the myelin 

sheath surrounding the axon. In this case, the cell body remains intact. Additionally, the 
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chemical may cause a chemical section of the axon at some point along its length, and 

the axon distal to the section, which is separated from the cell body, degenerates. The 

result is most often the clinical condition of peripheral neuropathy, in which sensations and 

motor strength are first impaired in feet and hands. If the insult is not severe, there is good 

potential for regeneration and recovery (Moser et al., 2010). An example of chemical that 

causes axonopathy is the solvent n-hexane (Graham et al., 1995). Other chemicals may 

target myelin, causing intramyelinic edema or demyelination. While neurons are 

structurally unaffected, their functions are altered. Triethyltin (Stahnke and Richter-

Landsberg, 2004) and hexachlophene (Amacher and Schomaker, 1994) are examples of 

chemicals that cause intramyelinic edema, leading to the formation of vacuoles and 

spongiosis in the brain. Finally, there are neurotoxicants that interfere with 

neurotransmission (Costa, 1988; Moser et al., 2010). They can inhibit the release of 

neurotransmitters, such as the botulin toxin, which inhibits acetylcholine (ACh) release, 

act as agonist or antagonist of specific receptors, such as the marine neurotoxin domoic 

acid, which activates a subtype of glutamate (GLU) receptors, or atropine, which blocks 

muscarinic receptors, thus interfering with signal transduction processes. These effects 

are usually reversible, but nevertheless of toxicological relevance, as they may lead to 

severe acute toxicity or death (Costa, 1998b; Tilson et al., 1998). 
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I.1.1.1 MDMA’s neurotoxicity 

The potential neurotoxic risk associated with MDMA use has received particular 

attention following a study published in 1986, in which Schmidt and co-workers (Schmidt 

et al., 1986) reported damage to serotonergic system after MDMA administration to rats. 

Following this study, data from both neurochemical and functional studies have clearly 

demonstrated widespread and long-lasting degeneration of the serotonergic neuronal 

system, without any major or consistent effects on catecholaminergic neurons, after in 

vivo administration of MDMA, both in rats and non-human primates (O'Hearn et al., 1988; 

Hatzidimitriou et al., 1999; Bai et al., 2001). Though deficits on the serotonergic system is 

the most studied neurotoxic event associated with MDMA, several reports emphasize that 

MDMA-induced neuronal injury is observed in other brain areas. In fact, studies that 

analyzed the location of MDMA-induced neuronal degeneration throughout the entire rat 

brain have reported neuronal deficits in different brain areas, such as parietal CTX, 

insular/perirhinal CTX, ventromedial/ventrolateral thalamus and the tenia tecta (Commins 

et al., 1987; Schmued, 2003; Armstrong and Noguchi, 2004; Tamburini et al., 2006; 

Warren et al., 2007). Similar to rats, in non-human primates, serotonergic depletion and 

neuronal injury after exposure to MDMA is well documented (Ali et al., 1993; Fischer et 

al., 1995; Hatzidimitriou et al., 1999). In this experimental laboratory animal, other studies 

have demonstrated a dose-dependent reduction of the serotonin (5-HT) content in several 

brain areas, such as CTX, caudate nucleus, putamen, HIP, hypothalamus, and thalamus 

(Ricaurte et al., 1988b). Interestingly, non-human primates appear to be much more 

vulnerable to the neurotoxic actions of MDMA, since their 5-HT nerve endings were found 

to degenerate if only 1/10 of the MDMA-dose required to produce degenerative effects in 

rats was given (Ricaurte and McCann, 1992). Moreover, the route of drug administration 

also seems to largely affect the degree of serotonergic neurotoxicity. Oral administration 

has been reported to be less toxic than subcutaneous (s.c.) injection. MDMA 

administration to non-human primates in a dose of 5 mg/kg, twice daily, for four 

consecutive days, produced 86% depletion of 5-HT content in the frontal CTX when given 

by s.c. injection, compared with 42% depletion when given orally (Ricaurte et al., 1988a). 

Monkeys seem to be very susceptible towards MDMA’s neurotoxicity. Since a single 5 

mg/kg oral dose in monkeys has been proposed to be equivalent to a 1.4 mg/kg dose in a 

70 kg human, based on interspecies dose scaling, these data may indicate a possible risk 

of serotonergic damage in humans even after a single dose (Ricaurte et al., 1988a; 

Ricaurte et al., 2000). Additionally, plasmatic levels of MDMA in squirrel monkeys were 

highly correlated with regional brain 5-HT deficits observed two weeks after administration 

(2.4 to 6.4 mg/kg, oral, three times, at 3-h intervals) (Mechan et al., 2005). Therefore, 
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these observations indicate that the plasmatic concentrations of MDMA shown to produce 

long-lasting serotonergic deficits in squirrel monkeys, overlap those reported by other 

research groups in some recreational “ecstasy” users and are two to three times higher 

than those found in humans administrated with a single dose of MDMA (100 to 150 mg) in 

a controlled setting (Mechan et al., 2005).  

Unlike rats and non-human primates, the mice model, which corresponds to a regular 

experimental animal model, has proven to be a notable exception regarding the pattern of 

MDMA-induced neurotoxicity. In mice, MDMA presents a different toxicity profile, 

producing essentially dopaminergic neurotoxicity in contrast to serotonergic neurotoxicity 

observed in rats or non-human primates. Though several brain areas may be affected, 

MDMA administration to mice particularly results in long-term degeneration of striatal 

dopaminergic nerve terminals (Stone et al., 1987; Cadet et al., 2001; O'Shea et al., 2001; 

Johnson et al., 2004; Granado et al., 2008; Granado et al., 2011). However, depending on 

the MDMA dosage and mouse strain, it can cause dual dopaminergic/serotonergic 

neurotoxicity (Fornai et al., 2001; Itzhak et al., 2003; Fornai et al., 2004). Mice 

administrated with MDMA [2 x 50 mg/kg, intraperitoneal (i.p.), 2h apart] presented, 1 week 

later, both 5-HT and dopamine depletion in several brain regions, namely cerebellum, 

frontal CTX, HIP, striatum, hypothalamus, and substantia nigra (Fornai et al., 2001). A 

neurotoxic regimen of MDMA (2 x 15 mg/kg, i.p., 8h apart, for 2 days) in Swiss-Webster 

mice was shown to cause marked depletion of striatal dopamine and dopamine 

transporter (DAT)-binding sites, as well as depletion of striatal and hippocampal 5-HT, and 

depletion of serotonin transporter (5-HTT) binding sites in the frontal CTX. Additionally, 

the depletion of striatal DAT and frontocortical 5-HTT binding sites in mice was 

demonstrated to be long-lasting, as it was observed 82 days following exposure to MDMA 

(2 x 15 mg/kg, i.p., 8h apart, for 2 days or 2 x 30 mg/kg, i.p., 8h apart) (Itzhak et al., 2003). 

In humans, MDMA-associated neuronal deficits have also been documented (McCann 

et al., 1994; Quednow et al., 2006; Roberts et al., 2009; Adamaszek et al., 2010; Parrott, 

2012). In a post-mortem study performed in a 26-year-old male, who had taken MDMA 

regularly for 9 years, it was observed severe depletions (50-80%) of striatal 5-HT and 5-

hydroxyindoleacetic acid (5-HIAA, 5-HT metabolite) (measured 21 h post-mortem). 

However, the subject studied had also taken cocaine and heroin before his death. 

Therefore, since none of these drugs has previously been demonstrated to alter striatal 5-

HT concentration, it was suggested that this effect was most likely due to chronic use of 

MDMA, rather than cocaine or heroin (Kish et al., 2000). Other studies, evaluating the 

long-lasting effects of MDMA on serotonergic neurotransmission in humans, 

demonstrated that recreational MDMA users (intake of MDMA more than 25 times) 

presented lower levels of 5-HIAA in the cerebrospinal fluid (CSF), compared to control 
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subjects. Furthermore, this effect was more pronounced in females rather than in males 

(46 and 20% of reduction, respectively). Also, there was no correlation between CSF 5-

HIAA levels and the duration or frequency of MDMA use (McCann et al., 1994; McCann et 

al., 1999). Additionally, gray matter reduction in the neocortical, bilateral cerebellum and 

midline brainstem brain regions was shown in MDMA users, potentially accounting for 

previously reported neuropsychiatric impairments in MDMA users (Cowan et al., 2003). 

Studies performed by positron emission tomography found a lower density of brain 5-

HTT sites in MDMA users (McCann et al., 2008) and reduced 5-HTT activity following 

MDMA exposure (Thomasius et al., 2006). Additionally, there are indications that the 

observed 5-HTT reductions play a role in memory deficits in individuals with a history of 

recreational MDMA use (McCann et al., 2008). By single photon emission computed 

tomography it was also observed that human MDMA users have reductions in 5-HT 

binding sites (Reneman et al., 2001). Another study, evaluating the effects of MDMA on 

cortical serotonin 2A (5-HT2A) receptors, showed lower postsynaptic receptor density in all 

cortical areas studied in human MDMA users (Reneman et al., 2002). Importantly, many 

studies have demonstrated that females are more sensitive to the MDMA neurotoxicity 

than human male subjects. Female MDMA users show higher depression scores than 

male users or male/female control subjects, several days after an acute dose of MDMA 

(Verheyden et al., 2002). Furthermore, it was demonstrated lower brain 5-HTT density in 

female heavy MDMA users than in male heavy MDMA users or control subjects, which 

was not related to greater MDMA use (Reneman et al., 2001). In addition to studies on 

brain serotonergic markers, several reports showed long-lasting impairments in memory 

and learning of human MDMA abusers, which persisted by a long time after cessation of 

drug use (McCann et al., 1994; McCann et al., 1996; Bolla et al., 1998; McCann et al., 

1999; Gouzoulis-Mayfrank et al., 2003; Zakzanis et al., 2003; Jacobsen et al., 2004; 

Quednow et al., 2006; Schilt et al., 2007). Verbal and visual memory have also been 

shown to be impaired by MDMA use and were related to the CSF concentration of 5-

HIAA, thus indicating that serotonergic damage may be the cause of these deficits (Bolla 

et al., 1998). In adolescence, MDMA use appears to be associated with cognitive 

impairments and dysfunction of inhibitory circuits in the HIP, thus indicating the particular 

vulnerability of this brain area to the MDMA’s actions (Jacobsen et al., 2004). Indeed, in 

heavy MDMA users, studies have indicated that the primary memory dysfunction, which is 

more associated with heavy “ecstasy” use rather than recreational use, may be related to 

a particularly high vulnerability of the HIP to the neurotoxic effects of MDMA (Gouzoulis-

Mayfrank et al., 2003).  

In addition to studies conducted in experimental laboratory animals and human users, 

many in vitro studies have reported that MDMA could induce neuronal death in several 
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neuronal models, like cultured rat cortical (Capela et al., 2006a; Capela et al., 2006b; 

Capela et al., 2007a; Capela et al., 2007b), hippocampal (Capela et al., 2013) or 

cerebellar granule neurons (Jiménez et al., 2004), and SH-SY5Y differentiated cells 

(Ferreira et al., 2013).  

Despite the increase number of data relating the potential of MDMA to induce neuronal 

dysfunction and degeneration, the cellular and molecular mechanisms involved are still 

not completely understood at present. However, several factors are known to contribute to 

MDMA-induced neurotoxicity, namely inhibition of neurotransmitter synthesis (Schmidt 

and Taylor, 1987; Stone et al., 1987; Arrue et al., 2003), monoamine oxidase (MAO)-

dependent metabolism of neurotransmitters (Alves et al., 2007; Alves et al., 2009b), over-

stimulation of receptors (Schmidt et al., 1990a; Capela et al., 2006b), hyperthermia 

(Capela et al., 2006a; Takamatsu et al., 2011) and hepatic formation of reactive 

metabolites (Capela et al., 2006a; Capela et al., 2007b), among others. A common 

outcome of these factors is oxidative stress, which appears contribute to the pathogenesis 

of MDMA (Capela et al., 2009; Carvalho et al., 2012), though the relative contribution of 

each of these factors for the neurotoxic actions associated with MDMA remains to be 

elucidated. 

I.1.1.1.1  MDMA and the monoaminergic system: implications on drug´s 

neurotoxicity 

The brain consists of a network of neurotransmitter systems that execute complex 

brain functions. It is generally believed that MDMA’s effects in the central nervous system 

(CNS ) and peripheral nervous system (PNS) result from its action on the monoaminergic 

system. Though limited, both in non-human primates and humans, data obtained from 

laboratory animals, namely from rats, have demonstrated that MDMA acts mainly as an 

indirect monoaminergic agonist (Schmidt et al., 1987). In this way, MDMA exposure is 

known to increase the extracellular brain levels of several neurotransmitters, both in vivo 

and in vitro. Detailed mechanisms of action of MDMA into the serotonergic terminal and 

synapse are represented in Figure 1. The best characterized effect of MDMA is the acute 

increase in brain levels of 5-HT and dopamine following drug exposure, which is observed 

both in humans and in laboratory animals (Baumann et al., 2004; Capela et al., 2009; 

Kehr et al., 2011). In fact, initial studies showed that MDMA stimulates  the efflux of pre-

loaded 5-HT, [3H]5-HT and, in a lesser extension [3H]dopamine and dopamine, in rat brain 

(Johnson et al., 1986; Schmidt et al., 1987). Subsequent findings also revealed that 

MDMA interacts with monoamine transporters, thus stimulating non-excitotoxic release 

not only of 5-HT and dopamine, but also noradrenaline (NA) (Crespi et al., 1997). 
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Neurotransmitter release occurs by two mechanisms: (1) neurotransmitter molecules exit 

the cell along their concentrations gradient via reversal of the function of neurotransmitter 

reuptake systems and, (2) cytoplasmic concentrations of neurotransmitters are increased 

due to drug-induced disruption of vesicular storage. An involvement of the 5-HTT on 

MDMA´s actions has been suggested by some studies, presumably by a inhibition and/or 

reversal mechanism, since the MDMA-induced release and depletion of 5-HT was 

suppressed in vitro by drugs that inhibit the 5-HTT activity (Rudnick and Wall, 1992; 

Crespi et al., 1997; Verrico et al., 2007) and in vivo, in 5-HTT knockout mice (Renoir et al., 

2008). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Pharmacological mechanism of action of MDMA at the neuronal serotonergic terminal and synapse.  
MDMA, such as serotonin (5-HT), is a substrate of the serotonin transporter (5-HTT), using the transporter to 
enter inside the presynaptic terminal (1), though at high concentration, it may also enter by diffusion. Inside of 
the presynaptic terminal, MDMA induces an acute and rapid release of 5-HT from the storage vesicles, 
possibly by entering the vesicles via the vesicular monoamine transporter (VMAT) and depletes vesicular 
neurotransmitter stores via a carrier-mediated exchange mechanism (2). MDMA also inhibits tryptophan 
hydroxylase (TPH), the rate-limiting enzyme for 5-HT synthesis (3). Monoamine oxidase (MAO)-B, which is 
located in the outer mitochondrial membrane, is involved on the 5-HT metabolism, being its activity partially 
inhibited by MDMA (4). As a result of the increased free cytoplasmic pool of 5-HT, MDMA promotes a rapid 
release of intracellular 5-HT to the neuronal synapse via reversal of the 5-HTT activity (5). The agonist activity 
on the serotonin 2A (5-HT2A) receptor is involved in MDMA’s hallucinogenic and neurotoxic properties (6). 
Scheme from (Capela et al., 2009). 
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Data from microdialysis studies also indicate that MDMA enhances the release of 5-HT 

in vivo in numerous brain regions. Indeed, the administration of MDMA to rats has been 

reported to result in a dose-dependent increase in the extracellular 5-HT content in the 

striatum, HIP and CTX (Gough et al., 1991; Gudelsky and Nash, 1996). Consistent with 

results from in vitro studies, inhibition of the 5-HTT with fluoxetine suppressed MDMA-

induced 5-HT release in vivo (Gudelsky and Nash, 1996; Mechan et al., 2002), thereby 

indicating that MDMA facilitates the transporter-mediated release of 5-HT. MDMA, acting 

as a substract of the vesicular monoamine transporter (VMAT), enters into the vesicles, 

through VMAT, and deplete the vesicular neurotransmitters storage, by reversion of the 

transporter activity (Mlinar and Corradetti, 2003; Partilla et al., 2006). Inhibition or reversal 

of VMAT will increase cytosolic 5-HT levels, thereby possibly contributing to the MDMA-

induced increase in extracellular 5-HT levels by 5-HTT reversal. Similarly, though in a 

lesser magnitude, it has been demonstrated that MDMA increases the extracellular 

dopamine content in several brain areas, such as striatum (Gudelsky and Nash, 1996; 

Nair and Gudelsky, 2004; Vanattou-Saïfoudine et al., 2011), HIP (Shankaran and 

Gudelsky, 1998; Breier et al., 2006), nucleus accumbens (Bankson and Yamamoto, 2004; 

Cadoni et al., 2005; Amato et al., 2006) and prefrontal CTX (Nair and Gudelsky, 2004; 

Pehek et al., 2005).  

By using voltamperometric studies, Yamamoto and Spanos (Yamamoto and Spanos, 

1988) were the first to demonstrate, in rats, the potential of MDMA to induce dopamine 

release in vivo, an effect observed at behaviorally relevant doses (5-10 mg/kg). Though 

with a lower potency, MDMA also inhibits DAT and induces DAT reversal, thus increasing 

brain extracellular dopamine levels (Schmidt et al., 1987; Nash and Brodkin, 1991; Verrico 

et al., 2007). In this way, MDMA-induced increases in extracellular dopamine levels and 

serotonergic neurotoxicity was attenuated by the DAT inhibitors GBR 12909 and mazindol 

(Stone et al., 1988; Shankaran et al., 1999b). Though other studies indicate that vesicular 

dopamine release could also contribute to increased dopamine brain levels (Schmidt et 

al., 1987; Nash and Brodkin, 1991), a direct effect of MDMA on vesicular dopamine 

secretion was not mechanistically demonstrated, since, in PC12 cells, MDMA inhibited 

dopamine exocytosis via indirect inhibition of Ca2+ influx (Hondebrink et al., 2011).  

In addition to its serotonergic and dopaminergic effects, MDMA also induces NA 

release due to inhibition and reversal of the noradrenaline transporter (NAT). 

Consequently, NA levels are increased following MDMA exposure, as revealed by human 

controlled studies (Rothman et al., 2001; Hysek et al., 2011). Notably, the stimulant 

effects of MDMA in humans were attenuated with the NAT inhibitor reboxetine (Hysek et 

al., 2011), thus highlighting a role for NAT in MDMA-induced brain effects. 
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Apart from interferences on neurotransmitter reuptake systems, MDMA has also been 

reported to interfere with the synthesis and metabolism of neurotransmitters. The rate-

limiting reaction in the 5-HT biosynthesis is the hydroxylation of tryptophan, which is 

catalyzed by tryptophan hydroxylase (TPH) (Roberts and Fitzpatrick, 2013). In rats, 

MDMA exposure was shown to decrease TPH activity within hours, which can last up to 

several weeks (Stone et al., 1986; Schmidt and Taylor, 1987). Possibly, MDMA 

metabolites are involved in reducing TPH activity, since the decrease in TPH activity was 

not observed in vitro (Schmidt and Taylor, 1987). Therefore, as TPH is the rate-limitant 

enzyme involved in 5-HT biosynthesis, a decrease in enzyme activity may contribute to 

MDMA-induced 5-HT deficits.  

Tyrosine hydroxylase (TH) is the rate-limiting enzyme in the biosynthesis of dopamine 

and NA. It converts L-tyrosine to L-3,4-dihydroxyphenylalanine (L-Dopa), which is 

posteriorly decarboxylated to dopamine by aromatic L-amino acid decarboxylase. 

Subsequently, dopamine is hydroxylated to NA by dopamine-β-hydroxylase (Meiser et al., 

2013). In rats, varying MDMA-induced effects on TH activity were observed, ranging from 

small decreases (Arrue et al., 2003) to no effect (Stone et al., 1986) or even increases 

(Nash et al., 1990), thus suggesting that changes in TH activity may play a role in MDMA-

mediated effects. 

MAO is an enzyme of the outer mitochondrial membrane involved in the metabolism of 

neurotransmitters, such as 5-HT, dopamine or NA, which, in rat brain tissue, is reported to 

be partially inhibited by MDMA (Leonardi and Azmitia, 1994; Scorza et al., 1997), thus 

contributing to the acute increase in extracellular levels of neurotransmitters observed 

after MDMA exposure. One of the major consequences of MAO metabolism is the 

generation of high levels of hydrogen peroxide (H2O2) (Alves et al., 2007; Alves et al., 

2009b), which may contribute to the oxidative stress-related neuronal injury. Additionally, 

MAO metabolism of 5-HT and dopamine generates reactive aldehyde intermediates, such 

as 5-hydroxyindole-3-acetaldehyde (5-HIAL) and 3,4-dihydroxyphenylacetaldehyde 

(DOPAL), respectively, being the last described to contribute to MAO-related injury 

(Marchitti et al., 2007). In this way, inhibition of MAO-B with deprenyl was shown to 

attenuate the MDMA-induced deleterious effects in rat brain mitochondria in vivo (Alves et 

al., 2007). Furthermore, MDMA-induced serotonergic neurotoxicity in rats was also 

attenuated by MAO-B inhibition with deprenyl (Sprague and Nichols, 1995) and through 

the use of an antisense oligonucleotide targeted to MAO-B (Falk et al., 2002). In addition, 

MAO-B knockout mice was shown to be protected against MDMA-induced serotonergic 

neurotoxicity, compared to wild-type animals (Fornai et al., 2001), thus supporting a role 

for MAO in MDMA-induced neurotoxic effects. 
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I.1.1.1.2  The role of metabolism on MDMA’s neurotoxicity 

One of the notorious features of MDMA metabolism is its potential involvement in the 

development of mid- to long-lasting neurotoxic effects, as a result of progressive 

neurodegeneration of the serotonergic and/or dopaminergic neurotransmission systems. 

MDMA metabolism leads to the production of several highly reactive metabolites (Capela 

et al., 2009). Therefore, it is expected that these metabolites can mediate neurotoxic 

actions. Indeed, several studies failed to demonstrate neurotoxicity when MDMA or 3,4-

methylenedioxyamphetamine (MDA) were injected directly into the rat brain (Paris and 

Cunningham, 1992; Bai et al., 1999; Esteban et al., 2001). Furthermore, since both 

MDMA and MDA could mediate neurotoxic effects after peripheral administration (de la 

Torre and Farré, 2004; Monks et al., 2004), suggests that metabolism may be involved in 

the occurrence of neurotoxic effects. In agreement, an attenuation in MDMA-mediated 

depletions in 5-HT levels in rat brain was observed by inhibition of cytochrome P450 

(CYP450) (Gollamudi et al., 1989). Additionally, MDMA metabolites have been identified 

in rat brain after peripheral administration of MDMA (Chu et al., 1996; Jones et al., 2005; 

Erives et al., 2008), thus supporting a role for metabolism in the context of MDMA-induced 

neurotoxicity.  

A schematic representation of MDMA metabolism is illustrated in Figure 2. Hepatic 

metabolism of MDMA involves N-demethylation to MDA, which is also another drug of 

abuse. Both MDMA and MDA may be O-demethylenated to the catechol metabolites N-

methyl-α-methyldopamine (N-Me-α-MeDA) and α-methyldopamine (α-MeDA), respectively 

(Capela et al., 2009; Carvalho et al., 2012). Different metabolic profiles between species 

are described. While in humans and rats N-Me-α-MeDA is the major MDMA metabolite, in 

mice the rate of α-MeDA formation is higher, compared to N-Me-α-MeDA (de la Torre and 

Farré, 2004; Escobedo et al., 2005; Easton and Marsden, 2006; de la Torre et al., 2009). 

Though a direct relationship between metabolic profile and neurotoxicity was never 

established, this metabolic difference between species may justify the higher serotonergic 

toxicity observed in humans and rats, compared to both serotonergic and dopaminergic 

deficits observed in mice. Both catechol MDMA metabolites can undergo oxidation to the 

corresponding highly redox-active ortho-quinones, which, after redox cycling, may 

originate semi-quinone radicals and lead to the generation of reactive oxygen and 

nitrogen species (ROS and RNS, respectively). Moreover, as the reactive ortho-quinone 

intermediates are electrophilic compounds, cellular damage may occur by alkylation of 

crucial cellular macromolecules, such as proteins, lipids and/or deoxyribonucleic acid 

(DNA) (Capela et al., 2009; Carvalho et al., 2012). However, in the presence of GSH, 

ortho-quinones may be conjugated to form glutathionyl adducts (Hiramatsu et al., 1990). 
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Figure 2. Major pathways of MDMA metabolism.  
The parent compound MDMA is N-demethylated to form 3,4-methylenedioxyamphetamine (MDA) (I). Both 
MDMA and MDA may be O-demethylenated to the catechol metabolites N-methyl-α-methyldopamine (N-Me-
α-MeDA) and α-methyldopamine α-MeDA (II). In rats, N-demethylation to MDA is one of the main metabolic 
pathways, whereas in humans, O-demethylation to N-Me-α-MeDA predominates. Isoenzymes of the 
cytochrome P450 (CYP450) are involved in the N-demethylation and O-demethylation metabolic reactions (I, 
II). Both N-Me-α-MeDA and α-MeDA can undergo oxidation to the corresponding ortho-quinones (III), which 
can enter in redox-cycle and generate semiquinone radicals (IV), thus leading to the formation of reactive 
oxygen and nitrogen species (ROS and RNS, respectively). Alternatively, ortho-quinones can undergo 
adduction with nucleophiles, such as cellular macromolecules [deoxyribonucleic acid (DNA), lipids or proteins] 
(V) or reduced glutathione (GSH) (VI). GSH conjugates 5-(glutathion-S-yl)-N-methyl-α-methyldopamine [5-
(GSH)-N-Me-α-MeDA] and 5-(glutathion-S-yl)-α-methyldopamine [5-(GSH)-α-MeDA] can be transported into 
the brain by L-transporter for neutral amino acids (LAT), located in the capillaries of blood-brain barrier (BBB). 
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These conjugates can be metabolized by γ-glutamyltransferase (γ-GT) and dipeptidase (VII) to their 
corresponding cysteine derivates, which, by N-acetyltransferase action (VIII), can be further metabolized to 
their corresponding N-acetylcysteine (NAC) conjugates. NAC-conjugated metabolites appear to be slowly 
eliminated and, consequently, persist into the brain. Created by the author based in the reference (Capela et 
al., 2009). 
 
 

MDMA metabolites can either be monoconjugated with GSH or undergo the addition of 

a second molecule of GSH, yielding, thus, a 2,5-bis-glutathionyl conjugate. Conjugation of 

GSH with electrophiles, such as ortho-quinones, can preserve or enhance their biological 

reactivity (Monks et al., 2004; Jones et al., 2005; Erives et al., 2008). Importantly, 

glutathionyl adducts of MDMA metabolites are known to cause irreversible inhibition of 

enzymes that possess either GSH-binding sites or cysteine residues critical for the 

enzymatic activity (Monks and Lau, 1997).  

The systemically formed metabolites may be transported across the BBB, by the L-

transporter for neutral amino acids, which is involved in the transport of cysteine and 

GSH-conjugated compounds (Miller et al., 1996; Kühne et al., 2007; del Amo et al., 2008), 

as proved by their presence in the brain after MDMA administration to rats (Jones et al., 

2005; Erives et al., 2008). In the brain, GSH-conjugated metabolites of MDMA can be 

further metabolized via the marcapturic acid pathway (Esteban et al., 2001). Initially, GSH 

conjugates are metabolized by γ-glutamyltransferase (γ-GT) and dipeptidase to the 

corresponding cysteine conjugates. Additionally, these cysteine conjugates may be further 

metabolized by N-acetyltransferase to their corresponding N-acetylcysteine (NAC) 

adducts. However, GSH-conjugated metabolites can also be metabolized, by dipeptidase 

and γ-GT, to their corresponding cysteine derivates in the capillary lumen and then 

transported into the brain through the L-transporter for neutral amino acids (Patel et al., 

1993; Erives et al., 2008). Despite existence of metabolic conversion, NAC-conjugated 

metabolites of MDMA retain the toxicity of their GSH precursors (Jones et al., 2005). 

However, contrary to GSH conjugates, in which their brain accumulation may be 

counteracted by multidrug resistance protein (MRP) 1 and MRP2 localized in the BBB 

(Slot et al., 2008; Ballatori et al., 2009), NAC-conjugated metabolites appear to be slowly 

eliminated and, consequently, persist in the brain (Jones et al., 2005; Erives et al., 2008), 

given the absence of active transporter from the brain. In agreement, some studies have 

demonstrated that, in rat brain, NAC-conjugated metabolites of MDMA present higher 

half-life than GSH conjugates, after s.c. injection of MDMA (Jones et al., 2005). Still, it was 

observed that, after multiple administrations of MDMA to rats, these metabolites tend to 

accumulate in the brain (Erives et al., 2008).  

To clarify the role of metabolism on MDMA´s neurotoxicity, other studies have been 

conducted through direct administration of the MDMA metabolites to laboratory animals. 
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Injection of MDMA catechol metabolites α-MeDA and N-Me- α-MeDA directly in rat brain 

did not elicit neurotoxicity (McCann et al., 1994; Miller et al., 1996; Escobedo et al., 2005), 

thus suggesting that peripheral metabolism of these compounds is required for 

metabolism-related MDMA-induced neurotoxicity. Indeed, when peripherally 

administrated, these metabolites exhibit neurotoxic properties. Subcutaneous injection of 

α-MeDA caused decreases in 5-HT concentration in rat frontal CTX (Yeh and Hsu, 1991). 

In addition, in mice, i.p. administration of N-Me- α-MeDA elicited long-term dopamine and 

5-HT depletions (Escobedo et al., 2005). Contrary to catechol MDMA metabolites, in vivo 

studies performed with thioether metabolites of MDMA have revealed neurotoxic effects 

when directly injected into rat brain (Miller et al., 1996; Miller et al., 1997; Bai et al., 1999; 

Jones et al., 2005). Intracerebroventricular (i.c.v.) administration of 5-(glutathion-S-yl)-α-

methyldopamine [5-(GSH)-α-MeDA] in rats produced neurobehavioral changes and acute 

increases of dopamine and 5-HT levels, such as observed after peripheral administration 

of MDMA or MDA (Miller et al., 1996). Furthermore, direct injection of 5-(GSH)-α-MeDA 

and 5-(N-acetylcysteine-S-yl)-α-methyldopamine [5-(NAC)-α-MeDA] into striatum, CTX or 

HIP of rats induced prolonged depletions in 5-HT levels (Bai et al., 1999). Also, i.c.v. 

injection of 2,5-bis(glutathion-S-yl)-α-methyldopamine [2,5-(GSH)-α-MeDA] decreased 5-

HT levels in rat striatum, CTX and HIP (Miller et al., 1997). In addition, intrastriatal 

administration of the MDMA metabolite 5-(N-acetylcysteine-S-yl)-N-methyl-α-

methyldopamine [5-(NAC)-N-Me-α-MeDA] caused acute behavioral changes in rats 

(Jones et al., 2005) similar to those seen after peripheral administration of MDMA or MDA, 

or following i.c.v. injection of other thioether conjugates of α-MeDA [5-(GSH)-α-MeDA and 

2,5-(GSH)-α-MeDA] (Miller et al., 1996; Miller et al., 1997). Still, intrastriatal administration 

of the MDMA metabolite 5-(NAC)-N-Me-α-MeDA was also associated with decreased 

striatal and cortical concentrations of 5-HT and its metabolite 5-HIAA (Jones et al., 2005).  

Though metabolism appear to contribute to MDMA-induced neurotoxicity, it is likely that 

MDMA itself has some neurotoxic potential. In fact, after oral administration of MDMA to 

rats, the neurotoxicity observed was most closely related to plasma and brain 

concentrations of MDMA rather than its metabolites (Mueller et al., 2009), thus suggesting 

that MDMA may be the initiator of the neurotoxic process (Green et al., 2012). 

Accordingly, no changes in serotonergic neurotoxicity were observed by inhibiting MDMA 

metabolism in rats (Mueller et al., 2011). However, it is important to consider that parent 

compound and its metabolites are present simultaneously in the brain after administration 

of MDMA (Chu et al., 1996; Jones et al., 2005; Erives et al., 2008; Mueller et al., 2009), 

thus suggesting the existence of a synergic or additive effect at low concentrations. 

Therefore, more than MDMA or its metabolites, by itself, the neurotoxic effects mediated 
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by this drug of abuse may result from a dynamic interaction between parent compound 

and metabolites. 

Results obtained in animal models are very important for the prediction of the 

neurotoxic potential of MDMA in humans, though the pharmacological differences 

between species make difficult the extrapolation of data (de la Torre and Farré, 2004; 

Easton and Marsden, 2006). Since MDMA metabolism in humans occurs mainly by O-

demethylation rather than N-demethylation, in the human plasma N-Me-α-MeDA is the 

major MDMA metabolite (de la Torre and Farré, 2004; Green et al., 2012). Therefore, 

neurotoxicity studies with the conjugated metabolites of N-Me-α-MeDA might be of high 

relevance for the extrapolation of data to the human scenario (Easton and Marsden, 2006; 

Verrico et al., 2007).  

I.1.1.1.3  The role of hyperthermia on MDMA’s neurotoxicity 

One of the most relevant particularities of the MDMA-induced neurotoxicity is the 

thermoregulation impairment. Since the use of MDMA as a recreational drug in the early 

1980’s (Shulgin, 1986; Parrott, 2004a), reports of hyperthermia associated with the 

comsumption of this drug have emerged. Indeed, it has been demonstrated impaired 

thermoregulation in rats exposed to a neurotoxic dose of MDMA, when maintained at high 

ambient temperature, which can be a consequence of 5-HT-mediated effects (Dafters and 

Lynch, 1998; Mechan et al., 2001; Jaehne et al., 2008). Similarly, impaired 

thermoregulation has been demonstrated in humans, in both warm (30ºC) or cold (18ºC) 

conditions (Freedman et al., 2005). At present, hyperthermia is probably the most widely 

known acute adverse event after intake of MDMA by recreational users. The first reports 

of fatalities associated with the recreational use of MDMA involved overheating, with core 

body temperatures over 40ºC (Henry et al., 1992; Chadwick et al., 2001), though these 

extreme thermal reactions were noted to be rare. The first published study reporting the 

effects of MDMA on body temperature in humans was a phase-1 pilot study (Grob et al., 

1996). It was demonstrated that oral administration of MDMA (0.5 to 1.5 mg/kg) did not 

result in any overt evidence of hyperthermia, though only low doses of MDMA were used 

(Grob et al., 1996). From this, many other studies have shown the potential of MDMA to 

induce acute hyperthermia in humans (McCann et al., 1996; Freedman et al., 2005; Farré 

et al., 2007), which in many cases was fatal (Mallick and Bodenham, 1997; Kunitz et al., 

2003; Patel et al., 2005).  

The acute and sustained hyperthermia produced by MDMA in humans is one of the few 

effects that can be directly compared to experimental data from laboratory animals. In 

fact, MDMA was shown to cause acute dose-dependent hyperthermia in mice (Colado et 
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al., 2001; Pontes et al., 2008a; Bexis and Docherty, 2009; Granado et al., 2011; 

Takamatsu et al., 2011), rats (Blessing et al., 2003; Alves et al., 2007; Alves et al., 2009b; 

Hrometz et al., 2011; Shen et al., 2011; Nisijima et al., 2012), rabbits (Pedersen and 

Blessing, 2001; Blessing and Seaman, 2003; Blessing et al., 2003), guinea pigs (Saadat 

et al., 2004) and pigs (Fiege et al., 2003; Schütte et al., 2013). Furthermore, in non-human 

primates, MDMA also increased body temperature in a dose-dependent manner, leading 

to hyperthermia (Crean et al., 2006; Taffe et al., 2006; Von Huben et al., 2006; Taffe, 

2012).  

Considering that MDMA produces an acute and sustained  release of 5-HT from nerve 

endings in the brain, it has often been assumed that the hyperthermic response results 

from the release of this amine (Shankaran and Gudelsky, 1999). In agreement with this 

hypothesis, a marked increase in 5-HT release and hyperthermia were found after 

administration of tryptophan (5-HT precursor) and MAO inhibition (Grahame-Smith, 1971). 

However, there is now considerable evidence suggesting that 5-HT plays little or no role in 

the acute hyperthermic response. Indeed, repeated administration of low doses of MDMA 

to rats (4 mg/kg, twice daily, for 4 days) did not produce hyperthermia, but was associated 

with long-term depletion of 5-HT (O'Shea et al., 1998). In accordance, pre-treatment with 

a variety of selective and non-selective 5-HT receptors’ antagonists was found to have no 

effect on MDMA-induced hyperthermia in rats (Mechan et al., 2002). It has also been 

observed that the pre-treatment with the 5-HT uptake inhibitors fluoxetine (Schmidt et al., 

1990b; Malberg et al., 1996) or citalopram (Piper et al., 2007) has no effect on MDMA-

induced hyperthermia in rats. Notably, Mechan and co-workers (Mechan et al., 2002) 

showed, in rats, through the use of in vivo microdialysis, that fluoxetine almost completely 

inhibited MDMA-induced 5-HT release in the brain, though the hyperthermic response in 

the same animals was the same as that seen in control rats. Recently, Rodsiri and co-

workers (Rodsiri et al., 2011) also failed to find any correlation between the hyperthermic 

response and the increase in extracellular 5-HT in rats given low doses of MDMA. 

Similarly, in humans, Liechti and Vollenweider (Liechti and Vollenweider, 2000) observed 

that neither citalopram nor haloperidol attenuated the MDMA-induced hyperthermic effect. 

However, by using the 5-HT2A antagonist ketanserin, it was reported an attenuation in 

MDMA-induced hyperthermia in healthy human volunteers (Liechti et al., 2000). In mice, 

the role of 5-HT in the temperature effects following MDMA administration is less clear. 

Indeed, O’Shea and co-workers (O'Shea et al., 2001) found no correlation between the 

temperature change and the alteration in cerebral 5-HT concentration. However, 

fluoxetine blocked the MDMA-induced hyperthermia. Therefore, though 5-HT appears to 

play a major role in MDMA-induced hyperthermia in mice, its exact role remains unclear. 



General Introduction 
 

22 

 

Despite the apparent dissociation between MDMA-induced monoamines release and 

hyperthermia, many studies have established that hyperthermia plays a major role in the 

acute- and long-lasting neurotoxicity induced by MDMA. However, other studies have 

demonstrated that neurotoxic effects can still occur even under normothermic or 

hypothermic conditions (O'Shea et al., 2006; Walker et al., 2007). Furthermore, in rats, an 

attenuation of the neurotoxicity elicited by MDMA was observed at low ambient 

temperature (Schmidt et al., 1990b; Broening et al., 1995), while under elevated ambient 

temperature its neurotoxicity was exacerbated (Broening et al., 1995; Sanchez et al., 

2004). In addition, it was shown that small changes in ambient temperature produced 

marked changes in the degree of serotonergic neurotoxicity. Therefore, though 

neurotoxicity associated with MDMA may occur in the absence of a hyperthermic 

response, in general there is a close correlation between the hyperthermic response and 

the degree of neurotoxic injury (Malberg and Seiden, 1998). In addition, in contrast to rats, 

where MDMA can induce hypothermia or hyperthermia depending on the ambient room 

temperature in which the animals are housed, in humans  (Freedman et al., 2005) and 

monkeys (Von Huben et al., 2006) MDMA administration is always associated with an 

increase in core body temperature, regardless of ambient temperature. Thus, these 

findings provide evidences for interspecies differences regarding to thermic response 

induced by MDMA. Supporting a role for hyperthermia in the context of MDMA-induced 

neurotoxicity, Malberg and co-workers (Malberg et al., 1996) and Farfel and co-workers 

(Farfel and Seiden, 1995) showed lower neurotoxicity by preventing the hyperthermia 

induced by MDMA. Furthermore, many drugs that protect animals against MDMA-induced 

serotonergic neurotoxicity also decrease the body temperature. Additionally, in 

experimental animals, compounds with neuroprotective effects against MDMA-induced 

neurotoxicity confirmed to afford protection by lowering body temperature as an indirect 

effect, but not by a specific neurochemical action (Malberg et al., 1996; Colado et al., 

1998).  

5-HT2A receptor antagonists, like ketanserin (Malberg et al., 1996) or ritanserin 

(Schmidt et al., 1990a; Johnson et al., 1993) and also α-methyl-p-tyrosine (AMPT) (Stone 

et al., 1988; Malberg et al., 1996) protected against MDMA-induced injury to 5-HT nerve 

terminals in rats. However, it was also shown that in co-administration with MDMA, 

ketanserin, ritanserin, AMPT or even risperidone, all 5-HT2A receptor antagonists, inhibited 

the MDMA-induced hyperthermia in rats (Malberg et al., 1996; Shioda et al., 2008). When 

the temperatures of ketanserin- or AMPT-administrated animals were kept elevated, the 

neuroprotective effect of these drugs against MDMA’s serotonergic neurotoxicity was lost 

(Malberg et al., 1996). The N-methyl-D-aspartate (NMDA) receptor antagonist dizocilpine 

(MK-801) was also reported to protect against MDMA-induced injury to serotonergic nerve 
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endings (Farfel et al., 1992; Colado et al., 1993; Hewitt and Green, 1994), though the co-

administration of MK-801 and MDMA was associated with a hypothermic response. 

However, when the temperatures of these animals were maintained elevated, the 

neuroprotective effect of MK-801 was lost (Farfel and Seiden, 1995; Malberg et al., 1996). 

Furthermore, another NMDA antagonist, S-(+)-α-phenyl-2-pyridine ethanamide 

dihydrochloride (AR-R15896AR), did not attenuate MDMA-induced hyperthermia in rats 

and, consequently, did not confer any neuroprotective effect (Colado et al., 1998). 

Nevertheless, it may be assumed that by blocking the hyperthermic response, the 

MDMA’s neurotoxicity can be attenuated or prevented. 

On the other hand, drugs or environments  that promote MDMA-induced hyperthermia 

can enhance its neurotoxicity. MDMA abuse by humans commonly occurs in hot 

overcrowded environments and in combination with caffeine. Co-administration of caffeine 

with MDMA or MDA to rats resulted in an enhanced hyperthermic response, which 

promoted the acute and long-term serotonergic toxicity associated with MDMA and MDA 

(Camarasa et al., 2006; McNamara et al., 2006).  

Another mechanism implicated in MDMA-induced hyperthermia that can contribute to 

the neuronal injury is the enhanced production of free radicals in the brain. Several 

studies have measured brain ROS formation after MDMA administration (Colado et al., 

1997; Colado et al., 1999; Shankaran et al., 1999a). Administration of MDMA to Dark 

Agouti rats (15 mg/kg, i.p.) increased the formation of 2,3-dihydroxybenzoic (2,3-DHBA), 

an indicator of ROS formation, in the HIP for at least 6h, which was prevented by the free 

radical scavenging agent alpha-phenyl-N-tert-butyl nitrone (PBN), when given 10 min 

before and 120 min after MDMA administration (Colado et al., 1997). In the same line, 

MDMA (15 mg/kg, i.p.) produced a sustained rise of approximately 50% in the 

concentration of 2,3-DHBA and 2,5-dihydroxybenzoic (2,5-DHBA) in rat brain (Colado et 

al., 1999). The drug clomethiazole, an agonist of gamma-aminobutyric acid (GABA)-A 

receptors devoid of free radical scavenging properties, when administrated either prior or 

after MDMA, prevented both the acute hyperthermia and radical formation induced by 

MDMA. However, it was also demonstrated that in rats administrated with MDMA plus 

clomethiazole and kept under elevated temperature conditions, there was no prevention of 

the radical formation induced by MDMA. Therefore, this suggest that the inhibition of 

MDMA-induced hyperthermia decreases ROS formation (Colado et al., 1999). However, 

drugs that do not interfere with MDMA-induced hyperthermia, such as ethanol, can 

increase MDMA-induced ROS formation in the brain of animals, thus indicating further 

mechanisms of free radical formation. Rats pre-exposed to ethanol (4-day ethanol 

regimen leading to plasma ethanol levels of around 450 mg/dl) presented a more marked 

increase in hydroxyl radical production in the HIP following MDMA administration (5 
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mg/kg, i.p.), which was correlated with extended long-lasting serotonergic neurotoxicity 

(Izco et al., 2007). Similarly, in rats, it was also shown that the co-administration of MDMA 

(2 x 10 mg/kg, i.p., 6h apart) and ethanol (2 x 1.5 g/kg, i.p., 6h apart) significantly 

decreased 5-bromodeoxyuridine labeling in the dentate gyrus, thus indicating reduced 

survival of neuronal precursors (Hernandez-Rabaza et al., 2010). Notably, memory 

impairment was correlated with granule cell depletion. However, in animals administrated 

with MDMA or ethanol alone, none of this effects were observed (Hernandez-Rabaza et 

al., 2010). In addition, co-administration of ethanol (1.5 mg/kg, i.p.) potentiated the 

hyperactivity associated with MDMA (6.6 or 10 mg/kg, i.p.) and increased brain and blood 

concentrations of MDMA, thus leading to enhanced MDMA-related neurotoxicity (Hamida 

et al., 2009). 

Despite these reports, it should be considered that animal experiments performed in 

the regular laboratory might increase the core temperature up to 1°C due to the handling 

of the animals, thus introducing a variable of error in predicting the exact role of 

hyperthermia in MDMA-induced neurotoxicity (Gordon and Fogelson, 1994). Furthermore, 

modifications on body temperature are accompanied and/or associated with several 

physiological changes (Capela et al., 2009). Therefore, in animal studies, researchers are 

faced with a variety of factors affecting body temperature, which is a variable of major 

importance in interpreting experimental results regarding MDMA´s neurotoxicity.  

Recent studies have been also conducted simulating in vitro the hyperthermic 

conditions that are attained in vivo (Capela et al., 2006a; Capela et al., 2006b; Capela et 

al., 2007b). This condition has the advantage of tight temperature control throughout the 

whole experiment, without the interference of other factors that are observed in in vivo 

experiments. In primary neuronal cortical cultures, MDMA and its metabolites induced a 

time- and concentration-dependent neuronal apoptotic death, which was potentiated by 

hyperthermia (Capela et al., 2006a; Capela et al., 2006b; Capela et al., 2007b). As the 

abuse of MDMA as a recreational drug (particularly in crowded and hot environments) can 

induce hyperthermia, the obtained results corroborate the serious concern previously 

reported in the literature. Furthermore, these studies demonstrated that several drugs that 

attenuated the MDMA-induced serotonergic neurotoxicity in vivo, by modulating the 

hyperthermic response, also attenuated MDMA-induced toxicity in vitro, in a temperature-

independent manner. A protective effect was observed for the selective 5-HT2A receptor 

antagonist ketanserin, the NMDA receptor antagonist MK-801, and the nitric oxide 

synthase (NOS) inhibitor N-nitro-L-arginine (L-NNA) against MDMA-induced cortical 

neuronal death, which was observed at both normothermic and hyperthermic conditions 

(Capela et al., 2006b; Capela et al., 2007a).  
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In addition, it has already been reported that the core temperature can alter the 

pharmacokinetic parameters and metabolism of MDMA, both in rats (Goni-Allo et al., 

2008) and monkeys (Banks et al., 2007), thus suggesting that the different neurotoxicity 

patterns observed under normothermic or hyperthermic ambient conditions may result 

from differences on MDMA’s metabolism.  

In conclusion, though is clear that hyperthermia potentiates the MDMA’s neurotoxicity, 

not all agents that prevent MDMA-induced neurotoxicity necessarily do so by blocking the 

hyperthermic response. Thus, this suggests that the long-lasting neurotoxicity that follows 

MDMA neurotoxic regimens goes well beyond its hyperthermic effects. 
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I.1.2  Neurotoxicity assessment 

Prediction of neurotoxic effects is a key feature in the toxicological profile of many 

compounds and, therefore, is required by regulatory testing schemes. Nowadays, 

neurotoxicity assessment required by guidelines is solely based on in vivo testing, 

evaluating mainly neurobehavioral and neuropathological effects, which is expensive, time 

consuming and unsuitable for screening large number of chemicals. Additionally, such in 

vivo tests are not always sensitive enough to predict human neurotoxicity and often do not 

provide information that facilitates regulatory decision-making processes (Bal-Price et al., 

2008).  

In the field of neurobiology and neurotoxicology, in vitro neuronal models have been 

successfully developed and employed to address specific questions of cell biology and 

nervous system functioning, and provide a means to systematically study the complexicity 

of the nervous system. Additionally, in vitro studies may provide the most appropriate 

approach when in many cases these studies cannot or are difficult to be conducted in live 

animals. For example, the study of mechanistic pathways and target molecules for 

neurotoxicants is difficult to performe in the whole animal. In vitro studies, by allowing to 

work with a specific cell/tissue target enable the elucidation of such pathways or 

disclosure of target molecules. However, it is generally recognized that in vitro systems 

often provide only partial answers to more complex situations. Therefore, though in vitro 

studies rarely replace in vivo situation, they can supplement investigations with whole 

animals. Additionally, the information obtained may also be used in the refinement of 

future in vivo studies to facilitate predictions of neurotoxicity (Bal-Price et al., 2008; 

Council, 2012; Visan et al., 2012).  

A range of in vitro systems of increasing biological complexity is available for 

neurotoxicity testing, from subcellular systems (e.g. isolated mitochondria and 

synaptosomes), single cell types (e.g. immortalized cell lines) to systems that preserve 

some aspects of tissue structure and function (e.g. primary mixed neuronal and glial 

cultures, aggregated cultures or organotypic brain slices). The selection of any particular 

system depends on the question addressed, the intended use of the data and available 

information on the suspected mechanism of neurotoxicity (Costa, 1998a; Bal-Price et al., 

2008). By using in vitro approaches, neurotoxicity may be assessed through evaluation of 

cell viability, general but critical cell functions (e.g. energy metabolism, oxidative stress or 

Ca2+ homeostasis) and neuronal specific functions (e.g. neurite outgrowth and axonal 

transport, neurotransmission and vesicular release, signaling between various types of 

neurons and glia, receptor pharmacology, ion-channel activation or electrical activity) (Bal-

Price et al., 2008).  
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I.1.2.1 Use of in vitro systems in evaluating neurotoxicity 

The rationale for the use of in vitro procedures to assess neurotoxicological effects is 

based in the clear understanding of mechanistic processes underlying normal nervous 

system functioning and some forms of dysfunction. Prior to the1990’s, neurotoxicological 

studies generally lacked any mechanistic consideration. However, the mechanistic 

information is critical for assessing the potential neurotoxicological effect of compounds. 

Since in vitro systems allow the examination of mechanistic processes in isolated 

conditions, they facilitate the characterization of the modes of action in target tissues by 

elucidating information in cellular and molecular alterations caused by neurotoxicant 

exposure. Mechanistic understandings are also valuable in designing directed, 

hypothesis-driven, in vivo experiments (Tiffany-Castiglioni, 2004). When applied to 

chemical-induced perturbations of the nervous system, knowledge of biological 

mechanisms led to the examination of more advanced and subtle biologically based 

expressions of neurotoxicity. This advance has been seen in all levels of examination, 

from the integrative functioning of the nervous system, as manifested by behavioral 

alterations, to morphological and biochemical alterations in the intact animal, to the 

molecular mechanisms associated with injury response or development, and to the 

intricate cellular changes examined by in vitro methodologies (Tiffany-Castiglioni, 2004).  

Though the assessment of neurotoxic endpoints in the whole animal are presumed to 

be causally related to those initiated at cellular level, in many cases the cascade of effects 

is not well-understood. Chemicals rarely affect all neurons indiscriminately, but induce 

selective damage, since the neuronal toxicity depends on the specific sensitivity of the 

cell, as well as on the extracellular concentration of the compound to be tested. However, 

either in vivo or in vitro, the effects observed may not be due to the primary toxicant that is 

been tested, but may result from its bioactivation, with subsequent response to its 

metabolites (Capela et al., 2009; Schildknecht et al., 2009; Valente et al., 2012; Bajpai et 

al., 2013; Rossato et al., 2013). In addition, toxic responses of neurons in vivo may be the 

result of toxicity to neuronal or non-neuronal cells. Observed responses may also be due 

to a systemic biological process activated by the exposure or may be observed only 

during the maturation or aging of the system. These features create a major problem in 

selecting an in vitro system that will model the nervous system target site or process for 

any particular drug. With the use of in vitro systems, it must be kept in mind that there is 

no an ideal in vitro system that allows the evaluation of all toxic effects induced by 

chemicals. This limitation is partly due to the lack of all possible target sites and the 

interaction between the cell types. Furthermore, the limited lifespan of in vitro systems 

may not allow the appearance of delayed responses or allow the discrimination between 
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transient and persistent neurotoxic effects. Still, mechanistic in vitro studies, when 

conducted correctly, may help to construct and validate pharmacokinetic analyses and 

dose-response models, which play a pivotal role in the risk assessment of neurotoxic 

compounds. Nevertheless, dose-response data obtained from in vitro studies must be 

used with caution, because of significant differences in the pharmacokinetic and behavior 

of chemicals observed in vivo and in vitro. In addition, effects observed in vitro are not 

necessarily predictive of those that may occur in the in vivo scenario. However, the 

mechanisms of neurotoxicity identified using in vitro studies may contribute to determine 

whether an effect observed in vitro may also result in an adverse effect in animals or 

humans following exposure to neurotoxins (Tiffany-Castiglioni, 2004).  

I.1.2.1.1  Advantages and limitations in using in vitro systems for 

neurotoxicity assessment 

Much of the studies with in vitro systems for neurotoxicity testing lie in maximizing their 

potential for yielding valid mechanistic responses. Experimental systems for the 

understanding of toxicant-induced damage to the nervous system are often reductionist in 

nature, in order to increase the specificity and sensitivity of endpoints measured.  

The main advantages and limitations in using in vitro neuronal models for 

neurotoxicological studies are summarized in Table 1. Among the advantages in using 

these systems is the option to study a single cell type of interest, thus facilitating the direct 

observation and measurement of cellular responses to toxicants, under a defined 

extracellular environment, and direct interactions of the toxicant with test cells. Moreover, 

another significant advantage of in vitro systems for neurotoxicological research is the 

ability to create and compare concentration-response curves. Furthermore, in vitro 

systems may provide an economic advantage of a reduced requirement for test 

compounds. However, though in vitro methods are associated with limitations and 

drawbacks, which must be considered when designing studies and extrapolating data to 

the dose-response paradigm, they play an important role in experimental research and 

provide valuable opportunities for more mechanistic based risk assessments. Additionally, 

when combined with in vivo approaches, they allow a better understanding of the 

mechanistic basis of a neurotoxic effect. 
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Table 1. Advantages and limitations in using in vitro neuronal systems for neurotoxicological studies.  

 

 

On the other hand, in vitro systems lack the ability to assess behavioral endpoints, 

which is a major neurotoxic outcome of concern. Lacking this ability, the value of in vitro 

systems lies in their potential capacity to respond mechanistically to a toxicant in a 

manner similar to that occurring from in vivo exposure. Furthermore, in vitro studies fail to 

account for the route of administration, distribution and biotransformation of the toxicant in 

the body. The in vitro conditions in which cells grow are a poor substitute for the intricate 

neuronal environment of the whole animal. In addition, in vitro systems have limited 

capacities for mimicking heterogeneous cell-cell interactions, systemic endocrine control, 

or metabolism of xenobiotics. The appropriate age and development state of the nervous 

system at the time of exposure have been extremely difficult to approximate in culture. 

Other limitations include the lack of integrated functions and the BBB function, unknown 

target concentration and the existence of compensatory mechanisms that cannot be 

determined and reproduced in vitro.  

Advantages 

Reduced cost Easy to maintain and manipulate 

Tight control of the neurotoxicant concentration Control of the exposure time 

Control of the extracellular environment Study of a single cell type of interest  

Fewer ethical issues, except for human 
embryonic cells 

Higher reproducibility between independent 
experiments 

Direct observation and measurement of 
cellular responses to neurotoxicants 

Observation of direct interactions between 
neurotoxicant and test system 

Ability to create and compare concentration-
response curves for different compounds 

Ability to address questions of interspecies 
selective toxicity 

Study of toxicants’ effects at different 
maturation and differentiation stages 

Precise temporal analysis of the sequence of 
events 

Limitations 

Lack of integrated functions Lack of ability to assess behavioral endpoints 

Lack of the BBB function Unknown target concentration 

Absence of systemic endocrine control Limited ability for mimicking heterogeneous 
cell-cell interactions 

Difficult to determine and reproduce the 
compensatory mechanisms observed in vivo 

Lack of the nutritional support provided by the 
blood circulation 

Fail to account for the route of administration, 
distribution and biotransformation of the 
neurotoxicant in the body 

The in vitro conditions that neuronal systems 
grow are a poor substitute for the intricate 
neuronal environment of the whole animal 
brain 
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I.1.2.1.1.1 Acess to the cellular environment 

The physicochemical environment of cells may be easily manipulated in vitro. 

Chemicals can be added or removed from the culture medium, allowing precise temporal 

analysis of the sequence of events. The concentration of the test compound can be 

controlled in terms of the amount being delivered to the entire cell population or to an 

individual target cell. However, this concentration must be consistent with the in vivo level 

of exposure to be meaningful.  

Physicochemical properties of compounds, such as solubility, volatility, pH, binding to 

components of the culture medium, including protein binding, and osmolality are critical for 

predicting their toxic effect in an in vitro system. Therefore, a tight control of their  

concentration is required over time. On the other hand, it is difficult to evaluate in vitro 

compounds that are either insoluble in aqueous systems or at neutral pH, thus forming 

insoluble particules or precipitate over time. To expose neuronal systems to such 

insoluble compounds, additives (e.g. dimethylsulfoxide or ethanol) are often added to the 

culture medium. However, the presence of these additives may modify the 

neurotoxicological response to the tested compound. To overcome these problems, 

compounds may be solubilized using physiological carriers, such as albumin or 

lipoproteins. Therefore, the chemical nature of the substance to be studied must be 

considered. Alterations in the osmolality or pH shifts in the culture medium can occur, 

which may affect the stability of the cellular system or may stimulate the precipitation of 

nutrients from the culture media. The addition of the chemical under study to the medium 

can result in a direct reaction between the test compound and a component of the culture 

medium (e.g. protein denaturation or precipitation), thus affecting the availability of the 

toxicant or essential nutrients, and modifying signals to the cultured cells. Any protein-

binding properties of test drugs can directly alter the microenvironment of cultured cells in 

a fashion that may not occur in vivo (Harry et al., 1998). 

I.1.2.1.1.2 Toxicokinetics 

Toxicokinetics consists of absorption, distribution, metabolism and excretion of 

toxicants and their metabolites following exposure. The dose needed to induce toxic 

effects depends on these pharmacokinetic parameters. For example, the route by which a 

compound enters into the body can substantially alter the quantity absorbed and, 

consequently, modify the dose required to cause neurotoxicity. Metabolism of xenobiotics 

usually serves detoxification in the organism, but for some compounds metabolism 

generates neurotoxic metabolites (Capela et al., 2009; Bajpai et al., 2013). This process 

can take place in non-neural tissue (e.g. liver) (Capela et al., 2009; Carvalho et al., 2012), 
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but also in the brain (Capela et al., 2009; Bajpai et al., 2013). Nevertheless, whereas non-

neuronal cells possess xenobiotic inactivation systems (Gradinaru et al., 2012), neuronal 

cells presented a lower metabolic activity (Ferguson and Tyndale, 2011). Within the 

organism, the compound may be bioactivated and/or detoxified before its release back 

into the blood circulation, being posteriorly distributed throughout the body by the 

circulatory system. However, metabolism of such compounds may be affected by several 

enzymatic processes, being the specificity and velocity of each enzymatic process 

strongly dependent on the animal species. For example, in humans and rats, N-Me-α-

MeDA is the main plasma metabolite of MDMA. However, in mice, the rate of α-MeDA 

formation is higher, compared to N-Me-α-MeDA (de la Torre and Farré, 2004). 

Differences in drug metabolism and excretion are widely considered to be an important 

determinant for the large species’ differences regarding both toxic dose and type of 

neurotoxic response following drug or chemical exposure (de la Torre and Farré, 2004; 

Mueller et al., 2013). For example, in culture, a test compound either remains unaltered or 

is relatively slowly modified, and one can examine the intrinsic toxicity of a substance to a 

cell-based system in the absence of any metabolites. Thus, in vitro test systems lacking 

metabolizing activity can overestimate or underestimate the toxicity that a compound 

would have in vivo. For example, in the field of “ecstasy”-induced neurotoxicity, hepatic 

formation of neurotoxic metabolites, followed by their uptake into the brain, is thought to 

contribute to the neurotoxic actions of this drug (Capela et al., 2009), as demonstrated by 

studies in which the direct injection of MDMA into the brain did not produce the neurotoxic 

effects observed after its peripheral administration (Paris and Cunningham, 1992; Bai et 

al., 1999; Esteban et al., 2001; de la Torre and Farré, 2004; Monks et al., 2004). On the 

other hand, there are also compounds that following peripheral administration do not 

cause neurotoxicity in vivo, but are neurotoxic in vitro. One such example is the metabolite 

of MPTP, N-methyl-4-phenylpyridinium ion (MPP+). Whereas MPTP easily crosses the 

BBB in vivo, MPP+ cannot reach the brain, since it does not cross the BBB, and, therefore, 

its peripheral administration is not associated with neurotoxicity (Schildknecht et al., 2009; 

Bajpai et al., 2013). However, in an in vitro system containing dopaminergic neurons 

expressing DAT, it will be highly toxic (Schildknecht et al., 2009; Gao et al., 2013). 

Additionally, in the brain, the metabolism of MPTP to MPP+ is catalyzed by the astrocytic 

enzyme MAO-B, thus indicating that in systems lacking the above mentioned metabolic 

ability, MPTP will not produce neurotoxic effects (Schildknecht et al., 2009; Bajpai et al., 

2013). Therefore, the use of in vitro models for predicting the neurotoxic potential of 

compounds with recognized metabolism-dependent toxicity will not be the best approach. 

However, many metabolic enzymes may be introduced into the in vitro system through the 

serum supplementation or growth media. Thus, the combined effect of these variables can 
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lead to lower concentrations of the tested compounds and, therefore, modify their 

neurotoxic effects. Additionally, it is critical to understand the in vivo metabolism, 

distribution, and effects of potential metabolites on the nervous system, in order to 

interpret the data obtained from both in vivo studies and in vitro systems. When the 

neurotoxic potential of a chemical in vivo is largely dependent upon metabolic parameters, 

such as metabolism, lipid-aqueous partitioning and distribution, then the expression of 

toxicity in an in vitro system may not be directly related to whole-animal studies. 

To compensate the lack of metabolic competence of the in vitro neuronal systems, 

different approaches have been proposed. These include the addition of metabolic 

competent sources, such as S9 liver fractions (short-term experiments), hepatocyte-

conditioned medium, or direct co-culture with hepatocytes from different species, and the 

transfection of cells with phase-I biotransformation enzymes (Bal-Price et al., 2010; Yoon 

et al., 2012). However, any artificial system used to simulate normal metabolism of 

compounds should preferably be comparable to the in vivo condition. Moreover, attention 

should be given to the differences between species in metabolic and kinetic ability, which 

is important for the extrapolation of results obtained in animal models to the human 

situation (Chen et al., 2006; Bal-Price et al., 2010). S9 liver fractions should be used with 

caution, since the amounts of S9 fraction that is generally needed for the occurrence of 

metabolic convertion may exhibit toxicity to neuronal cultures. However, this problem may 

be prevented by using tissue culture inserts, which allow the separation between cultured 

cells and S9 fraction by a microporous membrane (Kohn and Durham, 1993). 

Alternatively, for compounds in which the glial cells-mediated metabolism is critical for 

their neuronal toxicity (Schildknecht et al., 2009; Bajpai et al., 2013), co-cultures of 

neuronal and glial cells may be a good approach. However, the use of biotransformation 

processes may be incomplete or proceed by pathways different from those operating in 

whole organisms. Furthermore, the metabolic pattern is determined by the type of 

metabolic system, as well as by the species and gender from which the metabolic 

competent cells are isolated.  

Other reports have shown that polymorphic effects might play a role in inter-individual 

variability to acute- or long-term degenerative effects of xenobiotics in the human brain 

(Bal-Price et al., 2010). Indeed, it should be taken into account that polymorphisms 

reported for some enzymes, such as CYP450 or MAO-B, which metabolizes several 

classes of therapeutic drugs, endogenous neurochemicals and toxicants, may be relevant 

to the development of neurotoxicity. Particularly, microsomal CYP450 isoenzymes are 

determinant for phase-I oxidative metabolism of MDMA (Capela et al., 2009). Many of the 

phase-I metabolites are subsequently conjugated by catechol-O-methyl transferase 

(COMT), sulfotransferase (SULT), or UDP-glucuronosyltransferase (UGT) phase-II 
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enzymes and preferentially excreted as the respective conjugates (Meyer et al., 2008; 

Schwaninger et al., 2012). Therefore, being these enzymes polymorphically expressed 

(Capela et al., 2009; Pardo-Lozano et al., 2012), it is expected an influence on the 

biokinetics parameters and, consequently, on the neurotoxic potential of MDMA.  

In many cases, the neurotoxic potential of several compounds is critically dependent on 

brain metabolism. For example, there is evidence that glial cells are necessary to produce 

the neurotoxic metabolite MPP+ from the parent compound MPTP (Bajpai et al., 2013) 

and to convert GLU to glutamine (Stobart and Anderson, 2013) (see section I.1.2.1.1.6). 

In the same way, it is generally believed that the biotransformation of glutathione reduced 

(GSH)-monoconjugated metabolites of MDMA into their corresponding NAC conjugates 

occurs in the brain by action of the γ-GT, dipeptidase and N-acetyltransferase. These 

NAC conjugates, being slowly eliminated, persist into the brain (Jones et al., 2005; Erives 

et al., 2008) and, consequently, present a higher neurotoxic potential than their GSH 

precursors (Capela et al., 2006a; Capela et al., 2007b). Thus, in vitro models for the study 

of xenobiotics are often deficient in competent metabolic systems operating in the whole 

organism. Though in vitro systems allow a precise control of the concentration of 

compound delivered to the experimental model, they also present a difficulty in defining a 

toxicologically relevant dose of the in vivo scenario. On the other hand, in vivo metabolism 

of xenobiotics may also be simulated in vitro by co-exposure of the in vitro system to the 

parent compound and its metabolites that are formed in vivo. However, for this approach, 

it is necessary to know whether the metabolites are present into the brain, which 

implicates previous in vivo studies. Furthermore, these previous in vivo studies are 

important to predict the target organ(s) and the range of concentrations that are really 

attained in vivo, for both parent compound and its metabolites and, thus, for the selection 

of the range of concentrations that may be tested in vitro.  

I.1.2.1.1.3 Exposure time 

The chemical-induced neurotoxic effects in vivo are largely dependent on the dose and 

time of exposure. Neurotoxic effects may be observed shortly after the initiation of 

exposure (acute effects) or only after days, months or years of exposure (long-lasting 

effects). In some cases, indicators of neurotoxicity may be observed only after repeated or 

prolonged exposure . The appearance of such effects may not only depend on the type of 

chemical and dose used, but may also depend upon the biological processes underlying 

the neurotoxic response. Certain compounds interact directly with accessible cellular 

components, such as the cellular membrane or vital enzymes. As a result, these 

structures will be functionally affected shortly after exposure (Abdollahi and Karami-
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Mohajeri, 2012). For example, by inhibiting the acetylcholinesterase (AChE), 

organophosphorus compounds and carbamates lead to the accumulation of ACh at 

cholinergic synapses, causing the cholinergic syndrome characteristic of the compounds 

(Jokanović et al., 2011). For these effects, the peak concentration and exposure schedule 

are of critical importance. On the other hand, a delay in the occurrence of neurotoxic 

effects may be due to the initiation of an irreversible cascade of reactions, which may 

culminate in cell death. As each step along the cascade needs time to initiate the 

subsequent step, the final result corresponds to a long-lasting appearance of a neurotoxic 

effect. For example, organophosphorus compounds can cause a delayed polyneuropathy, 

which is related to the irreversible inhibition of other esterase, the neuropathy target 

esterase (Grauer et al., 2008; Jokanović et al., 2011).  

Depending on the type of in vitro system, neuronal cells may survive only a few hours 

or several months. Moreover, as the degree of cellular maturation and differentiation of 

the cultured cells in influenced by time, this will influence the exposure window among the 

different culture systems, as a result of differences in survival and differentiation state of 

the cells. Therefore, though the majority of in vitro neuronal systems employed are 

valuable for predicting acute responses, they are not readily conducive to examining any 

effects that are progressive or delayed in nature. 

I.1.2.1.1.4 Lack of cellular homeostatic mechanisms 

Considering the high functionality of the nervous system, perhaps one of the most 

important limitations of in vitro neuronal models is the lack of the homeostatic 

mechanisms that are observed in vivo, such as the nutritional support that is provided by 

the blood circulation, regulatory control of the neuroendocrine system, interactions with 

adjacent cells and the intercellular components that create a unique microenvironment 

(Harry et al., 1998). For example, in the whole animal, the presence of an intact BBB 

constitutes an important factor influencing the drug’s access to the brain (Daneman, 

2012), as observed for MPTP (Schildknecht et al., 2009; Bajpai et al., 2013), thus limiting 

the extrapolation of in vitro results to the in vivo scenario. Therefore, the use of in vitro 

systems provides the ability to study a discrete nervous system area or cells isolated from 

the homeostatic mechanisms observed in vivo. However, in vitro systems offer much in 

the way of assessing mechanistic questions in a defined controlled system (Costa et al., 

2011b).  
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I.1.2.1.1.5 Multiple interspecies comparisons 

One of the main advantages in using in vitro systems for neurotoxicological studies rely 

on the opportunity for the investigator to examine similar cell types from multiple animal 

species. For example, when immortalized cell lines are used, the effects in cells from 

different species may be easly measured. Furthermore, it is also possible to perform 

studies in human cells and then compare with the response observed in other species 

(Culbreth et al., 2012). Therefore, this allows to address questions of selective toxicity 

among species. However, comparisons may be limited by the inherent differences in the 

origin and type of the cell lines that are totally unrelated to species origin. Additionally, 

since the manipulation of in vitro models is easier than in vivo conditions, the use of such 

models facilitates the comparison of effects between species, becoming this approach 

more representative of the in vivo scenario.  

This approach may be particularly useful to evaluate the neuroxic potential of new 

compounds to the human scenario. For example, if a compound exhibits neurotoxicity in 

in vitro systems derived from mouse or rat and also in vivo, but not in an in vitro system 

derived from humans, it suggests that this compound may have a low impact in the 

human health. As a good example, it is well-recognized that MDMA-induced neurotoxicity 

in humans and rats essentially affects serotonergic neurons (O'Hearn et al., 1988; Bai et 

al., 2001), whereas in mice MDMA induces both serotonergic and dopaminergic 

neurotoxicity (Stone et al., 1987; Cadet et al., 2001; Granado et al., 2008). Therefore, the 

use of in vitro neuronal models from these species may help to understand the molecular 

and cellular basis of this phenomenon.  

I.1.2.1.1.6 Heterogeneity of the nervous system 

In vivo, the development and differentiation of the nervous system depend on the 

interaction between neuronal and non-neuronal cells (McManus et al., 1999; Vaccarino et 

al., 2007). In mediating a neurotoxic response, not all compounds directly interact with 

individual cells but may cause injury by indirect effects, such as modifications of cell-cell 

interactions (Vijayaraghavan, 2009). The ability to obtain a culture enriched in a particular 

cell type constitutes a major advantage of primary cell cultures. Much work has been 

focused in obtaining enriched cultures representative of neuronal populations in the brain. 

From this, it has been demonstrated that rarely a neuronal culture exists in the absence of 

some glial cells and that dynamic interactions exist between the cell types in culture. In 

fact, in many cases, neuronal survival is poor or improbable in the absence of astroglial 

cells (Hatten, 1985; Vaccarino et al., 2007). When early postnatal cerebellar astroglial 

cells are cultured in the absence of neurons, they show a flat, undifferentiated morphology 
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and proliferate rapidly. However, the presence of neurons in such cultures rapidly arrests 

glial cell growth and induces glial morphological differentiation into profiles resembling 

cerebellar glia seen in vivo (Hatten, 1987; Gómez-Nicola et al., 2013). Additionally, it has 

been reported that the inhibition of glial cell proliferation by neurons may be modulated by 

the availability and type of serum in the culture media (Bruinink et al., 1992).  

Studies performed during the past few years have also established the existence of 

bidirectional signaling between neurons and astrocytes (Freeman, 2010), thus influencing 

the cellular differentiation. The anatomical organization of astrocytes and their ability to 

take up and metabolize synaptic neurotransmitters suggest multiple functions for 

astrocytes in synaptic transmission, thus potentially influencing the functionality of 

neurons (Nag, 2011; Nedergaard and Verkhratsky, 2012). Furthermore, by regulating 

glutamine-GLU cycle, glial cells play a major role in modulating the neuronal activity. Glial 

cells may play an important role in the maintenance of neuronal GLU metabolism in cells 

that use GLU as a neurotransmitter. Based upon the cellular location of glutamine 

synthase in glial cells and glutaminase in neurons, a cycle has been proposed in which 

GLU released by the neuron is taken up into astrocytes by a high-affinity uptake system. 

Once in the astrocyte, GLU is converted to glutamine by glutamine synthase and 

released. It is then taken up by the neuron and reconverted by glutaminase into GLU 

(Stobart and Anderson, 2013). Additionally, the activation of NMDA receptors by 

endogenous GLU levels controlled by astrocyte GLU transporters, evokes a transient and 

reversible potentiation of postsynaptic GABA-A receptors, thus playing a critical role in 

neuronal signaling (Potapenko et al., 2013).  

As a functional component of the tripartite synapse, along with pre- and postsynaptic 

neuronal elements, astrocytes also actively participate in synaptic transmission (Halassa 

et al., 2007). Further, the clear spatiotemporal correlation between the onset of 

synaptogenesis and the appearance and association of immature astrocytes with neurons 

at CNS synapses (Ullian et al., 2001), strongly suggests the possibility that extracellular 

signals from astrocytes can provide a signal necessary to trigger synapse formation. 

Indeed, astrocytes may release a large variety of other gliotransmitters, such as D-serine, 

adenosine 5’-triphosphate (ATP), adenosine, tumor necrosis factor alpha (TNF-α), brain-

derived neurotrophic factor (BDNF), cholesterol or thrombospondins, which may modulate 

neuronal activity and synaptic physiology. For example, cholesterol is described as an 

essential component for synaptic vesicle production, and its presence serves as a limiting 

factor in vesicle formation (Goritz et al., 2005). BDNF presents important modulatory 

effects on the growth, remodeling and stability of dendrites and axons (Elmariah et al., 

2005). Thrombospondins, astrocyte-secreted extracellular matrix proteins, also promote 

CNS synaptogenesis, both in vitro and in vivo (Risher and Eroglu, 2012). Additionally, 
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transforming growth factor- β2 (TGF-β2) was demonstrated to play an essential role in the 

functional maturation of both excitatory and inhibitory synapses in the CNS (Heupel et al., 

2008). 

Therefore, though mixed cultures of neurons and glial cells make difficult the evaluation 

of a particular response of neurons to a neurotoxicant, the presence of glial cells is 

determinant to maintain a healthly neuronal population, a basic requesite to obtain valid 

results and representative of the in vivo scenario. 

I.1.2.1.2  Use of in vitro systems for mechanistic studies 

In vitro systems present high usefulness for understand the mechanistic basis of 

neurotoxic effects that occur at molecular or cellular level. Thus, they have been 

extensively used in neurotoxicological studies. Since nervous system presents a high 

complexity, generally no single in vitro preparation can be used to detect all possible 

endpoints. However, depending on the knowledge on the neurotoxicity of a certain 

compound, and of the specific questions that needs to be addressed, complementary 

studies with different models may be used (Costa et al., 2011b).  

In the context of mechanistic in vitro neurotoxicology, one can point out studies 

investigating mechanisms of neurotoxicant-induced neuronal cell death (Capela et al., 

2006b; Capela et al., 2007a), inhibition of cell proliferation (Chen et al., 2011), alterations 

of signal transduction pathways (Yuan et al., 2013b), modulation of neurotoxicity by cell–

cell interactions (Giordano et al., 2009; Bajpai et al., 2013), alterations of inhibitory or 

excitatory circuits (Xu et al., 2012) and many others. Therefore, there is no doubt that in 

vitro systems play a most relevant role in addressing the mechanisms involved in 

compound-induced neurotoxicity. For example, neuroblastoma cell lines may be useful in 

addressing the interaction of neurotoxicants with ion channels or receptors. Slice cultures, 

due to their more complex organization may be useful to study whether neurotoxicants 

affect certain excitatory or inhibitory circuits. Additionally, cultures of Schwann cells 

represent a good model to study the effects of neurotoxicants on myelination. However, in 

all cases, the extrapolation of in vitro findings to in vivo scenario still requires important 

considerations, such as the dose selection (Goldoni et al., 2003), the importance of 

metabolism and toxicokinetics for the development of neurotoxic effects (Capela et al., 

2009; Bajpai et al., 2013), the BBB permeability (Bal-Price et al., 2010), among other 

factors.  

In some cases, the existence of a characteristic mechanistic knowledge, may lead to 

the selection of a specific in vitro neuronal system to assess particular endpoints of 

neurotoxicity. For example, by inhibiting the AChE, organophosphorus compounds and 
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carbamates lead to the accumulation of ACh at cholinergic synapses, causing the 

cholinergic syndrome characteristic of the compounds. On the other hand, these 

compounds also cause a delayed polyneuropathy, which is related to the irreversible 

inhibition of other esterase, the neuropathy target esterase (Jokanović et al., 2011). 

Therefore, the selection of specific in vitro neuronal models with differential expression of 

these enzymes may be useful in assessing the mechanistic basis of their acute and 

delayed neurotoxicity. 

I.1.2.1.3  Use of in vitro systems for neurotoxicity screening 

As already mentioned, a second primary objective of in vitro systems is providing a 

rapid, relatively inexpensive and reliable way for screening chemicals for potential 

neurotoxicity. However, though the screening tests can provide much information about 

potential neurotoxicants, the study of these compounds is always followed by more 

specific and complex tests, both in vitro and in vivo. The criteria used to in vitro 

neurotoxicity screening are the same general criteria that are used for in vitro screening 

approaches for other endpoints of toxicity, namely low incidence of false positives and 

false negatives, high correlation with the data provided by in vivo studies, sensibility, 

simplicity, quickness, economy and versatility (Costa, 1998a).  

The selection of a specific in vitro model for neurotoxicity screening is not always easy. 

However, this selection is primarily influenced by the endpoint of neurotoxicity that it will 

be measured. A common belief is that for screening purposes one should examine 

general cellular processes, such as cell viability or proliferation or axonal/dendritic growth. 

However, each possibility requires careful considerations. For example, basic tests for 

cytotoxicity and viability assessment, including measurements of cell death and 

proliferation, membrane permeability or mitochondrial function are common to most cell 

types. However, though a chemical can affect these endpoints, we cannot conclude that 

the chemical is neurotoxic, but only that it displays cytotoxicity in this model (Costa et al., 

2011b). Additionally, the use of different in vitro models may provide additional information 

whether the chemicals display differential effects, or present different potencies, in 

neuronal versus non-neuronal cells. For example, to evaluate the toxic effects of 

methylmercury and polychlorinated biphenyls, a total of 17 different in vitro models were 

used, including models of the nervous system [neuronal (PC12 rat pheocromocytoma 

cells, human SH-SY5Y cells, primary cultures of cortical, hippocampal or cerebellar 

neurons and primary cultures of cerebellar granule or purkinje cells) and astroglial (C6 

glioma cells, 1321N1 human astrocytoma cells and primary cultures of cortical, 

hippocampal, cerebellar or brainstem astrocytes) and non-nervous system (NIH 3T3 
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mouse fibroblasts, PZ-HPV-7 human prostate cells, LNCaP human prostate carcinoma 

cells and TT human thyroid cells). With this simple approach methylmercury was identified 

as a potential neurotoxicant, since toxicity was greater in neuronal cells than in other cell 

types. On the other hand, though the polychlorinated biphenyls were also considered 

potential neurotoxicants, neurons and glial cells were similarly affected (Costa et al., 

2007). Additionally, the relative sensitivity of each in vitro model to the toxic effects of 

compounds, can provide additional information about the possible targets involved  in 

compound-induced neurotoxicity (Costa et al., 2011b).  

In the field of the neurotoxicants screening, neurite outgrowth has been proposed as an 

important endpoint of neurotoxicity during the development stage. This parameter may be 

evaluated in cell lines, like SH-SY5Y (Jung et al., 2009) and PC12 cells (Radio et al., 

2008; Takeshita et al., 2011) or in primary cultures (Maekawa et al., 2013). In fact, many 

studies have used the interference with the neurite outgrowth as measure to screening 

potential neurotoxicants (Radio et al., 2008; Harrill et al., 2013; Krug et al., 2013). In one 

of these studies, using a subclone of PC12 cells (Neuroscreen-1 cells), the ability of 

several developmental neurotoxicants to inhibit neurite outgrowth was evaluated. It was 

observed that retinoic acid (RA) and methylmercury, at non-cytotoxic concentrations, 

inhibited neurite outgrowth. Similar results were found for dexamethasone and cadmium, 

though at concentrations that decreased cell viability. On the other hand, while 

amphetamine facilitated neurite outgrowth, valproic acid, diphenylhydantoin and lead were 

devoid of effects on this parameter (Radio et al., 2008). In another study, performed with 

primary cortical neurons, the effect of classical developmental neurotoxicants on axon and 

dendrite outgrowth was also tested. It was demonstrated that RA and methylmercury 

affected growth of axons to a greater extension than dendrites. On the other hand, 

cadmium-induced neurite outgrowth inhibition was more pronounced in dendrites than in 

axons (Harrill et al., 2013). Therefore, this study, compared to the study presented below, 

indicated that the growth axons and dendrites may be differently affected by 

neurotoxicants.  

By evaluating interference with neurite outgrowth, differentiated human LUHMES cells 

were also recently proposed as potential model for developmental neurotoxicity testing. In 

this study, in which 40 compounds were screened, it was demonstrated that several 

compounds, such as colchicine, vincristine, narciclasine, rotenone and cicloheximide, at 

non-cytotoxic concentrations, inhibited the neurite extension in this cellular model. 

Moreover, it was found that neurite outgrowth was affected more potently than the 

integrity of developed neurites of mature neurons (Krug et al., 2013). Furthermore, the 

authors concluded that, though LUHMES cells had a definitive neuronal phenotype, the 

use of a general cell death endpoint in these cultures did not allow specific identification of 
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neurotoxicants.  In addition, a ratio of the EC50 values of neurite growth inhibition and cell 

death higher that 4 provided a robust classifier for compounds associated with a 

developmental neurotoxic hazard, while the unspecific toxicants screened always yielded 

ratio lower than 4. Therefore, the authors suggest that through the evaluation of functional 

endpoints, such as neurite outgrowth, it is possible specifically identify and characterize 

potential neurotoxicants (Krug et al., 2013). 

Besides the high utility of the neurite outgrowth evaluation in the screening of potential 

neurotoxicants, the assessment of chemical effects on neuronal network activity using 

microelectrode arrays has been also proposed as a screening tool for neurotoxicity 

assessment (Frega et al., 2012; McConnell et al., 2012; LeFew et al., 2013). In fact, 

electrophysiological changes in neural activity can be detected before the occurrence of 

any morphological change, thus representing a promising and sensitive approach to 

detect early effects of chemicals (Köhling et al., 2005). In one of these studies, 23 

chemicals known to alter neuronal function in vivo, including 6 GABAergic and 3 

glutamatergic antagonists/agonists, 4 pyrethroids, 3 metals, 2 cholinesterase inhibitors, 2 

nicotinic acetylcholine receptor agonists, valproic acid, verapamil, and fluoxetine, and 7 

chemicals without neurotoxic effects recognized (glyphosate, acetaminophen, salicylic 

acid, paraquat, saccharin, d-sorbitol and amoxicillin) were studied, using a microelectrode 

arrays system. Using this approach, the 7 chemicals without neurotoxic effects recognized 

were correctly classified as negative, while only 20 in 23 were positively classified as 

neurotoxicants. Based on these results, in which high sensitivity (87% identification of 

positive compounds) and specificity (100% identification of negative compounds) were 

found, the authors suggested that the evaluation of the neuronal network activity, using 

microelectrode arrays, may constitute an important research tool in screening compounds 

with neurotoxic potential, mediated by a broad variety of mechanisms (McConnell et al., 

2012). In another study, through the evaluation of acute (1h after the treatment) and 

chronic (3 days after the treatment) effects of agonists of the glutamatergic transmission in 

cortical neuronal cultures, this approach was also proposed for the screening of potential 

neurotoxicants. It was demonstrated that fine modulations (low concentrations of drug) of 

the excitatory synaptic transmission are reflected in the electrophysiological activation of 

the network, whereas the use of medium or high concentrations of drug, which lead to 

excessive direct stimulation of glutamatergic pathways, results in the abolishment of the 

electrophysiological activity and eventually cell death. Therefore, the authors concluded  

that an accurate characterization of the effects of metabotropic GLU receptor 

activation/blockade on neuronal network activity might extend potential usefulness of 

microelectrode arrays techniques for the assessment of endpoints to detect acute and 
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chronic neurotoxic effects of chemicals and drugs for predictive neurotoxicity testing 

(Frega et al., 2012).  

A test system, using multi-electrode arrays, based on the electrophysiological 

recordings from neural networks in re-aggregating brain cell cultures was also proposed to 

detect acute neurotoxic effects of chemicals. Initial experiments indicated that re-

aggregated brain cell cultures displayed evoked field potentials and spontaneous neural 

activity involving glutamatergic and GABAergic synaptic transmission. It was 

demonstrated that trimethyltin, methylmercury and ethanol, at non cytotoxic 

concentrations, caused a decrease in field potential amplitude. However, though an 

irreversible loss of neuronal electric activity was observed for trimethyltin and 

methylmercury, the effect of ethanol was fully reversible upon wash-out. Despite this, the 

test method used cannot distinguish between pharmacological actions, such as block of 

receptors and interactions with neurotransmitters) and neurotoxicity, as traduced by a 

persistent structural damage. However, based in the simple observation of loss/recovery 

of electrical function, it is possible to establish a differentiation between neurotoxic or 

acute pharmacological effects. Therefore, this approach appears to be suitable for the 

assessment of toxic insults specifically interfering with nervous system function, thus 

representing a valuable tool for the mechanistic assessment of neurotoxic effects (van 

Vliet et al., 2007). 

By combining rat primary reaggregated brain cell cultures with a mass spectrometry-

based metabolomics approach, van Vliet and co-workers (van Vliet et al., 2008) 

developed another method for neurotoxicity screening. In this study it was demonstrated 

that the classical neurotoxicant methylmercury chloride, at subtoxic concentrations, 

produced significant alterations in the levels of GABA, choline, glutamine, creatine and 

spermine. On the other hand, the brain stimulant caffeine only changed the levels of 

creatine and spermine. Additionally, the profile observed for methylmercury chloride was 

mimicked by other known neurotoxicants, trimethyltin or paraquat, whereas several other 

compounds without neurotoxic properties presented similar profile to that was observed in 

control cultures. Therefore, this study indicated that the levels of GABA, choline, 

glutamine, creatine and spermine may be used as biomarkers in neurotoxicity screening, 

and, additionally, in neuroprotection studies (van Vliet et al., 2008). 

The examples presented here suggest that several in vitro systems, such as cell lines, 

primary neuronal cultures or aggregated brain cell cultures, which present different 

complexity, and through different neurotoxicity endpoints, such as disruption of the neurite 

outgrowth or neuronal electrical activity, may be used in the screening of potential 

neurotoxicants. 
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I.1.2.2 Types of in vitro systems for neurotoxicity assessment  

Several in vitro systems, including subcellular systems [e.g. isolated mitochondria 

(Cassarino et al., 1999; Misiti et al., 2004; Li et al., 2012) and synaptosomes (Pubill et al., 

2005; Chipana et al., 2006; Chipana et al., 2008a; Chang and Wang, 2010; Elinos-

Calderón et al., 2010; Lu et al., 2010; Mannangatti et al., 2011; López-Arnau et al., 2012; 

Martínez-Clemente et al., 2012)], immortalized cell lines (Presgraves et al., 2003; Ferreira 

et al., 2013; Heusinkveld et al., 2013; Im et al., 2013; Zhou et al., 2013), primary neuronal 

cultures (Capela et al., 2006a; Capela et al., 2006b; Cunha-Oliveira et al., 2006; Capela et 

al., 2007b), three-dimensional (3D) cultures (Hill et al., 2008; Moors et al., 2009; Schreiber 

et al., 2010; Choi et al., 2013) and brain slices (Rump et al., 2010; Torres-Altoro et al., 

2011; Rozas et al., 2012; Yamazaki et al., 2013) are routinely used for predicting toxic 

effects to the nervous system. In addition, the increased scientific interest  in the biology 

of the stem cells has attributed to the neural stem cells (NSCs) an emerging role in the 

field of the neurotoxicology (Fujita et al., 2008; Ceccatelli et al., 2013). Despite this, here, 

we focused in three experimental models, synaptosomes, the SH-SY5Y immortalized cell 

line and primary neuronal cultures, the models used in the studies accomplished in the 

scope of this thesis. 

Synaptosomes are obtained by homogenization and fractionation of brain tissue. They 

are isolated terminals that break away from axon terminals when the neuronal tissue is 

homogenized. The synaptosomes retain pre- and postsynaptic characteristics, which 

make them useful in the study of synaptic transmission. They retain the molecular 

machinery used in neuronal signaling and are able of uptake, storage, and release of 

neurotransmitters (Dunkley et al., 2008; Westmark et al., 2011).  

Immortalized cell lines provide a homogeneous cell population that is often well 

characterized and controlled. Generically, they are easily cultured, divide rapidly, and can 

be derived from different species, including humans. Compared with primary cells, cell 

lines readily allow the incorporation of exogenous genes. Additionally, some of these cells 

can be differentiated into different neuronal subtypes (Costa et al., 2011a; de Groot et al., 

2013). However, their genetic stability decreases with increasing number of passages, 

neurites do not always represent true axons or dendrites and functional synapses are 

often absent. Additionally, transformed cell lines may represent only a subset of cells and 

may not have the same (functional) phenotype as primary cells (Breier et al., 2010; 

Astashkina et al., 2012). 

Primary cultures usually have the same phenotype as brain cells in vivo and maintain 

most neurodevelopmental processes. They can be isolated relatively easily from distinct 

brain areas and at different developmental stages (Breier et al., 2010; Costa et al., 



General Introduction 

43 
 

2011a). However, these cultures often contain populations of postmitotic neurons, which 

implicate that these cells do not multiplicate in culture. Among the most frequent 

limitations of this system are the relatively short lifespan, the variability that exists between 

cultures and the limited availability of tissue (Breier et al., 2010; Costa et al., 2011a). 

I.1.2.2.1  Uses and limitations of in vitro models 

For evaluation of altered nervous system functioning, isolated models have been 

selected based on key biochemical and morphological features, which are specifically 

targeted by neurotoxicants in vivo. The use of in vitro models for predicting neurotoxic 

events offers several advantages including reduced costs, ease of use, fewer ethical 

issues and better control over experimental variables (Kumaria and Tolias, 2008). Primary 

cultures allow for visualization of individual living cells and for monitoring both 

morphological and electrophysiological features. It is believed that neuronal and glial cells 

migrate to re-arrange themselves on the substratum and differentiate according to their 

function and abilities. However, the tissue organization is lost as a result of the 

dissociation procedure needed to obtain the isolated brain cells. Additionally, in vivo-like 

structures cannot be obtained by this technique. Despite these limitations, primary 

cultures are more accessible to experimental manipulation than slice cultures, apart from 

the fact thatthey are easier to obtain and maintain. It is possible to obtain and correlate 

biochemical, morphological, electrophysiological, and molecular data from a single cell. 

Additional purification methods can be used to enrich a particular cell type in a cell 

preparation obtained by dissociation, but it is difficult to obtain and define pure cultures of 

any one cell type (Banker and Goslin, 1998; Tiffany-Castiglioni, 2004).  

On the other hand, cell lines of tumoral origin provide homogeneous cell populations in 

large quantities in a very reproducible manner. Usually the common cell lines of choice 

are those that continue to express, in culture, the properties of their normal adult cell 

counterpart. It must be noted, again, that these cell culture systems represent cells that 

are no longer part of an integrated neural network and may develop an altered 

appearance, metabolism and response to chemicals. Some believe that these concerns 

can be addressed by experimental design and choice of endpoints. No such efforts, 

however, will fully compensate for the isolation of a system from the natural neural 

environment and all of the systemic influences on that environment. In addition, the ability 

of in vitro neuronal systems to predict the neurotoxicity of a chemical in situ or the potency 

of a series of structurally related analogs can depend on whether they express the 

molecular/cellular target for neurotoxicants (Banker and Goslin, 1998; Tiffany-Castiglioni, 

2004).  
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Below, for each in vitro neuronal model use n the scope of this thesis, its particular 

advantages and limitations, as well as its main characteristics, are described. 

I.1.2.2.2  Subcellular systems 

Despite the extended use of cell based systems as in vitro models in neurotoxicological 

research, in the last decades, sub-cellular systems have been extensively used in 

evaluating signaling pathways and receptor-mediated signal transduction, as well as to 

study specific points that may be addressed out of the cellular environment. 

I.1.2.2.2.1 Synaptosomes 

One of the most used subcellular systems in neuropharmacological and 

neurotoxicological studies is the synaptosome model. More than 50 years ago, Gray and 

Whittaker (Gray and Whittaker, 1962) and De Robertis and co-workers (De Robertis et al., 

1962) introduced the preparation of nerve-ending particles, also called synaptosomes. 

Understanding the function of nerve terminals at physiological and molecular level has 

been dramatically enhanced by the development of procedures to isolate nerve terminals 

from the brain (Dunkley et al., 2008). It should be emphasized that the in situ nerve 

terminal functions, which are largely autonomously from the distant cell body, require only 

the electrical signal from the axonal action potential to trigger release and the 

replenishment of materials via axonal transport mechanisms for long-term survival 

(Erecinska et al., 1996). Representative images of synaptosomes with their mitochondria 

labeled with tetramethylrhodamine methyl ester (TMRM) are shown Figure 3. 
 
 

 
Figure 3. Representative images of synaptosomes with their mitochondria labeled with tetramethylrhodamine 
methyl ester (TMRM). Scale bar: 20 µM. 
 

 

The main characteristics of the synaptosome model are summarized in Table 2. 

Synaptosomes are a subcellular fraction, derived from neurons, prepared from brain 

tissue by homogenization and function as small anucleated cells that retain neuronal 
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vesicles and enzymes (Nicholls, 1993). In addition, synaptosomes can be partially purified 

by gradient centrifugation, thus eliminating portions of axons that are frequently present in 

unpurified synaptosomal preparations (Dunkley et al., 1986). Usually, synaptosome size 

range from 0.5 to 1 µm, it has one or more mitochondria and possess extremely active ion 

transport systems across its membrane (Nicholls, 1993; Whittaker, 1993).  
 
Table 2. Characteristics of synaptosomes. 

0.5 to 1 µm of size Metabolic ability 

High respiratory control Possess one or more mitochondria 

Reduced protein synthesis Prepared from brain tissue by homogenization 

Function as small anucleated cells that retain 
neuronal vesicles and enzymes 

Maintain a plasma membrane potential 
ranging from -60 to -80 mV 

Highly labile structures, especially after 
osmication 

Present an average cytoplasmic free Ca2+ 
concentration of about 0.1-0.2 µM 

Possess extremely active ion transport 
systems across their membranes 

Maintain intact mechanisms involved in 
neurotransmitter uptake, storage and release 

Not able to use GLU and aspartate as energy 
sources 

Can use glucose both aerobically and 
anaerobically and pyruvate as an oxidative 
metabolite 

 

 

Biochemically, synaptosomes can use glucose, either aerobically or anaerobically and 

pyruvate, as an oxidative metabolite. Despite the high content in GLU and aspartate in the 

synaptosomal cytoplasm, these are not readily utilizable as energy sources. (Nicholls, 

1993). When maintained at 37ºC, the ATP produced is rapidly degraded, thus leading to a 

fast decrease in synaptosomal viability. However, when kept on ice and with availability of 

nutrients, their functionality is maintained for several hours (Dunkley et al., 1988; Dunkley 

et al., 2008). Carefully prepared synaptosomes retain a high respiratory control, maintain 

a plasma membrane potential ranging from -60 to -80 mV, in low K+ medium (Agoston et 

al., 1983), with an average cytoplasmic free Ca2+ concentration of about 0.1-0.2 µM 

(Kauppinen et al., 1988). It may, thus, be concluded that the synaptosome model is 

energetically viable (Nicholls, 1993). The metabolic specialization of the nerve terminals, 

as result of their long distance from cell body, allows to maintain intact the mechanisms 

involved in neurotransmitter uptake and release. On the other hand, also determines the 

synaptosomal viability, given their reduced protein synthesis, since only proteins of the 

mitochondrial electron transport chain (ETC) are synthetized in synaptosomes, which are 

codified by mitochondrial deoxyribonucleic acid (mtDNA). Therefore, methodologies 
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involving transference of DNA or genetic silencing [ribonucleic acid (RNA) interference] 

cannot be performed in this model (Dunkley et al., 2008). Although the nerve endings 

originating synaptosomes are more resistant to liquid shear forces than other parts of 

neurons they are highly labile structures, especially after osmication (Gray and Whittaker, 

1962).  

The synaptosomal model presents particular advantages and limitations, which are 

summarized in Table 3. The major advantage of this model consists in its simple 

preparation. Moreover, synaptosomes retain all the machinery for the uptake, storage and 

release of neurotransmitters present in terminal nerve. However, it is largely depleted of 

functional glial and neuronal cell body elements. Although electron micrographs of 

synaptosomal preparations sometimes look unpleasantly heterogeneous, the non-

synaptosomal membrane fragments are generally dead from a functional point of view, 

and do not interfere with studies which require an intact membrane, glycolytic pathway, 

mitochondria and ion gradients. One of the major limitation of synaptosome model is the 

inherently heterogeneous neurotransmitters content, since even the most closely defined 

anatomical region contains a wide variety of neurotransmitters (Nicholls, 1993; Erecinska 

et al., 1996).  

 
Table 3. Advantages and limitations in using synaptosomes as in vitro model for neurotoxicological studies.  

Advantages 

Simple preparation Easy to maintain in vitro 

Absence of functional glial and neuronal cell 
body elements 

Ability to perform studies of synaptic 
transmission, as they are capable of uptake, 
storage, and release of neurotransmitters 

Limitations 

Loss of cell to cell interactions Heterogeneity in terms of type of 
neurotransmitters and content 

Not possible to work with methodologies involving transference of DNA or genetic silencing 

 

 

Synaptosome model has been routinely used in the field of the neurobiology to study 

metabolic pathways (Jankowska-Kulawy et al., 2010), energy production and ion 

movements (Choi et al., 2009), neurotransmitters storage and synthesis (Escubedo et al., 

2011; López-Arnau et al., 2012), and mechanisms involved in neurotransmitters release 

(Chang and Wang, 2010; Lu et al., 2010; Mannangatti et al., 2011; López-Arnau et al., 

2012; Martínez-Clemente et al., 2012), as well as oxidative injury  to macromolecules 

(Pubill et al., 2005; Chipana et al., 2006; Chipana et al., 2008a; Elinos-Calderón et al., 
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2010) and neuronal mitochondria (Bains et al., 2009; Choi et al., 2009; Telford et al., 

2010). By using the synaptosome model, it was demonstrated that alterations in ACh 

release from thiamine deficient nerve terminals, resulting from the inhibition of 

mitochondrial acetyl-coenzyme A (acetyl-CoA) and citrate synthesis, and inhibition of 

acetyl-CoA transport to the synaptoplasmic compartment, through ATP-citrate lyase 

pathway, may yield deficits of cholinergic functions observed in thiamine deficiency-

evoked cholinergic encephalopathies (Jankowska-Kulawy et al., 2010). As presynaptic 

mitochondrial dysfunction is implicated in a variety of neurodegenerative disorders, 

synaptosomes may be also used to mimetize the mitochondrial deficits found in 

neurodegenerative diseases (Chinopoulos and Adam-Vizi, 2001; Colle et al., 2013), in 

order to understand the basis of the neurodegenerative process. Working with this model, 

a few studies have recently evaluated the influence of several drugs on GLU homeostasis 

(Chang and Wang, 2010; Lu et al., 2010), as well as alterations in neurotransmitter 

transporters’ functions elicited by psychostimulant drugs with neurotoxic properties 

(Mannangatti et al., 2011; López-Arnau et al., 2012; Martínez-Clemente et al., 2012). 

Furthermore, in mouse brain synaptosomes, increased ROS production, as well as 

mitochondrial dysfunction, has been proved to be useful indexes for the evaluation of 

neurotoxicity induced by several drugs (Chipana et al., 2006; Chipana et al., 2008a; Bains 

et al., 2009). In addition, synaptosomes have been widely used as in vitro model to study 

the function and activity of the neuronal Na+- and K+-activated adenosine 5’-

triphosphatase (Na+/K+ ATPase) under several experimental settings (Bersier et al., 2011; 

Pendyala et al., 2012; Pimentel et al., 2013). 

Therefore, though the synaptosome model does not present many of the mechanisms 

found at cellular level, given its simplicity and functionality, it constitutes an important in 

vitro model for neurotoxicological studies that does not require the functionality of the 

intact cells.     

I.1.2.2.3  Cellular systems 

With the development of new approaches to study the nervous system, cell culture 

began to gain a more prominent and important position in the neurobiology and 

neurotoxicology fields. Since 1907, studies of the nervous system in tissue culture have 

provided invaluable insights into the embryological origins of nerve cells, the development 

of their cytological and biochemical identities, their functional connectivity and their 

interactions with glia and other cell types within nervous system (Banker and Goslin, 

1998).  
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I.1.2.2.3.1 Immortalized cell lines 

Similarly to other tissues, several approaches have been developed for establishing 

cell lines from neuronal tissue. Cell lines of limited lifespan often undergo genetic 

changes, after which their growth potential is modified and, consequently, their lifespan 

becomes unlimited. These cell lines are termed immortalized cell lines (Banker and 

Goslin, 1998).  

The main advantages and limitations in using immortalized cell lines as in vitro models 

for neurotoxicological studies are summarized in Table 4. The major attributes of 

immortalized cell lines are their homogeneity, making them appropriate to study the 

selectivity of neurotoxicants. However, this homogeneity can limit the cellular interactions, 

which implicates that cells are not exposed to the complex network of messages typical 

for neuronal circuits. In addition, another remarkable advantage consists in the large 

quantity of cells that can be used. Also, cell lines offer the possibility to perform 

biochemical studies with homogenous populations of neuronal cells devoid of glia (Banker 

and Goslin, 1998). Immortalized cell lines can be stored indefinitely in liquid nitrogen and 

grown up whenever needed. Additionally, when properly handled, the cells will exhibit 

identical properties time after time, year after year. However, it has been observed quite 

often that the cells will drift with regard to physiological responsiveness with increased 

passages. Other features of established cell lines include the ability to undergo an 

unlimited number of cell divisions, altered cell and colony morphology and loss of 

anchorage dependence (Banker and Goslin, 1998; Breier et al., 2010; Astashkina et al., 

2012).  

One of the major limitations of immortalized cell lines is the difficulty in inhibiting cell 

division experimentally to obtain a stable population of differentiated cells. This contrasts 

with the in vivo situation, where the end cell in a differentiation sequence usually does not 

divide. In many cases, differentiation is induced by chemicals and drugs. However, it is 

not known if this differentiation process is comparable to the differentiation that occurs in 

vivo. Furthermore, there are two important recognized problems associated with the use 

of immortalized cell line cultures. The first is the genetic transformation and sub-culturing 

procedures to isolate cells that have escaped senescence, and exhibit up-regulated 

telomerase activity, thus producing cells with significant changes in their differentiation 

potential. Second, the majority of transformed immortalized cell lines have not been 

studied in depth to identify all the idiosyncratic changes imposed by genetic manipulation 

and multiple passages (Astashkina et al., 2012). In general, cell lines are more resistant 

than primary cell cultures to neurotoxic insults (LePage et al., 2005). Still, genetic stability 

of any given phenotype is critical for the reproducibility of experimental findings. However, 
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in vitro differentiation of neuronal cell lines constitutes another contributing factor for 

phenotypic variability, as a result of differences in the effectiveness of the differentiation 

process. Additionally, after increased number of passages, cell lines may also suffer 

changes in their phenothype (Banker and Goslin, 1998; Breier et al., 2010; Astashkina et 

al., 2012).  

 
Table 4. Advantages and limitations in using immortalized cell lines as in vitro models for neurotoxicological 
studies. 

Advantages 

A large quantity of cells can be easily grown High homogeneity of the cell populations 

Retain their main properties along the time Can be stored indefinitely in liquid nitrogen 
and used when needed 

Proliferation in culture for long periods without 
contamination 

Possibility to obtain and correlate biochemical, 
morphological, electrophysiological, and 
molecular data from a single cell 

Enable studies with homogenous populations of neuronal cells uncontaminated with glia 

Limitations 

Lack the growth regulation seen in vivo Possible development of phenotypic 
alterations 

Limited cellular interactions resulting from the 
high homogeneity 

Do not possess all the features of adult 
differentiated cells 

In general, cell lines are more resistant than 
primary cell cultures to neurotoxic insults 

Difficulty in inhibiting experimentally cell 
division to obtain a stable population of 
differentiated cells 

The genetic amenability and response to a 
neurotoxicant may be changed, as compared 
to primary cells 

The majority of immortalized cell lines have 
not been studied in depth to identify all the 
idiosyncratic changes imposed by genetic 
manipulation and multiple passages 

 

 

Cell lines are such a mainstay of research in other areas of cell biology that someone 

coming to neurobiology from another discipline must find it peculiar that anyone still works 

with primary cultures (LePage et al., 2005). The problem is that the cell lines presently 

available for neurobiological and neurotoxicological research do not express some key 

aspects of neuronal differentiation. Though there are cell lines that express many of the 

individual  characteristics of differentiated neurons, including neurotransmitters, ion 

channels, receptors and other neuron-specific proteins, they are not good models for all 

specific neuronal phenothypes (LePage et al., 2005). For example, PC12 cells, which can 

come as close as any cell line to mimicking a specific population of differentiated nerve 

cells, do not develop distinct axons and dendrites or form synapses like the sympathetic 
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neurons they otherwise resemble (Westerink and Ewing, 2008). The suitability of available 

cell lines as models for neurons from the CNS is even more limiting. Presumably this 

reflects the complexity of the developmental processes that lead to the acquisition of a 

specific neuronal identity in a tissue with hundreds or thousands of distinguishable 

neuronal phenotypes (LePage et al., 2005).  

Cell lines exist that are representative of neurons, including neuroblastomas cell lines 

(e.g. SH-SY5Y, Neuro-2A or IMR-32 cell lines) (Shastry et al., 2001), and glia, such as 

oligodendrocyte cell lines (e.g. CG4, OLN-93 or HOG cell lines), Schwann cell lines (e.g. 

33B, IMS32 or NF1T cell lines) astrocyte cell lines (e.g. C6, BALB SFME or U87MG cell 

lines) or microglia cell lines (e.g. HAPI, BV-2 or CHME-5 cell lines) (De Vries and 

Boullerne, 2010). With some rapidly dividing cell types, such as glia, a large cell 

population can be derived from the progeny of a single cell. Though cell lines lack the 

growth regulation seen in vivo, the critical point for experimental use is whether the cells 

express the differentiated characteristic of interest identical to those in vivo. If they do, 

information on the binding characteristics of the tested compound to the target receptor or 

binding site molecule may be studied as an important first step in the neurotoxicity 

evaluation. However, the use of cell lines for neurotoxicological studies, even if they 

express the differentiated characteristic of interest, should be exercised with caution. As 

the genetic amenability and response to a test compound may be dramatically changed in 

cell lines, as compared to the original primary cells, unforeseen cell line specific effects 

may occur. Thus, the data may not be directly applicable for extrapolation to the in vivo 

condition (Banker and Goslin, 1998; Astashkina et al., 2012).  

I.1.2.2.3.1.1  Cell lines of neuronal origin 

I.1.2.2.3.1.1.1  Neuroblastoma cell lines 

Neuroblastomas are neuro-endocrine solid tumors of childhood that show 

undifferentiated cell phenotypes and poor prognosis. These tumors arise from the neural 

crest and occasionally show spontaneous regression following differentiation into benign 

ganglioneuromas. The first neuroblastoma cell line emerged over 50 years ago. Human 

neuroblastoma cell lines correspond to adrenal neuroblasts, arrested at different levels 

during the morphogenesis of the adrenal medulla (Shastry et al., 2001). The differentiation 

of sympathoadrenal precursor cells toward either sympathetic neurons or chromaffin cells 

may be promoted by several factors and hormones. Particularly, glucocorticoids are 

involved in the differentiation of the precursor cells toward chromaffin cells (Cooper et al., 

1990). This finding is indicative of the sensitivity and of dependency of neural crest-
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derived cells to steroid hormones. Cell lines derived from human neuroblastomas 

represent a good model of human immature neurons and have been widely used for the 

study of mechanisms involved in neuronal function and differentiation (Påhlman et al., 

1990; Shastry et al., 2001). They form homogenous populations, proliferate rapidly in 

chemically defined media and extend neuritic-like processes. These cell lines also 

synthesize in vitro proteins unique to the neuronal phenotype [e.g. neuron-specific 

enolase (NSE) and neurofilaments (NFs)], receptors for neuroactive factors, as well as 

enzymes required for the biosynthesis of several neurotransmitters [choline 

acetyltransferase, TH and dopamine-β-hydroxylase]. In addition, they form homogenous 

populations and proliferate rapidly in chemically defined media (Sadée et al.; Biedler et al., 

1978; Påhlman et al., 1983; Ciccarone et al., 1989). Neuroblastoma cells may be 

differentiated in vitro, from immature into mature neuronal cells, by different natural and 

chemical agents, allowing, thus, to study the evolution of several biologic processes at 

different stages of cellular development and differentiation. However, when 

neuroblastoma cell lines are being used, it is important, and at times difficult, to distinguish 

between morphologic differentiation and cytotoxicity (Påhlman et al., 1990; Shastry et al., 

2001). A large part of the data present in the literature using neuroblastoma cells has 

been performed with the human SH-SY5Y cell line. 

I.1.2.2.3.1.1.1.1 SY-SY5Y cells: a human neuroblastoma cell line 

The SH-SY5Y neuroblastoma cell line is a thrice cloned subline of SK-N-SH cells which 

were originally established from a bone marrow biopsy of a neuroblastoma patient with 

sympathetic adrenergic ganglial origin in the early 1970’s (Biedler et al., 1973). This cell 

line has been widely used as a neuronal model since the early 1980’s, as these cells 

possess many biochemical and functional properties of neurons (Presgraves et al., 2003; 

Ferreira et al., 2013).  

The main characteristics of the SH-SY5Y cell line are summarized in Table 5. This cell 

line exhibits enzymatic neuronal markers (TH and dopamine-β-hydroxylase), specific 

uptake of NA and expresses one or more proteins of the NFs. These cells also express 

opioid, muscarinic and nerve growth factor receptors (Takeuchi et al., 2009). SH-SY5Y 

cells may differentiate upon treatment with a variety of agents, including RA (Presgraves 

et al., 2003; Cheung et al., 2009), 12-O-tetradecanoylphorbol-13-acetate (TPA) 

(Presgraves et al., 2003; Ferreira et al., 2013), BDNF (Cernaianu et al., 2008), dibutyryl 

cyclic adenosine 5’-monophosphate (dBcAMP) (Kume et al., 2008) or staurosporine 

(Mollereau et al., 2007). Consequently, the SH-SY5Y cell line has been widely used in 

experimental neurotoxicological studies (Presgraves et al., 2003; Wang and Xu, 2005; 
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Shavali and Sens, 2008; Lopes et al., 2010; Ferreira et al., 2013). Although SH-SY5Y 

cells have been widely used either in their undifferentiated or differentiated state, use of 

undifferentiated cells involves some limitations. One of the most important limitation is the 

proliferation during the course of the experiment, which makes difficult to distinguish 

whether neurotoxic agents influence the proliferation rate or the rate of cell death (Datki et 

al., 2003). Furthermore, SH-SY5Y cells in culture are unsynchronized and do not always 

exhibit the typical markers of mature neurons, which leads to uncertainty in experiments. 

Moreover, undifferentiated cells do not express high levels DAT, apart from that they 

exhibit less sensitivity to neurotoxins and neuroprotective agents than primary neurons 

(Presgraves et al., 2003). In addition, though SH-SY5Y cells express dopamine-β-

hydroxylase and TH, catecholamines (dopamine and NA) synthesis is limited as result of 

a deficiency in dihydroxyphenylalanine decarboxylase (Ikeda et al., 1994).  

 
Table 5. Characteristics of the SH-SY5Y cell line. 

Thrice cloned subline of SK-N-SH cells Exhibits specific uptake of NA 

Expresses DAT Expresses proteins of NFs  

Expresses dopamine-β-hydroxylase and TH Expresses opioid, muscarinic, and nerve 
growth factor (NGF) receptors 

After differentiation, presents a functionally 
mature neuronal phenotype 

May differentiate upon treatment with a variety 
of agents 

Limited synthesis of catecholamines (dopamine and NA) as a result of the deficiency in 
dihydroxyphenylalanine decarboxylase 

 

 

Differentiation of SH-SY5Y cells lead to a functionally mature neuronal phenotype. In 

fact, upon differentiation, cells stop proliferating, become a more stable population 

(Presgraves et al., 2003), and show extensive neurite outgrowth (Ferreira et al., 2013) 

with morphological similarity to living neurons in the brain. In addition, SH-SY5Y 

differentiated cells possess more biochemical, ultrastructural, morphological and 

electrophysiological similarity to neurons and express a variety of neuronal-specific 

markers, including receptors for neurotrophic factors, growth-associated protein 43 (GAP-

43), NSE, neuronal nuclei (NeuN) synaptophysin, and neuronal-specific cytoskeletal 

proteins, including microtubule-associated protein (MAP) Tau. In fact, Tau, GAP-43, 

NeuN, and synaptophysin are classical markers of mature neurons (Cheung et al., 2009). 

However, according to the differentiation agent used, cells may acquire different 

phenotypes. SH-SY5Y cells differentiated with RA present a mature cholinergic 

phenothype, with no significant differences in DAT and TH expression (Presgraves et al., 
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2003; Cheung et al., 2009). However, they present higher expression of choline acetyl 

transferase (ChAT) (Adem et al., 1987) and VMAT (Presgraves et al., 2003), thus 

confirming the enhancement of a cholinergic phenothype. On the other hand, SH-SY5Y 

cells differentiated with TPA acquire a more characteristically adrenergic neuronal 

phenothype, as observed by increased expression of TH, neuropeptide Y (NPY), as well 

as NSE, and increased NA biosynthesis. Indeed, both NA and NPY are two important 

neurotransmitters produced in adrenergic neurons of the sympathetic nervous system 

(Jalava et al., 1992; Presgraves et al., 2003). Despite this, SH-SY5Y cells differentiated 

with RA followed by TPA specially develop a dopaminergic phenotype, expressing higher 

levels of DAT and TH, though lower levels of VMAT, compared to their undifferentiated 

state. Furthermore, RA/TPA-differentiation increases the density of dopamine 2 (D2) and 

dopamine 3 (D3) receptors in cell surface (Presgraves et al., 2003). Additionally, it was 

shown a higher ability of RA/TPA-differentiated SH-SY5Y cells to uptake and retain 

dopamine, compared to their undifferentiated state (Presgraves et al., 2003; Ferreira et 

al., 2013) and lower resistance to the neurotoxic actions of dopaminergic toxins, such as 

MPP+ (Presgraves et al., 2003), thus confirming the enhancement of a dopaminergic 

phenothype. Representative images of undifferentiated or RA/TPA-differentiated SH-

SY5Y cells are shown in Figure 4.  

 

 

 
Figure 4. Brightfield images of SH-SY5Y cells in their undifferentiated state or after differentiation with 
RA/TPA (3 days with 10 µM RA followed by additional 3 days with 80 nM TPA). Scale bar: 50 µm. 

 
 

Among the different agents that can be used to differentiate SH-SY5Y cells are also 

included compounds of the family of neurotrophins, including NGF and BDNF (Cernaianu 

et al., 2008). In addition, several other growth factors, including basic fibroblast growth 

factor (bFGF), insulin-like growth factor I (IGF1), glial cell line-derived neurotrophic factor 
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(GDNF) and ciliary neurotrophic factor (CNTF) also induce differentiation of SH-SY5Y 

cells (Weiss et al., 2001; Yang et al., 2008). However, SH-SY5Y cells generally lack 

functional neurotrophin receptors. Nevertheless, pre-treatment with RA up-regulates the 

neurotrophin receptors, making, thus, SH-SY5Y cell responsive to differentiation by 

neurotrophins (Cernaianu et al., 2008). Despite the well-known effectiveness of 

neurotrophins as differentiation agents, the neuronal phenothype that is promoted remains 

unclear. Reports indicate that SH-SY5Y cells differentiated with RA and BDNF increase 

the expression of general neuronal markers and cholinergic markers [NPY, vesicular 

acetylcholine transporter (VAChT) and ChAT], thus suggesting that after differentiation 

cells acquire a typically cholinergic neuronal phenothype (Edsjö et al., 2003). However, 

other reports indicate that SH-SY5Y cells differentiated with RA and BDNF exhibit a 

characteristically dopaminergic phenothype, with high TH and DAT activity and functional 

uptake and release of dopamine (Mastroeni et al., 2009). Therefore, further studies in SH-

SY5Y cells differentiated with RA and BDNF are needed to a better characterization of 

their phenothype.  

Staurosporine is another agent used to differentiate SH-SY5Y cells, inducing a mature 

adrenergic phenotype characterized by up-regulation of TH, DAT and NPY activities and 

increased NA content (Jalava et al., 1993; Mollereau et al., 2007). SH-SY5Y cells 

differentiated with guanosine and guanosine 5’-triphosphate (GTP) presented a dual 

dopaminergic/adrenergic phenothype characterized by cell-cycle arrest and increased TH 

and DAT expression (Guarnieri et al., 2009). On the other hand, dBcAMP differentiate SH-

SY5Y into an adrenergic neuronal  phenothype, characterized by increased NA synthesis 

and TH expression (Kume et al., 2008). 

As previously stated, after differentiation, SH-SY5Y cells present a modified 

susceptibility to neurotoxins. These changes appear to be most closely related with the 

differentiation agent used. Reports indicate that SH-SY5Y cells differentiated with RA are 

more resistant to certain neurotoxins, like MPP+, 6-hydroxydopamine or β-amyloid protein, 

than undifferentiated cells (Cecchi et al., 2008; Cheung et al., 2009; Wszelaki and Melzig, 

2011). Other reports indicate that differentiation with RA followed by TPA make SH-SY5Y 

cells less prone to the neurotoxic actions of dopamine (Ferreira et al., 2013). However, 

compared to cells differentiated with RA, RA/TPA-differentiated SH-SY5Y cells appear to 

be more sensitive to the neurotoxic effects of the MPP+ (Presgraves et al., 2003). On the 

other hand, staurosporine-differentiated SH-SY5Y cells are more susceptible to the 

neurotoxic actions of several agents, than in their undifferentiated state (Tieu et al., 1999), 

which emphasizes the similarity of RA/TPA- or staurosporine-differentiated SH-SY5Y cells 

to primary neurons. These changes of vulnerability might be attributed to various 

biochemical changes evoked by different differentiating agents, such as over-expression 
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and down-regulation of anti- and pro-apoptotic proteins (Tieu et al., 1999; Jantas et al., 

2008) or alterations in signaling pathways, including protein kinase B (Akt) and 

tropomyosin receptor kinase B (TrkB) pathways (Ho et al., 2002; Wenker et al., 2010). 

Nevertheless, SH-SY5Y differentiated cells, given their similarity to primary neurons in 

drug-induced toxic actions, remain valuable research tools.  

The SH-SY5Y cell line has been extensively used to establish the neurotoxic potential 

of several compounds, namely MDMA (Ferreira et al., 2013), classical neurotoxicants, like 

MPP+ (Presgraves et al., 2003) and 6-hydroxydopamine (Tirmenstein et al., 2005; 

Tsushima et al., 2012), or organic pollutants (Jung et al., 2009; Chen et al., 2013). 

Additionally, different mechanisms have been explored, such as disruption in intracellular 

Ca2+ levels (Hettiarachchi et al., 2012), mitochondrial dysfunction (Tirmenstein et al., 

2005), oxidative stress (Tirmenstein et al., 2005; Tsushima et al., 2012; Ferreira et al., 

2013) or disruptions in neurite outgrowth (Jung et al., 2009; Chen et al., 2013), thus 

making this cell line an important in vitro model in the field of the neurotoxicology.  

I.1.2.2.3.2 Primary cultures 

I.1.2.2.3.2.1  Dissociated primary cultures 

The dissociated primary culture is one of the most widely used in vitro system in the 

field of the neurotoxicity research. The dissociated primary cultures, as indicate by their 

name, are prepared from suspensions of individual cells, obtained by dissociation of the 

brain tissue (Capela et al., 2007b; López-Doménech et al., 2012; Capela et al., 2013). 

When plated onto an appropriate surface, the neurons begin to extend processes within 

several hours, ultimately forming a dense network. The plating efficiency is dependent on 

the dissociation technique, the type of substratum, the culture medium composition, and 

the type of tissue. The presence and amount of serum and trophic factors, oxygen 

tension, the composition of the substratum and seeding density strongly affect the viability 

and differentiation of the cell culture (dedifferentiation, transdifferentiation, differentiation 

inhibition or induction of differentiation) (Banker and Goslin, 1988). However, under 

favorable conditions, it is possible to maintain such cultures for long periods of time, 

during which cells acquire most of the properties of mature neurons. They develop distinct 

axons and dendrites, form synapses with other neurons, and express the receptors and 

ion channels characteristic of the corresponding cell type in situ (Radio and Mundy, 2008). 

Frequently, cells develop considerable spontaneous electrical activity, including synaptic 

potentials. When co-cultured with Schwann cells or oligodendrocytes, axons become 

myelinated. Importantly, neurons obtained by dissociation appear to retain their individual 
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identities, presumably as a result of their postmitotic nature and committed in their 

differentiation at the time that they are introduced in culture. Motor neurons express 

properties reminiscent of motor neurons, Purkinje cells of Purkinje cells, and so on. In a 

few cases, it has been possible to demonstrate this directly by labeling specific 

populations of embryonic cells in situ, then examining their properties in culture (Huang et 

al., 2012). Therefore, in general, the morphological and physiological properties of the cell 

populations present in culture correspond closely to the characteristics of the cell 

populations present in the tissue of origin.  

The main advantages and limitations in using dissociated primary cultures for 

neurotoxicological studies are summarized in Table 6. The most obvious advantage of the 

dissociated primary cultures is that they render accessibility to individual living cells. 

During the first few days in culture, before the neural network becomes too dense, 

individual neurons can be easily visualized in their entirety. This allows a direct 

observation of growing axons, their mode of branching and the behavior of their growth 

cones. Importantly, dissociated cells in culture permit a remarkably precise experimental 

analysis of these events. Additionally, primary dissociated neuronal cultures are 

particularly amenable to study using morphological and physiological techniques, which 

may be applied on a cell-by-cell basis. However, these cultures are less suited to 

traditional biochemical approaches, since the amount of biological material obtainable 

from these cultures usually is limited. Another inherent limitation of the dissociated primary 

cultures is the homogeneous population of cells. In specific cases, cultures may be 

prepared whose cellular composition is much simple than that of the tissues from which 

they derive. However, more commonly, cultures are as complex as the tissue from which 

they are originated. The heterogeneity of the culture also complicates studies using 

morphological and physiological techniques, since consistent results require the 

identification of specific cell populations. Developing approaches to deal with the 

heterogeneity of cell types is critical to the successful use of dissociated primary cultures. 

Such considerations begin with the choice of tissue to culture. Some regions of the 

nervous system are simply more complicated than others. There is also a general belief 

that cells in primary culture may be more sensitive to the effects of neurotoxicants. 

Though this is true at times, it is not always the case, because these differences of 

susceptibility may also be often due to different culturing conditions (Banker and Goslin, 

1998; Radio and Mundy, 2008; Astashkina et al., 2012). 
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Table 6. Advantages and limitations in using dissociated primary cultures as in vitro models for 
neurotoxicological studies. 

Advantages 

Individual living cell is accessible 
Possibility of a direct observation of growing 
axons, their mode of branching and the 
behavior of their growth cones 

These cultures allow the monitorization of both 
morphological and electrophysiological 
features, which may be applied on a cell-by-
cell basis 

Possibility to obtain and correlate biochemical, 
morphological, electrophysiological and 
molecular data from a single cell 

Limitations 

Heterogeneity of the cellular population Limited amount of biological material, 
compared to the immortalized cell lines 

The tissue organization is lost as a result of 
the dissociation procedure 

Higher susceptibility to the effects of 
neurotoxicants 

I.1.2.2.3.2.1.1 Neuronal primary cultures 

Much work has focused on obtaining cultures representative of neuronal populations. 

Usually primary neuronal cultures are derived from many different brain regions, such as 

HIP (López-Doménech et al., 2012; Capela et al., 2013), CTX (Capela et al., 2007b; Xu et 

al., 2012; Yuan et al., 2013b), striatum (Oliveira et al., 2006) or cerebellum (Jiménez et al., 

2004; Giordano et al., 2009), or from peripheral nervous system (PNS) (Söderström and 

Ebendal, 1995), of rat (Capela et al., 2007b; Xu et al., 2012; Yuan et al., 2013b) or mouse 

(Oliveira et al., 2006; López-Doménech et al., 2012) fetal brain tissue. However, fetal 

brain tissue from humans (Rahman et al., 2011) or chicken (Söderström and Ebendal, 

1995; Windisch et al., 2003) has also been used. The use of fetal tissue is required, 

because neurons are much less susceptible to damage during dissociation, since their 

soma are still small, and before they have developed extensive axonal and dendritic 

arbors, and have become highly innervated. Additionally, at early stages of development, 

neurons may also be less dependent on their target cells for trophic support (Banker and 

Goslin, 1998). Even within a brain region, such as the cerebellum, individual cell types 

require distinct donor ages. While cerebellar granule cells are generally isolated from 

postnatal day 6 to 8 brains (Jiménez et al., 2004; Giordano et al., 2009), for a successful 

Purkinje cell cultures, usually fetal tissue is used (Wagner et al., 2011). Therefore, as the 

age of the donor is critical for successful culturing of each cell type from different brain 

regions, it is important to maintain a consistency in donor age between different 

experiments. Moreover, different brain regions present different neuronal populations. 
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While primary cultures of cortical neurons are mainly constituted by GABAergic and 

glutamatergic neurons, primary cultures of cerebellar granule cells are mainly constituted 

by glutamatergic neurons (Suñol et al., 2008). Thus, according to the endpoint of 

neurotoxicity that will be measured, there are brain areas that may be more appropriated 

than others.  

On the other hand, it is difficult to obtain pure cultures of dissociated primary neurons, 

since these cultures are generally contaminated with glial cells, thus difficulting to discern 

pharmacological or toxicological phenomena that are specific of neurons (Viviani et al., 

1998). To circumvent this limitation, primary cultures may be added of cytosine arabinose, 

generally 24 to 48h after seeding, which, by inhibiting the glial proliferation, allows to 

obtain neuron-enriched primary cultures (Zhang et al., 2010; Liu et al., 2011; Wang et al., 

2012a). 

In vitro, neurons extend neurites rapidly, with minimal requirement for extracellular 

matrix proteins, neural cell adhesion molecules or NGF. Though brain tissue constitutes 

the most widely used source for culture of dissociated neuronal cells, cultures of 

sympathetic ganglion cells (Koike and Ninomiya, 2000) and dorsal root ganglion cells 

(Misko et al., 2010; Misko et al., 2012) have also been made. In these cells, neurite 

outgrowth can be enhanced by the presence of various growth factors, including NGF. On 

the other hand, neurons in culture differ from neurons in vivo for a number of reasons, 

which must be considered when interpreting data from in vitro systems. Primary neurons 

in culture are metabolically, physiologically and morphologically stunted. Furthermore, 

they are not subject to normal excitatory or inhibitory inputs that are observed in vivo. 

Therefore, the susceptibility of these cells to toxic insult may be different. Another 

limitation of the use of primary neuronal culture is that these cells do not divide in vitro and 

survive during a limited time. In addition, it is difficult to obtain homogenous, well-defined 

and reproducible cultures (Radio et al., 2008; Astashkina et al., 2012).  

Despite all these limitations, primary neuronal cultures have proved to be a useful 

system for measuring neurotoxicity in vitro. In fact, many studies have used primary 

neuronal cultures to study the neurotoxic potential of several compounds, namely drugs of 

abuse, such as MDMA (Capela et al., 2007b; Capela et al., 2013), amphetamine (Cunha-

Oliveira et al., 2006) or cocaine (Cunha-Oliveira et al., 2006), methylmercury (Meacham et 

al., 2005), lead (Hogberg et al., 2010), organic pollutants (Meacham et al., 2005), 

neuropharmacological agents (Hogberg et al., 2010), among other compounds. Several 

endpoints of neurotoxicity have been assessed, such as cell death (Capela et al., 2007b; 

Capela et al., 2013) interference with neurite outgrowth (Söderström and Ebendal, 1995; 

Maekawa et al., 2013) or disruption of the mitochondrial function (Cunha-Oliveira et al., 

2006). Additionally, this model, in association with other research tools, has provided 
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valuable insights in screening the neurotoxic potential of several compounds (Hogberg et 

al., 2010; Hogberg et al., 2011). 

I.1.2.2.3.2.1.1.1 Hippocampal primary cultures 

The HIP is brain area that has received special attention along the years, as a result of 

its anatomical organization, which is strikingly precise and exhibits a remarkable ability for 

activity-dependent changes in synaptic function, such as long-term potentiation (Epp et 

al., 2013). Many of these characteristics are believed to reflect the specific endogenous 

properties of hippocampal neurons. For example, hippocampal neurons have the ability 

for plasticity and exhibit higher susceptibility to anoxia. This feature appears to be related 

to the unique properties of NMDA receptors, which are expressed at particularly high 

levels by hippocampal neurons (Legendre et al., 1993).  

The HIP presents a relatively homogeneous population of neurons with well-

characterized properties typical of CNS neurons in general. Pyramidal neurons, the 

principal cell type in the HIP, have been estimated to account for 85 to 90% of the total 

neuronal population. The CA1 and CA3 regions of the HIP contain pyramidal neurons that 

differ from one another in some of their physiological properties and in some aspects of 

their connectivity. Therefore, these neurons may be cultured separately. However, they 

are similar in many fundamental aspects. A variety of interneurons have also been 

described in the HIP, though they are few in number, compared with pyramidal neurons. 

Additionally, hippocampal primary cultures may present a low content of dentate granule 

cells (Fath et al., 2009; Herculano-Houzel, 2011). Representative confocal images of 

hippocampal primary cells obtained from mouse embryos at embryonic day (E) 16 are 

shown in Figure 5.  

In the HIP, neurons of the try-synaptic circuit, granule and pyramidal cells are 

glutamatergic excitatory, whereas inhibitory interneurons are GABAergic. This mode of 

separation of synaptic activity is at the basis of the functioning of the nervous system as a 

network. Excitatory neuronal cells produce synaptic inputs that stimulate target cells and, 

in turn, receive inhibitory inputs that govern their excitability Despite this, hippocampal 

pyramidal neurons and dentate granule cells express GABA receptors, thus indicating that 

these cells may be modulated by GABA neurotransmission. (Lambert et al., 1989; McBain 

et al., 1999). Therefore, primary hippocampal cultures are mainly constituted by 

glutamatergic neurons. 

Hippocampal pyramidal neurons exhibit many features of interest for neurobiology and 

neurotoxicology studies, which are summarized in Table 7. For example, these neurons 

have a characteristic, well-defined shape. Furthermore, such as most neurons of the CNS, 
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they exhibit a single axon and innumerous dendrites. Also, their dendritic arbor is 

distinctive, consisting of a single long apical dendrite and several shorter basilar dendrites, 

all highly branched and studded with dendritic spines. Additionally, hippocampal pyramidal 

neurons establish direct connections with other neurons and with the population of 

endogenous interneurons. Therefore, in culture, hippocampal neurons still can make 

extensive and establish synaptic connections with one another (Kaech and Banker, 2006; 

Fath et al., 2009). 

   

 

 
Figure 5. Hippocampal primary cells isolated from mouse embryos at embryonic day (E) 16. 
(A) Confocal images of a hippocampal primary neuron, at 6 days in vitro (DIV), colabelled with anti-Tau 
antibody and the nuclear marker 4',6-diamidino-2-phenylindole (DAPI). (B-D) Confocal images of live 
hippocampal primary cells, at 6DIV, labeled with Fluo4 (intracellular calcium staining) (B), over-expressing the 
mitochondrial tagged protein MitDsRed (mitochondrial staining) (C) or labeled with tetramethylrhodamine 
methyl ester (TMRM, mitochondrial staining) (D). Scale bar: 20 µm. 

 
 

Generally, hippocampal primary cultures are prepared from E17 to E19 rat embryos 

(Chen et al., 2007b; Chen et al., 2010; Capela et al., 2013) or from mice embryos at a 

comparable stage of development (E15 to E17) (Llorens-Martín et al., 2011; López-

Doménech et al., 2012). At this stage, the generation of pyramidal neurons, which begins 

in the rat at about E15, is essentially complete, though the generation of dentate granule 

cells, which largely occurs postnatally, scarcely has begun (Epp et al., 2013). Therefore, 

hippocampal primary cultures prepared from embryos at this stage are essentially 
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constituted by pyramidal neurons. This characteristic allows to obtain a more 

homogeneous experimental response. 

 
Table 7. Characteristics of hippocampal primary cultures.  

High content of pyramidal neurons Low content of interneurons and dentate 
granule cells 

Pyramidal neurons have a characteristic, well-
defined shape 

Pyramidal neurons exhibit a single axon and 
innumerous dendrites 

Pyramidal neurons establish direct 
connections with other neurons and with the 
population of endogenous interneurons 

Dendritic arbor is distinctive, consisting of a 
single long apical dendrite and several shorter 
basilar dendrites, all highly branched and 
studded with dendritic spines 

Since hippocampal primary cultures prepared from rodent embryos are essentially constituted by 
pyramidal neurons, they allow to obtain a more homogeneous experimental response 

 

 

Hippocampal primary cultures have been extensively used to establish the neurotoxic 

potential of several compounds (Sanchez et al., 2008; Capela et al., 2013; Godoi et al., 

2013), thus making them an important in vitro model in the field of the neurotoxicology. 

Additionally, hippocampal cultures have also been widely used for visualizing the 

subcellular location of endogenous or expressed proteins, for imaging protein trafficking 

(Chen et al., 2007b; Chen et al., 2010; Llorens-Martín et al., 2011; López-Doménech et 

al., 2012) and for defining the molecular mechanisms underlying the development of 

neuronal polarity, dendritic growth and synapse formation (Geissler et al., 2013; Sapir et 

al., 2013). For these proposes cultures conditions must permit the growth of cells at low 

density, to allow the easy observation of individual cells. 
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I.1.3  The pivotal role of mitochondria in neurons 

The name mitochondrion was first coined by Benda (Benda, 1898), and it comes from 

two Greek words, “mitos” (thread) and “condros” (granule), which describe the 

appearance of mitochondria. In the following years, many investigators speculated on the 

role of mitochondria in cells, with Warburg (Warburg, 1913) recognizing the association 

between mitochondria and respiration. Many years of biochemical studies characterized 

this organelle as the site of energy production and cellular respiration, leading to consider 

mitochondria as the “powerhouses” of the cell. 

The critical dependence of neurons on mitochondria is determined by three 

interconnected functions: 

► Energy production - While the brain is only 2% of the body weight, it consumes 

approximately 20% of the energy produced in the body. Most brain energy is generated by 

mitochondria (mitochondria are thought to produce more than 90% of the cellular ATP), 

organelles highly efficient in utilizing oxygen and substrates, mainly derived from glucose, 

to produce cellular energy in the form of ATP. Mitochondria provide ATP via oxidative 

phosphorylation, which occurs on the ETC, localized in the inner mitochondrial membrane 

(Ho et al., 2012; Van Laar and Berman, 2013). Oxidation of pyruvic acid in the Krebs cycle 

supplies high-energy electrons, in the form of  nicotinamide adenine dinucleotide reduced 

form (NADH) or flavin-adenine dinucleotide reduced form (FADH2), to undergo oxidative 

phosphorylation. This process involves the flow of these electrons along the ETC, from 

complex I (NADH ubiquinone oxidoreductase) and complex II (succinate dehydrogenase) 

to complex IV (cytochrome c oxidase) and, finally, to molecular oxygen, which is 

subsequently converted to water. Along with the flow of electrons through the ETC, there 

is a concomitant pumping of protons in complexes I, III (ubiquinol cytochrome c 

oxidoreductase) and IV, from the mitochondrial matrix to the mitochondrial inter-

membrane space, creating an electrochemical gradient, also known as proton-motive 

force, across the inner membrane. Complex V, also called ATP synthase, utilizes this 

electrochemical gradient to drive adenosine 5’-diphosphate (ADP) phosphorylation and 

generate ATP by channeling the protons back to the matrix. The proton-motive force has 

two components: the mitochondrial membrane potential (ΔΨm), which arises from the net 

movement of positive charge across the inner mitochondrial membrane, and the pH 

gradient. At any given time, the ΔΨm (typically between -150 and -180 mV) reflects the 

balance between processes that contribute to the generation of the proton gradient and 

those that consume it (Ho et al., 2012; Vafai and Mootha, 2012). Mitochondrial-dependent 

ATP production is critical to support many important neuronal functions, including the 

generation of axonal and synaptic membrane potentials, mobilization of synaptic vesicles 
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during intensive neuronal activity and assembly of the actin cytoskeleton among 

synapses, and for proper mitochondrial distribution along neuronal processes (Attwell and 

Laughlin, 2001; Verstreken et al., 2005).  

► Ca2+ handling - The mitochondrial potential is used to accumulate cytosolic Ca2+. 

Ca2+ is taken up by the Ca2+ uniporter. Once inside the mitochondria it can either be 

buffered [probably by converting it to an insoluble (Ca)x(PO4)y(OH)z salt by reaction with 

PO4
3– supplied by the Pi carrier) or it can be transported back out of the mitochondria via a 

Na+/Ca2+ antiporter. This is powered by a Na+ gradient, set up by a Na+/H+ antiporter 

(Szabadkai and Duchen, 2008). This ability of mitochondria to undertake Ca2+ buffering 

plays a major role in neuronal signaling, since Ca2+ acts as an key regulator of 

neurotransmission and as secondary messenger (Billups and Forsythe, 2002; Michaelsen 

and Lohmann, 2010). 

► Apoptotic cell death - The mitochondrial stage of apoptosis control is upstream of 

caspase activation. One well understood role of mitochondria in caspase activation is to 

regulate the release of proteins from the space between the inner and outer mitochondrial 

membranes to the cytosol, such as cytochrome c, apoptosis inducing factor (AIF) or 

SMAC/Diablo, thus leading to apoptotic neuronal death (Danial and Korsmeyer, 2004; 

Franklin, 2011). 
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I.1.4  Mitochondrial transport in neurons 

In the nervous system, neurons are extremely polarized cells that present three distinct 

functional and subcellular domains, the cell body or soma, the axon, and dendrites. While 

the soma and dendrites receive and process the information provided from another cell, 

the axon is responsible for transfers it, by generating action potentials. Essential materials 

and mitochondria, which are generally synthesized or generated in the cell body, are 

delivered through the neuronal processes to their final destination, the synaptic terminals. 

Owing to their unique metabolic requirements, these areas do not display a uniform 

mitochondrial distribution. The large size of many neurons (up to 1 m in humans), which 

precludes rapid diffusion of ATP from one end of the cell to the other, implies, therefore, 

that the energy production must be spatially matched to local energy usage. In neurons, 

areas with high energy requirements, such as presynaptic and postsynaptic terminals, 

active growth cones and axonal branches, myelination boundaries, sites of axonal protein 

synthesis and nodes of Ranvier are enriched in mitochondria, compared to other cellular 

domains (Sheng and Cai, 2012). Furthermore, though mitochondrial biogenesis may 

occur locally in the axon, generation of new organelles mainly occurs within the cell body. 

Additionally, as the degradation of organelles, such as mitochondria, ensues in the cell 

body, dysfunctional mitochondria need to return to the soma for an efficient degradation 

(mitophagy) through the autophagy-lysosomal system (Ashrafi and Schwarz, 2013). 

Therefore, neurons require highly efficient mechanisms for mitochondrial transport 

regulation from and to the cell body to enable the rapid redistribution of mitochondria to 

different areas, in order to supply increased metabolic requirements.  

In neurons, mitochondria are highly dynamic organelles with bidirectional transport 

along neuronal processes, frequently changing direction, pausing or switching to 

persistent docking (Kang et al., 2008; López-Doménech et al., 2012; Plucińska et al., 

2012). The cytoskeleton is responsible for the maintenance of the highly specialized 

structure of neurons, also allowing axonal growth and coordinated transport and stable 

docking events (Sau et al., 2011). Microtubules, the main component of the cytoskeleton, 

which are formed by polymers of α- and β-tubulin, are polarized structures with the “plus” 

end toward to the terminal and the “minus” end toward to the cell body. However, 

dendrites presented a mixed polarity (Sau et al., 2011; Saxton and Hollenbeck, 2012). 

Actin filaments, which are enriched in nerve terminals, are composed of monomers 

forming flexible helical polymers with fast-growing and slow-growing ends that generate 

explosive growth during neurite extension. This allows the extrusion of the axonal growth 

cone (Sau et al., 2011; Millecamps and Julien, 2013). NFs, also called intermediate 

filaments, are the most abundant component in neuronal cytoskeleton. NFs lack any 
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polarity and assemble from three subunit polypeptides, such as NF-L (light-chain NF), NF-

M (medium-chain NF) and NF-H (high-chain NF). Additionally, NFs are much more stable 

than actin or microtubules, and primarily provide structural stabilization to neurons and 

regulate the radial axonal growth, axonal calibre and speed of impulse conduction (Sau et 

al., 2011; Millecamps and Julien, 2013). Of note, cytoskeletal filaments are linked to 

MAPs, such as Tau protein, which permit their stabilization. However, though 

microtubules, actin, and IFs are three major components of the axonal cytoskeleton, only 

microtubules and actin filaments play critical roles in mitochondrial transport and docking. 

A schematic representation of the mitochondrial transport along axons and dendrites are 

illustrated in Figure 6. 

 

.  

 
Figure 6. Mitochondrial transport in neurons. 
In axons, microtubules are uniformly organized with the “plus” ends (+) facing toward the axonal terminals and 
the “minus” ends (-) toward to the cell body. However, the organization of microtubules in dendrites show 
mixed orientation. Polarity and organization of microtubules in axons and dendrites are critical for the targeted 
transport of synaptic cargoes and organelles by microtubule-associated motor proteins. While kinesin motors 
are mostly “plus”-end directed, dyneins travel toward the “minus” ends of microtubules. Therefore, in the 
axonal compartment, kinesin motors mediate anterograde transport of mitochondria and dynein drives 
retrograde mitochondrial transport. In dendrites, both kinesin and dynein motors may drive mitochondria in 
both anterograde and retrograde directions, depending on the microtubule polarity. 

 
 

Mitochondrial transport in neurons occurs through motor proteins, which move 

mitochondria along the microtubules, whereas the actin cytoskeleton is much more 

important for mitochondrial anchor and for short-range movements (MacAskill and Kittler, 
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2010; Sheng and Cai, 2012). These highly coordinated processes involved in 

mitochondrial mobility result from the coupling of mitochondria to anterograde and 

retrograde motor proteins and to docking and anchoring machinery. Kinesin superfamily 

and cytoplasmic dyneins are the major motor proteins involved in mitochondrial transport 

along microtubules. Additionally, mitochondria are linked to the motor proteins through 

adaptor proteins or mitochondrial receptors (López-Doménech et al., 2012). The 

mitochondrial transport between the soma and distal axonal and dendritic regions 

depends on the polarity of the microtubules. Thus, the anterograde transport involves 

translocation toward microtubule “plus” ends, using kinesin motors, while retrograde 

transport requires translocation toward “minus” ends, using dynein motors, being the 

motor proteins functions highly dependent on the ATP hydrolysis. However, in dendritic 

processes, as microtubules present mixed polarity in the proximal regions, both kinesin 

and dynein motors may drive mitochondria in both anterograde and retrograde directions, 

depending on the microtubule polarity (MacAskill and Kittler, 2010; Sheng and Cai, 2012; 

Schwarz, 2013).  

I.1.4.1 Motor proteins 

I.1.4.1.1  Kinesin motors 

Microtubule “plus” end directed anterograde axonal transport of mitochondria is 

mediated by kinesin motors. At least 45 different kinesin motor genes have been identified 

in humans and mice, which are classified into 14 families. However, the best 

characterized molecular motors are the members of the kinesin-1 family, also known as 

KIF5 (Hirokawa et al., 2010).  

KIF5 motor protein contains two kinesin heavy chains and two kinesin light chains. The 

KIF5 heavy chains are constituted by an amino-terminal motor domain that has adenosine 

5’-triphosphatase (ATPase) activity and binds directly to microtubules, and a carboxyl-

terminal domain that mediates the association with the kinesin light chain or interacts 

directly with cargoes or adaptor molecules, such as mitochondrial adaptor proteins (Sheng 

and Cai, 2012). In mammalians there are 3 KIF5 isoforms (KIF5A, KIF5B and KIF5C). 

KIF5B is expressed in many cell types, though KIF5A and KIF5C are only found in 

neurons (Cho et al., 2007). The role of kinesin motors in regulating anterograde axonal 

transport of mitochondria has been demonstrated by several studies. For example, the 

over-expression of a dominant negative construct of KIF5 in cultured hippocampal 

neurons disrupted the axonal transport of mitochondria (Cai et al., 2005). Similarly, in 

KIF5A (-/-) mouse cultured motor neurons the maximum and average velocity of 
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mitochondrial transport was reduced in both anterograde and retrograde directions (Karle 

et al., 2012). In addition, kinesin-mediated mitochondrial transport may occur by direct 

attach of motor protein to the lipid bilayer of the mitochondrial membrane, or via adaptor 

proteins that themselves can bind lipids or have transmembrane domains (Macaskill et al., 

2009b; Wang and Schwarz, 2009).  

I.1.4.1.1.1 Adaptor proteins for kinesin motors 

The Drosophila melanogaster proteins Milton and mitochondrial Rho guanosine 5’-

triphosphatase (GTPase) Miro (dMiro) are described to be crucial for anterograde 

transport of mitochondria in flies. In this model, Milton is linked indirectly to mitochondria 

through an interaction with dMiro, a protein located in the outer mitochondrial membrane. 

Therefore, Miro serves as a membrane anchor that links Milton and, thus, kinesin to the 

mitochondrial surface (Stowers et al., 2002; Guo et al., 2005; Glater et al., 2006).  Since 

the initial identification of these adaptor proteins in flies, two mammalian orthologous of 

Milton, TRAK1 and TRAK2, also known as OIP106 and OIP98/Grif-1, respectively 

(Brickley et al., 2005), and two mammalian orthologous of dMiro, Miro1 and Miro2 

(Fransson et al., 2006), were identified. A schematic representation of Miro protein 

structure is illustrated in Figure 7. 

 

 
Figure 7. Primary structure of Miro protein.  
Miro contains two guanosine 5’-triphosphatase (GTPase) domains, which bind and hydrolyze guanosine 5’-
triphosphate (GTP), and two EF hand Ca2+-binding domains. Miro is anchored in the mitochondrial outer 
membrane by a carboxyl-terminal transmembrane domain. Created by the author based in the references 
(Fransson et al., 2006; Glater et al., 2006; Macaskill et al., 2009b; Wang and Schwarz, 2009; MacAskill and 
Kittler, 2010). 

 
 

Miro protein contains two EF hand Ca2+-binding domains, flanked by two GTPase 

domains, and a carboxyl-terminal transmembrane domain that sits in the outer 

mitochondrial membrane (Fransson et al., 2006; Glater et al., 2006). In hippocampal 

neurons, Miro1 acts as the major mitochondrial acceptor site for TRAK2, as demonstrated 

by the key regulator role of this complex in controlling mitochondrial transport (MacAskill 
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et al., 2009a). In agreement, a recruitment of TRAK2 to mitochondria and enhanced 

organelle’s transport was observed by increasing Miro1 expression (MacAskill et al., 

2009a). Additionally, impaired axonal movement of mitochondria was observed in 

hippocampal neurons over-expressing a dominant negative construct of TRAK1 (Brickley 

and Stephenson, 2011), thus providing additional evidence for an important role of TRAK 

and Miro proteins in mediating mitochondrial transport.  

Three additional motor adaptor proteins, syntabulin, fasciculation and elongation 

protein‑ζ1 (FEZ1) and Ran-binding protein 2 (RANBP2) were also implicated in kinesin-

dependent transport of mitochondria.  

Syntabulin is a membrane-associated protein that binds directly to the cargo-binding 

domain of KIF5 and targets to mitochondria through its carboxyl-terminal tail (Cai et al., 

2005). Knockdown of syntabulin expression with targeted small interfering RNA or 

interference with the syntabulin-kinesin-1 heavy chain interaction reduced mitochondrial 

density within axonal processes by impairing anterograde movement of mitochondria (Cai 

et al., 2005). In addition, syntabulin loss-of-function in cultured superior cervical ganglion 

neurons was associated with reduced mitochondrial distribution along neuronal processes 

(Ma et al., 2009), thus indicating an important role for syntabulin in mitochondrial transport 

in neurons. 

FEZ1, a brain-specific protein involved in axonal outgrowth, has also been implicated in 

neuronal mitochondrial transport. Silencing of FEZ1 by RNA interference efficiently 

reduced NGF-induced neurite elongation and the anterograde movement of mitochondria 

in PC12 cells (Fujita et al., 2007). Similarly, in hippocampal neurons, silencing of FEZ1 by 

RNA interference repressed the axonal formation and retarded the anterograde 

mitochondrial movement in neurites (Ikuta et al., 2007), thus suggesting that FEZ1 

participates in the establishment of neuronal polarity by controlling the mitochondrial 

motility along axon. 

The other kinesin adaptor RanBP2, a large scaffold protein associated with 

nucleocytoplasmic transport, protein biogenesis, mitosis and trafficking, has been shown 

to mediate the interaction between mitochondria and KIF5B and KIF5C, but not KIF5A 

(Cho et al., 2009). However, though in non-neuronal cells RanBP2 was described to 

regulate kinesin-dependent mitochondrial transport (Patil et al., 2013), its role in 

mitochondrial transport in neurons remain unclear. 
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I.1.4.1.2  Dynein motors 

Microtubule “minus” end-directed retrograde axonal transport of mitochondria is 

mediated by cytoplasmic dynein motors (Hirokawa et al., 2010). In agreement, as 

demonstrated in Drosophila melanogaster, retrograde axonal transport of mitochondria, 

velocity and run length, was altered by mutations in dynein heavy chain genes, thus 

elucidating the role of dyneins in regulating “minus” end-directed transport (Pilling et al., 

2006).  

 Dynein motors are constituted by two dynein heavy chains and several dynein 

intermediate chains, dynein light intermediate chains and dynein light chains. Such as 

dynein light-chain 1 (LC), Roadblock and T-complex testis-specific protein 1 homolog 

(Tctex1) constitute other dynein light chain proteins. Dynein heavy chains, which have 

ATPase activity, function as motors, but the existence of a large numbers of accessory 

proteins, such as dynein light chains, appears to allow selectivity between dynein motors 

and different cargoes (Hirokawa et al., 2010). On the other hand, dynein is associated 

with the protein dynactin, a multi-subunit complex necessary for dynein activity (King and 

Schroer, 2000). Both dynein and dynactin have been shown to be essential in mediating 

retrograde mitochondrial transport (Pilling et al., 2006).  

Contrary to kinesin superfamily, few dynein heavy chains have been identified, and the 

mechanisms that link dynein to mitochondria are not well understood. One model 

suggests that dyneins link to mitochondrial membrane-associated proteins via their light 

and intermediate chains. T-complex testis-specific protein 1 homolog (Tctex1), which is a 

dynein light chain protein capable to support dynein-mediated transport, was shown to 

interact with mitochondria by binding to the voltage-dependent anion-selective channel 1 

(VDAC1), located in the outer mitochondrial membrane (Schwarzer et al., 2002). 

Furthermore, in flies, mutations in the gene of the protein β-amyloid precursor protein-like 

protein interacting protein 1 (APLIP1), a neuronally expressed Drosophila melanogaster 

orthologous of mammalian c-Jun N-terminal kinase (JNK)-interacting protein-1 (JIP1), 

decreased the transport of mitochondria only in retrograde direction (Horiuchi et al., 2005), 

thus suggesting inhibition of the “minus” end-directed transport by cytoplasmic dynein. 

However, at present, a role for the vertebrate APLIP orthologous JIP1-3 in regulating 

dynein-mediated mitochondrial transport is not established. Furthermore, Snapin was 

reported as a possible dynein motor adaptor that contributes to dynein-mediated 

retrograde transport of late endocytic organelles in neurons (Cai et al., 2010), though its 

involvement in mitochondrial transport is not established.  

Studies in Drosophila melanogaster neurons demonstrated that dMiro protein also 

regulates retrograde mitochondrial transport (Russo et al., 2009). Recently, biochemical 
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evidences confirmed that the dynein motor indeed interacts with the TRAK/Miro complex 

(van Spronsen et al., 2013). Moreover, potential TRAK-binding partners were identified, 

such as several components of dynein and dynactin complexes, including dynein heavy-

chain 1, dynein light-chain 1 (LC8), p150Glued, and p50/dynamitin (van Spronsen et al., 

2013), thus suggesting that this kinesin adaptor protein may also regulate dynein-

mediated retrograde mitochondrial transport. 

I.1.4.1.3  Myosin motors 

While long range transport of mitochondria in neuronal processes is mediated by 

kinesin and dynein motors along microtubules, short range movements in nerve terminals 

and growth cones, in which actin filaments form the major cytoskeletal architecture, are 

probably mediated by myosin motors (Adikes et al., 2013). At least 18 classes of myosin 

motor proteins are identified, though the best characterized is the myosin V (Foth et al., 

2006).  

Myosin V motor protein is constituted by two heavy chains and two light chains. Myosin 

heavy chain is constituted by a motor domain, which has ATPase activity and binds 

directly to actin, and a terminal domain that mediates the association with cargoes 

(Hirokawa et al., 2010; Sheng and Cai, 2012). 

Though several evidences report the involvement of myosin motors in mitochondrial 

movement in many systems, mitochondrial association with myosin motors and myosin-

driven mitochondrial transport have not been directly demonstrated in mammalian 

neurons (Valiathan and Weisman, 2008; Adikes et al., 2013). However, it has been shown 

that cargoes associated with myosin V move along axons at a rate that is markedly slower 

than that of most axonal organelles, but similar to mitochondria (Alami et al., 2009; 

Macaskill et al., 2009b; Wang and Schwarz, 2009; MacAskill and Kittler, 2010; López-

Doménech et al., 2012; Nalavadi et al., 2012). Thus, myosin motors may drive short-range 

mitochondrial movement in certain regions where actin filaments are enriched (Sheng and 

Cai, 2012).  

Notably, myosin V can form hetero-motor complexes by interacting with a dynein light 

chain (Naisbitt et al., 2000). Thus, considering that actin is required for mitochondrial 

docking along axons (Chada and Hollenbeck, 2004) and that mitochondrial movement is 

enhanced in the absence of actin (Morris and Hollenbeck, 1995), it was suggested that a 

coupled dual motor complex may coordinate mitochondrial movement. In this motor 

complex, myosin V may compete with dynein for binding to mitochondria, thus causing 

displaced mitochondrial transport between microtubule tracks and actin filaments during 

retrograde movements. In agreement with this hypothesis, a recent study using 
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Drosophila melanogaster neurons demonstrated that myosin V and VI modulate axonal 

transport of mitochondria (Pathak et al., 2010). Additionally, in axons, myosin V depletion 

increased mitochondrial transport in both directions, whereas depletion of myosin VI 

selectively increased retrograde mitochondrial transport (Pathak et al., 2010), thus 

suggesting that myosin V and VI may compete with microtubule‑based motor proteins. 

Nevertheless, myosin II depletion produced no phenotype (Pathak et al., 2010). 

Alternatively, by moving mitochondria away from microtubule tracks, myosins may 

promote mitochondrial docking along the actin-based cytoskeleton. According to this 

model, fine and dynamic coordination of microtubule‑ and actin-based motor proteins, as 

well as of docking and anchoring receptors, probably contributes to the complex saltatory 

mobility of neuronal mitochondria (Sheng and Cai, 2012). Though these two models are 

certainly interesting, further investigation is needed to determine how myosin motors 

regulate microtubule‑based motor activity and whether they are required for mitochondrial 

transport directed to the synapses or for mitochondrial docking at regions of axons and 

dendrites with high metabolic demands. 

Myosin XIX, a newly identified mitochondria-associated myosin, was involved in actin-

based mitochondrial movement in vertebrate cells (Quintero et al., 2009). Expression of 

full-length GFP-myosin XIX in A549 cells led to a remarkable gain of function, where the 

majority of the mitochondria move continuously (Quintero et al., 2009). Additionally, since 

myosin XIX is targeted to mitochondria by its tail domain, which is widely expressed, 

including in neurons, suggests that myosin XIX may also mediate mitochondrial transport 

along neuronal processes and at synaptic terminals (Quintero et al., 2009; Adikes et al., 

2013).  

I.1.4.2 Regulation of mitochondrial transport 

As reported above, mitochondria accumulate in areas with high energy requirements, 

such as presynaptic and postsynaptic terminals, active growth cones and branches in 

developing neurons, myelination boundaries, sites of axonal protein synthesis and nodes 

of Ranvier (Sheng and Cai, 2012). Furthermore, in axons, mitochondria undergo 

anterograde transport directed to the distal portions of axons and retrograde movement in 

the opposite direction (to the soma). Additionally, these transport events are tightly 

regulated in response to changes in the local energetic state and metabolic demand. 

Therefore, mitochondrial transport requires the existence of highly coordinated 

mechanisms to regulate the movement of these organelles along neuronal processes and 

their docking to supply specific biological needs. 
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I.1.4.2.1  Regulation of mitochondrial transport by cytosolic Ca2+ 

Cytosolic Ca2+ is one of the best studied regulators of mitochondrial transport. Ca2+ 

influx occurs at presynaptic and postsynaptic terminals, where mitochondria are retained  

to maintain Ca2+ homeostasis by providing ATP to pump Ca2+ across the plasmatic 

membrane or by direct intramitochondrial Ca2+ buffering. Indeed, increased cytosolic Ca2+ 

is described to inhibit both anterograde and retrograde movement of mitochondria in 

neurons (Rintoul et al., 2003; Chang et al., 2006; Macaskill et al., 2009b; Wang and 

Schwarz, 2009; Chang et al., 2011). Recent studies have identified Miro as a Ca2+ sensor 

in regulating mitochondrial mobility (Saotome et al., 2008; Macaskill et al., 2009b; Wang 

and Schwarz, 2009). As presented above, Miro is a subfamily of the mitochondrial Rho 

GTPases, located in the outer mitochondrial membrane, which has two EF hand Ca2+-

binding domains (Fransson et al., 2006) (see section I.1.4.1.1.1). In these studies, it was 

shown that the KIF5/Milton/dMiro or KIF5/TRAK2/Miro1 motor complexes allowed 

mitochondrial movement along dendrites (Macaskill et al., 2009b) or axons (Wang and 

Schwarz, 2009) of hippocampal neurons, or along microtubules in the H9c2 heart cell line 

(Saotome et al., 2008). Additionally, an increase on cytosolic Ca2+ efficiently inhibited 

mitochondrial movement.  

Though these studies converge on similar final conclusion, the proposed mechanisms 

underlying Ca2+-dependent regulation of motor-adaptor coupling are different. MacAskill 

and co-workers (Macaskill et al., 2009b) proposed that Miro1 mediates mitochondrial 

transport by linking mitochondria to KIF5. Ca2+ binding to the EF hand domains of Miro1 

dissociates it from KIF5, being that TRAK2 remains bound to Miro1, thus retaining 

mitochondria at synapses (Figure 8A). On the other hand, Wang and Schwarz (Wang and 

Schwarz, 2009) proposed a motor-adaptor switch model. They showed that, in the 

absence of Ca2+, the carboxyl-terminal tail of KIF5 was bound to the mitochondrion by 

interacting with the Milton/dMiro complex, remaining its amino-terminal motor domain free 

to engage with microtubules, thus allowing anterograde transport. However, Ca2+ binding 

to the EF hand domains results in a conformational change, in which the amino-terminal 

motor domain of KIF5 binds to dMiro, thus preventing KIF5-microtubules interaction 

(Figure 8B). Despite these small mechanistic differences, both studies demonstrated, in 

neurons, that the over-expression of a Miro construct with the EF hand domains mutated, 

to prevent Ca2+ binding, efficiently blocked the Ca2+-induced impairment of mitochondrial 

mobility (Macaskill et al., 2009b; Wang and Schwarz, 2009), thus confirming the important 

role of Miro protein in regulating mitochondrial transport in neurons. A surprise from these 

studies was that the EF hand Ca2+-binding domains of Miro mediated Ca2+-dependent 

impairment of mitochondrial transport in both anterograde and retrograde directions. 
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However, recent evidences indicating that dMiro protein also regulates retrograde 

mitochondrial transport in Drosophila melanogaster neurons (Russo et al., 2009), and that 

dynein motors interacts with the TRAK/Miro complex (van Spronsen et al., 2013), may 

add important knowledge how Ca2+-regulated Miro-dependent mechanism may control 

dynein-mediated retrograde movement of mitochondria. 

 
 

 
Figure 8. Models of Miro as a Ca2+ sensor in regulating mitochondrial motility.  
High levels of Ca2+ inhibit mitochondrial movement via Ca2+ binding to the EF hand domains of Miro. (A) In 
mammalian neurons, Ca2+ binding to the EF hand domains of Miro dissociates Miro from KIF5 (kinesin), while 
KIF5-binding protein Grif-1/TRAK2 remains bound to Miro, thus leading to KIF5 detachment from mitochondria 
with consequent mitochondrial stopping. (B) In Drosophila melanogaster neurons, the tail of KIF5 is linked to 
Miro via Milton in a Ca2+-independent manner, thus leaving its motor domain to engage with microtubules. 
Ca2+ binding to the EF hand domains of Miro detaches KIF5 from microtubules with consequent mitochondrial 
stopping. Created by the author based in the references (Macaskill et al., 2009b; Wang and Schwarz, 2009; 
MacAskill and Kittler, 2010). 
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I.1.4.2.2  Regulation of mitochondrial transport by microtubule-

associated proteins 

Microtubules are dynamic structures stabilized by MAPs, including MAP1B and Tau, 

which are mainly distributed in axons, and MAP2, which is specially located in dendrites. 

Apart from stabilizing axonal microtubules, Tau protein has been shown to contribute to 

the regulation of the axonal transport of membranar organelles, including mitochondria 

(Ebneth et al., 1998; Stamer et al., 2002). Over-expression of Tau, in several neuronal cell 

types, inhibited mitochondrial transport (Ebneth et al., 1998; Stamer et al., 2002; Dubey et 

al., 2008; Stoothoff et al., 2009). Additionally, in another study using Tau mutant neurons 

[Tau (-/-) or Tau (-/+)], the dependence on Tau protein for the β-amyloid protein-induced 

mitochondrial transport impairment (Vossel et al., 2010), support, therefore, the notion that 

Tau protein plays a major role in regulating an efficient axonal transport of mitochondria. 

Since Tau is a phosphoprotein, its functions may be regulated by phosphorylation 

(Mandelkow et al., 2004; Darios et al., 2005; Morel et al., 2010; Llorens-Martín et al., 

2011). Many of the phosphorylation sites are proline-directed (Serine/Threonine)-Pro 

sequences, though these sites are moderately phosphorylated in healthy neurons. Many 

studies have associated increased Tau phosphorylation with improved mitochondrial 

transport (Mandelkow et al., 2004; Llorens-Martín et al., 2011). One of these studies 

demonstrated that Tau-mediated inhibition of axonal transport of mitochondria was 

rescued by increasing Tau phosphorylation through MARK expression (MARK causes the 

phosphorylation of Tau in its KXGS motifs, thus leading to the detachment of Tau from 

microtubules) (Mandelkow et al., 2004). Similarly, over-expression of glycogen synthase 

3β (GSK3β), in cultured hippocampal neurons, resulted in increased mitochondrial 

motility, whereas a decrease in GSK3β activity decreased mitochondrial transport. These 

effects were dependent on Tau protein, as Tau (-/-) neurons did not respond to distinct 

GSK3β levels (Llorens-Martín et al., 2011). Therefore, from these observations it was 

suggested that Tau protein preferentially competes with mitochondrial motor proteins for 

binding to microtubules, as previously reported (Hagiwara et al., 1994), thus regulating 

mitochondrial transport. Additionally, the observations indicating that, neither Tau 

(Trinczek et al., 1999), nor GSK3β over-expression (Llorens-Martín et al., 2011) affected 

mitochondrial transport velocity, support the existence of a competition between motor 

proteins and Tau to interact with the microtubule surface. 

Despite this, other studies have indicated that the hyperactivation of Tau kinases 

reduces mitochondrial movement in neurons (Darios et al., 2005; Morel et al., 2010). In 

GSK3β- and p25 [activator of cyclin-dependent kinase 5 (Cdk5)]-transfected neurons, the 

high levels of hyperphosphorylated Tau were correlated with impaired mitochondrial 
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movement (Morel et al., 2010). Moreover, rotenone-induced microtubule destabilization in 

SH-SY5Y cells was suppressed by inhibiting GSK3β activity (Hongo et al., 2012). 

Therefore, from these observations, it was suggested another model for the regulation of 

mitochondrial transport by Tau: increased Tau phosphorylation impairs mitochondrial 

transport by microtubule destabilization. 

Several other models have been proposed for Tau-mediated inhibition of mitochondrial 

transport (Thies and Mandelkow, 2007; Shemesh et al., 2008; Seeger and Rice, 2010). 

One mechanism involves the inhibition of motor protein access to microtubules. Using 

fluorescence anisotropy methodologies, it was demonstrated that the human Tau 

construct hTau-40 competitively inhibited the interaction between kinesin-1 tail and 

microtubules (Seeger and Rice, 2010), thus indicating that the kinesin-1 tail and hTau-40 

compete for the same binding site on tubulin. Therefore, since mitochondria are 

transported along microtubules by motor proteins, the inhibition of motor protein access to 

microtubules by Tau may block mitochondrial movement in neuritic processes. Another 

mechanism proposed involves the reorganization of microtubules. The impairment of the 

mitochondrial transport induced by over-expression of human Tau was associated with 

substantial reorganization of microtubules polar orientation along the main axon of 

cultured Aplysia neurons (Shemesh et al., 2008). Considering that mitochondrial transport 

along microtubules by motor proteins depends on the microtubule polarity, the existence 

of points of microtubule polarity discontinuation or polarity mismatching may disrupt 

mitochondrial movement along axons. The last mechanism proposed involves the 

distance between microtubules. After Tau over-expression in hippocampal neurons, 

tubulin synthesis was up-regulated and microtubules became more numerous and 

densely packed, resulting in inhibition of mitochondrial movement (Thies and Mandelkow, 

2007). Though this effect was reported in dendrites, similar outcomes were recently 

described in axons of cultured hippocampal neurons (Sudo and Baas, 2010). Similarly, 

Tau over-expression increased the number of microtubules and reduced the inter-

microtubule spaces in neurites of PC12 cells (Shahpasand et al., 2012). Therefore, 

considering that neuronal mitochondria are transported within microtubule bundles 

(Rochlin et al., 1996), limited spacing between microtubules may block mitochondrial 

movement in neuritic processes.  

In addition to Tau protein, MAP1B was also described to regulate axonal transport of 

mitochondria (Jiménez-Mateos et al., 2006). In comparison to wild-type neurons, the rates 

of retrograde mitochondrial movement and velocity were increased in MAP1B (-/-) 

hippocampal neurons. Additionally, the fraction of mitochondria that did not constantly 

move, because they stop or pause, was significantly decreased in MAP1B (-/-) 

hippocampal neurons, compared to wild-type neurons (Jiménez-Mateos et al., 2006). 
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Therefore, these results suggest that MAP1B may act as a key regulator of retrograde 

mitochondrial transport. 

I.1.4.2.3  Regulation of mitochondrial transport by phosphatase and 

tensin homolog-induced putative kinase 1/Parkin 

Recent studies have attributed to phosphatase and tensin homolog-induced putative 

kinase 1 (PINK1) and Parkin an important role in regulating mitochondrial transport. 

PINK1 is a protein kinase and Parkin an E3 ubiquitin ligase, which are involved in the 

autophagic clearance of mitochondria (mitophagy) with lower membrane potential 

(Narendra et al., 2012). Additionally to the autophagy regulation, the PINK1/Parkin 

pathway was also described regulate mitochondrial morphology (Poole et al., 2008), but, 

though the relationship between these actions remain unclear, it appears to be mediated, 

at least in part, by targeting mitofusins (Mfns) for degradation (Tanaka et al., 2010; Chan 

et al., 2011). 

The biochemical association demonstrated for PINK1 and the Milton/Miro complex 

constituted the first indication that this pathway may regulate mitochondrial transport 

(Weihofen et al., 2009). Subsequently, it was found that Parkin may also binds to this 

complex and that PINK1 may phosphorylate Miro in several sites, which is important for a 

subsequent stimulation of the Parkin function and mitochondrial stop (Wang et al., 2011b). 

Furthermore, Miro is also a substrate for Parkin (Wang et al., 2011b; Liu et al., 2012). The 

activation of this pathway led to the proteasome-dependent degradation of Miro with 

consequent release of kinesin from mitochondrial surface (Chan et al., 2011; Wang et al., 

2011b), thus resulting in mitochondrial stopping. In addition, the observations indicating 

reduced mitochondrial occupancy in neuronal processes of hippocampal neurons over-

expressing PINK1 or Parkin, and increased mitochondrial movement in Drosophila 

melanogaster axons expressing either PINK1 or Parkin RNA interference (Yu et al., 2011) 

corroborate this hypothesis. 

I.1.4.2.4  Other regulators of mitochondrial transport  

Though cytosolic Ca2+, MAPs and PINK1/Parkin are, perhaps, the best characterized 

regulators of mitochondrial transport, many other regulatory proteins/pathways have been 

described.  
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I.1.4.2.4.1 Mitochondrial Ca2+ 

Mitochondrial Ca2+ was recently suggested as another important regulator of 

mitochondrial transport. In hippocampal neurons, it was shown an inverse correlation 

between the speed of mitochondrial movement and the mitochondrial Ca2+ levels (moving 

mitochondria have lower Ca2+ content, compared to stationary mitochondria). However, 

mitochondrial Ca2+ did not influence the directionality of mitochondrial movement (Chang 

et al., 2011). Furthermore, a major role for Miro protein in controlling mitochondrial Ca2+ 

levels was established. In hippocampal neurons, mutations in the EF hand Ca2+-binding 

domains of Miro1 protein reduced Ca2+ entry into the mitochondria, resulting in persistent 

mitochondrial movement (Chang et al., 2011). Therefore, it is plausible to consider that 

the blockage of mitochondrial Ca2+ influx by Miro1 EF mutants also contributes to failure in 

mitochondrial movement arrest in neurons, as reported previously (Saotome et al., 2008; 

Macaskill et al., 2009b; Wang and Schwarz, 2009). These results suggest, thus, that Miro 

protein may also regulate mitochondrial transport throught the regulation of the 

mitochondrial Ca2+ content (Miro protein are described to have a key role in regulating 

mitochondrial transport through cytosolic Ca2+ - see section I.1.4.2.1). 

On the other hand, it was also demonstrated that the blockage of the mitochondrial 

Ca2+ uniporter (Baughman et al., 2011; De Stefani et al., 2011), in the presence of high 

cytosolic Ca2+, delayed  ion entry into the mitochondria and, consequently, preserved 

mitochondrial movement. In the same line, activation of  the mitochondrial Ca2+ uniporter 

elevated mitochondrial Ca2+, with consequent mitochondrial stopping. However, in 

neurons transfected either with wild-type Miro1 or with Miro1 EF mutant, an activation of 

the mitochondrial Ca2+ uniporter produced similar increases in mitochiondral Ca2+ content, 

and consequent mitochondrial stopping (Chang et al., 2011). Therefore, these data 

suggest that the role of Miro1 in controlling mitochondrial Ca2+ content, and consequently 

mitochondrial transport, may not result from an influence in mitochondrial Ca2+ uniporter 

opening.  

I.1.4.2.4.2 Mitofusin 2 

Mfn2, a component of the mitochondrial fusion machinery, such as Mfn1 and the 

dynamin-related protein optic atrophy 1 (OPA1), was previously reported to regulate 

mitochondrial movement in neurons (Misko et al., 2010; Misko et al., 2012). In Mfn2-null 

neurons or in neurons over-expressing a Mfn2 mutant (Mfn2 R94Q), axonal mitochondria 

spend more time paused and undergo slower anterograde and retrograde movements, 

thus indicating an alteration in attachment to microtubule-based transport systems (Misko 

et al., 2010; Misko et al., 2012). In contrast, disruption of mitochondrial fusion via 
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knockdown of OPA1 had no effect on mitochondrial motility, indicating, therefore, that loss 

of fusion does not inherently alter mitochondrial transport (Misko et al., 2010). 

Furthermore, both Mfn1 and Mfn2 were shown to interact with mammalian Miro 

(Miro1/Miro2) and Milton (TRAK1/TRAK2) proteins (Misko et al., 2010). Additionally, 

knockdown of Miro2 produced axonal mitochondrial transport deficits in a similar 

extension to the loss of Mfn2 (Misko et al., 2010). These results indicate that both proteins 

(Mfns and Miro) must be present at the outer mitochondrial membrane to mediate axonal 

transport of mitochondria. Nevertheless, if Mfns regulate mitochondrial transport directly or 

by interacting with Miro functioning remain unclear (to a better understanding about the 

role of Mfn2 and Miro proteins in regulating fusion/fission events and transport see section 

I.1.6).  

I.1.4.2.4.3 Serotonin and Dopamine 

Monoamine neurotransmitters, namely 5-HT and dopamine, have been shown to alter 

mitochondrial movement in hippocampal neurons. Acting through the serotonin 1A (5-

HT1A) receptor subtype, 5-HT increased Akt activity, and consequently decreased GSK3β 

activity, thus promoting axonal transport of mitochondria (Chen et al., 2007b). Although 

the molecular targets of the Akt-GSK3β signaling pathway are not clear, this observation 

highlights the possibility that 5-HT may act as an extracellular modulator in regulating 

neuronal ATP distribution by controlling axonal mitochondrial trafficking. By contrast, 

another study showed that dopamine or dopamine D2 receptor agonists inhibited 

mitochondrial movement via the same Akt-GSK3β signaling cascade (Chen et al., 2008). 

Therefore, this result indicates that the distribution of neuronal mitochondria may occur 

through a conserved regulatory mechanism. Additionally, the Akt-GSK3β signaling 

pathway likely achieves this through the regulation of kinesin-cargo interactions (Morfini et 

al., 2002; Pigino et al., 2003). 

I.1.4.2.4.4 Histone deacetylases 

Histone deacetylases (HDACs) are another class of regulators of mitochondrial 

transport in neurons. HDAC6 was found to interact with Tau protein, a key regulator of 

mitochondrial transport. Furthermore, tubacin, a selective inhibitor of tubulin deacetylation 

activity of HDAC6, did not disrupt HDAC6-Tau interaction, but attenuated site-specific Tau 

phosphorylation, as did RNA silencing-mediated knockdown of HDAC6 (Ding et al., 2008). 

Furthermore, in hippocampal neurons, specific inhibition of HDAC6 with tubacin 

dramatically enhanced mitochondrial movement, in both anterograde and retrograde 

directions, improved tubulin acetylation and increased the amount of kinesin-1 associated 
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with mitochondria. Nevertheless, niltubacin, an inactive tubacin analog, produced no effect 

(Chen et al., 2010). Indeed, inhibition of HDAC6, with consequent increase in tubulin 

acetylation levels, was previously reported as an interesting approach to compensate the 

trafficking deficits in Huntington's disease (Dompierre et al., 2007). Furthermore, HDAC6 

inhibition rescued the mitochondrial transport deficits caused by mutations in heat-shock 

protein gene (d'Ydewalle et al., 2011) and significantly restored the velocity and motility of 

mitochondria in both anterograde and retrograde axonal transports compromised by β-

amyloid protein (Kim et al., 2012). Similarly, a recent study reported significant increases 

in α-tubulin acetylation in HDAC6 (-/-) mice and rescue of β-amyloid protein-induced 

impairment of mitochondrial trafficking in primary hippocampal neurons lacking HDAC6 

(Govindarajan et al., 2013). Additionally, GSK3β inhibition reduced HDAC6 

phosphoryation at Serine22, increased tubulin acetylation and enhanced mitochondrial 

transport, thus suggesting that HDAC6 functions in regulating mitochondrial mobility may 

rely on GSK3β-regulated pathways (Chen et al., 2010). Therefore, it may be supposed 

that GSK3β may regulate HDAC6 activity by a phosphorylation dependent-mechanism, 

and, thus, control mitochondrial movement by modulating tubulin acetylation and kinesin-1 

association with mitochondria.  

HDAC1 was also reported to modulate mitochondrial transport in neurons. Formation of 

complexes between HDAC1 (exported from nucleus) and members of the kinesin family of 

motor proteins inhibited mitochondrial movement by hindering the interaction of kinesin 

motors with cargo molecules. Additionally, a rescue of this phenotype was achieved by 

inhibiting HDAC1 nuclear export with leptomycin B, HDAC1 activity or by HDAC1 

silencing, thus identifying nuclear export as a critical event for mitochondrial transport 

regulation by HDAC1 (Kim et al., 2010). 

Recently, in non-neuronal cells, HDAC inhibition was associated with increased 

mitochondrial elongation, characterized by reduced expression of the mitochondrial fission 

protein 1 (Fis1) and reduced mitochondrial translocation of the dynamin-related protein 1 

(Drp1) (Lee et al., 2012a). Therefore, these results suggest that HDACs may indirectly 

regulate mitochondrial movement by modulating fusion/fission events (to a better 

understanding of the cross-talk between mitochondrial fusion/fission and transport see 

section I.1.6).  

I.1.4.2.4.5 Adenosine 5’-diphosphate/adenosine 5’-triphosphate 

ADP is another regulator of mitochondrial motility. Since mitochondrial transport was 

more sensitive to increases in intracellular ADP than to ATP depletions, it was proposed 

that the consumption of synaptic ATP may produce local increases in ADP, thus 
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facilitating the targeting of mitochondria where they are most needed, the synapses, to 

supply specific energetic needs (Mironov, 2007). 

I.1.4.2.4.6 Nitric oxide 

Nitric oxide (NO) has a number of physiological effects in the nervous system, though 

targeting mitochondria may inhibit respiration and ATP synthesis. In primary cultures of 

forebrain neurons NO caused a rapid cessation of mitochondrial movement, by a 

mechanism independent on cyclic guanosine 5’-monophosphate (cGMP)-regulated 

pathways (NO is a potent activator of the soluble guanylate cyclase (sGC), resulting in the 

elevation of cGMP), which was associated with dissipation of the ΔΨm (Rintoul et al., 

2006). In cultured cortical neurons, either hypoxia/re-oxygenation or NO insults resulted in 

impaired mitochondrial movement and morphology. Furthermore, inhibition of the NOS 

with Nω-nitro-L-arginine methyl ester (L-NAME) partially rescued the hypoxia-induced 

decrease in mitochondrial movement, thus suggesting the involvement of NO-mediated 

pathways in this effect (Zanelli et al., 2006). Therefore it is likely to assume that NO may 

modulate mitochondrial movement by inhibiting mitochondrial function. 

I.1.4.2.4.7 Nerve growth factor 

Another mechanism involved in mitochondrial transport control is regulated by NGF, 

which can cause a local accumulation of mitochondria where an NGF-coupled bead 

makes contact with a sensory axon. Mitochondria that enter in the portion of the axon 

closest to the bead tend to stop their movement and, therefore, tend to accumulate in 

these regions. Actin-based mechanisms seem to have a role in NGF-stimulates 

mitochondrial stopping. Inhibition of phosphoinositide 3‑kinase (PI3K) or latrunculin B, an 

agent that destabilizes filamentous actin, inhibits mitochondrial recruitment to the NGF-

stimulated site, thus highlighting a crucial role for this signaling cascade in the regulation 

of mitochondrial movement by NGF (Chada and Hollenbeck, 2004). However, it remains 

unclear whether the NGF signaling pathway cause a local accumulation of mitochondria 

through a mitochondria-actin interaction or indirectly through an unidentified docking 

receptor (Sheng and Cai, 2012). 

I.1.4.2.4.8 Proteins of the Armcx family 

The proteins of the Armcx family, including Alex3, were also recently described as 

regulators of the mitochondrial motility. This protein localizes in mitochondria, and its over-

expression caused mitochondrial aggregation near the nucleus. Additionally, Alex3 was 



General Introduction 

81 
 

described to interact with TRAK2/Miro complex and its over-expression in cultured 

hippocampal neurons decreased axonal transport of mitochondria in both anterograde ad 

retrograde directions (López-Doménech et al., 2012). Thus, these data suggest that Alex3 

may regulate mitochondrial transport by modulating the interaction between TRAK2/Miro 

complex and microtubule-based motor proteins. 

I.1.4.2.4.9 Hypoxia up-regulated mitochondrial movement regulator and 

β O-linked N-acetylglucosamine transferase  

Proteins that associate with the TRAK/Miro or Milton/dMiro complexs, including the 

hypoxia up-regulated mitochondrial movement regulator (HUMMR), whose expression is 

induced by hypoxic conditions, and β O-linked N-acetylglucosamine transferase (OGT), 

an enzyme that catalyzes the transfer of single N-acetylglucosamine sugars to Serine and 

Threonine residues of intracellular proteins, may also act as regulators of mitochondrial 

transport. The first was described to interact with Miro1 and Miro2. Furtermore, loss of 

HUMMR function in hypoxia diminished the percentage of motile mitochondria moving in 

the anterograde direction and enhanced the percentage moving in the retrograde 

direction. (Li et al., 2009). OGT, though generally has only low-affinity interactions with its 

many substrates, it was shown to bind strongly to Milton, which is also a substrate (Iyer et 

al., 2003). In COS-7 cells, OGT was shown to from a ternary complex with KIF5 and 

TRAK1/2 and its over-expression resulted in altered distribution of mitochondria (Brickley 

et al., 2011). Therefore, it is likely to consider that both HUMMR, as a sensor of hypoxic 

stress, and OGT, as a sensor of metabolic state (Lazarus et al., 2009), may help 

mitochondria to redistribute themselves, in response to changes in environmental and 

energetic conditions.  

I.1.4.2.4.10 RhoA/lysophosphatidic acid 

A potentially related pathway that regulates mitochondrial motility is activated by the 

growth factor lysophosphatidic acid (LPA) and mediated by the small GTPase RhoA 

(Minin et al., 2006). RhoA was described to regulate the interactions between myosin 

motors and actin. Furthermore, via Rho-kinase, RhoA can lead to the activation of myosin 

motors (Kimura et al., 1996) and, thus, potentially remove mitochondria from their 

microtubule tracks. Additionally, RhoA was also described to activate the actin-regulatory 

formin-like protein mDia, a protein involved in the regulation of the cell morphology, 

adhesion and cytokinesis through the actin cytoskeleton (Watanabe et al., 1997). This last 

pathway was described to be necessary and sufficient to explain the inhibitory effects of 
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RhoA and LPA on mitochondrial transport, by a mechanism involving the anchoring of 

mitochondria to the actin cytoskeleton (Minin et al., 2006). 
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I.1.5  Mitochondrial fusion/fission 

Mitochondria are highly dynamic and complex organelles that, as well as undergoing 

regulated movement throughout the cell, continuously alter their shape, ranging between 

two opposite processes, fusion and fission, in response to several stimuli and metabolic 

demands of the cell. These opposite processes are crucial in sustaining the robust 

structure and function of mitochondria (Saxton and Hollenbeck, 2012). Mitochondrial 

shapes can range from punctuate structures to tubular networks, which are probably 

physically contiguous structures constructed via fusion of single bean-like shaped 

mitochondria (Popov et al., 2005). Continuous movements of mitochondria allow a 

physical contact that facilitates their fusion, thus creating single large mitochondria. 

Mitochondrial fusion allows the exchange of mtDNA and other matrix components 

between neighboring mitochondria, including damaged or senescent mitochondria, thus 

conferring protection against mtDNA mutations and maintaining a healthy oxidative 

phosphorylation (Chan, 2006; Ranieri et al., 2013). Fission events permit mitochondrial 

separation to daughter cells during mitosis (Taguchi et al., 2007), control organelle size 

and shape for an efficient mitochondrial distribution in neuronal processes (Ishihara et al., 

2009; Kageyama et al., 2012), allow the recovery of damaged mitochondria for 

degradation by mitophagy (Twig et al., 2008a) and regulate apoptosis through segregation 

of the most critically injured mitochondria (Youle and van der Bliek, 2012). 

I.1.5.1 Mitochondrial fusion 

Mitochondrial fusion is a multi-step process that requires the coordinated fusion of both 

outer and inner mitochondrial membranes, ultimately resulting in mixing of matrix 

contents. In mammalian cells, three large GTPases mediate mitochondrial fusion. Mfn1 

and Mfn2, located in the outer membranes of adjacent mitochondria, induce outer-

membrane fusion, whereas OPA1, a protein residing in the intermembrane space, 

mediates fusion of the inner membranes (Song et al., 2009). A schematic representation 

of the mitochondrial fusion is illustrated in Figure 9.  

Mfns are highly homologous GTPases anchored to the outer membrane, with their 

amino- and carboxyl-terminals directed to the cytosol (Rojo et al., 2002), which forming 

homo- or hetero-protein complexes allow mitochondrial tethering and fusion throught GTP 

hydrolysis (Koshiba et al., 2004).  The amino-terminal GTPase domain of Mfns is required 

for fusion activity, while carboxyl-terminal domain coordinates the docking of mitochondria 

to one another through antiparallel binding to the carboxyl-terminal domains of Mfn 

molecules on adjacent mitochondria. Additionally, Mfn1 appears to mediate tethering of 

mitochondria more efficiently than Mfn2 (Ishihara et al., 2004). OPA1 acts as a hetero-



General Introduction 
 

84 

 

oligomeric complex, formed by a larger size OPA1 (L-OPA1) and the smaller size OPA1 

(S-OPA1), in the fusion of the inner mitochondrial membrane (Cipolat et al., 2004). 

Furthermore, to mediate mitochondrial fusion, OPA1 functionality appears to require Mfn1, 

but not Mfn2 (Cipolat et al., 2004). Additionally, OPA1 was also described to play a key 

role in cristae organization of the inner mitochondrial membrane (Cipolat et al., 2006; 

Frezza et al., 2006), by a mechanism independent on the mitochondrial fusion (Frezza et 

al., 2006). 

 

 

 
Figure 9. Mitochondrial fusion.  
Mitochondrial fusion of the outer mitochondrial membrane involves trans-dimerization of mitofusin 1 (Mfn1) 
and its homologous mitofusin 2 (Mfn2), allowing mitochondrial tethering and fusion through guanosine 5’-
triphosphate (GTP) hydrolysis. Optic atrophy 1 (OPA1), a protein residing in the intermembrane space, 
mediates fusion of the inner membranes, in an equivalent manner involving its trans-dimerization. Created by 
the author based in the references (Koshiba et al., 2004; Song et al., 2009; MacAskill and Kittler, 2010). 

 
 

Mutations in the mitochondrial fusion proteins Mfn2 and OPA1 have been associated 

with neurodegenerative disorders, such as Charcot-Marie-Tooth neuropathy 2A  (CMT2A) 

and dominant optic atrophy 1, respectively (Delettre et al., 2000; Lv et al., 2013). Mfns are 

subjected to ubiquitination processes (Gegg et al., 2010) and proteosomal degradation 

(Tanaka et al., 2010). OPA1 may also be proteolytically regulated by different 

mitochondrial proteases (Ehses et al., 2009; Head et al., 2009), thus controlling its activity.  

Since knockout of Mfn1 or Mfn2 resulted in the formation of small fragmented 

mitochondria (Chen et al., 2007a), and cells lacking Mfns exhibited several cellular 

defects, including poor cell growth, heterogeneity of inner mitochondrial membrane 

potential and decreased respiration (Chen et al., 2003), indicates that mitochondrial fusion 

plays an important role in maintaining mitochondrial functionality.  

I.1.5.2 Mitochondrial fission 

Mitochondrial fission is mediated by Drp1, a member of the dynamin family of 

GTPases. A schematic representation of the mitochondrial fission is illustrated in Figure 

10. When mitochondrial fission is stimulated, Drp1 translocates from the cytosol to specific 

sites on the mitochondrial outer membrane and homo-oligomerizes, forming spiral chains 
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around mitochondria, which, using GTP hydrolysis, constrict and twist tubule to initiate 

mitochondrial fission (Smirnova et al., 2001; Ingerman et al., 2005). The translocation of 

Drp1 from the cytosol to mitochondria depends on a direct interaction with actin (DuBoff et 

al., 2013). Nevertheless, it has been suggested that tubules of the endoplasmic reticulum 

wrap around and squeeze mitochondria at the early stage of division, prior to the 

assembly of Drp1 filaments on mitochondria (Friedman et al., 2011). After mitochondrial 

fission, Drp1 spirals likely disassemble from mitochondria for future rounds of 

mitochondrial fission (Smirnova et al., 2001; Ingerman et al., 2005). Several different post-

translational modifications, including phosphorylation, ubiquitination, and sumoylation, of 

Drp1 regulate its interactions with mitochondria (Chang and Blackstone, 2010; Wilson et 

al., 2013). 

 
 

Figure 10. Mitochondrial fission.  
Mitochondrial fission is mediated by dynamin-related protein 1 (Drp1), which is recruited to mitochondria via 
adaptors mitochondrial fission protein 1 (Fis1) or mitochondrial fission factor (Mff). This recruitment allows the 
homo-oligomerization of Drp1 into spiral chains around mitochondria, which, through guanosine 5’-
triphosphate (GTP) hydrolysis, constrict and twist tubule to initiate mitochondrial fission. Created by the author 
based in the references (Yoon et al., 2003; MacAskill and Kittler, 2010; Otera et al., 2010). 

 
 

In yeast, Drp1 attaches to mitochondria by binding to Fis1, a protein anchored to the 

mitochondrial outer membrane, through the adaptor protein Mdv1 (or its paralogue Caf4) 

(Mozdy et al., 2000). However, in mammalians, though a yeast Fis1 orthologous has been 

identified (hFis1) (James et al., 2003), orthologous for Mdv1 and Caf4 are not described, 

and the evidences supporting a role for hFis1 in mitochondrial fission are mixed. 

Supporting a role in fission events, over-expression of Fis1 in mammalian cells promoted 

mitochondrial fragmentation, and Fis1 inhibition resulted in mitochondrial elongation (Yoon 

et al., 2003). Furthermore, a recent study demonstrated that mitochondria in Fis1-null cells 

presented an elongated and interconnected morphology, when compared to mitochondria 

from wild-type cells, thus indicating that Fis1 plays a role in mitochondrial fission (Losón et 

al., 2013). However, in another study, it was shown that conditional knockdown of Fis1 in 

colon carcinoma cells did not disrupt mitochondrial morphology or Drp1 recruitment to 
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mitochondria (Otera et al., 2010). In addition, in Hela cells, Fis1 was shown to regulate 

mitochondrial fission independently of Drp1 (Onoue et al., 2013). Therefore, the exact role 

of Fis1 in mediating mitochondrial fission remains unclear, though it is possible that the 

relative importance of Fis1 depends on the cell type. 

Despite this, other molecules have been described to play a role in mitochondrial 

fission. Gandre-Babbe and van der Bliek (Gandre-Babbe and van der Bliek, 2008) 

showed that the knockdown of the mitochondrial fission factor (Mff) resulted in 

mitochondrial elongation. Subsequently, the observations that Mff and Drp1 colocalize in 

puncta on mitochondria, and that the exogenous expression of Mff increased the amount 

of Drp1 recruited to mitochondria and induced extensive mitochondrial fission (Otera et 

al., 2010), led to consider Mff as a strong candidate for Drp1 receptor in the outer 

mitochondrial membrane. In accordance, a further study confirmed that Mff plays a major 

role in mitochondrial fission, since mitochondria in Mff-null cells presented severely 

elongated and interconnected (Losón et al., 2013). Furthermore, the expression of Fis1 in 

Mff-null cells or the expression of Mff in Fis1-null cells only partialy rescued the 

mitochondrial morphology (Losón et al., 2013), thus indicating that Fis1 and Mff can act 

independently and partially replace each other to regulate mitochondrial morphology. 

Alternatively, mitochondrial elongation factor 1 (MIEF1) (Zhao et al., 2011), also 

identified as MiD49/51 (Palmer et al., 2011), appears to block GTP binding to the GTPase 

domain of Drp1. Consequently, since the conformational change of Drp1 multimers 

required for membrane fission is inhibited, MIEF1 promotes fusion instead of fission (Zhao 

et al., 2011). However, it remains unclear why MiD49/51 causes mitochondrial elongation 

instead of fission. According to one model, Fis1 can partially reverse the elongated 

mitochondrial phenotype by sequestering MIEF1 and, consequently, unblocking Drp1 

GTP hydrolysis, thus leading to organelle fission (Zhao et al., 2011; Oettinghaus et al., 

2012). On the other hand, a recent study demonstrated that MiD49/51over-expression 

enhanced mitochondrial recruitment of Drp1, though an increased inhibitory 

phosphorylation of Drp1 on Serine637 was observed [decreased phosphorylation of Drp1 

at Serine637 facilitates its recruitment to mitochondria (Cereghetti et al., 2008)]. However, 

after carbonyl cyanide m-chlorophenyl hydrazone (CCCP) treatment, this phosphorylation 

was reduced, and mitochondrial fission ensues (Losón et al., 2013). Therefore, this model 

suggests that MiD49/51 may recruit Drp1 to mitochondria, but maintain it in an inactive 

state until a cellular signal triggers fission (Losón et al., 2013).  

In addition, the observation that B-cell lymphoma-extra large (Bcl-xL) caused a 

significant increase in Drp1 GTPase activity in cultured hippocampal neurons, also 

suggests that Bcl-xL may act as a GTPase-activating protein for Drp1 in mediating 

mitochondrial fission (Li et al., 2008). 
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Recently, in mammalian cells, Fis1 was also proposed to act as a mitochondrial 

receptor in the recruitment of the GTPase regulator protein TBC1D15, thus modulating 

mitochondrial morphology independently of Drp1 (Onoue et al., 2013). Therefore, though 

Drp1, Fis1, Mff and MIEF1 appear to be key regulators of fission events, whether and how 

they interplay is not perfectly understood. 
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I.1.6  Interplay between mitochondrial fusion/fission and transport 

Mitochondria in neuronal cell bodies form reticular networks (Popov et al., 2005), 

whereas in axons are discrete organelles (ranging from 100 nm to several micrometers of 

length) (Pilling et al., 2006), being this morphology determined by the balance between 

fusion and fission events. Though in Drosophila melanogaster neurons the different 

lengths of axonal mitochondria are not correlated with different transport velocities (Russo 

et al., 2009; Pathak et al., 2010), extremely long axonal mitochondria, resulting from a 

perturbation of fusion/fission processes, do not move (Amiri and Hollenbeck, 2008). 

Therefore, this observation suggests that a correct balance between fusion and fission 

generates discrete mitochondria that may be transported over long distances, thus 

providing an important explanation for the cross-talk between fusion/fission events and 

transport. On the other hand, fusion/fission processes may occur in the axonal 

compartment (Amiri and Hollenbeck, 2008), a local in which mitochondria are often widely 

spaced. This spacing makes difficult the occurrence of fusion events between isolated 

stationary mitochondria. However, this problem may be resolved by transport. Indeed, 

studies with non-neuronal cells have shown that transported mitochondria may mixture 

their contents substantially during contacts, which are as brief as 2 seconds, and that 

moving mitochondria are more likely to fuse (Liu et al., 2009; Twig et al., 2010), thus 

suggesting that, perhaps, transport supports fusion/fission events in axons.  

Despite this, other functional connections between mitochondrial fission/fusion events 

and transport have been suggested. With regard to fission, inhibition of Drp1 greatly 

reduced the number of mitochondria in synaptic terminals, thus suppressing synaptic 

formation and function (Li et al., 2004; Verstreken et al., 2005; Li et al., 2008). In 

agreement, Drp1 deletion in cerebellar postmitotic Purkinje cells became mitochondrial 

tubules elongated due to excess fusion and, therefore, as oxidative damage accumulated 

in mitochondria due to impaired mitophagy, they formed large spheres whose diameters 

were higher than those of the dendrites (Kageyama et al., 2012). Thus, as in Drp1-null 

neurons these large and spherical mitochondria localized exclusively in the cell body 

(Kageyama et al., 2012), it may be assumed that these mitochondria are difficult to 

transport along neuritic processes (Figure 11). Other reports indicate enhanced 

mitochondrial fusion following over-expression of Miro (Fransson et al., 2006; Saotome et 

al., 2008; MacAskill et al., 2009a) or Milton/TRAK (Koutsopoulos et al., 2010). However, at 

high cytosolic Ca2+ concentrations, Miro over-expression promoted mitochondrial 

fragmentation (Saotome et al., 2008). Additionally, it was shown that dynein/dynactin 

complex regulated the subcellular distribution of mitochondria by controlling the 
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recruitment of Drp1 to the outer mitochondrial membrane (Varadi et al., 2004), and the 

depletion of myosin V increased mitochondrial length (Pathak et al., 2010). 

 

 

 
Figure 11. Cellular and physiological roles of mitochondrial fusion/fission.  
A correct balance between fusion and fission generates discrete mitochondria that may be transported over 
long distances. Additionally, fission events facilitate cell death, through apoptotic or necrotic features and 
mitophagy, whereas fusion allows content mixing and can block mitophagy. However, an excessive 
mitochondrial fusion or fragmentation generate mitochondria that present defective transport. Created by the 
author based in the reference (Itoh et al., 2013). 

 
 

Mfns, which are well-known for having a central role in outer mitochondrial membrane 

fusion, are also important for mitochondrial transport and movement, though distinct 

mechanisms appear to be involved. In Mfn1- or Mfn2-null mouse embryonic fibroblasts, 

mitochondria display a dramatic alteration in their movement (Chen et al., 2003). In 

neurons, lack of Mfn2 was associated with decreased number of mitochondria within their 

highly branched dendrites (Chen et al., 2007a) and impaired mitochondrial transport in 

axons (Misko et al., 2010). Furthermore, over-expression of a CMT2A Mfn2 mutant, Mfn2 

R94Q, disrupted axonal transport of mitochondria in both anterograde and retrograde 

directions (Misko et al., 2010; Misko et al., 2012), thus suggesting that uncontrolled fission 

may result in decreased mitochondrial movement (Figure 11). In agreement, Mfn1 and 

Mfn2 were found to interact with mammalian Miro (Miro1/Miro2) and Milton 

(TRAK1/TRAK2) proteins, members of the molecular complex that links mitochondria to 

kinesin motors (Misko et al., 2010), thus facilitating the axonal transport of mitochondria in 

both directions (Baloh et al., 2007; Misko et al., 2010). Threfore, the association between 

Mfns and Miro could also allow Miro to regulate mitochondrial fusion events. Indeed, the 

over-expression of constitutively active Miro1 increased mitochondrial length in 

hippocampal neurons (MacAskill et al., 2009a) and H9c2 cells (at resting cytosolic Ca2+ 
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concentrations) (Saotome et al., 2008), and the over-expression of dMiro in Drosophila 

melanogaster neurons also increased the mean length of axonal mitochondria (Russo et 

al., 2009). Thus, these results suggest that Miro protein, apart from its role in regulating 

mitochondrial transport, may also play a major role in controlling fusion events. Therefore, 

these findings indicate that an interplay between mitochondrial transport and fusion/fission 

machineries may regulate mitochondrial shape, function and distribution. 
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I.2 Main Goals of the Thesis 

“Ecstasy” is a powerful stimulant, entactogenic and hallucinogenic drug, which has 

raised concern worldwide because of its high abuse liability and potential toxicity. An 

increased number of studies have established that MDMA may elicit acute- and long-term 

neurotoxic effects, which have been described both in laboratory animals and humans, 

such as documented by hundreds of case reports of adverse events in illicit “ecstasy” 

users. Nevertheless, though emerging studies have attributed a promising role to  

monoaminergic system, metabolism and hyperthermia, involving mitochondrial-dependent 

pathways, it is reasonable to note that the molecular and cellular mechanisms behind 

MDMA-induced neuronal degeneration and neurotoxicity remain largely unknown. 

Consequently, the understanding of such mechanisms is extremely important not only in 

addressing the brain targets of MDMA’s action, but also to develop putative treatments for 

the drug abuse and toxicity in humans. This thesis aimed to study and clarify the putative 

contribution of the monoaminergic system, metabolism and hyperthermia, with special 

focus on mitochondrial-dependent trails, in “ecstasy”-elicited neurotoxicity. Therefore, the 

following specific objectives were explored: 

► To evaluate the putative deleterious effects of MDMA, its metabolites and 

monoamine neurotransmitters in mouse brain synaptosomes;  

► To evaluate the putative effects of MDMA, its metabolites and monoamine 

neurotransmitters on the Na+/K+ ATPase activity in mouse brain synaptosomes; 

► To evaluate the putative deleterious effects of MDMA and its metabolites, singly or  

as a mixture, in human SH-SY5Y differentiated cells; 

► To evaluate the putative disrupting effects of MDMA and its metabolites on 

mitochondrial trafficking in cultured hippocampal neurons; 

► To evaluate the mechanisms by which MDMA and its metabolites impar 

mitochondrial trafficking in cultured hippocampal neurons; 
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Abstract 

3,4-Methylenedioximethamphetamine (MDMA; “ecstasy”) is a worldwide major drug of 

abuse with well documented stimulant, addictive and neurotoxic properties. Though the 

mechanisms involved in MDMA´s brain effects remain poor understood, hepatic formation 

of reactive metabolites and monoamine oxidase (MAO)-metabolism of serotonin (5-HT) 

and dopamine is thought to contribute for MDMA´s actions. In neuronal cells, the Na+- and 

K+-activated adenosine 5’-triphosphatase (Na+/K+ ATPase) plays a major role in regulating 

neuronal excitability. Therefore, a disruption of its activity might lead to neuronal 

dysfunction. However, at present, the putative effect of MDMA on the Na+/K+ ATPase 

functioning remains unclear. Here, using mouse brain synaptosomes, we studied the 

effect of MDMA and its metabolites α-methyldopamine (α-MeDA), N-methyl-α-

methyldopamine (N-Me-α-MeDA) and 5-(glutathion-S-yl)-α-methyldopamine [5-(GSH)-α-

MeDA], as well as of 5-HT, dopamine, 3,4-dihydroxy-L-phenylalanine (L-Dopa) and 3,4-

dihydroxyphenylacetic acid (DOPAC) on synaptosomal Na+/K+ ATPase. MDMA 

metabolites, 5-HT, dopamine, L-Dopa and DOPAC significantly increased the Na+/K+ 

ATPase activity in a concentration-dependent manner. The antioxidant N-acetylcysteine 

(NAC) partially rescued the reported effect for MDMA metabolites, dopamine and L-Dopa. 

Additionally, increased Na+/K+ ATPase activity was also found in synaptosomes exposed 

to the chemical generator of superoxide radicals phenazine methosulfate (PMS), thus 

suggesting the involvement of reactive species-regulated pathways on the reported effect. 

In conclusion, our study demonstrated that MDMA metabolites significantly increased 

the Na+/K+ ATPase activity. Additionally, considering the critical role of this pump in 

regulating neuronal function, these results suggest a new mechanism of action for MDMA 

metabolites into the brain, which may contribute to the stimulant and/or neurotoxic actions 

of MDMA. 

 

Keywords 

3,4-Methylenedioxymethamphetamine (MDMA; “ecstasy”); MDMA metabolites; 

Monoamine neurotransmitters; Na+/K+ ATPase; Synaptosomes. 
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Introduction 

3,4-methynedioxymethamphetamine (MDMA; “ecstasy”), a worldwide major drug of 

abuse with stimulant and hallucinogenic properties, is known to elicit acute and long 

lasting effects in brain function, which result from its stimulant, addictive and toxic 

properties (Capela et al., 2009; Robledo, 2010). In humans, MDMA induces an 

entactogenic state with increased self-confidence, emotional excitation and sensorimotor 

activation, as well as several physiological changes (Orejarena et al., 2011; Ribeiro Do 

Couto et al., 2012). Many studies have documented the potential of MDMA to induce 

neurotoxicity (Capela et al., 2009; Roberts et al., 2009; Carvalho et al., 2012), though the 

effects at molecular and cellular level are not completely understood. MDMA’s effects into 

the brain appear to result from a complexity of mechanisms, in which increased 

extravesicular and extracellular levels of monoamine neurotransmitters serotonin (5-HT) 

and dopamine are involved. This effect is associated with increased formation of H2O2, as 

a result of monoamine oxidase (MAO)-mediated metabolism (Alves et al., 2007; Capela et 

al., 2009; Barbosa et al., 2012). Additionally, increased evidences have attributed to 

MDMA metabolism a pivotal role in the context of MDMA-induced neurotoxicity (Capela et 

al., 2007; Capela et al., 2009; Barbosa et al., 2012). 

In specialized cells, the maintenance of Na+ and K+ gradients between the intracellular 

and extracellular compartments is a prerequisite for basic cellular homeostasis and other 

diverse functions (Azarias et al., 2013; Doğanlı et al., 2013). Na+- and K+-activated 

adenosine 5-triphosphatase (Na+/K+ ATPase), also termed Na+ pump or Na+/K+ pump, is 

an ubiquitous membrane transport protein in mammalian cells essential to establish and 

maintain high K+ and low Na+ concentration in the cytoplasm  (Stahl, 1986).  In each 

transport sequence, this pump imports 2 K+ and extrudes 3 Na+ ions against the 

electrochemical gradient, being, therefore, crucial in maintaining the Na+/K+ equilibrium 

through cellular membranes. This mechanism plays a key role in controlling the normal 

cell cycle, cell volume, osmotic balance, as well as in the maintenance and restoration of 

the resting membrane potential in excitable cells. The most important and unique 

characteristic property of neurons is their excitable nature needed to conduct electrical 

signals. This excitability property of neurons, as compared to other somatic cells, is due to 

higher potential gradient across their membranes. An action potential is generated due to 

influx of Na+ followed by efflux of K+. In this process, there is a reversion of potential 

across the membrane, which is consequently restored by Na+/K+ ATPase (Skou, 1965). 

Given its important role in regulating neuronal excitability, an impairment of the Na+/K+ 

ATPase activity might lead to neuronal dysfunction (Clapcote et al., 2009; Benarroch, 
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2011). However, to the best of our knowledge, the putative effect of MDMA on the Na+/K+ 

ATPase functioning was never studied.  

Isolated nerve endings (synaptosomes), prepared from brain homogenates, are 

characterized to possess extremely active ion transport systems across their membranes 

(Nicholls, 1993; Whittaker, 1993). For that reason, this neuronal model has been used 

successfully to study metabolic pathways, relationships between energy production and 

ion movements, neurotransmitter storage and synthesis, mechanisms involved in 

neurotransmitters release and oxidative damage to macromolecules and neuronal 

mitochondria (Nicholls, 1993; Erecinska et al., 1996). In addition, synaptosomes have 

been widely used as in vitro model to study the function and activity of the neuronal 

Na+/K+ ATPase under several experimental settings (Bersier et al., 2011; Pendyala et al., 

2012; Pimentel et al., 2013).  

In the present study, the putative effects of MDMA and its metabolites α-

methyldopamine (α-MeDA), N-methyl-α-methyldopamine (N-Me-α-MeDA) and 5-

(glutathion-S-yl)-α-methyldopamine [5-(GSH)-α -MeDA], as well as of 5-HT, dopamine, 

3,4-dihydroxy-L-phenylalanine (L-Dopa)  and 3,4-dihydroxyphenylacetic acid (DOPAC), 

on synaptosomal Na+/K+ ATPase was studied, using synaptosomes as in vitro neuronal 

model. 
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Materials and Methods 

Animals 

Adult male Swiss CD-1 mice (Charles River, Barcelona, Spain) weighting 30-40 g were 

used in all experiments. Animals were maintained under a 12h light/dark cycle, in a 

temperature- and humidity-controlled room and given ad labitum access to food and 

water. Institutional guidelines concerning animal experimentation were followed. All 

procedures used were approved by the Portuguese Agency for Animal Welfare (general 

board of Veterinary Medicine in compliance with the Institutional Guidelines and the 

European Convention). All procedures were taken to minimize the number of animals 

used and their suffering.  

Materials 

All reagents used in this study were of analytical grade or of the highest grade 

available. The following reagents were obtained from Sigma-Aldrich (St. Louis, MO, USA): 

dopamine hydrochloride, 5-HT hydrochloride, L-Dopa, DOPAC, ouabain, adenosine 5′-

triphosphate (ATP) disodium salt hydrate, ethylene glycol-bis(2-aminoethylether)-

N,N,N′,N′-tetraacetic acid (EGTA), 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid 

(HEPES), N-acetylcysteine (NAC), phenazine methosulfate (PMS), nicotinamide adenine 

dinucleotide reduced (NADH) disodium salt hydrate and bovine serum albumin (BSA). 

Bio-Rad DC protein assay kit was purchased from Bio-Rad Laboratories (Hercules, CA, 

USA). MDMA (hydrochloride salt) was extracted and purified from high purity MDMA 

tablets kindly provided by the Portuguese Criminal Police Department. The obtained salt 

was pure and fully characterized by NMR and mass spectrometry methodologies. The 

MDMA metabolites α-MeDA, N-Me-α-MeDA and 5-(GSH)-α-MeDA were synthesized and 

fully characterized by NMR and mass spectrometry methodologies by REQUIMTE (Centro 

de Química Fina e Biotecnologia), Chemistry Department, Faculty of Science and 

Technology, University Nova de Lisboa, according previously published methods by our 

group (Capela et al., 2006; Capela et al., 2007). All other chemicals were purchased from 

Sigma-Aldrich.  

Preparation of mouse brain synaptosomes 

Mouse brain synaptosomes were obtained as described elsewhere (Barbosa et al., 

2012). Briefly, after anesthesia with sodium thiopental, whole brain was rapidly removed, 

weighed, and placed in 20 volumes of cold homogenization buffer (5 mM Tris-HCl and 

320 mM sucrose, pH 7.4). The mouse brain was homogenized using a borosilicate glass 
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homogenizing tube fitted with a motor-driven teflon pestle (10 strokes on ice). The 

homogenate was centrifuged at 1,000g, for 10 min, at 4ºC. The supernatant was 

recovered, its volume was measured, and 1.6 M sucrose buffer (containing 5 mM Tris-

HCl, pH 7.4) was added to a final sucrose concentration of 0.8 M. Samples were then 

centrifuged at 16,000g, for 30 min, at 4ºC, which gave a myelin-rich supernatant and a 

pellet (P2) consisting of mitochondria (brown-colored) covered by a layer of 

synaptosomes (white). The supernatant was discarded and the synaptosomal layer was 

separated by carefully adding 1 ml of ice-cold 320 mM sucrose buffer (pH 7.4) and gently 

shaking the suspension. Finally, the synaptosome fraction was diluted in HEPES-buffered 

salt solution with glucose (HBSS/glucose: 140 mM NaCl, 5.37 mM KCl, 1.26 mM CaCl2, 

0.44 mM KH2PO4, 0.49 mM MgCl2.6H2O, 0.41 mM MgSO4.7H2O, 4.17 mM NaHCO3, 0.34 

mM Na2HPO4.7H2O, 5.5 mM glucose and 20 mM HEPES-Na, pH 7.4). Protein 

concentration was determined using the Bio-Rad DC protein reagent assay kit, according 

to the manufacturer’s specifications, and using BSA as standard. 

Study design 

To assess the effects of MDMA and its metabolites α-MeDA and N-Me-α-MeDA, as 

well as of 5-HT, dopamine, L-Dopa and DOPAC on Na+/K+ ATPase activity, 

synaptosomes (0.5 mg protein/mL) were incubated with the compounds (6.25, 12.5, 25, 

50, 100 and 200 µM), for 3h, in water bath at 37ºC. Particularly, the effect of MDMA 

metabolite 5-(GSH)-α-MeDA on Na+/K+ ATPase activity was studied at concentrations of 

0.0625, 0.125, 0.25, 0.5, 1, 2, 6.25, 12.5, 25, 50, 100 and 200 µM. The concentrations of 

MDMA and its metabolites, as well as 5-HT, dopamine, L-Dopa and DOPAC used were 

selected according to our previously published study in mouse brain synaptosomes 

(Barbosa et al., 2012). Preliminary experiments demonstrated a time-dependent effect of 

the tested compounds on the Na+/K+ ATPase activity (data not shown). Therefore, the 3h 

time-point was selected for all the subsequent studies. To assess the effect of the 

NADH/PMS system (chemical generator of superoxide radicals) on the Na+/K+ ATPase 

activity, synaptosomes (0.5 mg protein/mL) were incubated with 166 µM NADH in the 

presence of growing concentrations of PMS (0.01, 0.1, 1, 10, 50 and 250 µM). To 

evaluate the putative effect of NAC (1 mM) in the stimulant effect induced by MDMA 

metabolites, 5-HT, dopamine, L-Dopa and DOPAC, on the Na+/K+ ATPase activity, the 50 

µM concentration was selected. Stock solution of NAC, PMS and NADH solutions were 

prepared in distilled water.  

 

 



Manuscript 2 

126 

 

Na+/K+ ATPase activity 

Na+/K+ ATPase activity was measured as the difference between total ATPase activity 

and Mg2+ ATPase activity (the ouabain-insensitive component). Synaptosomes (0.5 

mg/mL) were incubated with different concentrations of the studied compounds and 

placed in a water bath at 37ºC during 3h. At this time, samples of 200 µL were removed 

and added to 795 µL (total ATPase activity) or 770 µL (Mg2+ ATPase activity) of reaction 

medium (128 mM NaCl, 5 mM KCl, 3 mM MgCl2, 0.1 mM EGTA and 10 mM HEPES-Na, 

pH 7.4). To determine the Mg2+ ATPase activity, 25 µL of ouabain 20 mM (dissolved in 

reaction medium) was added. The final protein concentration was 0.1 mg/mL. ATPase 

activity measurements were started by the addition of 5 µL of ATP 200 mM (dissolved in 

reaction medium), followed by 5 min of incubation at 37°C, and subsequently stopped by 

addition of 250 µL trichloroacetic acid (TCA) 20 % (w/v). The reaction mixture was allowed 

to incubate on ice for 30 min and centrifuged at 16,000g, for 2 min, at 4ºC. In 96-well 

plates, 150 μL of sample, standard or blank were added in triplicate and mixed with 150 

μL of ammonium heptamolybdate reagent [FeSO4 5% (w/v) and ammonium 

heptamolybdate 1% (w/v), in 0.5 M H2SO4]. After 15 min of reaction at room temperature, 

in the dark, the inorganic phosphate concentration was measured at 620 nm in a 96-well 

plate reader (PowerWaveX, Bio-Tek Instruments, VT, USA). KH2PO4 solutions (0, 10, 25, 

50, 100, 200, 400 and 600 µM), prepared in reaction medium, were used as standards. 

The Na+/K+ ATPase activity was expressed as nmol of Pi released per mg protein per 

minute (nmol Pi/mg protein/min). 

Data analysis 

Values in figures and text are presented as mean ± SD of the indicated number of 

independent experiments, with synaptosomes derived from the same number of different 

animals. Normality of the data distribution was assessed by the Kolmogorov-Smirnov 

normality test. Statistical comparisons between groups were performed with one-way 

ANOVA followed by the Newman-Keuls multiple comparison post-hoc test. Details of the 

statistical analysis performed are described in each figure legend. Differences were 

considered to be significant at p values lower than 0.05. All analysis were performed using 

SigmaStat 3.5 (Systat Software, San Jose, CA, USA) and GraphPad Prism 6.0 for 

Windows (GraphPad Software, San Diego, CA, USA). 
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Results 

MDMA metabolites, 5-HT, dopamine, L-Dopa and DOPAC significantly increased 

synaptosomal Na+/K+ ATPase activity in a concentration-dependent manner 

By regulating the Na+/K+ equilibrium through cellular membranes, Na+/K+ ATPase plays 

a major role in the maintenance and restoration of the resting membrane potential in 

neurons, thus controlling a correct neuronal function (Azarias et al., 2013). Therefore, 

disruptions on intracellular ionic balance are thought to mediate a large number of cellular 

events, which may lead, ultimately, to neurotoxicity and, consequently, to neuronal cell 

death (Xu et al., 2013).  

 

 

Figure 1. Effect of MDMA and its metabolites on Na+/K+ ATPase activity, in mouse brain synaptosomes. 
Synaptosomes were exposed to increasing concentrations (6.25, 12.5, 25, 50, 100 or 200 µM) of MDMA (A) 
or its metabolites α-MeDA (B) and N-Me-α-MeDA (C) for 3h, at 37ºC, and Na+/K+ ATPase activity was then 
evaluated. Particularly, MDMA metabolite 5-(GSH)-α-MeDA (D and E) was studied at concentrations ranging 
from 0.0625 to 200 µM. Results are present as mean ± SD, from 6 independents experiments, and expressed 
as nmol Pi released per mg of protein per minute (nmol Pi/mg protein/min). Statistical comparisons were 
performed using one-way ANOVA, followed by the Newman-Keuls multiple comparison post-hoc test 
[*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 concentration vs. control (0 µM)]. 
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Figure 2. Effect of monoamine neurotransmitters 5-HT and dopamine, L-Dopa and DOPAC on Na+/K+ 
ATPase activity, in mouse brain synaptosomes. Synaptosomes were exposed to increasing concentrations 
(6.25, 12.5, 25, 50, 100 or 200 µM) of 5-HT (A), dopamine (B), L-Dopa (C) or DOPAC (D) for 3h, at 37ºC, and 
Na+/K+ ATPase activity was then evaluated. Results are present as mean ± SD, from 6 independents 
experiments, and expressed as nmol Pi released per mg of protein per minute (nmol Pi/mg protein/min). 
Statistical comparisons were performed using one-way ANOVA, followed by the Newman-Keuls multiple 
comparison post-hoc test [*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 concentration vs. control (0 µM)]. 
 

 

Through the evaluation of the Na+/K+ ATPase activity, many studies have focused on 

synaptosome model to elucidate either mechanisms involved in regulating pump activity 

(Tian and Xie, 2008; Bersier et al., 2011) or toxic effects mediated by stressor stimulus 

into the brain (Pendyala et al., 2012; Pimentel et al., 2013). Thus, by using synaptosomes 

from whole mouse brain, we studied the effects of MDMA and its metabolites, as well as 

of monoamine neurotransmitters 5-HT and dopamine, L-Dopa and DOPAC on the Na+/K+ 

ATPase activity. As shown in Figure 1A, MDMA did not significantly modify the Na+/K+ 

ATPase activity, at the range of concentrations studied. However in synaptosomes 

exposed to MDMA metabolites α-MeDA, N-Me-α-MeDA and 5-(GSH)-α-MeDA, as well as 

to monoamine neurotransmitters 5-HT and dopamine, L-Dopa and DOPAC, it was 
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observed a significant increase on the Na+/K+ ATPase activity, in a concentration-

dependent manner (Figure 1B-E and Figure 2). Interestingly, for the MDMA metabolite 5-

(GSH)-α-MeDA this effect was significant at concentrations from 1 µM (Figure 1D-E). For 

all the remaining compounds tested, a significant increase on the Na+/K+ ATPase activity 

was only observed at higher concentrations (50 µM or above) (Figure 1B-C and Figure 2). 

Therefore, in our experimental conditions, the MDMA metabolite 5-(GSH)-α-MeDA was 

the most potent stimulant of the Na+/K+ ATPase activity. 

NAC partially rescued the stimulation of the Na+/K+ ATPase activity induced by 

MDMA metabolites, as well as by dopamine and L-Dopa 

It has been suggested that oxidative stress can activate Na+/K+ ATPase signaling 

pathways (Liu et al., 2012).  In accordance, both H2O2 and exogenously added glucose 

oxidase (which generates a sustained low level of H2O2 by consuming glucose) were 

implicated in Na+/K+ ATPase signaling activation in cardiac myocytes (Liu et al., 2006). 

Furthermore, it was shown that the pre-incubation with the antioxidant NAC prevented the 

ouabain-Na+/K+ ATPase signaling and its downstream effects (Liu et al., 2006). 

Interestingly, in a previous work we showed that increased reactive oxygen species (ROS) 

production, namely H2O2, was implicated on the oxidative stress-related modifications 

triggered by MDMA metabolites, 5-HT, dopamine, L-Dopa and DOPAC in mouse brain 

synaptosomes (Barbosa et al., 2012). Therefore, by using the antioxidant NAC, we next 

investigated the involvement of oxidative stress-related mechanisms in the increased 

Na+/K+ ATPase activity observed in synaptosomes exposed to MDMA metabolites, 5-HT, 

dopamine, L-Dopa and DOPAC. Pre-incubation of synaptosomes with NAC partially 

prevented the stimulant effects of MDMA metabolites α-MeDA, N-Me-α-MeDA and 5-

(GSH)-α-MeDA, as well as of dopamine and L-Dopa on the Na+/K+ ATPase activity 

(Figure 3A-C, E-F). However, the effects of 5-HT and DOPAC on pump activity were not 

significantly modified by NAC (Figure 4D, G). Therefore, these results suggest that 

oxidative stress-related pathways may be involved, at least partially, in the stimulant 

effects elicited by the studied compounds on the Na+/K+ ATPase activity. 
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Figure 3. Effect of NAC on the stimulation of the Na+/K+ ATPase activity induced by MDMA metabolites, 5-HT, 
dopamine, L-Dopa and DOPAC, in mouse brain synaptosomes. Synaptosomes, with or without NAC (1 mM) 
pre-incubation, were exposed to MDMA metabolites α-MeDA (A), N-Me-α-MeDA (B) or 5-(GSH)-α-MeDA (C), 
as well as to 5-HT (D), dopamine (E), L-Dopa (F) or DOPAC (G), at the concentration of 50 µM, for 3h, at 
37ºC, and Na+/K+ ATPase activity was then evaluated. Results are present as mean ± SD, from 6 
independents experiments, and expressed as nmol Pi released per mg of protein per minute (nmol Pi/mg 
protein/min). Statistical comparisons were performed using one-way ANOVA, followed by the Newman-Keuls 
multiple comparison post-hoc test [*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 condition vs. control; #p<0.05, 
##p<0.01, ###p<0.001 compound plus NAC vs. compound]. 

 

PMS, a chemical generator of superoxide radicals, significantly increased the 

Na+/K+ ATPase activity 

Following the previous results observed in the presence of NAC, we next used a 

chemical generator of superoxide radicals to confirm the involvement of reactive species-

related pathways on the reported effects under the Na+/K+ ATPase activity. As shown in 

Figure 4, PMS, at the concentrations of 1, 10 and 50 µM, induced a significant increase on 

the Na+/K+ ATPase activity. However, for the higher concentration tested, 250 µM, the 

stimulant effect of PMS on the Na+/K+ ATPase activity was lost. This effect may result 

from an oxidative modification of the pump, as a consequence of the high levels of ROS 

that are expected to be generated by PMS at this concentration. Therefore, PMS 

mimetized the stimulant effects induced by MDMA metabolites and monoamine 

neurotransmitters on the Na+/K+ ATPase activity.  
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Figure 4. Effect of the chemical generator of superoxide radicals PMS on Na+/K+ ATPase activity, in mouse 
brain synaptosomes. Synaptosomes were exposed to increasing concentrations (0.01, 0.1, 1, 10, 50 and 250 
µM) of PMS (combined with 166 µM NADH) for 3h, at 37ºC, and the Na+/K+ ATPase activity was then 
evaluated. Results are present as mean ± SD, from 4 independents experiments, and expressed as nmol Pi 
released per mg of protein per minute (nmol Pi/mg protein/min). Statistical comparisons were performed using 
one-way ANOVA, followed by the Newman-Keuls multiple comparison post-hoc test [*p<0.05, ***p<0.001 
concentration vs. control (0 µM)].  
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Discussion 

Previous studies have suggested that changes in Na+/K+ ATPase activity play a role in 

drug-evoked deregulation of brain function (Pendyala et al., 2012; Rambo et al., 2012), 

which, ultimately, may lead to neurotoxicity. Though the neurotoxic potential of MDMA is 

well established, the mechanisms underlying its toxicity remain largely unknown. 

Therefore, it was our propose to evaluate whether MDMA may interfere with the Na+/K+ 

ATPase activity. We found that MDMA metabolites, as well as 5-HT, dopamine, L-Dopa 

and DOPAC significantly increased the activity of the Na+/K+ ATPase. Furthermore, the 

antioxidant NAC partially rescued the reported effect for MDMA metabolites, as well as for 

dopamine and L-Dopa. Additionally, by using a chemical generator of superoxide radicals, 

PMS, a significant increase on the Na+/K+ ATPase activity was also revealed, thus 

suggesting that reactive species-mediated pathways may be key players on the effects 

triggered by MDMA metabolites and monoamine neurotransmitters on the Na+/K+ ATPase 

activity. 

Neurons are highly specialized and polarized cells with large energy dependence. 

Importantly, neuronal transmission is tightly regulated by Na+/K+ ATPase activity, whose 

function is critical in maintaining intracellular homeostasis (Azarias et al., 2013; Doğanlı et 

al., 2013). Though MDMA is known to elicit acute and long lasting effects in brain function, 

which appear to result from its toxic and stimulant properties (Capela et al., 2009; 

Robledo, 2010), the involvement of an abnormal Na+/K+ ATPase functioning on these 

effects was never studied and, therefore, is hitherto completely unknown. Here, we 

showed that MDMA metabolites, unlike the parent compound MDMA, significantly 

increased the synaptosomal Na+/K+ ATPase activity, in a concentration dependent-

manner. In line with these results, several studies have demonstrated that metabolism 

appears to be required for MDMA-induced neurotoxic actions in vivo (Gollamudi et al., 

1989; Bai et al., 1999; Esteban et al., 2001). Additionally, in vitro studies have also 

established that MDMA metabolites presented higher neurotoxic potential than their 

parent compound MDMA (Capela et al., 2006; Capela et al., 2007; Barbosa et al., 2012; 

Ferreira et al., 2013). Therefore, our results suggest that a mechanism involving the 

modulation of the Na+/K+ ATPase function may contribute to the MDMA’s effects into the 

brain.  

Apart from MDMA metabolism, other studies have suggested that 5-HT and dopamine 

may also play an important role in MDMA-induced changes in brain function and 

neurotoxicity (Hrometz et al., 2004; Alves et al., 2007; Alves et al., 2009b; Barbosa et al., 

2012). Indeed, it is well known that MDMA abuse is associated with behavioral excitation. 

In rodents, this effect persists for many months after the last administration, thus 
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mimicking the long lasting sensitivity observed in human MDMA’s addicts (Ciudad-

Roberts et al., 2013). Additionally, studies in laboratory animals have also linked the 

MDMA’s locomotor stimulant effects to the activation of both dopaminergic and 

serotonergic systems (Scearce-Levie et al., 1999). Here, we found that, in addition to 

MDMA metabolites, also the monoamine neurotransmitters 5-HT and dopamine, as well 

as dopamine precursor L-Dopa and dopamine metabolite DOPAC, significantly increased 

the activity of the Na+/K+ ATPase. Of note, it was previously postulated that decreased 

dopamine levels in the brain may be, at least in part, responsible for the decreased Na+/K+ 

ATPase activity in the striatum of newborn piglets during a post-hypoxic reoxygenation 

insult (Zaitseva et al., 2002). Furthermore, increased activity of the serotonergic system 

was previously associated with increased Na+/K+ ATPase activity (Hernández-Rodríguez 

and Chagoya, 1986). Additionally, a concentration-dependent increase in Na+/K+ ATPase 

activity in rat brain homogenate was found following incubation with varying 

concentrations of 5-HT, with cerebral cortex and cerebellum showing the largest response 

(Hernández, 1987). Therefore, as the psychomotor stimulant and neurotoxic effects of 

MDMA are considered to be a consequence of the extravesicular and extracellular 

increase in monoamine neurotransmitter levels (Bankson and Cunningham, 2001; Alves 

et al., 2007; Alves et al., 2009a; Alves et al., 2009b; Barbosa et al., 2012), our results 

suggest that 5-HT and dopamine may also contribute to the stimulant and neurotoxic 

effects of MDMA, through the regulation of the  Na+/K+ ATPase activity. 

Oxidative stress has been described as a key regulator of the Na+/K+ ATPase 

functioning (Liu et al., 2012). Accumulating evidences also suggest that ROS, which may 

be generated as byproducts of some metabolic pathways, are essential players in 

regulating cell function and survival. In fact, in the last years, ROS have emerged as 

important components of membrane receptor signaling (Forman and Torres, 2002; Yin et 

al., 2008). Notably, in a previous work published by our group, it was demonstrated that 

the oxidative injury elicited by MDMA metabolites, as well as by 5-HT, dopamine, L-Dopa 

and DOPAC, in mouse brain synaptosomes, involved increased H2O2 production, which 

was partially attenuated by the antioxidant NAC (Barbosa et al., 2012). Here, we found 

that the co-incubation of synaptosomes with NAC partially prevented the stimulant effect 

of MDMA metabolites, as well as dopamine and L-Dopa, on the Na+/K+ ATPase activity. 

Looking for reports in the literature studying the same ROS paradigm, we verified that it 

was previously demonstrated, in MDCK cells, that the suppression of ROS activity by 

NAC blocked low K+-induced increased activity, protein abundance and cell surface 

localization of the Na+/K+ ATPase (Zhou et al., 2003). Furthermore, recently, a prominent 

role for H2O2 was described in CD95-induced internalization of the Na+/K+ ATPase in 

human T cells. (Yin et al., 2007). Additionally, another specific regulatory function of H2O2, 
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namely the stimulation of the de novo synthesis of Na+/K+-ATPase, was also reported (Yin 

et al., 2007). In accordance, here, a significant increase on the Na+/K+ ATPase activity 

was also observed for the chemical generator of superoxide radicals PMS, thus 

supporting a role for reactive species-regulated pathways on the reported effects. Since 

the Na+/K+ ATPase plays a remarkable role in regulating the neuronal Na+/K+ equilibrium, 

an increase in its activity, by allowing a more rapid restoration of the membrane potential, 

may render neurons more prone to excitability, a critical event contributing to neuronal 

dysfunction and death (Szydlowska and Tymianski, 2010).  

Despite these emerging data, the exact role of ROS in regulating the Na+/K+ ATPase 

function remains unknown. In a previous study published by our group, using the same 

compounds that were evaluated in the present study, it was found that the MDMA 

metabolite 5-(GSH)-α-MeDA was the most potent generator of H2O2 (Barbosa et al., 

2012). Here, we found that the same MDMA metabolite was the most potent stimulant of 

the Na+/K+ ATPase activity (significant effect at concentrations form 1 µM). Therefore, our 

postulated mechanism is that the ROS generated by MDMA metabolites. 5-HT, dopamine, 

L-Dopa and DOPAC may damage synaptosomal membranes. Consequently, the 

electrochemical gradient of Na+ and K+ across the synaptosomal membranes is lost, thus 

leading to a Na+/K+ ATPase functioning in its maximal activity. However, more studies are 

needed to address the real mechanisms involved in the effects. 

In conclusion, our study demonstrated, for the first time, that MDMA metabolites and 

monoamine neurotransmitters stimulated the synaptosomal Na+/K+ ATPase activity, which 

seemed to involve reactive species-regulated pathways. Considering the critical role of the 

Na+/K+ ATPase in regulating neuronal function, our study suggests a new mechanism of 

action for MDMA metabolites into the brain, which may contribute to the stimulant and/or 

neurotoxic effects of MDMA. 
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Abstract 

3,4-Methylenedioxymethamphetamine (MDMA; “ecstasy”) is a recreational 

hallucinogenic drug of abuse known to elicit neurotoxic properties. Hepatic formation of 

neurotoxic metabolites is thought to plays a major role in MDMA-related neurotoxicity, 

though the mechanisms involved are still unclear. Here, we studied the neurotoxicity 

mechanisms and stability of MDMA and 6 of its major human metabolites, namely α-

methyldopamine (α-MeDA) and N-methyl-α-methyldopamine (N-Me-α-MeDA) and their 

corresponding glutathione (GSH) and N-acetylcysteine (NAC) conjugates, under 

normothermic (37ºC) or hyperthermic conditions (40ºC), using cultured SH-SY5Y 

differentiated cells. We showed that MDMA metabolites exhibited toxicity to SH-SY5Y 

differentiated cells, being the GSH and NAC conjugates more toxic than their catechol 

precursors and MDMA. Furthermore, whereas the toxicity of the catechol metabolites was 

potentiated by hyperthermia, NAC-conjugated metabolites revealed higher toxicity under 

normothermia and GSH-conjugated metabolites-induced toxicity was temperature-

independent. Moreover, a time-dependent decrease in extracellular concentration of 

MDMA metabolites was observed, which was potentiated by hyperthermia. The 

antioxidant NAC significantly protected against the neurotoxic effects of MDMA 

metabolites. MDMA metabolites increased intracellular glutathione levels, though 

depletion in thiol content was observed in MDMA-exposed cells. Finally, the neurotoxic 

effects induced by MDMA metabolite N-Me-α-MeDA involved caspase 3 activation.  

In conclusion, this study evaluated the stability of MDMA metabolites in vitro, and 

demonstrated that the catechol MDMA metabolites and their GSH and NAC conjugates, 

rather than MDMA itself, exhibited neurotoxic actions in SH-SY5Y differentiated cells, 

which were differently affected by hyperthermia, thus highlighting a major role for the 

metabolism and hyperthermia on MDMA´s neurotoxicity. 

 

Keywords 

3,4-Methylenedioxymethamphetamine (MDMA; “ecstasy”); MDMA metabolites; 
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Introduction 

3,4-Methylenedioxymethamphetamine (MDMA; ”ecstasy”) is a worldwide major drug of 

abuse known to elicit neurotoxic effects, which are well documented in laboratory animals 

(Bai et al., 2001; Granado et al., 2011), nonhuman primates (Hatzidimitriou et al., 1999), 

as well as in humans (McCann et al., 1994; Quednow et al., 2006; Roberts et al., 2009; 

Tai et al., 2011). Notably, long-term effects of MDMA in nonhuman primates occur at 

doses that are comparable to those that are used by human MDMA users (Ricaurte et al., 

1988). Though in humans the neurotoxic effects of MDMA are believed to affect more the 

serotonergic system (Kish et al., 2010a; Kish et al., 2010b; Erritzoe et al., 2011), a recent 

study described a potential risk of long-lasting dopaminergic deficits in MDMA users (Tai 

et al., 2011). Likewise, by using in vitro models of dopaminergic neurons, it has been 

documented a high potential of MDMA and its catechol metabolites to affect the 

dopaminergic system (Ferreira et al., 2013). 

It is well-known that MDMA induces an acute and rapid release of serotonin (5-HT) and 

dopamine from nerve endings, which may undergo oxidative deamination by monoamine 

oxidase (MAO), leading to the formation of deleterious amounts of hydrogen peroxide. 

While this pharmacological pathway may explain part of the neurotoxic effects of MDMA, 

other mechanisms are also suggested to contribute to its neurotoxic properties. Indeed, 

recent studies have highlighted the formation of reactive hepatic metabolites as another 

major contributing factor to the MDMA´s neurotoxicity (Monks et al., 2004; Capela et al., 

2006a; Capela et al., 2007; Barbosa et al., 2012). Notably, some studies failed to 

demonstrate serotonergic neurotoxicity when MDMA was injected directly into the brain 

(Bai et al., 1999; Esteban et al., 2001). In agreement, an attenuation in MDMA-mediated 

depletions in 5-HT brain content was observed under CYP450 inhibition (Gollamudi et al., 

1989), thus supporting an important role for metabolism in the context of “ecstasy”-

induced neurotoxicity. The hepatic metabolism of MDMA is mainly mediated by CYP450, 

involving N-demethylation to 3,4-methylenedioxyamphetamine (MDA). MDMA and MDA 

may be further O-demethylated to the catechol metabolites N-methyl-α-methyldopamine 

(N-Me-α-MeDA) and α-methyldopamine (α-MeDA), respectively, both of which can 

undergo oxidation to corresponding ortho-quinones. In humans and rats N-Me-α-MeDA is 

the main catechol metabolite of MDMA, being α-MeDA the major metabolite in mice. 

Since the ortho-quinones formed are highly redox-active molecules, they can undergo 

redox cycling, generating semiquinone radicals, as well as reactive oxygen (ROS) and 

nitrogen (RNS) species. In addition, since the reactive ortho-quinones intermediates are 

electrophilic compounds, cellular damage may occur through the alkylation of crucial 

cellular proteins and/or DNA. In the presence of reduced glutathione (GSH), ortho-
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quinones may be conjugated to form glutathionyl adducts (Hiramatsu et al., 1990). 

Conjugation of GSH with electrophiles, such as ortho-quinones, can preserve or enhance 

their biological reactivity (Monks et al., 2004; Jones et al., 2005; Erives et al., 2008). The 

systemically formed GSH-conjugated metabolites of MDMA may be transported across 

the blood-brain barrier (BBB) (Miller et al., 1996), as proved by their presence in the brain 

after MDMA administration to rats (Jones et al., 2005; Erives et al., 2008). In the brain, 

GSH conjugates can be further metabolized via the marcapturic acid pathway (Esteban et 

al., 2001). Initially, GSH conjugates are metabolized by γ-glutamyltransferase and 

dipeptidase to their corresponding cysteine conjugates. Additionally, these cysteine 

conjugates may be further metabolized by N-acetyltransferase to their corresponding N-

acetylcysteine (NAC) conjugates (Patel et al., 1993; Erives et al., 2008). However, despite 

metabolic conversion, NAC-conjugated metabolites of MDMA retain the toxicity of their 

GSH precursors (Jones et al., 2005). Furthermore, contrary to GSH conjugates, where the 

brain accumulation may be counteracted by multidrug resistant protein transports 1 and 2 

localized in the BBB (Slot et al., 2008; Ballatori et al., 2009), NAC conjugates appear to be 

slowly eliminated and, consequently, persist in the brain (Jones et al., 2005; Erives et al., 

2008). In agreement, recent studies have demonstrated that, in rat brain, NAC-conjugated 

metabolites of MDMA present a longer half-life than GSH conjugates after subcutaneous 

injection of MDMA (Jones et al., 2005). Still, it was observed that, after multiple 

administrations of MDMA, both GSH and NAC metabolites tend to accumulate in the brain 

(Erives et al., 2008). Though GSH- and NAC-conjugated metabolites of MDMA are 

described to play a major role in MDMA-induced neurotoxicity (Miller et al., 1996; Bai et 

al., 1999; Capela et al., 2007), catechol metabolites, which are also detected in the brain 

after MDMA administration (Chu et al., 1996; Jones et al., 2005; Erives et al., 2008), may 

also contribute to MDMA’s deleterious effects. Indeed, catechol MDMA metabolites were 

proven to induce neurotoxic effects in an in vitro dopaminergic system (Ferreira et al., 

2013). Another factor that may exacerbate the toxic effects of MDMA and its metabolites 

is hyperthermia, since it may increase the production of ROS by itself, or by increasing the 

metabolism of MDMA (Ádori et al., 2006). In accordance, by preventing the hyperthermic 

response, a decrease in the neurotoxic effects associated with MDMA was observed 

(Farfel and Seiden, 1995), clearly demonstrating the role of hyperthermia in MDMA’s 

neurotoxicity. 

The aim of the present study was to evaluate the mechanisms involved in MDMA-

related neurotoxicity, using human SH-SY5Y differentiated cells as in vitro dopaminergic 

neuronal model, specifically evaluating the role of MDMA metabolites and hyperthermia in 

MDMA’s neurotoxic actions. 



Manuscript 3 

145 

 

Human neuroblastoma cell line SH-SY5Y is a suitable neuronal model, as it bears 

biochemical properties of human neurons in vivo (Constantinescu et al., 2007). 

Furthermore, being a tumor-derived cell line, SH-SY5Y cells continuously divide without 

exhibiting a large phenotypic variability (Presgraves et al., 2003). Therefore, since these 

cells can acquire a dopaminergic phenotype after differentiation with retinoic acid (RA) 

and 12-O-tetradecanoylphorbol-13-acetate (TPA) (Presgraves et al., 2003; Barbosa et al., 

2013; Ferreira et al., 2013), they constitute a suitable in vitro model to study the 

mechanisms involved in MDMA-induced dopaminergic deficits. 
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Materials and Methods 

Materials 

All reagents used in this study were of analytical grade or of the highest grade 

available. Dulbecco’s modified Eagle’s medium (DMEM) with 4.5 g/L glucose and 

GlutMAXTM, nonessential amino acids (NEAA), heat inactivated fetal bovine serum (FBS), 

0.25% trypsin/ethylenediaminetetraacetic acid (EDTA) and Dulbecco’s phosphate 

buffered saline (DPBS) were purchased from Gibco Laboratories (Lenexa, KS, USA). 

Penicillin (10,000 U/mL) and streptomycin (10,000 μg/mL) were purchased from Biochrom 

AG (Berlin, Germany). Trypan blue solution [0.4% (w/v)], RA, TPA, 3-(4,5-dimethyl-2-

thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT), sodium dodecyl sulfate (SDS), L-

lactic dehydrogenase (LDH), sodium pyruvate, nicotinamide adenine dinucleotide reduced 

form (NADH), triton X-100, GSH, nicotinamide adenine dinucleotide phosphate reduced 

form (NADPH), 5,5-dithio-bis(2-nitrobenzoic acid) (DTNB), glutathione reductase (GR), N-

acetyl-Asp-Glu-Val-Asp-p-nitroaniline (Ac-DEVD-pNA), 4-(2-hydroxyethyl)piperazine-1-

ethanesulfonic acid (HEPES), 3-[(3-cholamidopropyl)dimethylammonio]-1-

propanesulfonate hydrate (Chaps), dithiothreitol (DTT), Tris-HCl, NAC, and bovine serum 

albumin (BSA) were obtained from Sigma-Aldrich (St. Louis, MO, USA). Bio-Rad DC 

protein assay was purchased from Bio-Rad Laboratories (Hercules, CA, USA). EDTA, 

KH2PO4, K2HPO4.3H2O, KCl, MgCl2.6H2O, dimethylsulfoxide (DMSO), HCl, HClO4, NaOH, 

KHCO3 and Folin reagent were obtained from Merck (Darmstadt, Germany).  MDMA 

(hydrochloride salt) was extracted and purified from high-purity MDMA tablets that were 

provided by the Portuguese Criminal Police Department. The obtained salt was pure and 

fully characterized by NMR and mass spectrometry methodologies, as previously 

described by our group (Capela et al., 2007). The MDMA metabolites α-MeDA, N-Me-α-

MeDA, 5-(glutathion-S-yl)-α-methyldopamine [5-(GSH)-α-MeDA], 5-(glutathion-S-yl)-N-

methyl-α-methyldopamine [5-(GSH)-N-Me-α-MeDA], 5-(N-acetylcysteine-S-yl)-α-

methyldopamine [5-(NAC)-α-MeDA] and 5-(N-acetylcysteine-S-yl)-N-methyl-α-

methyldopamine [5-(NAC)-N-Me-α-MeDA] were synthesized and fully characterized by 

nuclear magnetic resonance and mass spectrometry methodologies by REQUIMTE 

(Centro de Química Fina e Biotecnologia), Chemistry Department, Faculty of Science and 

Technology, University Nova de Lisboa, according to previously published methods 

(Capela et al., 2006a; Capela et al., 2007; Macedo et al., 2007). All other chemicals were 

purchased from Sigma-Aldrich.  
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Cell culture and differentiation 

SH-SY5Y cells are a neuroblastoma cell line cloned from SK-N-SH cells with a human 

origin. This cell line has been widely used as in vitro neuronal model, since the early 

1980’s as these cells possess many biochemical and functional properties of neurons 

(Takeuchi et al., 2009). SH-SY5Y cells (ATCC, Manassas, VA, USA) were routinely 

cultured in 25-cm2 flasks (Costar, Corning, NY, USA) using DMEM with GlutMAXTM and 

4.5 g/L glucose, supplemented with 10% heat inactivated FBS (v/v), 1% NEAA (v/v), 100 

U/mL penicillin, and 100 µg/mL streptomycin. Cells were maintained at 37ºC in a 

humidified atmosphere of 95% air/5% CO2. Cultures were sub-cultivated weekly by 

trypsinization (0.25% trypsin/EDTA). The SH-SY5Y cells used for all the experiments were 

taken between the 25th and 34th passages, in order to avoid phenotypic changes. To 

increase the dopaminergic neuronal phenotype, SH-SY5Y cells were differentiated as 

described previously by our group (Barbosa et al., 2013; Ferreira et al., 2013). Cells were 

counted in a Fuchs-Rosenthal camera (using a trypan blue solution), seeded at the initial 

density of 25,000 cells/cm2, in complete medium containing 10 µM RA, and cultured for 3 

days. After seeding, the final volume of medium in the 48-well and 6-well cultures plates 

(Corning Costar, Corning) was 250 µL and 2 mL, respectively. After 3 days in vitro, 50 or 

400 µL of medium containing 480 nM of TPA were added to each well of the 48- or 6-well 

culture plates (final concentration of TPA 80 nM), respectively, and cells were cultured for 

another 3 days. Stock solutions of RA (10 mM) and TPA (80 µM) were prepared in DMSO. 

Final concentration of DMSO in each well was 0.2% (v/v). For MTT reduction and LDH 

assays, SH-SY5Y differentiated cells were cultured onto 48-well culture plates. For GSH 

measurement and caspase 3 activity assay, SH-SY5Y differentiated cells were cultured 

onto 6-well culture plates.  

Study design 

After conclusion of the differentiation protocol, the medium of each well was removed 

and replaced by new medium containing MDMA or its metabolites, at concentrations 

ranging from 50 to 200 µM. Incubations were performed for a period of 24 or 48h, under 

normothermic (37ºC) or hyperthermic (40ºC) conditions, in a humidified atmosphere of 

95% air/5% CO2. In experiments using the antioxidant NAC (1 mM), it was added to the 

cultures 30 min prior exposure to MDMA metabolites. In humans, the first reports of 

fatalities associated with the recreational use of MDMA involved overheating, with core 

body temperatures over 40ºC (Henry et al., 1992; Chadwick et al., 2001). Therefore, 

based in previous published works by our group (Capela et al., 2006a; Capela et al., 

2006b; Capela et al., 2007), the temperature of 40ºC was then selected for the 
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hyperthermic experiments. Stock solutions of MDMA, MDMA metabolites and NAC were 

prepared in distilled water. Stock solutions were at least 50 times more concentrated than 

the concentration tested, in order to avoid media dilution. All stock solutions were stored 

at -20 ºC. 

MTT reduction assay 

The MTT reduction assay was used to measure mitochondrial dysfunction (decrease in 

mitochondrial dehydrogenase activity) in SH-SY5Y differentiated cells exposed to MDMA 

or its 6 metabolites, as previously described (Barbosa et al., 2013). The signal generated 

is dependent on the degree of activation of the MTT tetrazolium salt (water soluble) to 

MTT formazan (water insoluble) by the cellular dehydrogenases within metabolically 

active cells. Following exposure to the putative deleterious conditions, the medium was 

removed and 200 µL of new medium containing 0.5 mg/mL MTT was added to each well 

and incubated for 3h, at 37ºC. MTT stock solution (5 mg/mL) was prepared in DPBS 

without Ca2+ and Mg2+ [DPBS (-/-)]. After this incubation period, the reaction was stopped 

by adding 200 µL of SDS 10% (w/v) in 0.01 M hydrochloric acid, followed by overnight 

incubation at 37ºC. After pipetting, in duplicate, 150 µL of the content from each well of 

the 48-well plate to a 96-well plate, the rate of MTT reduction was measured 

spectrophotometrically, in a multi-well plate reader (PowerWaveX; Bio-Tek Instruments, 

VT, USA), at 550 nm. Final results from 6 independent experiments (each experiment was 

performed at least in triplicate) are expressed as percentage of absorbance in control cells 

[MTT reduction (% of control)]. 

LDH assay 

The integrity of the plasma membrane in SH-SY5Y differentiated cells exposed to 

MDMA or its metabolites was assessed biochemically by measuring the cellular leakage 

of the cytosolic enzyme LDH. LDH is a soluble cytosolic enzyme present in most 

eukaryotic cells, released into the culture medium upon cell death due to the damage of 

plasma membrane. Thus, the increase in the LDH activity in the culture supernatant is 

proportional to the number of cells with disrupted membrane. LDH activity in the culture 

medium was determined spectrophotometrically by measuring the decrease of NADH 

absorbance during the reduction of pyruvate to lactate, as previously described (Barbosa 

et al., 2013). After conclusion of the incubation periods, 50 μL of the cellular medium was 

removed from each well and transferred to a 96-well plate (to measure extracellular LDH), 

in duplicate. After removing the medium to evaluate the extracellular LDH, 75 µL of new 

medium plus 25 µL of triton X-100 5% solution (v/v) (final concentration of 0.5%) were 
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added to the cells, and the plates were incubated for 30 min, at 37ºC, to allow cellular 

lyses. After this time, 25 µL of medium from each well were transferred to a new 96-well 

plate (to measure the LDH after the full kill), also in duplicate. Thus, in the 96-well plates, 

the collected medium was mixed with 200 µL of reagent solution containing 0.21 mM 

NADH, dissolved in LDH buffer (33.3 mM KH2PO4 and 66.7 mM K2HPO4.3H2O, pH 7.4). 

The reaction was started with 25 µL sodium pyruvate (22.7 mM, prepared in LDH buffer) 

and the kinetic formation of nicotinamide adenine dinucleotide oxidized form (NAD+) from 

NADH was followed for 5 min, at 340 nm, in a 96-well plate reader (PowerWaveX, Bio-Tek 

Instruments). The final reaction volume in each well was fixed with LDH buffer to 275 µL. 

Thus, to measure LDH after the full kill, 25 µL of LDH buffer were added to each well 

before sodium pyruvate addition. Final results of LDH released into the extracellular 

medium (LDH leakage), from 6 independent experiments (each experiment was 

performed at least in triplicate), are expressed as percentage of cell death (% cell death) 

according to the equation: % cell death = (extracellular LDH/total LDH) x 100, considering 

total LDH = extracellular LDH removed + LDH after full kill. 

Assessment of glutathione levels 

Total intracellular glutathione levels in SH-SY5Y differentiated cells exposed to MDMA 

or its 6 metabolites were evaluated by the DTNB-GSH reductase recycling assay, as 

previously described (Barbosa et al., 2012), with some adaptations. After conclusion of 

the exposure periods, the medium was removed and cells were scraped in 1 mL of cold 

DPBS with Ca2+ and Mg2+ [DPBS (+/+)], and then harvested (1 well per condition). After 

centrifugation at 2,376 g, for 5 min, at 4ºC, the supernatant was discarded and the cellular 

pellet was dispersed in 400 μL HClO4 5% (w/v) and centrifuged again at 16,000 g, for 10 

min, at 4ºC. The perchloric acid pellet was dissolved in 400 μL NaOH 0.3 M and the 

protein content was assayed by the Lowry method (Lowry et al., 1951), using BSA as 

standard. The supernatants (200 μL) were neutralized with 200 μL of an equimolar 

solution of KHCO3 (0.76 M) and centrifuged at 16,000 g, for 2 min, at 4ºC. In 96-well 

plates, 100 μL of sample or standard were added in triplicate and mixed with 65 μL of 

freshly prepared reagent solution containing 3.96 mM DTNB and 0.68 mM NADPH 

prepared in a mixture of 40.5% H2O/59.5% phosphate buffer (71.5 mM Na2HPO4, 71.5 

mM NaH2PO4 and 0.63 mM EDTA, pH 7.5). Plates were then incubated in a 96-well 

microplate reader (PowerWaveX; Bio-Tek Instruments) at 30ºC, during 15 min, prior to the 

addition of 40 μL of fresh GR solution per well (10 U/mL in phosphate buffer). The 

stoichiometric formation of 5-thio-2-nitrobenzoic acid (TNB) was followed for 3 min, at 415 

nm, and compared with the standard GSH curve. GSH standard solutions (0, 0.25, 0.5, 
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1.25, 2.5, 5, 10 and 15 µM) were prepared in HClO4 5% (w/v) and kept at -20ºC until use. 

Intracellular total glutathione levels were normalized to the total protein content and the 

final results from 6 independent experiments (each experiment was performed in 

duplicate) are expressed as nmol of GSH per milligram of protein (nmol GSH/mg protein). 

Intracellular levels of oxidized glutathione (GSSG) were found to be below the detection 

limit of the method. Therefore, only intracellular total glutathione results are presented. 

Caspase 3 activity assay 

The activation of caspase 3 was assessed in SH-SY5Y differentiated cells exposed to 

MDMA metabolites, as previously described (Capela et al., 2007; Barbosa et al., 2013), 

with some modifications. The hydrolysis of the peptide substrate Ac-DEVD-pNA by 

caspase 3 results in the release of the p-nitroaniline (pNA) moiety, which presents high 

absorbance at 405 nm. After conclusion of the exposure periods, the medium was 

removed and the cells were scraped in 750 µL of cold DPBS (+/+), and then harvested (2 

wells per condition). After centrifugation at 855 g, for 4 min, at 4ºC, the supernatant was 

discarded and the cellular pellet was lysed in 75 μL of ice cold lysis buffer [50 mM Hepes, 

0.1 mM EDTA and 0.1% Chaps (w/v), pH 7.4, supplemented with 1 mM DTT (no protease 

inhibitors)]. After vortexing, the cell lysates were allowed to incubate on ice for 10 min 

before centrifugation at 16,000 g, for 10 min, at 4ºC. Whole protein content in the 

supernatants was determined using the Bio-Rad DC protein assay and BSA as standard. 

In a 96-well plate, 50 μL of the supernatant were mixed with 200 μL of assay buffer [100 

mM NaCl, 50 mM Hepes, 1 mM EDTA, 0.1% Chaps (w/v) and 10% glycerol (v/v), pH 7.4, 

supplemented with 10 mM DTT (no protease inhibitors)]. The reaction was started by 

adding 5 μL of caspase 3 substrate Ac-DEVD-pNA (final concentration of 80 μM), and 

subsequent incubation at 37ºC, for 24h, after which the formation of pNA was measured 

spectrophotometrically, at 405 nM, in a 96-well plate reader (PowerWaveX; Bio-Tek 

Instruments). Caspase 3 substrate Ac-DEVD-pNA (stock solution at 4 mM) and DTT were 

prepared in DMSO. The absorbance of blanks, used as non-enzymatic control, was 

subtracted from each value of absorbance. Final results of caspase 3 activity from 8 

independent experiments are expressed as optical density at 405 nm per milligram of 

protein (OD 405 nm/mg protein). 

HPLC analysis of MDMA metabolites 

The stability of MDMA metabolites α-MeDA, N-Me-α-MeDA, 5-(GSH)-α-MeDA and 5-

(NAC)-α-MeDA under normothermic (37ºC) and hyperthermic (40ºC) conditions was 

evaluated by HPLC analysis with electrochemical detection, according to previously 
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published methods (Silva et al., 2007), with some modifications. Briefly, MDMA 

metabolites α-MeDA, N-Me-α-MeDA, 5-(GSH)-α-MeDA or 5-(NAC)-α-MeDA were 

incubated in cell culture medium with or without cells (starting concentration of 50 µM) 

under normothermic (37ºC) or hyperthermic (40ºC) conditions and, at selected time-

points, 150 µL of medium were removed and added to 50 µL HClO4 20% (w/v).  After 

centrifugation at 13,000 g, for 10 min, at 4ºC, the supernatant was used for HPLC 

analysis. To determine the intracellular concentration of metabolites, cells were washed 

with cold DPBS (+/+), scraped in 400 µL HClO4 5% (w/v) and then harvested (1 well per 

condition). After centrifugation at 16000 g, for 10 min, at 4ºC, the supernatant was used 

for HPLC analysis and the cellular pellet was dissolved in 400 μL NaOH 0.3 M to quantify 

the protein content by the Lowry method (Lowry et al., 1951), using BSA as standard. 

MDMA metabolites’ concentrations was evaluated in a HPLC system equipped with a 

Waters 2,690 separations module (Waters, Milford, MA, USA) and a commercially pre-

packed reverse phase cartridge of 250 mm × 4.6 mm, Waters Spherisorb RP-18 (5 μm) 

ODS2 column. The mobile phase [10% methanol (v/v) in 50 mM citric acid and 0.46 mM 

octanesulfonic acid, pH 3.0] was filtered through a 0.45 µm membrane (Millipore, Madrid, 

Spain) and degassed under a nitrogenium stream. Solvent was delivered at a flow rate of 

1 mL/min, at room temperature, under isocratic conditions. Electrochemical analysis was 

performed using a Colouchem II detector (ESA, Chelmsford, USA) equipped with a guard 

cell (ESA 5020) and an analytical cell (ESA 5011A). The electrochemical potential settings 

of the Coulochem II detector were: guard cell, +0.5V; detector 1, -0.075V; detector 2 

(analytical detector), +0.45V. A Compaq computer fitted with Millenium32 software 

(Waters) was used to process the chromatographic data. Final results, from 3-7 

independent experiments are expressed in concentration (µM) of MDMA metabolites or in 

nmole of MDMA metabolites per milligram of protein (nmole/mg proten). 

Data analysis 

Values in figures and text are presented as mean ± SD of the indicated number of 

independent experiments (n). Each independent experiment was performed with SH-

SY5Y differentiated cells proceeding from different passages. Normality of the data 

distribution was assessed by three tests (KS normality test, D’Agostino and Pearson 

omnibus normality test and Shapiro-Wilk normality test). Statistical comparisons between 

groups were performed with two-way ANOVA, followed by the Bonferroni multiple 

comparison post-hoc test. Particularly, to analyze the data presented in Figure 3, relative 

to the stability of MDMA metabolites α-MeDA, N-Me-α-MeDA, 5-(GSH)-α-MeDA and 5-

(NAC)-α-MeDA in cell culture medium, time-response curves (MDMA metabolite 
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concentration decrease over time) were compared by using one phase or plateau followed 

by one phase exponential decay models and least squares as a fitting methods. 

Comparisons between curves were performed using the extra sun-of-squares F test. 

Details of the performed statistical analysis are described in each figure legend. 

Differences were considered to be significant at p values lower than 0.05. All analyses 

were performed using GraphPad Prism 6.0 for Windows (GraphPad Software, San Diego, 

CA, USA). 
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Results 

MDMA metabolites were toxic to SH-SY5Y differentiated cells. Temperature and 

time of exposure differently affected the neurotoxic outcome 

SH-SY5Y differentiated cells were incubated with growing concentrations (50 to 200 

µM) of MDMA or its metabolites. Mitochondrial dysfunction and cell death were evaluated 

by the MTT reduction and LDH release assays, respectively. MDMA, at both time and 

temperatures of incubation studied, did not induce significant mitochondrial dysfunction or 

cell death, at any of the tested concentrations (Figures 1Ai and 2Ai, respectively). In 

contrast, all the MDMA metabolites studied significantly decreased the mitochondrial 

function and increased cell death, in a concentration-dependent manner, at both 

temperatures studied (Figures 1Ai-Gi and 2Ai-Gi). Since the differences promoted by the 

factor time and temperature of exposure were higher at 100 µM, this concentration was 

then selected to evaluate the role of those two factors in the toxic effect induced by MDMA 

and its metabolites in SH-SY5Y differentiated cells. As observed in Figure 1Bii, the 

mitochondrial dysfunction induced by the catechol MDMA metabolite α-MeDA was 

independent on the time of exposure. However, after 24h of exposure the toxic effect was 

potentiated by hyperthermia (p<0.05). The catechol MDMA metabolite N-Me-α-MeDA 

induced mitochondrial dysfunction in a time- and temperature-dependent manner (Figure 

1Cii). Unlike mitochondrial dysfunction, the cell death induced by these two MDMA 

metabolites did not reveal a time dependency, but hyperthermia potentiated the toxicity 

after 48h of exposure (Figures 2Bii and 2Cii, p<0.05). Following a different pattern 

observed for the catechol MDMA metabolites, the mitochondrial dysfunction and cell 

death induced by 100 µM of the metabolites 5-(GSH)-α-MeDA (Figures 1Dii and 2Dii, 

respectively) and 5-(GSH)-N-Me-α-MeDA (Figures 1Eii and 2Eii, respectively) revealed to 

be independent on the time and temperature of exposure. NAC-conjugated metabolites 5-

(NAC)-α-MeDA (Figures 1Fii and 2Fii, respectively) and 5-(NAC)-N-Me-α-MeDA (Figures 

1Gii and 2Gii, respectively) induced mitochondrial dysfunction and cell death in a time-

independent manner, but dependent on the temperature. Surprisingly, for these two NAC 

metabolites, at the 100 µM concentration, the toxicity was significantly higher under 

normothermia, as revealed by the mitochondrial dysfunction at both times of exposure 

(Figures 1Fii and 1Gii), and by the cell death after 24h of exposure (Figures 2Fii and 2Gii). 

 



Manuscript 3 
 

154 

 

Figure 1. Mitochondrial dysfunction induced by MDMA and its metabolites in SH-SY5Y differentiated cells. 
Cells were exposed to growing concentrations (0, 50, 100 or 200 µM) of MDMA (Ai), α-MeDA (Bi), N-Me-α-
MeDA (Ci), 5-(GSH)-α-MeDA (Di), 5-(GSH)-N-Me-α-MeDA (Ei), 5-(NAC)-α-MeDA (Fi) or 5-(NAC)-N-Me-α-
MeDA (Gi), for 24 or 48h, under normothermic (37ºC) or hyperthermic conditions (40ºC), and mitochondrial 
dysfunction was then evaluated by the MTT reduction assay. The concentration of 100 µM was selected to 
evaluate the role of time and temperature of exposure on the mitochondrial dysfunction induced by MDMA or 
its metabolites (ii). Results are presented as mean ± SD, from 6 independent experiments (each experiment 
was performed at least in triplicate), and expressed as percentage of MTT reduction relative to control cells 
[MTT reduction (% of control)]. Statistical comparisons were performed with two-way ANOVA, followed by the 
Bonferroni’s multiple comparison post-hoc test (*p<0.05, **p<0.01, ***p<0.001 compound vs. control; +p<0.05, 
++p<0.01, +++p<0.001 40ºC vs. 37ºC, for the same time-point; ##p<0.01, ###p<0.001 48h vs. 24h, for the same 
temperature). 
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Figure 2. Cell death induced by MDMA and its metabolites in SH-SY5Y differentiated cells. Cells were 
exposed to growing concentrations (0, 50, 100 or 200 µM) of MDMA (Ai), α-MeDA (Bi), N-Me-α-MeDA (Ci), 5-
(GSH)-α-MeDA (Di), 5-(GSH)-N-Me-α-MeDA (Ei), 5-(NAC)-α-MeDA (Fi) or 5-(NAC)-N-Me-α-MeDA (Gi), for 24 
or 48h, under normothermic (37ºC) or hyperthermic conditions (40ºC), and cell death was then evaluated by 
the LDH assay. The concentration of 100 µM was selected to evaluate the role of time and temperature of 
exposure on the cell death induced by MDMA or its metabolites (ii). Results are presented as mean ± SD, 
from 6 independent experiments (each experiment was performed at least in triplicate), and expressed as 
percentage of cell death (% cell death). Statistical comparisons were performed with two-way ANOVA, 
followed by the Bonferroni’s multiple comparison post-hoc test (*p<0.05, **p<0.01, ***p<0.001 compound vs. 
control; +p<0.05, 40ºC vs. 37ºC, for the same time-point). 
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The extracellular concentration of MDMA metabolites decreased over time, an effect 

potentiated under hyperthermic conditions 

Previously, it was demonstrated an over time decrease in the concentration of MDMA 

metabolites α-MeDA and N-Me-α-MeDA in biological medium (Carvalho et al., 2004b). In 

order to verify the effect of temperature and time of exposure on the concentration of the 

MDMA metabolites, we compared their stability in cell culture medium without cells, under 

normothermic and hyperthermic conditions.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 3. Comparative stability of MDMA metabolites over time in culture medium (without cells). MDMA 
metabolites α-MeDA (A), N-Me-α-MeDA (B), 5-(GSH)-α-MeDA (C) or 5-(NAC)-α-MeDA (D), at the 
concentration of 50 µM, were incubated in cell culture medium, under normothermic (37ºC) or hyperthermic 
(40ºC) conditions and their concentration was then evaluated hourly until 10h and after 24 or 48h of 
incubation, by HPLC with electrochemical detection, as described under Methods. Results are presented as 
mean ± SD, from 5-7 independent experiments, and expressed as µM of MDMA metabolite. Time-
concentration curves, representing the decrease of MDMA metabolites concentration over time, were fitted 
with plateau followed by one-phase (A and B) or one-phase (C and D) exponential decay models, and the 
curves obtained at 37ºC and 40ºC were compared with the extra sun-of-squares F test (p<0.0001, curve 
obtained under normothermia vs. curve obtained under hyperthermia, for all metabolites represented). In all 
cases, no significant differences were observed in Y0 (concentration of MDMA metabolites at 0h time-point) 
and plateau values (base of the curves) obtained from normothermic and hyperthermic conditions. 

 
 

Figure 3 shows the time-concentration curves obtained for the metabolites studied. For 

the studied compounds no significant differences were observed in Y0 (concentration of 

MDMA metabolites at 0h time-point) and plateau values (base of the curves) obtained 

from normothermic and hyperthermic conditions (data not shown), thus becoming possible 
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a comparison between curves. Furthermore, in cell culture medium without cells, either 

under normothermic or hyperthermic conditions, an over time decrease in compounds 

concentration in cell culture medium was observed for all the MDMA metabolites studied 

(Figure 3A-D). In addition, the time-concentration curves obtained under normothermia 

and hyperthermia were significantly different, being that the degradation of the MDMA 

metabolites was faster under hyperthermic conditions (Figure 3A-D). Importantly, the 

catechol MDMA metabolites (Figure 3A-B) presented higher stability in cell culture 

medium, comparared to the conjugates (Figure 3C-D). For the MDMA-conjugated 

metabolites (Figure 3C-D), since a low concentration was observed after 24h of 

incubation, the concentration at 48h time-point was below of the detection limit and, 

therefore, was not calculated.  

 

 

Figure 4. Comparative stability of MDMA metabolites over time on the extra- and intracellular compartment 
(with cells). SH-SY5Y cells were exposed to MDMA metabolites α-MeDA (A), N-Me-α-MeDA (B) or 5-(NAC)-α-
MeDA (C), at the concentration of 50 µM, under normothermic (37ºC) or hyperthermic (40ºC) conditions and 
their extra- (i) and intracellular (ii) content was evaluated after 2, 5 and 8h of exposure, by HPLC with 
electrochemical detection, as described under Methods. Results are presented as mean ± SD, from 3-4 
independent experiments (each experiment was performed in duplicate), and expressed as µM of MDMA 
metabolite (extracellular) or nmole MDMA metabolite per milligram of protein (nmole MDMA metabolite/mg 
protein - intracellular). Statistical comparisons were performed with two-way ANOVA, followed by the 
Bonferroni´s multiple comparison post-hoc test (*p<0.05, **p<0.01 5h vs. 2h, +p<0.05, ++p<0.01, +++p<0.001 8h 
vs. 2h, #p<0.05, ##p<0.01, ###p<0.001  8h vs. 5h, for the same temperature; $p<0.05, $$p<0.01 40ºC vs. 37ºC, 
for the same time-point). 

 
 

Next, it was also evaluated whether the temperature of incubation affected the 

intracellular metabolites’ concentrations. To this end, we exposed SH-SY5Y differentiated 

cells to the MDMA metabolites α-MeDA, N-Me-α-MeDA and 5-(NAC)-α-MeDA, at the 



Manuscript 3 
 

158 

 

concentration of 50 µM, and their intra- and extracellular levels were then evaluated after 

2, 5 or 8h of exposure (these time-points were selected based on the results of stability in 

cell culture medium without cells, in which for periods beyond 8h the amount of 

metabolites was low, thus difficulting their quantification). Similarly to the results obtained 

in culture medium without cells, in SH-SY5Y differentiated cells exposed to the MDMA 

metabolites α-MeDA, N-Me-α-MeDA and 5-(NAC)-α-MeDA, an over time decrease in 

metabolites’ concentrations was found in the cell culture medium (Figure 4Ai-Ci). 

Furthermore, the extracellular decrease in the concentration of the MDMA metabolites α-

MeDA (Figure 4Ai) and 5-(NAC)-α-MeDA (Figure 4Ci) was faster under hyperthermic 

conditions, as revealed by the existence of significant differences in their extracellular 

content after 5 and 8h of exposure. For the MDMA metabolite N-Me-α-MeDA, the over 

time decrease of its concentration in the cell culture medium was similar under 

normothermic and hyperthermic conditions (Figure 4Bi). An over time decrease in the 

intracellular concentration of the MDMA metabolite 5-(NAC)-α-MeDA was observed, which 

was also faster under hyperthermic conditions, as observed by the existence of significant 

differences after 8h of exposure (Figure 4Cii). On the other hand, the intracellular 

concentration of catechol MDMA metabolites remained stable along the time-points 

studied (Figure 4Aii-Bii). 

NAC differentially prevented the mitochondrial dysfunction induced by MDMA 

metabolites 

Several in vitro studies have shown a protective role of NAC against the toxicity 

mediated by several toxic compounds (Capela et al., 2007; Barbosa et al., 2012). 

Therefore, we evaluate the putative effect of NAC (1mM) against mitochondrial 

dysfunction induced by 200 µM of the MDMA metabolites under normothermic conditions. 

As shown in Figure 5A-B, NAC significantly prevented the mitochondrial dysfunction 

induced by the catechol MDMA metabolites α-MeDA and N-Me-α-MeDA, respectively, at 

both exposure times studied. In fact, at the 24h time-point, the toxicity of both metabolites 

was fully prevented. However, the percentage of protection was higher for N-Me-α-MeDA 

(50% and 71%, after 24 and 48h of exposure, respectively) (Figure 5B), compared to α-

MeDA (18% and 13%, after 24 and 48h of exposure, respectively) (Figure 5A). Regarding 

the MDMA metabolites 5-(NAC)-α-MeDA (Figure 5E) and 5-(NAC)-N-Me-α-MeDA (Figure 

5F), NAC fully prevented the mitochondrial dysfunction observed after 24h of exposure to 

these compounds. After 48h of exposure, no protection was afforded by NAC. A minor 

protective effect of NAC was also observed for MDMA metabolite 5-(GSH)-α-MeDA 

(Figure 5C), once again significant after 24h of exposure. However, the protection 



Manuscript 3 

159 

 

observed for this compound was much more lower, compared to the effect observed for 

the NAC conjugates (% of protection: 5-(GSH)-α-MeDA = 8%, 5-(NAC)-α-MeDA = 71% 

and 5-(NAC)-N-Me-α-MeDA = 84%) (Figure 5C, E-F). Differently, NAC did not confer any 

significant protection against the mitochondrial dysfunction induced by the MDMA 

metabolite 5-(GSH)-N-Me-α-MeDA, at both times of exposure tested (Figure 5D). 

 

 

 
Figure 5. Protective effect of NAC against the mitochondrial dysfunction induced by MDMA metabolites in SH-
SY5Y differentiated cells. Cells were pre-incubated with 1 mM NAC for 30 minutes, after which 200 µM of 
MDMA metabolites α-MeDA (A), N-Me-α-MeDA (B), 5-(GSH)-α-MeDA (C), 5-(GSH)-N-Me-α-MeDA (D), 5-
(NAC)-α-MeDA (E) or 5-(NAC)-N-Me-α-MeDA (F) were added to the cultures and mitochondrial dysfunction 
was then evaluated after 24 or 48h of exposure, under normothermic (37ºC) conditions, by the MTT reduction 
assay. Results are presented as mean ± SD, from 6 independent experiments (each experiment was 
performed at least in triplicate), and expressed as percentage of MTT reduction relative to control cells [MTT 
reduction (% of control)]. Statistical comparisons were performed with two-way ANOVA, followed by the 
Bonferroni’s multiple comparison post-hoc test [*p<0.05, **p<0.01, ***p<0.001 condition vs. control; #p<0.05, 
##p<0.01, ###p<0.001 48h vs. 24h, for the same experimental condition; $p<0.05, $$p<0.01, $$$p<0.001 
metabolite plus NAC vs. metabolite, for the same time-point].  
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MDMA and its metabolites induced significant changes in the intracellular total 

glutathione levels in SH-SY5Y differentiated cells 

In order to evaluate the putative role of glutathione in the toxic effects mediated by 

MDMA and its metabolites in SH-SY5Y differentiated cells, intracellular total glutathione 

levels were evaluated after exposure to 100 µM of the studied compounds, under 

normothermic or hyperthermic conditions.  

 

 

Figure 6. Effects of MDMA and its metabolites in intracellular total GSH levels, in SH-SY5Y differentiated 
cells.  Cells were exposed to 100 μM of MDMA (A) or its metabolites α-MeDA (B), N-Me-α-MeDA (C), 5-
(GSH)-α-MeDA (D), 5-(GSH)-N-Me-α-MeDA (E), 5-(NAC)-α-MeDA (F) and 5-(NAC)-N-Me-α-MeDA (G), for 24 
(i) or 48h (ii), under normothermic (37ºC) or hyperthermic (40ºC) conditions, and intracellular total GSH levels 
were then evaluated by the DTNB/GSH reductase recycling assay. Results are presented as mean ± SD, from 
6 independent experiments (each experiment was performed in duplicate), and expressed in nmol GSH per 
mg of protein (nmol GSH/mg protein). Statistical comparisons were performed with two-way ANOVA, followed 
by the Bonferroni’s multiple comparison post-hoc test (*p<0.05, **p<0.01, ***p<0.001 compound vs. control, 
for the same temperature; +p<0.05, ++p<0.01, +++p<0.001 40ºC vs. 37ºC).  
 
 

SH-SY5Y differentiated cells exposed to hyperthermia presented lower levels of 

glutathione relative to their counterparts at 37ºC, an effect more pronounced at the time-

point of 48h (Figure 6). MDMA, unlike all its metabolites, significantly decreased the 

intracellular total glutathione levels after 48h of exposure, and under normothermic 
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conditions (Figure 6Aii). However, after 24h of exposure to MDMA, at both normothermic 

and hyperthermic conditions (Figure 6Ai), and after 48h under hyperthermia (Figure 6Aii), 

there were no significant changes in the intracellular glutathione content. For all the 

MDMA metabolites studied, 24h of exposure significantly increased the intracellular total 

glutathione levels, at both normothermic and hyperthermic conditions (Figure 6Bi-Gi). SH-

SY5Y differentiated cells exposed to all MDMA metabolites for 48h and under 

normothermic conditions presented a significant increase in intracellular total glutathione 

levels (Figure 6Bii-Gii). However, only the catechol MDMA metabolites α-MeDA (Figure 

6Bii) and N-Me-α-MeDA (Figure 6Cii) significantly increased the intracellular total 

glutathione levels after 48h of exposure under hyperthermic conditions. Additionally, in all 

cases, the increases in total glutathione levels promoted by MDMA metabolites under 

hyperthermia were less pronounced than those observed under normothermic conditions. 

Cell death induced by the catechol MDMA metabolite N-Me-α-MeDA in SH-SY5Y 

differentiated cells was accompanied by caspase 3 activation 

To evaluate the involvement of apoptotic mechanisms on the toxic effects induced by 

MDMA metabolites, caspase 3 activity was evaluated after exposure of SH-SY5Y 

differentiated cells to MDMA metabolites, at the concentration of 100 µM, for 24h, under 

normothermic or hyperthermic conditions. Catechol MDMA metabolite N-Me-α-MeDA 

induced a significant increase in caspase 3 activity under hyperthermic conditions (Figure 

7). For the remaining MDMA metabolites, there were no significant effects on caspase 3 

activity, under our experimental conditions (data not shown). 

 

 

 

 

 

 

 

 

 

 

Figure 7. Caspase 3 activity in SH-SY5Y differentiated cells exposed to the catechol MDMA metabolite N-Me-
α-MeDA. Cells were exposed to 100 μM of MDMA metabolite N-Me-α-MeDA, for 24h, under normothermic 
(37ºC) or hyperthermic (40ºC) conditions, and caspase 3 activity was then evaluated by a colorimetric assay. 
Results are presented as mean ± SD, from 8 independent experiments, and expressed in optical density at 
405 nm per mg of protein (OD 405 nm/mg protein). Statistical comparisons were performed with two-way 
ANOVA, followed by the Bonferroni’s multiple comparison post-hoc test (*p<0.05 N-Me-α-MeDA vs. control, 
for the same temperature). 
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Discussion 

Despite the increased number of data, the molecular and cellular mechanisms involved 

in MDMA-related neurotoxicity are still not completely understood. Previous works 

suggest an important role for systemic metabolism (Carvalho et al., 2004b; Monks et al., 

2004; Capela et al., 2007; Barbosa et al., 2012). Nevertheless, hyperthermia, which is 

often associated with MDMA abuse (Capela et al., 2009; Docherty and Green, 2010), is 

thought to contribute to MDMA’s neurotoxicity (Capela et al., 2006a; Capela et al., 2006b; 

Capela et al., 2009; Carvalho et al., 2012). Though in vivo studies can provide a more 

realistic approximation of the effects associated with MDMA use by humans, in vitro 

models may be useful in understanding the events at molecular and cellular level. In the 

present study, MDMA metabolites were shown to be toxic to SH-SY5Y differentiated cells, 

being that both GSH and NAC conjugates revealed to be more toxic than their catechol 

precursors α-MeDA and N-Me-α-MeDA, as weel as the parent compound MDMA. 

Furthermore, it was shown that the temperature of exposure differently affected the 

neurotoxic potential of the MDMA metabolites. However, the antioxidant NAC conferred 

significant protection against the toxic effects mediated by MDMA metabolites. 

Therewithal, it was shown a time-dependent decrease in the concentration of MDMA 

metabolites in cell culture medium, an effect also potentiated by hyperthermia. 

Additionally, it was observed that MDMA and its metabolites differentially modulated the 

intracellular glutathione status, with the MDMA metabolites promoting an increase in the 

intracellular glutathione levels, whereas MDMA decreased it. Finally, it was demonstrated 

that the cell death induced by the MDMA metabolite N-Me-α-MeDA was associated with 

caspase 3 activation. 

MDMA-associated neurotoxicity has been reported in vitro and in vivo, though the role 

of systemic metabolism and hyperthermia is not completely elucidated. As demonstrated 

by some studies (Gollamudi et al., 1989; Bai et al., 1999; Esteban et al., 2001), 

metabolism seems to be required for MDMA-induced neurotoxicity. Furthermore, MDMA 

was shown to cause acute hyperthermia in laboratory animals (Green et al., 2003; Capela 

et al., 2009), which has been related to the acute- and long-lasting effects of this drug into 

the brain (Malberg and Seiden, 1998; Touriño et al., 2010). In humans, MDMA-induced 

hyperthermia can be fatal (Capela et al., 2009). Moreover, by preventing MDMA-induced 

hyperthermia, a decrease in acute- and long-term neurotoxic effects of MDMA was 

observed (Johnson and Yamamoto, 2010; Touriño et al., 2010). In our experimental 

conditions, no toxic effects were observed for the parent compound MDMA. In 

accordance, several studies failed to demonstrate neurotoxicity when MDMA was directly 

injected into the rat brain (Bai et al., 1999; Esteban et al., 2001). However, neurotoxic 
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effects were observed after its peripheral administration (de la Torre and Farré, 2004; 

Monks et al., 2004). Furthermore, the observations indicating that MDMA metabolites are 

found in the brain (Chu et al., 1996; Jones et al., 2005; Erives et al., 2008) and that the 

inhibition of the CYP450 metabolism attenuates MDMA-mediated depletion in brain 

neurotransmitters (Gollamudi et al., 1989), suggest a major role for metabolism in MDMA-

induced neurotoxicity. Here, the 6 MDMA metabolites studied presented higher neurotoxic 

potential than MDMA, which was differently influenced by the time and temperature of 

exposure. Furthermore, both mitochondrial dysfunction and cell death were more 

pronounced with the GSH- and NAC-conjugated metabolites than with their two catechol 

precursors. A higher neurotoxic potential for the MDMA metabolites was also previously 

shown in rat cultured cortical neurons (Capela et al., 2006a; Capela et al., 2007) and also 

for the two catechol MDMA metabolites in SH-SY5Y differentiated cells (Ferreira et al., 

2013). Similar results were also previously reported in non-neuronal cells, such as rat 

cardiomyocytes (Carvalho et al., 2004b; Shenouda et al., 2009), rat hepatocytes 

(Carvalho et al., 2004a) and rat and human renal proximal tubular cells (Carvalho et al., 

2002).  

Other reports indicate that peripheral metabolism of N-Me-α-MeDA and α-MeDA is 

required for the development of metabolism-associated neurotoxic events (Miller et al., 

1996), since their direct injection in the brain did not elicit neurotoxicity (McCann et al., 

1994; Escobedo et al., 2005). Indeed, the GSH-conjugated metabolites of N-Me-α-MeDA 

and α-MeDA, which can be transported into the brain (Miller et al., 1996; Erives et al., 

2008), were highly toxic to SH-SY5Y differentiated cells. Moreover, their respective NAC 

conjugates, which are slowly eliminated and, consequently, persistent in the brain (Jones 

et al., 2005; Erives et al., 2008), presented also high toxicity, in agreement with previous 

studies published in rat cultured cortical neurons (Capela et al., 2006a; Capela et al., 

2007). Notably, we observed that the temperature and time of exposure differently 

affected the toxicity profile of MDMA metabolites. The catechol MDMA metabolites 

presented a time-dependent toxicity, which was potentiated by hyperthermia. Recently, in 

the same experimental model, our group demonstrated that these two catechol 

metabolites of MDMA induced mitochondrial dysfunction in a time-dependent manner, 

though the role of temperature was not studied (Ferreira et al., 2013). Furthermore, in rat 

cultured cortical neurons, the two catechol MDMA metabolites used in this study showed 

a time- and temperature-dependent toxicity after 24h of exposure (Capela et al., 2006a). 

The present study used 6 MDMA metabolites, including the GSH- and NAC-conjugated, 

and extended the findings of previous studies, using a human dopaminergic neuronal 

model.  
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A factor many times neglected in in vitro studies is the potential decay of compounds 

when placed in biological medium, at 37ºC, during large periods of exposure. Indeed, 

MDMA metabolites can undergo auto-oxidation processes and also react with compounds 

present in biological matrices, thus promoting their concentration decrease over time. 

Therefore, we studied the stability of these compounds over time in cell culture medium. 

Here, we show an over time decrease in MDMA metabolites concentration in cell medium, 

not only for the catechol precursors, but also for the GSH and NAC conjugates of α-

MeDA, which was accelerated by hyperthermia. However, the catechol metabolites were 

more stable in cell culture medium than the GSH and NAC conjugates. Indeed, previous 

in vitro studies demonstrated an over time decrease in N-Me-α-MeDA and α-MeDA 

concentrations in biological media, which was associated with oxidation to the 

corresponding aminochromes (Carvalho et al., 2004b). Therefore, the results 

demonstrating potentiation of the neurotoxic effect under hyperthermia and higher amount 

of metabolite in culture medium under normothermic conditions, comparatively to 

hyperthermia, suggest that a degradation product may be involved in the toxic effect. 

Indeed, in the chromatograms obtained for the catechol MDMA metabolite α-MeDA, it was 

observed an increased amount over time of a compound with similar retention time to α-

MeDA (data not shown). Therefore, knowing that MDMA metabolites may be converted to 

aminochromes (Carvalho et al., 2004b), it is expected that these oxidation products may 

play a role in metabolism-related neurotoxicity of MDMA. The reactive intermediates 

produced during the oxidation of these catechol metabolites into reactive ortho-quinones 

and/or aminochromes can be conjugated with GSH to form the corresponding glutathionyl 

adducts (Hiramatsu et al., 1990). Therefore, the higher neurotoxic potential of these 

compounds under hyperthermia suggest that hyperthermia may, perhaps, accelerate the 

formation of these conjugates, which, in this study, were demonstrated to be more toxic 

than their catechol precursors.  

It was previously demonstrated that the exposure of rat cultured cortical neuronal 

cultures to GSH and NAC-conjugated metabolites of MDMA, for a short period of 6h, led 

to mitochondrial dysfunction in a time- and temperature-dependent manner (Capela et al., 

2007). In this study, NAC-conjugated metabolites were more toxic under normothermic 

conditions, whereas the neurotoxic effect mediated by GSH conjugates was independent 

of the temperature of exposure. However, similarly to the catechol metabolites, faster over 

time decrease in the concentration of both GSH- and NAC-conjugated metabolites was 

observed under hyperthermic conditions. Here, the apparent contradictory results 

observed for these metabolites may result from the longer periods of exposure tested (24 

and 48h). Furthermore, variations in receptors and/or transporters, or in intracellular 

regulatory mechanisms between neuronal models, may also contribute to the observed 
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results. Additionally, considering the results of stability of the GSH- and NAC-conjugated 

metabolites in culture medium without cells, the independence on the exposure time for 

the neurotoxic effects may result from the low concentration that was already observed 

after 24h of incubation, which, therefore, is unable to potentiate the toxicity when cells are 

further exposed to metabolites for 48h. 

Interestingly, though the intracellular amount of the studied metabolites was lower than 

the content in the extracellular compartment, the catechol metabolites presented higher 

intracellular content (ranging from 3 to 4 nmole/mg protein) than the  5-(NAC)-α-MeDA 

(intracellular concentrations lower than 1.5 nmole/mg protein). However, whereas the 

intracellular concentration of the catechol metabolites remained stable during the time 

courses studied, an over time decrease of the 5-(NAC)-α-MeDA concentration was 

observed, though in all cases, its intracellular levels were not significantly affected by the 

temperature of exposure. Therefore, these results suggest that extracellular mechanisms 

may greatly contribute to the toxic effects mediated by these compounds. In fact, other 

findings demonstrated a DAT-independent mechanism of uptake for the neurotoxic effects 

elicited by the mixture of MDMA and its 6 metabolites (the same used in the present 

study) (Barbosa et al., 2013), as well as by the catechol MDMA metabolites (Ferreira et 

al., 2013), in this experimental model. 

Among the different factors that have been implicated in MDMA-induced neurotoxicity, 

such as hyperthermia, sustained receptor stimulation, MAO-related metabolism of 5-HT 

and dopamine, and hepatic formation of neurotoxic metabolites (Capela et al., 2009; 

Carvalho et al., 2012), oxidative stress constitutes a common outcome. Furthermore, the 

mechanisms underlying the toxicity of MDMA metabolites is thought to involve the 

reactivity of their catechol moiety (Carvalho et al., 2004a). In agreement, increased ROS 

production after exposure to MDMA metabolites, which was proved to occur in mouse 

brain synaptosomes (Barbosa et al., 2012) and rat cultured cortical neurons (Capela et al., 

2007), was implicated on their neurotoxic effects. Therefore, we evaluated the effects of 

an antioxidant against the toxic effects induced by MDMA metabolites. The antioxidant 

NAC protected against the mitochondrial dysfunction induced by MDMA metabolites. 

Indeed, after 24h of exposure, the toxicity of the two catechol metabolites and respective 

NAC conjugates was blunted at normothermic conditions. These findings are in line with 

previous published studies from our group (Carvalho et al., 2004a; Capela et al., 2007; 

Barbosa et al., 2012; Ferreira et al., 2013). Previously, it was demonstrated that the 

conjugation of MDMA metabolites with GSH and NAC increased their reactivity (Macedo 

et al., 2007) and, consequently, their toxicity (Capela et al., 2007). In accordance, the 

MDMA-conjugated metabolites revealed to be more toxic than their catechol precursors 

and parent compound MDMA. In fact, the protective effect mediated by NAC against the 
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toxicity of the GSH-conjugated metabolites of MDMA was lower, compared to the 

protection observed in the presence of the catechol precursors. Additionally, these 

differences on the protection conferred by NAC against the neurotoxic effects mediated by 

NAC- and GSH-conjugated metabolites support the notion that these metabolites present 

different toxic potential, which, at least in part, may justify the differential effect of the 

exposure temperature in their toxic effect. 

Many conditions are known to change glutathione homeostasis, namely oxidative 

stress, which has been frequently associated with a cellular response leading to increased 

cellular GSH levels (Godwin et al., 1992; Shi et al., 1994). Here, we found that the MDMA 

metabolites induced a significant increase in intracellular glutathione content. In the same 

line, similar results were found in previous studies performed in the same experimental 

model, after exposure to neurotoxic insults mediating oxidative stress (Núñez et al., 2004; 

Aguirre et al., 2007), by a mechanism involving the up-regulation of γ-GCL activity. 

Moreover, and using the same experimental model, previous studies showed increased 

intracellular glutathione levels after exposure to the catechol MDMA metabolites (Ferreira 

et al., 2013) or to the mixture of the same metabolites tested here (Barbosa et al., 2013), 

which were demonstrated to result from a de novo synthesis. Therefore, we are confident 

to state that a de novo synthesis of GSH may be involved on the modulatory effects of 

MDMA metabolites in intracellular glutathione levels in this cellular model. In contrast to its 

metabolites, MDMA decreased the intracellular glutathione levels in SH-SY5Y 

differentiated cells (48h of exposure, under normothermia). Glutathione depletion has 

already been reported in non-neuronal cells, including isolated rat (Beitia et al., 1999; 

Carvalho et al., 2004a) and mouse (Carvalho et al., 2001) hepatocytes, exposed to 

MDMA.  

In vivo studies have demonstrated the potential of MDMA to induce cell death in 

several brain regions of laboratory animals (Commins et al., 1987; Hatzidimitriou et al., 

1999; Schmued, 2003). Though limited in scope, studies in MDMA users have also 

showed the potential of MDMA to induce neuronal injury in discrete areas of the brain, 

such as cortex, striatum, raphe nuclei, and hippocampus (Capela et al., 2009; Carvalho et 

al., 2012; Parrott, 2012). The neurotoxic effect mediated by the catechol MDMA 

metabolite N-Me-α-MeDA involved caspase 3 activation, though for the remaining 

metabolites studied there were no significant differences in caspase 3 activity, when 

compared with the control. Notably, it was previously reported increased caspase 3 

activity after exposure of SH-SY5Y undifferentiated cells to the same catechol metabolite 

(0.1 to 1 mM) (Felim et al., 2009). However, in another recent study, no changes in 

caspase 3 activity were found in SH-SY5Y differentiated cells exposed either to N-Me-α-

MeDA (400 µM) or α-MeDA (400 µM) for 24 or 48h (Ferreira et al., 2013). In the present 
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study we used a lower concentration of 100 µM. Therefore, our results suggest that low 

concentrations of MDMA metabolites may elicit a more apoptotic death profile, meanwhile 

higher concentrations may trigger a more necrotic process. Though an apoptotic death 

profile accompanied by caspase 3 activation was previously demonstrated in rat cultured 

cortical neurons exposed to the NAC-conjugated metabolites of MDMA for 6h (Capela et 

al., 2007), these differences among studies may result from the different times of 

exposure tested or variations in intracellular regulatory mechanisms between neuronal 

models. 

 In conclusion, this study evaluated the neurotoxicity of 6 MDMA metabolites, in a 

human dopaminergic neuronal model, and showed that MDMA metabolites may be major 

effectors in MDMA-induced neurotoxicity. Furthermore, it was established the time-course 

of stability for some MDMA metabolites in the cellular medium, a factor often neglected in 

in vitro studies. Additionally, it was further confirmed that hyperthermia, a common 

outcome associated with “ecstasy” consumption, may differentially affect the stability and 

neurotoxicity of MDMA metabolites. 
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Abstract 

Identification of the mechanisms by which addictive drugs cause neuronal dysfunction 

is essential for understanding the biological bases of their acute and long lasting addictive 

and toxic effects. Here, we performed real-time functional experiments of axonal transport 

of mitochondria to explore the role of in situ mitochondrial dysfunction in 3,4-

methylenedioxymethamphetamine  (MDMA; “ecstasy”)-related brain actions. We show 

that MDMA dramatically reduced mitochondrial trafficking in hippocampal neurons in a 

Tau-dependent manner, in which glycogen synthase 3β (GSK3β)-dependent 

phosphorylation was implicated. Furthermore, we found that these trafficking 

abnormalities were rescued by over-expression of mitofusin 2 (Mfn2) and dynamin-related 

protein 1 (Drp1), but not of Miro1. Given the relevance of mitochondrial targeting for 

neuronal function and neurotransmission, our data underscore a novel mechanism of 

action of MDMA that may contribute to our understanding of how drugs of abuse alter 

neuronal function.  

 

Keywords 

3,4-Methylenedioxymethamphetamine (MDMA; “ecstasy”); Mitochondrial fusion/fission; 

Mitochondrial trafficking; Mitochondrial dysfunction; Neurotoxicity. 
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Introduction 

Addictive drugs cause a variety of complex cellular events, including changes in 

membrane excitability and neurotransmission, activation of complex signalling pathways, 

altered synaptic physiology and structural changes, and drug-evoked synaptic plasticity 

and neurotoxicity, which mediate both acute and long-term effects and addiction (Capela 

et al., 2009; Kenny, 2011; Lüscher and Malenka, 2011). 3,4-

Methylenedioxymethamphetamine (MDMA; “ecstasy”) is a major drug of abuse with 

addictive and neurotoxic properties well documented both in humans and laboratory 

animals (Bai et al., 2001; Capela et al., 2009; Granado et al., 2011). Though the molecular 

and cellular mechanisms behind MDMA-induced addiction and neurotoxicity remain 

unclear, recent studies have attributed a pivotal role to mitochondria (Alves et al., 2007; 

Alves et al., 2009; Puerta et al., 2010).  

In neurons, the high dependence on mitochondria for local adenosine 5’-triphosphate 

(ATP) supply and Ca2+ buffering in neurotransmission requires highly regulated 

mitochondrial trafficking and targeting (López-Doménech et al., 2012; Sheng and Cai, 

2012). Axonal transport of mitochondria is mediated by motor proteins. Members of the 

kinesin family mediate anterograde transport, while cytoplasmic dyneins mediate 

retrograde transport, processes that are highly dependent on ATP produced locally by 

mitochondria (MacAskill and Kittler, 2010; Shahpasand et al., 2012; Sheng and Cai, 

2012). Kinesin-1, the principal plus-end directed motor is linked to the outer mitochondrial 

membrane proteins Miro1/2 by the adaptor proteins Milton/TRAK (Macaskill et al., 2009; 

Wang and Schwarz, 2009). Miro1/2, GTPase proteins with two Ca2+-binding domains (EF 

hands), regulate the integrity of this complex, by a Ca2+-dependent mechanism (Macaskill 

et al., 2009; Wang and Schwarz, 2009; Byun et al., 2012).  

Microtubule-associated protein Tau, which is primarily localized within the axonal 

compartment of neurons (Rintoul and Reynolds, 2010), binds to microtubules resulting in 

the formation of microtubule bundles. In neurons, Tau phosphorylation has been proposed 

to decrease mitochondrial transport (Rintoul and Reynolds, 2010; Vossel et al., 2010). 

MDMA has been associated with ATP depletion (Darvesh and Gudelsky, 2005) and 

increased Tau phosphorylation (Busceti et al., 2008), which suggests a possible 

interference of MDMA on mitochondrial trafficking. 

Disruption of mitochondrial trafficking or of the dynamic equilibrium between 

mitochondrial fusion and fission may contribute to important neuronal deficits and herald 

neuronal injury or death (Perier and Vila, 2012; Wang et al., 2013). Furthermore, 

mitochondrial dysfunction, including trafficking, has been linked to several psychiatric 

diseases (Shao et al., 2008; MacAskill et al., 2010; Atkin et al., 2013). In the present 
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study, we evaluated whether mitochondrial dynamics, namely mitochondrial neuronal 

trafficking, is affected by MDMA. We show that acute MDMA incubation substantially 

altered mitochondrial trafficking in neurons. These findings underscore a novel 

mechanism of action of MDMA that may have important consequences in neuronal 

function. 
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Materials and Methods 

Materials 

All reagents used were of analytical grade or of the highest grade available. 

Neurobasal medium, B27 supplement, penicillin/streptomycin 10,000 U/mL, GlutaMAXTM 

supplement, 0.5% trypsin/1 mM ethylenediaminetetraacetic acid (EDTA) without phenol 

red, horse serum, Opti-MEM medium, Lipofectamine 2000 and Dulbecco’s phosphate-

buffered saline (DPBS) were purchased from Gibco Laboratories (Lenexa, KS, USA). 

Poly-L-lysine (PLL), triton X-100, Na3VO4, NaF, Tris-HCl, bromophenol blue and β-

mercaptoethanol were obtained from Sigma-Aldrich (St. Louis, MO, USA). DNAse 

recombinant I and complete protease inhibitor cocktail were from Roche Diagnostics 

(Mannheim, Germany). Fluo4/AM was purchased from Molecular Probes (Invitrogen Inc, 

Carlsbad, CA, USA). Swine anti-rabbit and goat anti-mouse IgG-peroxidase polyclonal 

antibodies were from DAKO (Glostrup, Denmark).  Mouse anti-α-actin monoclonal 

antibody was supplied by Calbiochem (Darmstadt, Germany). MDMA (hydrochloride salt) 

was extracted and purified from high purity MDMA tablets kindly provided by the 

Portuguese Police Department. The salt obtained was pure and fully characterized by 

NMR and mass spectrometry methodologies. 

Animals, cell culture and transfection 

All procedures were approved by the Barcelona Science Park’s Animal 

Experimentation Committee and performed in compliance with the “Guide for the Care 

and Use of Laboratory Animals” of the Institute for Laboratory Animal Research 

(Research, 2011), and the European Community Council directive and the National 

Institute of Health guidelines for the care and use of laboratory animals. Wt OF1 embryos 

and C57BL/6 Tau (-/-) embryos (de Barreda et al., 2010) aged E15-16 (the mating day 

was E0) were used. Primary hippocampal cultures were prepared following previously 

published methods (Llorens-Martín et al., 2011; López-Doménech et al., 2012). Briefly, 

embryos were placed in ice-cold DPBS (-/-) containing 0.6% glucose, and the hippocampi 

were dissected out. Following trypsinization (0.05% trypsin/EDTA) and DNAse I treatment, 

tissue pieces were dissociated, and cells were seeded at a density of 78 000 cells/cm2 in 

35-mm Fluordish plates (World Precision Instruments, Sarasota, FL, USA) pre-coated with 

0.2 mg/mL PLL solution (prepared in 0.1 M borate buffer, pH 8.5). For western blotting, 

cells were seeded onto 6-well plates. To evaluate mitochondrial length, hippocampal 

cultures were seeded in 12 mm round pre-coated glass coverslips. Cultures were 

maintained at 37ºC in a 5% CO2/95% air atmosphere. Transfection was performed at 4 

days in vitro (DIV) using Lipofectamine 2000, and cultures were used at 6DIV. Cultures 
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were transfected with MitDsRed (a gift from Antonio Zorzano) and GFP, or co-transfected 

with one of the following constructs: Miro1, Miro1∆EF (Macaskill et al., 2009), GSK3β Aln9 

(Byun et al., 2012), mitofusin 2 (Mfn2), Mfn2 R94Q (Misko et al., 2010) or dynamin-related 

protein 1 (Drp1) K38A (Zhao et al., 2011). The lack of Tau protein in hippocampal cultures 

prepared from C57BL/6 Tau (-/-) embryos was confirmed by western blotting (data not 

shown). 

Design of the study 

Hippocampal cultures were initially exposed to MDMA (1.6 mM) for 45 to 120 min. The 

concentration of MDMA was selected in accordance with a previous study (Carvalho et 

al., 2004) and did not induce significant toxicity in our experimental model, as evaluated 

by the MTT reduction assay (data not shown). Exposure to MDMA (1.6 mM) for 90 min 

was selected for all the remaining studies of mitochondrial transport. Tau phosphorylation 

levels and mitochondrial length were also evaluated after exposure to MDMA (1.6 mM) for 

90 min. 

Live-imaging of axonal transport of mitochondria and intracellular Ca2+ levels in 

hippocampal neurons 

Live-imaging of hippocampal neurons was performed using a Olympus IX81 confocal 

microscope (Olympus Corporation, Tokyo, Japan), equipped with a 60x immersion 

objective, and a Andor Revolution® XD spinning disk confocal microscopy system 

composed by a iXonEM + EM-CCD camera (Andor Technology, Belfast, United Kingdom), 

and FRAPPA and solid-state laser combiner (ALC-UVP 350i, Andor Technology) with the 

renowned CSU-X1 confocal scanner (Yokogawa Electric Corporation, Tokyo, Japan). All 

cultures were kept at 37ºC, using a heating insert on the microscope stage and an 

incubating chamber. For measurements of axonal transport of mitochondria, axonal 

processes were identified following morphological criteria. Time-lapse series of image 

stacks composed of 151 images (512x512 pixels) were taken every 6 sec for 15 min. All 

151 images obtained were processed mainly with Andor IQ2 software (Andor 

Technology). Further image processing, analysis and video compilation and edition was 

done with Fiji (Image JA v1.45b, Open source software, NIH, Bethesda, Maryland, USA). 

Kymographs were generated with MetaMorph Software (Molecular Devices - MDS 

Analytical Technologies, Sunnyvale, CA, USA). Velocities of moving mitochondria were 

measured from the corresponding kymographs. In all cases, mitochondria were 

considered motile when they moved more than 5 µm during the 15-min periods. When a 
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single mitochondrion moved in both the anterograde and retrograde directions, it was 

included in both groups. 

For measurements of intracellular Ca2+ levels, primary hippocampal cultures were 

washed once with Krebs buffer (145 mM NaCl, 5 mM KCl, 2.5 mM CaCl2, 1 mM MgCl2, 

5.6 mM glucose, 10 mM Hepes, pH 7.4), and subsequently loaded with 5 µM Fluo4/AM in 

Krebs buffer, containing 0.4% pluoronic acid (w/v), for 30 min, at 37ºC.  Stock solution of 

Fluo4/AM (250 µM) was prepared in DMSO. After this incubation time, the cultures were 

incubated in fresh Krebs buffer for a further 5 min (to allow the Fluo4/AM desterification) 

and subsequently imaged. Time-lapse series of image stacks composed of 101 images 

(512x512 pixels) were taken every 1 min, during 100 min. After 10 min of imaging, MDMA 

was added to the cultures, and images were taken again for another 90 min (images were 

continuously acquired before and after drug exposure). 

Measurements of mitochondrial length 

Hippocampal cultures transfected with MitDsRed and GFP and incubated with MDMA 

for 90 min were then fixed in 4% paraformaldehyde, for 20 min, at room temperature. 

Stacks of images (1024x1024 pixels) were acquired in a Leica TCS SP2 confocal micro-

scope (Leica Microsystems, Mannheim, Germany) equipped with a 60x immersion 

objective and a Leica Confocal Software (Leica Microsystems). Further image processing 

and analysis was done with Fiji (NIH) by determining mitochondrial-tagged MitDsRed. 

Mitochondrial length was estimated for each mitochondrion. To identify axonal processes 

GFP was excited at 488 nm, and fluorescence emission was collected at 508 nm. 

MitDsRed was excited a 561 nm and fluorescence intensities were collected at 592 nm.  

Western blotting analysis of Tau phosphorylation 

Cellular proteins were extracted with lysis buffer [50 mM Tris-HCl pH 7.5, 150 mM 

NaCl, 5 mM EDTA, 1% triton X-100 (v/v), 10% glycerol (v/v), complete protease inhibitor 

cocktail, 1 mM Na3VO4, 10 mM Na4P2O7 and 10 mM NaF), followed by an incubation on 

ice for 30 min. After centrifugation at 16,000g, for 10 min, at 4ºC, a SDS-PAGE reducing 

buffer [150 mM Tris-HCl pH 6.8, 3% SDS (w/v), 30% glycerol (v/v), 0.075%  bromophenol 

blue (w/v) and 15% β-mercaptoethanol (v/v)] was added to the samples (1:2 ratio), which 

were then boiled at 90 °C for 5 min. Proteins were loaded and separated in 10% 

SDS/polyacrylamide gels, at a constant voltage of 120 mV. Gels were transferred to 

nitrocellulose membranes (Whatman, Dassel, Germany) using a transfer buffer (20% 

methanol (v/v) in 20 mM Tris Base and 139 mM glycine), at 125 mV, for 1.5h. Membranes 

were then rinsed in Tris-buffered saline solution with Tween 20 [TBS-T: 10 mM Tris base, 
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140 mM NaCl and 0.1 % Tween 20 (v/v), pH 7.4], and non-specific sites were blocked for 

1h, at room temperature, in blocking buffer [3% BSA (w/v) in TBS-T]. Membranes were 

incubated with primary antibodies (overnight at 4ºC): rabbit polyclonal anti-P-Tau Thr181 

(1:5,000) or mouse monoclonal anti-α-actin (1:100,000). After washing 5 times (10 min 

each) with TBS-T membranes were then incubated with secondary antibodies (1h at room 

temperature): swine anti-rabbit or goat anti-mouse IgG-peroxidase antibodies (1:2,500). 

All antibodies were diluted in blocking buffer. Following 3 washes (10 min each) with TBS-

T, bands were visualized using ECL chemiluminescence reagents (Amersham Pharmacia 

Biotech, Buckinghamshire, United Kingdom), according to the supplier`s instructions, and 

were quantified using the Quantity One software (Bio-Rad Laboratories). 

Data analysis 

Values are represented as mean ± SEM. 7-16 axons, from 3-7 independent 

experiments, were analyzed for each condition. Normality of the data distribution was 

assessed by three tests: KS normality test, D’Agostino and Pearson omnibus normality 

test and Shapiro-Wilk normality test. In experiments with only one variable, statistical 

comparisons between groups were performed with Mann-Whitney test or Unpaired 

Student’s t-test (to compare two groups), or with Friedman test (non-parametric one-way 

ANOVA with repeated measures) to compare three or more groups. Dunn’s test was used 

for post-hoc evaluations. To compare data from experiments with two variables, two-way 

ANOVA was used, followed by Bonferroni’s test for post-hoc evaluations. Details of the 

statistical analysis performed are described in each figure legend. All analyses were 

performed using GraphPad Prism 6.0 for Windows (GraphPad Software, San Diego, CA, 

USA). 
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Results  

To address whether MDMA alters mitochondrial dynamics, we transfected hippocampal 

neurons with MitDsRed, performed videorecordings of mitochondrial trafficking, and 

generated kymographs, which were analyzed as described elsewhere (López-Doménech 

et al., 2012). Control neurons exhibited prominent mitochondrial trafficking (Figures 1 and 

2) with an average of 70% of motile mitochondria, moving in both anterograde and 

retrograde directions at a speed of about 0.4 µm/sec (Figures 1 and 2 and Movie 1). 

Exposure to MDMA (1.6 mM) for 45, 90 or 120 min dramatically reduced the mitochondrial 

trafficking in a time-dependent manner (Figure 1).  

 

 

Figure 1. Effects of MDMA on axonal transport of mitochondria in hippocampal neurons. Hippocampal 
neuronal cultures were transfected with MitDsRed and GFP at 4DIV, and axonal transport of mitochondria was 
measured at 6DIV. After imaging under control conditions, MDMA (1.6 mM) was added to the cultures, and 
axons were imaged again after 45, 90 and 120 min of incubation. (A-E) Graphical representation of the 
percentage of motile mitochondria and velocities (both anterograde and retrograde directions) measured in 
kymographs obtained under control conditions and after exposure to MDMA. Data represent mean ± SEM 
(*p<0.05, **p<0.01, ***p<0.001 MDMA vs. control, Friedman test and Dunn’s post-hoc test). 
 
Movie 1 Axonal transport of mitochondria in a hippocampal neuron, at 6DIV, under control conditions. 

 
 

According to these results, the 90 min time-point was selected for all the remaining 

studies of mitochondrial transport. Exposure to MDMA (1.6 mM) for 90 min dramatically 

reduced the percentage of motile mitochondria, in both anterograde and retrograde 

directions, as well as the anterograde velocity (Figure 2 and Movie 2).  
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Figure 2. Mitochondrial neuronal trafficking impairment associated with MDMA. (A-B) Series of four 
representative confocal images, taken every 30 sec, of a live axon over-expressing MitDsRed under control 
conditions (A) or after 90 min of exposure to MDMA (1.6 mM) (B). Colored arrows indicate the same 
mitochondrion through the different acquisitions. (C-D) Representative kymographs of axons in control 
conditions (C) or after exposure to MDMA (D). (E) Graphical representation of the percentage of motile 
mitochondria and velocities, measured in kymographs obtained before and after exposure to MDMA (1.6 mM) 
for 90 min. Data represent mean ± SEM (**p<0.01; ***p<0.001 MDMA vs. control, Mann-Whitney test). Scale 
bar: 10 μm. 
 
Movie 2 Axonal transport of mitochondria in a hippocampal neuron, after exposure to MDMA (1.6 mM), for 90 
min.   

 
 

Mitochondrial dynamics in neurons is exquisitely controlled by complex machinery 

involving the Miro/TRAK2 complex (Macaskill et al., 2009; Wang and Schwarz, 2009; 

Sheng and Cai, 2012) and the GTPase proteins Mfns and Drp1 (Misko et al., 2010; Misko 

et al., 2012; Sheng and Cai, 2012), in a way that depends on Ca2+ concentration 

(Cereghetti et al., 2008; Macaskill et al., 2009; Wang and Schwarz, 2009). Exposure to 

1.6 mM MDMA increased Ca2+ concentrations in the cell body and neuronal extensions 
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(Figure 3A). To address whether the Ca2+-binding domains of Miro1 mediated MDMA’s 

effects, we transfected hippocampal neurons with Miro1 and also with a Miro1 construct 

lacking the EF Ca2+-binding domains (Miro1∆EF), which acts as a dominant negative 

(Macaskill et al., 2009). Neither the over-expression of Miro1 nor Miro1∆EF reversed the 

effects of MDMA on neuronal mitochondrial trafficking (Figure 3B-D). This finding, 

therefore, indicates a Miro1-independent mechanism for the reported trafficking 

impairment induced by MDMA. 

 

 

Figure 3. MDMA impaired mitochondrial neuronal trafficking by a Ca2+-regulated Miro1-independent 
mechanism. (A) Graphical representation of individual changes in Fluo4 whole-cell F/F0 fluorescence ratios 
for a single neuron, pre-loaded with Fluo4/AM (5 µM), during 90 min of exposure to MDMA (1.6 mM), showing 
a time-dependent increase in intracellular Ca2+ concentration. The arrow indicates the onset of MDMA 
addition. (B-C) Representative kymographs from neurons transfected with Miro1 (B) or Miro1 ∆EF (C) under 
control conditions or after exposure to MDMA (1.6 mM) for 90 min. (D) Graphical representation of the 
percentage of motile mitochondria and velocities, measured in kymographs obtained under control conditions 
or after exposure to MDMA (1.6 mM) for 90 min. Data represent mean ± SEM (*p<0.05, ***p<0.001 MDMA vs. 
control, two-way ANOVA and Bonferroni’s post-hoc test). Scale bar: 10 μm. 

 
 

Exposure to neurotoxins (e.g. β-amyloid protein) causes Tau-dependent impairment of 

mitochondrial transport (Vossel et al., 2010). We, thus, screened whether Tau was 

involved in MDMA-mediated effects on mitochondrial trafficking. Western blotting analysis 

showed increased Tau phosphorylation after exposure to MDMA (1.6 mM) for 90 min, 

particularly in Thr181 residue (Figure 4A-B). This observation is consistent with the 

findings of previous in vivo studies, in which increased Tau phosphorylation was observed 

in mice hippocampus after MDMA administration (Busceti et al., 2008). By using Tau (-/-) 

neurons, we found that the lack of Tau protein partially abolished the MDMA-induced 

deficits on mitochondrial transport, thereby indicating a Tau-dependent mechanism 

(Figure 4D, F). 
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Figure 4. MDMA impaired mitochondrial neuronal trafficking by a Tau- and GSK3β-dependent mechanism. 
(A-B) Representative Western blot of Tau phosphorylation on residue Thr181 (A) and respective densitometric 
analysis (B) after exposure to MDMA (1.6 mM) for 90 min. Data represent mean ± SEM of 3 independent 
experiments (*p<0.05 MDMA vs. control, Unpaired Student’s t-test). (C-E) Representative kymographs from 
wild-type (C), Tau (-/-) (D), or GSK3β Aln9 over-expressing (E) neurons. (F-G) Graphical representation of the 
percentage of motile mitochondria and velocities, measured in kymographs obtained from Tau (-/-) (F) or 
GSK3β Aln9-over-expressing neurons (G) after exposure to MDMA (1.6 mM) for 90 min. Data represent mean 
± SEM [*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 MDMA vs. control; #p<0.05 Tau (-/-)/GSK3β Aln9-over-
expressing vs. control neurons, two-way ANOVA and Bonferroni’s post-hoc test]. Scale bar: 10 μm. 
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 In neurons, Tau phosphorylation is largely dependent on glycogen synthase kinase 3β 

(GSK3β) activity (Busceti et al., 2008; Llorens-Martín et al., 2011; Park et al., 2012). To 

evaluate the involvement of GSK3β on the trafficking deficits elicited by MDMA, 

hippocampal neurons were further transfected with the dominant negative construct 

GSK3β Aln9 that lacks kinase activity (Byun et al., 2012). This experimental design 

resulted in a partial reversion of the MDMA-induced deficits on mitochondrial transport, 

comparable to those observed in Tau (-/-) neurons (Figure 4E, G). These observations 

indicate, therefore, that the trafficking deficits mediated by MDMA partially depend on Tau 

protein and GSK3β activity. 

During the course of the experiments we noted that neurons exposed to MDMA 

exhibited smaller mitochondria than those of controls (Figure 5A), suggesting the 

involvement of mitochondrial fusion/fission machinery in the MDMA-induced impaired 

mitochondrial trafficking. The GTPases Mfns and Drp1 are known to mediate these 

processes (Misko et al., 2010; Misko et al., 2012; Sheng and Cai, 2012). Therefore, to 

evaluate the involvement of mitochondrial fission/fusion machinery on the trafficking 

deficits mediated by MDMA, hippocampal neurons were further transfected with Mfn2 or 

Drp1 constructs. As shown in Figure 5C-D,  Mfn2 over-expression almost completely 

rescued the mitochondrial trafficking impairment induced by MDMA. In the same way, 

over-expression of the dominant negative Drp1 construct (Drp1 K38A), which down-

regulates mitochondrial fission (Zhao et al., 2011), also partially abolished the trafficking 

deficits caused by MDMA (Figure 5E, G). Finally, over-expression of the Mfn2 R94Q 

construct, a Charcot-Marie-Tooth Disease mutant with impaired fusion and transport 

properties (Detmer and Chan, 2007; Misko et al., 2010), did not rescue the MDMA 

phenotypes (Figure 5F, H). Therefore, these experiments indicate that Mfn2 and Drp1 

largely mediate the mitochondrial trafficking deficits induced by MDMA. 
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Figure 5. MDMA impaired mitochondrial neuronal trafficking by a mitochondrial fusion/fission machinery-
dependent mechanism. (A) Graphical representation of mitochondrial length, showing increased mitochondrial 
fission after exposure to MDMA (1.6 mM) for 90 min. Data represent mean ± SEM of 126-131 individual 
mitochondria (29-31 axons) from 3 independent experiments, (**p<0.01 MDMA vs. control, Mann-Whitney 
test). (B-C, E-F) Representative kymographs from control (B), Mfn 2 (C), Drp1 K38A (E) or Mfn2 R94Q (F) 
over-expressing neurons. (D, G-H) Graphical representation of the percentage of motile mitochondria and 
velocities, measured in kymographs obtained from neurons over-expressing Mfn2 (D), Drp1 K38A (G) or Mfn2 
R94Q (H). Data represent mean ± SEM [*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 MDMA vs. control; 
#p<0.05, ###p<0.001 Mfn2/Drp1 K38A over-expression vs. control neurons, two-way ANOVA and Bonferroni´s 
post-hoc test]. Scale bar: 10 μm.  
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Discussion  

Through in situ functional experiments we found that MDMA dramatically impaired 

axonal transport of mitochondria in hippocampal neurons. By using Tau (-/-) hippocampal 

neurons we also showed the involvement of Tau protein on the reported trafficking 

deficits, by a phosphorylation-dependent mechanism involving GSK3β. Moreover, we 

found that these trafficking abnormalities were strongly dependent on Mfn2 and Drp1 

proteins, which regulate mitochondrial fission/fusion events, but not on Miro1.  

Addictive drugs causes a variety of complex events, including changes in membrane 

excitability and neurotransmission, activation of signalling pathways and transcription, 

epigenetic regulation, altered synaptic structure, and drug-evoked synaptic plasticity and 

neurotoxicity, all of which contributing to both acute- and long-term neurotoxic effects and 

addiction (Lüscher and Malenka, 2011; Creed and Lüscher, 2013; Feng and Nestler, 

2013; Lüscher, 2013). Recently, disrupted in schizophrenia-1 (DISC1), a candidate 

susceptibility gene for schizophrenia and major mental illness, which plays a role in brain 

development and synaptic function, has been shown to regulate intracellular trafficking of 

mitochondria in neurons (Atkin et al., 2013). Furthermore, previous studies have reported 

mitochondrial deficits induced by MDMA, including ATP depletion, inhibition of 

mitochondrial proteins, oxidation of mitochondrial macromolecules and, notably, deletions 

on mitochondrial DNA, which have been mainly linked to neurotoxicity (Darvesh and 

Gudelsky, 2005; Alves et al., 2007; Alves et al., 2009; Puerta et al., 2010). Here, we show, 

for the first time, that MDMA dramatically impaired axonal transport of mitochondria in 

hippocampal cultured neurons. High energy demands and the requirement to maintain 

cellular homeostasis at sites distant to the cell body make neurons particularly vulnerable 

to mitochondrial transport dysfunction (Deheshi et al., 2013; Itoh et al., 2013). Therefore, 

considering the critical dependence of neuronal activity on mitochondrial transport, energy 

supply and Ca2+ buffering (MacAskill and Kittler, 2010; Sheng and Cai, 2012), the present 

results provide a new, and important, insight in the context of MDMA-induced deleterious 

effects to the central nervous system, and suggest that alterations in mitochondrial 

trafficking may contribute to the acute- and long-lasting neurotransmission-related effects 

of MDMA. 

Our results show that MDMA triggered an increase in intracellular Ca2+ levels. A Ca2+-

dependent arrest of mitochondrial motility has been described in neurons involving the EF 

hand containing mitochondrial outer membrane protein Miro (Macaskill et al., 2009; Wang 

and Schwarz, 2009). However, our experiments over-expressing Miro1 protein or its 

mutant construct Miro1∆EF, which lacks the EF Ca2+-binding domains (Macaskill et al., 

2009), showed that the trafficking deficits induced by MDMA were not reversed. 
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Therefore, these results indicate that MDMA-induced impaired mitochondrial trafficking 

most likely rely on Miro1-independent mechanisms.  

Some studies have suggested that increased expression or altered microtubule binding 

of Tau protein may compromise mitochondrial transport (Kopeikina et al., 2011). 

Furthermore, the phosphorylation levels of Tau protein appear to be critical in regulating 

mitochondrial trafficking in neurons (Morel et al., 2010; Vossel et al., 2010; Llorens-Martín 

et al., 2011). Here, we show that Tau protein was involved in the trafficking deficits elicited 

by MDMA, as confirmed by a partial reversion of mitochondrial deficits in Tau (-/-) 

neurons. Moreover, our results indicate that MDMA triggered Tau phosphorylation and 

that the main kinase for Tau protein, GSK3β, is likely to be also involved, as transfection 

with the GSK3β-kinase dead construct (GSK3β Aln9) reduced MDMA-induced trafficking 

alterations.  

Here, we also found that the over-expression of Mfn2 almost completely rescued the 

trafficking deficits induced by MDMA. These results suggest that a deregulation on 

mitochondrial fission/fusion events, mediated by Mfn2, may be an important factor 

contributing to the reported trafficking deficits. Although it is clear that mitochondrial 

fission/fusion plays a major role in quality control regulation of dysfunctional mitochondria 

(Saxton and Hollenbeck, 2012; Itoh et al., 2013; Shutt and McBride, 2013), an interplay 

between mitochondrial fission/fusion events and mitochondrial transport has also been 

described (Li et al., 2004; Verstreken et al., 2005; Misko et al., 2010; Kageyama et al., 

2012; Misko et al., 2012). Interestingly, the loss of Mfn2 causes abnormal mitochondrial 

morphology and transport, respiratory chain dysfunction and severe lack of dopaminergic 

terminals in the striatum (Lee et al., 2012). The Mfn2 R94Q mutant is a CMT2A mutant 

with impaired fusion (Detmer and Chan, 2007) and transport properties (Misko et al., 

2010; Misko et al., 2012). Since this mutant protein acts as a dominant negative, the 

physiological activity of Mfn2 is repressed, though endogenous fission machinery is not 

affected (Detmer and Chan, 2007). Thus, our over-expression experiments with the Mfn2 

R94Q mutant, which did not rescue MDMA-mediated deficits, indicate that fully functional 

Mfn2 is required to reverse MDMA effects, and suggest that MDMA effects may alter the 

fusion mechanisms. Moreover, our data with the Drp1 K38A mutant, which inhibits 

endogenous fission without affecting mitochondrial fusion (Zhao et al., 2011), supports 

also a role for fission events in MDMA-regulated phenotypes. Therefore, these 

experiments indicate that Mfn2 and Drp1 largely mediated the mitochondrial trafficking 

deficits induced by MDMA and suggest that MDMA may alter the fusion/fission 

mitochondrial equilibrium.  

To the best of our knowledge, this study provides the first indication that an addictive 

drug dramatically alters mitochondrial neuronal trafficking and dynamics. As mitochondrial 
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transport and targeting to neuronal compartments and synapses is essential for many 

neuronal functions, including energy production and correct synaptic transmission (Wang 

and Schwarz, 2009; López-Doménech et al., 2012; Sheng and Cai, 2012), our findings 

underscore a novel mechanism of action of MDMA. We postulate that this mechanism 

may contribute to the effects of MDMA, including its psycho-stimulant, addictive, and 

neurotoxic actions. It is thus tempting to propose that, in addition to their complex effects 

on neuronal function, addictive drugs target mitochondrial dynamics. Such targeting may 

represent a new mechanism underlying the neurotransmission and synaptic alterations 

caused by drugs of abuse. 
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Abstract 

3,4-Methylenedioxymethamphetamine (MDMA; “ecstasy”), is a potentially neurotoxic 

recreational drug of abuse. Though the mechanisms involved are still not completely 

understood, formation of reactive metabolites and mitochondrial dysfunction contribute to 

MDMA-related neurotoxicity. Mitochondrial neuronal trafficking, and their targeting to 

synapses, is essential for neuronal function and survival, rendering neurons particularly 

vulnerable to mitochondrial dysfunction. Indeed, MDMA-associated disruption on Ca2+ 

homeostasis and ATP depletions have been described in neurons, thus suggesting a 

direct interference of MDMA on mitochondrial dynamics. Here, we performed real-time 

functional experiments of axonal transport of mitochondria to explore the role of in situ 

mitochondrial dysfunction in MDMA-related neurotoxic actions. We show that the mixture 

of MDMA and its major in vivo metabolites, each compound at 10 µM, impaired axonal 

transport of mitochondria in cultured hippocampal neurons. Importantly, the mitochondrial 

trafficking deficits were associated with increased mitochondrial fragmentation. 

Furthermore, in transfected neurons, the over-expression of mitofusin 2 (Mfn2) or 

dynamin-related protein 1 (Drp1) K38A constructs almost completely rescued the 

trafficking deficits associated with this mixture. Finally, in hippocampal neurons over-

expressing a mutant Mfn2 construct, Mfn2 R94Q, it was confirmed that a deregulation of 

the mitochondrial fission/fusion machinery greatly contributed to the reported trafficking 

phenotype. In conclusion, our study demonstrated that the mixture of MDMA and its 

metabolites, at in vivo relevant concentrations, impaired mitochondrial trafficking and 

increased mitochondrial fragmentation in hippocampal neurons, thus providing a new 

insight in the context of “ecstasy”-induced neuronal injury. 

 

Keywords 

3,4-Methylenedioxymethamphetamine (MDMA; “ecstasy”); MDMA metabolites; 

Mitochondrial trafficking; Mitochondrial dysfunction; Neurotoxicity. 



Manuscript 6 
 

224 

 

Introduction 

3,4-Methylenedioxymethamphetamine (MDMA; “ecstasy”) is a worldwide major drug of 

abuse with well documented neurotoxic properties, both in humans (Roberts et al., 2009; 

Tai et al., 2011) and in laboratory animals (Bai et al., 2001; Granado et al., 2011). Though 

the molecular and cellular mechanisms behind MDMA-induced neurotoxicity remain 

unclear, recent studies have attributed a possible role to mitochondrial damage pathways 

(Alves et al., 2007; Alves et al., 2009; Puerta et al., 2010). Hepatic formation of reactive 

metabolites, which is followed by their uptake into the brain (Jones et al., 2005; Erives et 

al., 2008), has been postulated to contribute to MDMA-related neurotoxicity (Capela et al., 

2009). Therefore, it is expected that the MDMA-mediated neurotoxic actions may result 

from a synergic or additive effect between parent compound and its metabolites, as they 

co-exist into the brain (Chu et al., 1996; Jones et al., 2005; Erives et al., 2008; Mueller et 

al., 2009). However, the mechanistic studies performed in vitro frequently have only taken 

into account each compound alone, which eludes the contribution of the mixture for the 

effects observed in vivo. Notably, previously, we demonstrated, for the first time, that the 

mixture of MDMA and its metabolites, at in vivo relevant concentrations, elicited cellular 

adaptations and toxicity in human SH-SY5Y differentiated cells, which provided a new 

breakthrough in the context of MDMA-induced neurotoxicity (Barbosa et al., 2013). 

Mitochondria are highly dynamic organelles that by undergoing fission and fusion can 

display significant variability in size and shape. In neurons, these opposing processes 

appear to play an important role in regulating mitochondrial distribution along the axons 

and dendrites, rendering, thus, neuronal cells critically dependent on mitochondrial 

dynamics (Sheng and Cai, 2012). Mitochondrial fission is mediated by an evolutionarily 

conserved soluble cytosolic dynamin-related guanosine 5’-triphosphatase (GTPase) 

protein, the dynamin-related protein 1 (Drp1), whose interaction with mitochondria is 

regulated by post-translational modifications (Itoh et al., 2013) and Ca+2 (Cereghetti et al., 

2008). Mitochondrial fusion is also mediated by dynamin-related GTPase proteins, 

mitofusin 1 (Mfn1), mitofusin 2 (Mfn2), and optic dominant atrophy 1 (OPA1) (Itoh et al., 

2013). While Mfn1 and Mfn2 are involved in the outer mitochondrial membrane fusion, 

OPA1 mediates fusion of the inner membrane (Song et al., 2009). A disruption of this 

dynamic equilibrium between mitochondrial fusion and fission may herald neuronal injury 

or death and may contribute to the development of neurodegenerative disorders (Wang et 

al., 2013).  

Axonal transport of mitochondria along microtubules is mediated by motor proteins, 

kinesins and dyneins. Kinesins, linked to the mitochondrial outer membrane protein Miro 

through the adaptor protein Milton/TRAK2, mediate anterograde transport, while 
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cytoplasmic dyneins mediate retrograde transport (MacAskill and Kittler, 2010), being their 

activity highly regulated by Ca2+ (Macaskill et al., 2009; Wang and Schwarz, 2009) and 

critically dependent on ATP locally produced by mitochondria (Sheng and Cai, 2012). In 

Drosophila melanogaster neurons, a Miro-dependent regulation of retrograde axonal 

transport of mitochondria was also described (Russo et al., 2009).  

Microtubule-associated protein Tau, by assembly and maintenance of microtubules, 

also plays a major role on mitochondrial trafficking control (Vossel et al., 2010; Kopeikina 

et al., 2011; Llorens-Martín et al., 2011), being its function largely dependent on the 

phosphorylation status (Llorens-Martín et al., 2011; Shahpasand et al., 2012). Importantly, 

MDMA was reported to promote intracellular Ca2+ raises in cultured hippocampal neurons 

(manuscript submitted for publication) and ATP depletion in rat striatum and hippocampus 

(Darvesh and Gudelsky, 2005), and also increased Tau phosphorylation in mice 

hippocampus (Busceti et al., 2008), thus suggesting a possible direct interference of 

MDMA on mitochondrial dynamics.  

By controlling organelle size, mitochondrial fission/fusion also regulates an efficient 

microtubule-mediated active transport in neurons (Itoh et al., 2013). In fact, Mfn2 was 

recently described to be needed for neuronal transport of mitochondria by interaction with 

the Miro/TRAK complex (Misko et al., 2010). Also, a Drp1-dependent regulation of 

mitochondrial density in dendrites (Li et al., 2004) and a prevention of axonal transport of 

mitochondria in the absence of fission (Verstreken et al., 2005) were reported, thus 

suggesting the existence of an interplay between fission/fusion machinery and 

mitochondrial transport. 

Considering that MDMA and its metabolites co-exist into the brain, our hypothesis is 

that their mixture, at a range of concentrations with relevance to the in vivo scenario, may 

deregulate mitochondrial dynamics. To this end, by using real-time fluorescence 

microscopy at single-cell resolution, we evaluated the putative effects of the mixture of 

MDMA and its metabolites on mitochondrial fusion/fission and trafficking. 
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Materials and Methods 

Materials 

All reagents used were of analytical grade or of the highest grade available. 

Neurobasal medium, B27 supplement, penicillin/streptomycin 10,000 U/mL, GlutaMAXTM 

supplement, 0.5% trypsin/ethylenediaminetetraacetic acid (EDTA) without phenol red, 

horse serum heat inactivated, Opti-MEM medium, Lipofectamine 2000 and Dulbecco’s 

phosphate buffered saline (DPBS) were purchased from Gibco Laboratories (Lenexa, KS, 

USA). Poly-L-lysine (PLL), triton X-100, Na3VO4, NaF, Tris-HCl, bromophenol blue and β-

mercaptoethanol were obtained from Sigma-Aldrich (St. Louis, MO, USA). DNAse 

recombinant I and complete protease inhibitor cocktail were obtained from Roche 

Diagnostics (Mannheim, Germany). Swine anti-rabbit and goat anti-mouse IgG-

peroxidase polyclonal antibodies were purchased from DAKO (Glostrup, Denmark). 

Mouse anti-Tau-1 and mouse anti-α-actin monoclonal antibodies were purchased from 

Merck Millipore (Merck KGaA, Darmstadt, Germany). MDMA (hydrochloride salt) was 

extracted and purified from high purity MDMA tablets kindly provided by the Portuguese 

Criminal Police Department. The obtained salt was pure and fully characterized by NMR 

and mass spectrometry methodologies. The MDMA metabolites α-methyldopamine (α-

MeDA), N-methyl-α-methyldopamine (N-Me-α-MeDA), 5-(glutathion-S-yl)-α-

methyldopamine [5-(GSH)-α-MeDA], 5-(glutathion-S-yl)-N-Me-α-methyldopamine [5-

(GSH)-N-Me-α-MeDA], 5-(N-acetylcystein-S-yl)-α-methyldopamine [5-(NAC)-α-MeDA] and 

5-(N-acetylcystein-S-yl)-N-methyl-α-methyldopamine [5-(NAC)-N-Me-α-MeDA] were 

synthesized and fully characterized by NMR and mass spectrometry methodologies by 

REQUIMTE (Centro de Química Fina e Biotecnologia), Chemistry Department, Faculty of 

Science and Technology, University Nova de Lisboa, according to previously published 

methods (Capela et al., 2006; Capela et al., 2007).  

Animals 

All procedures involving animals were approved by the Barcelona Scientific Park’s 

Animal Experimentation Committee and were carried out in accordance with the “Guide 

for the Care and Use of Laboratory Animals” from the Institute for Laboratory Animal 

Research (Research, 2011), and the European Community Council directive and the 

National Institute of Health guidelines for the care and use of laboratory animals. Animals 

were allowed free access to a standard chow diet and water and maintained on a 12h/12h 

light/dark cycle under specific pathogen free conditions in the Animal Research Center at 

the Barcelona Scientific Park. To prepare primary hippocampal neuronal cultures, wild-

type OF1 (Charles River, France) and C57BL/6 Tau (-/-) mice embryos were used, at 
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embryonic day 15 (E15) to E16, considering the mating day as E0. All procedures were 

taken to minimize the number of animals used and their suffering. 

Cell culture and transfection 

Primary neuronal cultures of hippocampus were prepared according to previously 

published methods (Llorens-Martín et al., 2011; López-Doménech et al., 2012), with few 

modifications. Pregnant mice were killed by cervical dislocation, and embryos were placed 

in ice-cold DPBS without Ca2+ and Mg2+ [DPBS (-/-)] containing 0.6% glucose during all 

dissection procedure. After brain isolation, meninges were removed, and hippocampus 

was dissected. Following a trypsinization (0.05% trypsin/EDTA) for 10 min, at 37ºC, a 

DNAse I treatment was applied, followed by another incubation period of 10 min, again at 

37ºC. After dissociation of the tissue pieces by gently sweeping, cellular suspension was 

centrifuged at 127g, for 5 min, at 4ºC, and re-suspended in complete medium (neurobasal 

medium supplemented with 2% B27, 100 U/mL penicillin, 100 µg/mL streptomycin, and 2 

mM GlutamaxTM). Cells were then seeded at the density of 78,000 cells/cm2. For live 

imaging, hippocampal cultures were seeded in pre-coated 35 mm Fluordish plates (World 

Precision Instruments, Florida, USA), while for western blotting analysis, pre-coated 6-well 

plates (Nunc, Roskilde, Denmark), were used. To evaluate mitochondrial length, 

hippocampal cultures were seeded in 12 mm round pre-coated glass coverslips. Pre-

coating was performed by overnight incubation, at 37ºC, with 0.2 mg/mL PLL solution 

(prepared in 0.1 M borate buffer, pH 8.5). Cultures were maintained at 37ºC, in an 

atmosphere of 5% CO2/95% air and used for experiments at 5 days in vitro (DIV). 

Hippocampal cultures were transfected, at 4DIV, with MitDsRed (a gift from Antonio 

Zorzano) and GFP, or co-transfected with one of the following constructs: Mfn2 (Misko et 

al., 2010), Mfn2 R94Q (Misko et al., 2012) or Drp1 K38A (Zhao et al., 2011), using 

Lipofectamine 2000 as transfection reagent and following the manufacturer’s instructions.  

Study design 

Hippocampal neuronal cultures were incubated with the mixture of MDMA and its 6 

metabolites α-MeDA, N-Me-α-MeDA, 5-(GSH)-α-MeDA, 5-(GSH)-N-Me-α-MeDA, 5-

(NAC)-α-MeDA and 5-(NAC)-N-Me-α-MeDA, each compound at 10 µM, at 5DIV, and 

functional or biochemical experiments were performed at 6DIV (24h of exposure). The 

mixture composition was selected in accordance with a previous study published by us 

(Barbosa et al., 2013). 
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Live-imaging of axonal transport of mitochondria in hippocampal neurons 

Live-imaging of axonal transport of mitochondria in hippocampal neurons was 

performed using a Olympus IX81 confocal microscope (Olympus Corporation, Tokyo, 

Japan), equipped with a 60x immersion objective, and a Andor Revolution® XD spinning 

disk confocal microscopy system composed by a iXonEM + EM-CCD camera (Andor 

Tecnology, Belfast, United Kingdom), and FRAPPA and solid-state laser combiner (ALC-

UVP 350i, Andor Tecnology) with the renowned CSU-X1 confocal scanner (Yokogawa 

Electric Corporation, Tokyo, Japan). All cultures were kept at 37ºC, using a heating insert 

on the microscope stage and an incubating chamber allowing circulation of a control CO2 

(5%)-air heated mixture for pH control. For measurements of axonal transport of 

mitochondria, axonal processes in transfected hippocampal neurons were identified 

following morphological criteria, and directionally were determined for each axon. Time-

lapse series of image stacks composed of 151 images (512x512 pixels) were taken every 

6 seconds, during 15 min. All 151 images obtained were processed mainly with Andor IQ2 

software (Andor Technology). Further image processing, analysis and video compilation 

and edition was done with FIJI (Image JA v1.45b, Open source software, NIH, USA). 

Kymographs were generated with MetaMorph Software (Molecular Devices - MDS 

Analytical Technologies, Sunnyvale, CA, USA). In our presentation of kymographs, the 

vertical axis represents the time, and the horizontal axis is the distance along a slice. 

Stationary mitochondrial sites were identified as vertical lines on the kymographs. Motile 

mitochondria appeared as diagonal lines, and their slopes provided velocity. Distances 

and speeds of anterograde (from proximal to distal) and retrograde (from distal to 

proximal) motile mitochondria were measured separately from the corresponding 

kymographs. In all cases, a mitochondrion was considered motile when it moved more 

than 5 µm during the 15 min of recording. Mitochondrion motile in both anterograde and 

retrograde direction was considered a single mitochondrion, although it was included in 

both anterograde and retrograde moving mitochondria groups. For qualitative imaging of 

axonal transport of mitochondria, MitDsRed and GFP were excited at 561 and 488 nm 

and fluorescence emission was collected at 592 and 508 nm, respectively.  

Western blotting analysis of Tau protein 

Cellular proteins were extracted with lysis buffer [50 mM Tris-HCl pH 7.5, 150 mM 

NaCl, 5 mM EDTA, 1% triton X-100 (v/v), 10% glycerol (v/v), complete protease inhibitor 

cocktail, 1 mM Na3VO4, 10 mM Na4P2O7 and 10 mM NaF), followed by an incubation on 

ice for 30 min. After centrifugation at 16,000 g, for 10 min, at 4ºC, a SDS-PAGE reducing 

buffer [150 mM Tris-HCl pH 6.8, 3% SDS (w/v), 30% glycerol (v/v), 0.075%  bromophenol 
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blue (w/v) and 15% β-mercaptoethanol (v/v)] was added to the samples (1:2 ratio), which 

were then boiled at 90 °C for 5 min. Proteins were loaded and separated in 10% 

SDS/polyacrylamide gels, at a constant voltage of 120 mV. Gels were transferred to 

nitrocellulose membranes (Whatman, Dassel, Germany) using a transfer buffer (20% 

methanol (v/v) in 20 mM Tris Base and 139 mM glycine), at 125 mV, for 1.5h. Membranes 

were then rinsed in Tris-buffered saline solution with Tween 20 [TBS-T: 10 mM Tris base, 

140 mM NaCl and 0.1 % Tween 20 (v/v), pH 7.4], and non-specific sites were blocked for 

1h at room temperature in blocking buffer [3% BSA (w/v) in TBS-T]. Membranes were 

incubated with primary antibodies (overnight at 4ºC): mouse monoclonal anti-Tau1 

(1:50,000) or anti-α-actin (1:100,000). After washing 5 times (10 min each) with TBS-T 

membranes were then incubated with the anti-mouse IgG-peroxidase secondary antibody 

(1:2,500), for 1h, at room temperature. All antibodies were diluted in blocking buffer. 

Following 3 washes (10 min each) with TBS-T, bands were visualized using ECL 

chemiluminescence reagents (Amersham Pharmacia Biotech, Buckinghamshire, United 

Kingdom), according to the supplier`s instructions, and were quantified using the Quantity 

One software (Bio-Rad Laboratories). 

Mitochondrial length measurements 

Hippocampal cultures seeded in 12 mm round pre-coated glass coverslips, and 

transfected with MitDsRed and GFP, were incubated with the mixture of MDMA and its 

metabolites for 24h and then fixed in 4% paraformaldehyde, during 20 min, at room 

temperature. Images were acquired in a Leica TCS SP2 confocal microscope (Leica 

Microsystems, Mannheim, Germany), equipped with a 60x immersion objective. Stacks of 

images (1024x1024 pixels) were acquired with Leica Confocal Software (Leica 

Microsystems). Further image processing and analysis was done with Fiji (NIH). 

Mitochondria in axonal processes were visualized by mitochondrial targeted MitDsRed. 

Mitochondrial length was estimated individually for each mitochondrion. To identify axonal 

processes GFP was excited at 488 nm, and fluorescence emission was collected at 508 

nm. MitDsRed was excited a 561 nm and fluorescence intensities were collected at 592 

nm.  

Data analysis 

Values in the figures and text are presented as mean ± SEM of the indicated number of 

independent experiments. Each independent experiment was performed with 

hippocampal cultures proceeding from different pregnant mice. Normality of the data 

distribution was assessed by three tests (KS normality test, D’Agostino and Pearson 
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omnibus normality test and Shapiro-Wilk normality test). In experiments with only one 

variable, statistical comparisons between the two groups were performed with one-way 

ANOVA, followed by Bonferroni’s test for post-hoc evaluations, or with Mann-Whitney test. 

Two-way ANOVA followed by Bonferroni post-hoc test was used to analyze the data from 

experiments with two variables. Details of the performed statistical analysis are described 

in each figure legend. Differences were considered to be significant at p values lower than 

0.05. All analyses were performed using GraphPad Prism 6.0 for Windows (GraphPad 

Software, San Diego, CA, USA). 



 Manuscript 6 

231 

 

Results 

The mixture of MDMA and its metabolites, at in vivo relevant concentrations, 

impaired axonal transport of mitochondria, in hippocampal neurons  

Based in a recent study published by us (Barbosa et al., 2013), in which it was 

demonstrated, for the first time, that the mixture of MDMA and its metabolites, at in vivo 

relevant concentrations, elicited cellular adaptations and toxicity in human SH-SY5Y 

differentiated cells, two different compositions of the mixture of MDMA and its metabolites, 

each compound at 10 µM or each compound at 20 µM, were tested. Twenty four hours of 

exposure to the 20 µM mixture resulted in significant toxicity to the culture, as evaluated 

by the MTT reduction assay (Figure 1). However, for the 10 µM mixture, not significant 

toxicity was observed after 24h of exposure (Figure 1). Therefore, the 10 µM mixture was 

selected for our functional and biochemical studies.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1. Toxic effect of the mixture of MDMA and its metabolites in primary hippocampal cultures. After 5DIV, 
hippocampal cultures were exposed to the mixture of MDMA and its metabolites α-MeDA, N-Me-α-MeDA, 5-
(GSH)-α-MeDA, 5-(GSH)-N-Me-α-MeDA, 5-(NAC)-α-MeDA and 5-(NAC)-N-Me-α-MeDA, each compound at 
10 or 20 μM, for 24h, and mitochondrial dysfunction was then evaluated by the MTT reduction assay. Data 
were analyzed using one-way ANOVA, followed by Bonferroni’s test for post-hoc evaluations, and represent 
the mean ± SEM of four independent experiments (each experiment was performed in triplicate), being 
expressed as the percentage of the absorbance of the respective control cells [MTT reduction (% of control)] 
( ***p<0.001  mixture vs. control).  

 
 

In humans, MDMA-induced neuronal deficits have been reported in discrete areas of 

the brain, such as cortex, striatum, raphe nuclei, and hippocampus (Capela et al., 2009; 

Carvalho et al., 2012; Parrott, 2012). However, the memory and learning dysfunction in 

heavy “ecstasy” users appears to be related to the drug’s actions on hippocampus, thus 
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agreeing with the particular vulnerability of this brain area observed in animals (Alves et 

al., 2007; Alves et al., 2009). Importantly, mitochondrial neuronal trafficking is a key 

regulator process in maintaining neuronal function and survival, since mitochondria need 

to be distributed from cell body, where occurs their biogenesis, to axons and dendrites, for 

a correct energy supply and Ca2+ buffering (Sheng and Cai, 2012). Therefore, by using 

cultured hippocampal neurons, we aimed at evaluating the effects of the mixture of MDMA 

and its metabolites, which represent a more real scenario of in vivo exposure to MDMA, 

on axonal transport of mitochondria. Control neurons exhibited a prominent mitochondrial 

neuronal trafficking, with an average of 65% of motile mitochondria, moving in both 

anterograde and retrograde directions, at velocity of about 0.4 µm/sec (Figure 2 and 

Movie 1). Exposure to the mixture of MDMA and its metabolites α-MeDA, N-Me-α-MeDA, 

5-(GSH)-α-MeDA, 5-(GSH)-N-Me-α-MeDA, 5-(NAC)-α-MeDA and 5-(NAC)-N-Me-α-

MeDA, each compound at 10 µM, for 24h, dramatically impaired mitochondrial neuronal 

trafficking (Figure 2 and Movie 2). Analysis of the data showed a significant reduction on 

mitochondrial motility (control = 65.27 ± 4.89%; mixture = 42.56 ± 5.90%, p<0.05), which 

was reflected in both anterograde (control = 43.37 ± 3.57%; mixture = 30.51 ± 4.62%, 

p<0.05) and retrograde (control = 40.01 ± 4.61%; mixture = 24.84 ± 4.72%, p<0.05) 

directions. Though anterograde velocity was unaffected (control = 0.394 ± 0.024 µm/sec; 

mixture = 0.330 ± 0.042 µm/sec, not significant), an impairment in retrograde velocity was 

observed (control = 0.474 ± 0.033 µm/sec; mixture = 0.264 ± 0.041 µm/sec, p<0.01). 

Thus, these results indicate that the mixture of MDMA and its metabolites impairs axonal 

transport of mitochondria.  

 

Movie 1 Axonal transport of mitochondria in a hippocampal neuron, at 6DIV, under control conditions. Live-
imaging of axonal mitochondria was performed in a hippocampal neuron transfected with MitDsRed. 
 
Movie 2 Axonal transport of mitochondria in a hippocampal neuron, at 6DIV, after 24h of exposure to the 
mixture of MDMA and its metabolites. Hippocampal cultures were exposed to the mixture of MDMA and its 
metabolites at 5DIV and axonal transport of mitochondria measurements were performed at 6DIV. Live-
imaging of axonal mitochondria was performed in a hippocampal neuron transfected with MitDsRed. 
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Figure 2. Effect of the mixture of MDMA and its metabolites on axonal transport of mitochondria, in cultured 
hippocampal neurons. Hippocampal neuronal cultures, transfected with MitDsRed and GFP, at 4DIV, were 
incubated with the mixture of MDMA and its metabolites α-MeDA, N-Me-α-MeDA, 5-(GSH)-α-MeDA, 5-(GSH)-
N-Me-α-MeDA, 5-(NAC)-α-MeDA and 5-(NAC)-N-Me-α-MeDA, each compound at 10 µM,  at 5DIV, and live-
imaging of axonal transport of mitochondria was performed at 6DIV (24h of exposure). (A-B) Series of four 
representative confocal images of live axons, taken every 30 seconds, of neurons over-expressing the 
mitochondrial-tagged protein MitDsRed, under control conditions (A) or after 24h of exposure to the mixture of 
MDMA and its metabolites (B). Coloured arrows identify the same mitochondria through the different 
acquisitions. Up and down arrows represent mitochondria that move in anterograde or retrograde directions, 
respectively. (C-D) Representative kymographs showing the full-time acquisition periods (15 min of movie) of 
control (C) or mixture-incubated hippocampal neurons (D), which show decreased mitochondrial movement. 
All kymographs are arranged with the distal axonal end to the right. (E) Graphical representation of the 
percentage of total motile mitochondria, motile mitochondria in anterograde or retrograde directions, and 
velocity in both anterograde and retrograde directions, covered by individual mitochondria, and measured in 
kymograph. Data were analyzed using the Mann-Whitney test and represent the mean ± SEM of 18-19 axons 
(neurons) per experimental group, from four independent experiments (*p<0.05, **p<0.01 mixture vs. control). 
Scale bar: 10 μm. 
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Tau protein did not play a major role on the mitochondrial trafficking deficits 

triggered by the mixture of MDMA and its metabolites 

Previous studies have attributed an important role of Tau protein in regulating axonal 

transport of mitochondria (Vossel et al., 2010; Kopeikina et al., 2011; Llorens-Martín et al., 

2011; Shahpasand et al., 2012). However, anterograde and retrograde movements 

appear to be differently modulated by this protein (Dixit et al., 2008). Furthermore, Tau 

protein functions in regulating mitochondrial trafficking are greatly dependent on protein 

phosphorylation ratio (Llorens-Martín et al., 2011; Shahpasand et al., 2012). By using Tau 

(-/-) neurons (Figure 3A) we studied the involvement of Tau protein on mitochondrial 

trafficking impairment associated with the mixture of MDMA and its metabolites. As shown 

in Figure 3, the lack of Tau protein significantly restored the deficits triggered by the 

mixture of MDMA and its metabolites in retrograde mitochondrial velocity. However, none 

of the remaining transport parameters evaluated were significantly modified, thus 

indicating a minor role for Tau protein on the reported trafficking deficits.  

 

 

Figure 3. Involvement of Tau protein on mitochondrial trafficking impairment induced by the mixture of MDMA 
and its metabolites in cultured hippocampal neurons. Experiments were performed in wild-type and Tau (-/-) 
hippocampal neurons. (A) Western blot analysis of Tau protein expression in wild-type and Tau (-/-) 
hippocampal neurons at 6DIV. Wild-type neurons express Tau protein, whereas it is not expressed in Tau (-/-) 
neurons (anti-Tau1 antibody, 1:50,000). Equal protein loading was confirmed with α-actin antibody 
(1:100,000). (B-D) Hippocampal neuronal cultures, transfected with MitDsRed and GFP at 4DIV, were 
exposed to the mixture of MDMA and its metabolites α-MeDA, N-Me-α-MeDA, 5-(GSH)-α-MeDA, 5-(GSH)-N-
Me-α-MeDA, 5-(NAC)-α-MeDA and 5-(NAC)-N-Me-α-MeDA, each compound at 10 µM, at 5DIV, and live-
imaging of axonal transport of mitochondria was performed at 6DIV (24h of exposure). In (B) and (C), 
representative kymographs showing the full-time acquisition periods (15 min of movie) of wild-type (B) or Tau 
(-/-) hippocampal neurons (C), under control conditions or after 24h of exposure to the mixture of MDMA and 
its metabolites are presented. All kymographs are arranged with the distal axonal end to the right. In (D), the 
graphical representation of the percentage of total motile mitochondria, motile mitochondria in anterograde or 
retrograde directions, and velocity in both anterograde and retrograde directions, covered by individual 
mitochondria, and measured in kymographs are showed. Data were analyzed using two-way ANOVA, 
followed by Bonferroni’s test for post-hoc evaluations, and represent the mean ± SEM of 10-19 axons 
(neurons) per experimental group, from at least three independent experiments [*p<0.05, **p<0.01, ***p<0.001  
mixture vs. control; #p<0.05, ###p<0.001 Tau (-/-) vs. wild-type; ns: not significant]. Scale bar: 10 μm. 
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Increased mitochondrial fragmentation was linked to the trafficking deficits induced 

by the mixture of MDMA and its metabolites 

Neurons are critically dependent on mitochondrial dynamics to a correct ATP supply 

and Ca2+ homeostasis (Sheng and Cai, 2012). Emerging data suggest that a correct 

mitochondrial fusion/fission equilibrium is critical in regulating an efficient mitochondrial 

neuronal trafficking (Verstreken et al., 2005; Misko et al., 2010; Misko et al., 2012). 

Therefore, to evaluate whether the mitochondrial trafficking deficits observed were 

associated with deregulations in mitochondrial fusion/fission events, we evaluate 

mitochondrial length on axonal extensions. Mitochondria from control neurons exhibited 

an average length of 0.555 ± 0.021 µm, whereas mitochondria from neurons exposed to 

the mixture of MDMA and its metabolites were significantly shorter, with an average length 

of 0.429 ± 0.011 µm (p<0.0001, Figure 4A). Therefore, the impairment of mitochondrial 

transport induced by the mixture of MDMA and its metabolites was associated with 

increased mitochondrial fragmentation. 

Over-expression of mitofusin 2 or Drp1 K38A almost completely rescued the 

mitochondrial trafficking deficits triggered by the mixture of MDMA and its 

metabolites 

Though a relationship between fusion proteins, namely Mfn2, and mitochondrial 

transport was recently described (Detmer and Chan, 2007; Misko et al., 2010; Misko et 

al., 2012), whether the effect of Mfn2 on mitochondrial transport is related to its fusion 

properties is not completely established. Furthermore, the previous involvement of Drp1 in 

regulating mitochondrial density in dendrites (Li et al., 2004) and axonal transport of 

mitochondria (Verstreken et al., 2005) suggests that a deregulation in mitochondrial 

fusion/fission events, as observed by increased mitochondrial fragmentation (Figure 4A), 

may be related to the observed trafficking phenotype. As shown in Figure 4B-D, over-

expression of Mfn2 completely rescued the mitochondrial transport deficits elicited by the 

mixture of MDMA and its metabolites. Interestingly, a significant rescue in all transport 

parameters studied was observed.  
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Figure 4. Contribution of mitochondrial fission/fusion-dependent mechanisms for the mitochondrial trafficking 
impairment induced by the mixture of MDMA and its metabolites in cultured hippocampal neurons. (A) 
Graphical representation of mitochondrial length, showing increased mitochondrial fragmentation following 
24h of exposure to the mixture of MDMA and its metabolites α-MeDA, N-Me-α-MeDA, 5-(GSH)-α-MeDA, 5-
(GSH)-N-Me-α-MeDA, 5-(NAC)-α-MeDA and 5-(NAC)-N-Me-α-MeDA, each compound at 10 µM. Data 
represent mean ± SEM of 126-171 individual mitochondria (29-30 different axons were analyzed) from 3 
independent hippocampal cultures, and were analyzed using the Mann-Whitney test (****p<0.0001 mixture vs. 
control). (B-D) Effect of Mfn2 over-expression on mitochondrial trafficking impairment induced by the mixture 
of MDMA and its metabolites. Experiments were performed in control and Mfn2 over-expressing hippocampal 
neurons. Hippocampal neuronal cultures, transfected with MitDsRed and GFP or MitDsRed and GFP plus 
Mfn2 at 4DIV, were exposed to the mixture of MDMA and its metabolites, each compound at 10 µM, at 5DIV, 
and live-imaging of axonal transport of mitochondria was performed at 6DIV (24h of exposure). In (B) and (C), 
representative kymographs showing the full-time acquisition periods (15 min of movie) of control (B) or Mfn2 
over-expressing neurons (C), under control conditions or after 24h of exposure to the mixture of MDMA and its 
metabolites are presented. All kymographs are arranged with the distal axonal end to the right. In (D), the 
graphical representation of the percentage of total motile mitochondria, motile mitochondria in anterograde or 
retrograde directions, and velocity in both anterograde and retrograde directions, covered by individual 
mitochondria, and measured in kymographs are showed. Data were analyzed using two-way ANOVA, 
followed by Bonferroni’s test for post-hoc evaluations, and represent the mean ± SEM of 16-19 different axons 
(neurons) per experimental group, from four independent experiments (*p<0.05, **p<0.01, ***p<0.001 mixture 
vs. control; #p<0.05, ##p<0.01, ###p<0.001 Mfn2 over-expressing vs. control neurons). Scale bar: 10 μm.   

 
 

Similarly, over-expression of Drp1 K38A, a dominant negative construct that lacks 

fission properties (Zhao et al., 2011), almost completely rescued the reported trafficking 

impairment (Figure 5). Thus, these findings indicate that the mitochondrial fission/fusion 

machinery was greatly implicated on the trafficking impairment associated with the mixture 

of MDMA and its metabolites. 
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Figure 5. Effect of Drp1 K38A over-expression on mitochondrial trafficking impairment induced by the mixture 
of MDMA and its metabolites in cultured hippocampal neurons. Experiments were performed in control and 
Drp1 K38A over-expressing hippocampal neurons. Hippocampal neuronal cultures, transfected with MitDsRed 
and GFP or MitDsRed and GFP plus Drp1 K38A at 4DIV, were exposed to the mixture of MDMA and its 
metabolites α-MeDA, N-Me-α-MeDA, 5-(GSH)-α-MeDA, 5-(GSH)-N-Me-α-MeDA, 5-(NAC)-α-MeDA and 5-
(NAC)-N-Me-α-MeDA, each compound at 10 µM, at 5DIV, and live-imaging of axonal transport of 
mitochondria was performed at 6DIV (24h of exposure).  (A-B) Representative kymographs showing the full-
time acquisition periods (15 min of movie) of control (A) or Drp1 K38A over-expressing neurons (B), under 
control conditions or after 24h of exposure to the mixture of MDMA and its metabolites. All kymographs are 
arranged with the distal axonal end to the right. (C) Graphical representation of the percentage of total motile 
mitochondria, motile mitochondria in anterograde or retrograde directions, and velocity in both anterograde 
and retrograde directions, covered by individual mitochondria, and measured in kymographs. Data were 
analyzed using two-way ANOVA, followed by Bonferroni’s test for post-hoc evaluations, and represent the 
mean ± SEM of 18-19 different axons (neurons) per experimental group, from four independent experiments 
(*p<0.05, ***p<0.001  mixture vs. control; #p<0.05, ##p<0.01, ###p<0.001 Drp1 K38A over-expressing vs. 
control neurons; ns: not significant). Scale bar: 10 μm. 
 

Charcot-Marie-Tooth Neuropathy 2A-associated mitofusin 2 mutant did not rescue 

the mitochondrial trafficking phenotype induced by the mixture of MDMA and its 

metabolites 

Charcot-Marie-Tooth Neuropathy 2A (CMT2A), an autosomal dominant sensory-motor 

neuropathy, is associated with several mutations in Mfn2. One of these mutant forms is 

Mfn2 R94Q, which is described to present impaired mitochondrial fusion properties 

(Detmer and Chan, 2007). Moreover, associated with this mutant form, previous studies 

showed a marked decrease in overall mitochondrial motility in axons of cultured sensory 

neurons (Baloh et al., 2007) and altered mitochondrial distribution and transport along the 

axons of dorsal root ganglion neurons (Misko et al., 2010; Misko et al., 2012). Therefore, 

we transfected hippocampal neurons with Mfn2 R94Q to elucidate the relative contribution 

of fission/fusion-dependent mechanisms for the mitochondrial trafficking deficits induced 

by the mixture of MDMA and its metabolites. As shown in Figure 6, over-expression of 
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Mfn2 R94Q did not modify the mitochondrial trafficking impairment elicited by the mixture 

of MDMA and its metabolites, compared to control neurons. Thus, and in line with our 

experiments performed with Mfn2 and Drp1 K38A over-expressing neurons, these results 

indicate a critical dependence on the mitochondrial fission/fusion machinery for the 

reported trafficking deficits.  

 

 

Figure 6. Effect of Mfn2 R94Q over-expression on mitochondrial trafficking impairment induced by the mixture 
of MDMA and its metabolites in cultured hippocampal neurons. Experiments were performed in control and 
Mfn2 R94Q over-expressing hippocampal neurons. Hippocampal neuronal cultures, transfected with 
MitDsRed and GFP or MitDsRed and GFP plus Mfn2 R94Q at 4DIV, were exposed to the mixture of MDMA 
and its metabolites α-MeDA, N-Me-α-MeDA, 5-(GSH)-α-MeDA, 5-(GSH)-N-Me-α-MeDA, 5-(NAC)-α-MeDA 
and 5-(NAC)-N-Me-α-MeDA, each compound at 10 µM,  at 5DIV, and live-imaging of axonal transport of 
mitochondria was performed at 6DIV (24h of exposure). (A-B) Representative kymographs showing the full-
time acquisition periods (15 min of movie) of control (A) or Mfn2 R94Q over-expressing neurons (B), under 
control conditions or after 24h of exposure to the mixture of MDMA and its metabolites. All kymographs are 
arranged with the distal axonal end to the right. (C) Graphical representation of the percentage of total motile 
mitochondria, motile mitochondria in anterograde or retrograde directions, and velocity in both anterograde 
and retrograde directions, covered by individual mitochondria, and measured in kymographs. Data were 
analyzed using two-way ANOVA, followed by Bonferroni’s test for post-hoc test, and represent the mean ± 
SEM of 18-19 different axons (neurons) per experimental group, from four independent experiments (*p<0.05, 
**p<0.01, ****p<0.0001  mixture vs. control; ns: not significant). Scale bar: 10 μm. 
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Discussion 

The present study clearly shows, for the first time, that the mixture of MDMA and its 

metabolites, at in vivo relevant concentrations, impaired axonal transport of mitochondria 

and increased organelle’s fragmentation. Furthermore, by over-expressing wild-type or 

mutant proteins involved in mitochondrial fission/fusion events, a mechanism involved on 

the mitochondrial trafficking phenotype was unveiled. Lastly, by using Tau (-/-) neurons, it 

was demonstrated a minor involvement of Tau protein on the reported trafficking deficits. 

High energy demands and the requirement to maintain cellular homeostasis at sites 

distant to the cell body make neurons particularly vulnerable to mitochondrial dysfunction 

(Itoh et al., 2013). Furthermore, where extended arborization requires long-distance 

maneuvering of intracellular components, it has been suggested that disrupted 

mitochondrial translocation may contribute to the pathophysiology of neuronal injury 

(Deheshi et al., 2013). In addition, there are emerging evidences suggesting that the 

damage of terminal axons may occur independently and by distinct mechanisms from 

those of cell bodies (Lee et al., 2012). Importantly, selective damage to terminal axons is 

a characteristic marker of MDMA-associated neurotoxicity (Capela et al., 2009). Likewise, 

mitochondrial-dependent mechanisms, including inhibition of mitochondrial proteins 

(Puerta et al., 2010), oxidation of mitochondrial macromolecules (Alves et al., 2007; Alves 

et al., 2009) and deletions in mitochondrial DNA (Alves et al., 2007) are likely to contribute 

to “ecstasy”-induced neurotoxicity. Furthermore, intracellular Ca2+ raises (manuscript 

submitted for publication) and ATP depletions (Darvesh and Gudelsky, 2005) were 

associated with MDMA-induced neuronal actions. Additionally, MDMA-associated 

increased reactive oxygen species (ROS) production in several in vitro neuronal models 

(Capela et al., 2007; Barbosa et al., 2012; Barbosa et al., 2013) and alterations in oxygen 

consumption in rat liver mitochondria (Custódio et al., 2010) were also previously 

reported. Therefore, it is expected that mitochondrial-dependent mechanisms may play a 

major role in mediating MDMA’s neurotoxic effects. Of note, human studies have indicated 

that the memory and learning dysfunction in heavy “ecstasy” users may be related to the 

drug’s actions on hippocampus (Gouzoulis-Mayfrank et al., 2003). In accordance, animal 

studies revealed a high vulnerability of hippocampus to MDMA-induced deletions in 

mitochondrial DNA (Alves et al., 2007), thus indicating a particular susceptibility of this 

brain area to the MDMA’s actions. 

Hepatic formation of reactive metabolites contributes to MDMA’s neurotoxicity (Capela 

et al., 2006; Capela et al., 2007), though their role in MDMA-induced mitochondrial 

dysfunction is unknown. Moreover, the mitochondrial effects of the mixture of MDMA and 

its major metabolites, as it occurs in vivo, are unrevealed. In fact, one of the most 



Manuscript 6 
 

240 

 

important limitations of in vitro neuronal models is the lack of drug metabolism mediated 

by cytochrome P450 (CYP450), which implies that the co-exposure to parent compound 

and its metabolites is rarely tested. The hepatic metabolism of MDMA is mainly regulated 

by CYP450 enzymes, originating, by N-demethylation, 3,4-methylenedioxyamphetamine 

(MDA). Both MDMA and MDA are then O-demethylenated to the catechol compounds N-

Me-α-MeDA and α-MeDA respectively, which can undergo oxidation to the correspondent 

redox active ortho-quinones (Pizarro et al., 2004). These ortho-quinones may be 

conjugated with reduced glutathione (GSH), originating glutathionyl adducts (Erives et al., 

2008). The systemic formation of 5-(GSH)-N-Me-α-MeDA and 5-(GSH)-α-MeDA is 

followed by their uptake into the brain (Jones et al., 2005; Erives et al., 2008), where they 

may undergo further metabolism to N-acetylcysteine (NAC) conjugates, which are slowly 

eliminated and, consequently, persist in the brain (Jones et al., 2005). Supporting the role 

of metabolism in MDMA-induced neurotoxicity, Gollamudi and co-workers (Gollamudi et 

al., 1989) showed an attenuation in MDMA-mediated depletions in 5-HT deficits after 

inhibition of MDMA’s metabolism via CYP450. Therefore, in accordance with previous 

studies (Chu et al., 1996; Jones et al., 2005; Erives et al., 2008) we selected the MDMA 

metabolites α-MeDA, N-Me-α-MeDA, 5-(GSH)-α-MeDA, 5-(GSH)-N-Me-α-MeDA, 5-

(NAC)-α-MeDA and 5-(NAC)-N-Me-α-MeDA, to test the effects of their mixture with 

MDMA on mitochondrial dynamics. We demonstrated that this mixture, at in vivo relevant 

concentrations, dramatically impaired mitochondrial trafficking along axonal processes of 

cultured hippocampal neurons. Considering the critical dependence of neurons on 

mitochondrial transport to a correct energy supply and synaptic function (MacAskill and 

Kittler, 2010; Sheng and Cai, 2012), these results provide a new, and important, insight in 

the context of “ecstasy”-induced deleterious effects to the central nervous system.  

A number of studies have suggested that increased expression or altered microtubule-

binding of Tau may compromise axonal transport of mitochondria (Kopeikina et al., 2011). 

Nevertheless, other studies have described a Tau-independent regulation of organelle’s 

trafficking (Yuan et al., 2008). Here, we showed that in Tau (-/-) neurons the trafficking 

impairment induced by the mixture of MDMA and its metabolites was comparable to the 

one found in wild-type neurons (only a partial rescue in retrograde velocity was found). In 

a previous work, we showed a partial dependence on Tau protein in MDMA-induced 

mitochondrial trafficking deficits by exposing cultured hippocampal neurons to a high 

concentration of MDMA (manuscript submitted for publication). In this study, the minor 

dependence on Tau protein for the reported effect suggests that other mechanisms prior 

to Tau involvement may play a critical role on the trafficking impairment associated with 

the mixture of MDMA and its metabolites, at lower concentrations. Indeed, other 
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mechanisms, instead of Tau protein, were demonstrated to play a major role in MDMA-

induced mitochondrial trafficking impairment (manuscript submitted for publication).  

Fission events fragment mitochondrial network into smaller units, thus allowing 

mitochondrial transport to different subcellular localizations, such as nerve terminals (Itoh 

et al., 2013). Changes in mitochondrial morphology, resulting from excessive 

mitochondrial fission, have been associated with numerous neurodegenerative disorders 

(Rintoul and Reynolds, 2010; Wang et al., 2013). Furthermore, oxidative stress, a 

common outcome in MDMA-related neuronal injury, appears to modify mitochondrial 

response to fission events (Mijaljica et al., 2007). In this study, hippocampal neurons 

exposed to the mixture of MDMA and its metabolites presented mitochondria with smaller 

sizes, indicating, therefore, increased mitochondrial fragmentation. Importantly, increased 

organelle’s fragmentation was recently linked to neurotoxicity (Wang et al., 2013). In 

agreement, in a neuronal model of Parkinson’s disease, the neuronal injury observed 

under oxidative stress conditions was prevented by chemical inhibition of mitochondrial 

fission (Qi et al., 2012). Thus, the increase in mitochondrial fragmentation induced by the 

mixture of MDMA and its metabolites may be an important mechanism involved in MDMA-

induced brain dysfunction. However, though it is clear that mitochondrial fission plays a 

major role in quality control regulation of dysfunctional mitochondria and mitochondrial 

transport (Verstreken et al., 2005), if mitochondrial dysfunction is the cause or a 

consequence of impaired mitochondrial transport remains unknown.  

Like fission, mitochondrial fusion is also required for proper mitochondrial distribution in 

neurons (Baloh et al., 2007; Misko et al., 2010; Misko et al., 2012). Despite similar 

neuronal expression of Mfn1 and Mfn2, the lack of Mfn2 appears to be much more critical 

in regulating neuronal function than Mfn1. While the loss of Mfn2 causes abnormal 

mitochondrial morphology, respiratory chain dysfunction and severe lack of dopaminergic 

terminals in the striatum, loss of Mfn1 does not significantly affect neuronal function and 

survival (Lee et al., 2012). Therefore, Mfn2 function appears to be critical on mitochondrial 

and neuronal functions maintenance. In neurons, as in other cell types, the mutant fission 

protein Drp1 K38A, acting as a dominant negative, inhibits endogenous fission activity 

without affecting the normal activity of fusion machinery (Zhao et al., 2011). Therefore, to 

elucidate the involvement of mitochondrial fission/fusion-dependent mechanisms on the 

reported mitochondrial trafficking phenotype induced by the mixture of MDMA and its 

metabolites, we performed functional experiments with neurons over-expressing Mfn2 or 

Drp1 K38A. Over-expression of Mfn2 or Drp1 K38A almost completely rescued the 

trafficking deficits associated with the mixture of MDMA and its metabolites. However, 

Mfn2 was more effective than Drp1 K38A in preventing mitochondrial trafficking 

impairment. Thus, these results suggest that a deregulation of the mitochondrial 
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fission/fusion equilibrium may be a determinant factor contributing to the mitochondrial 

trafficking deficits observed. Additionally, in hippocampal neurons over-expressing Mfn2 

R94Q, a CMT2A mutant construct with impaired fusion (Detmer and Chan, 2007) and 

transport properties (Misko et al., 2010; Misko et al., 2012), which acts as dominant 

negative, the mitochondrial trafficking impairment induced by the mixture of MDMA and its 

metabolites was not rescued. Therefore, these experiments indicate that Mfn2 and Drp1 

largely mediated the reported mitochondrial trafficking deficits. In addition, these data also 

suggest that the mixture of MDMA and its metabolites may alter the fusion/fission 

mitochondrial equilibrium, as revealed by increased mitochondrial fragmentation.  

In conclusion, our study demonstrated, for the first time, that the mixture of MDMA and 

its metabolites, at in vivo relevant concentrations, impaired axonal transport of 

mitochondria in hippocampal neurons. Furthermore, the trafficking deficits were linked to 

increased mitochondrial fragmentation, thus suggesting that interferences on 

mitochondrial dynamics may contribute to the neuronal injury associated with “ecstasy”. 
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III.1 Integrated Discussion 

The neurotoxicity of “ecstasy” is believed to result from a large range of factors, 

including hyperthermia, sustained release of 5-HT and dopamine from nerve endings, 

inhibition of neurotransmitter synthesis, MAO-mediated metabolism of monoamine 

neurotransmitters, sustained stimulation of receptors and hepatic formation of reactive 

metabolites, among others (Capela et al., 2009; Carvalho et al., 2012). Such factors may 

act collectively in a synergetic and/or additive manner in developing neuronal 

degeneration and neurotoxicity, though their influence, at molecular and cellular level, 

remains to be fully identified.  

There is a general consensus that in vitro methods can provide useful information 

concerning basic biological processes underlying neurotoxicity, and detailed information 

about specific mechanisms of action. Indeed, in vitro models have their higher potential in 

experiments in which mechanistic hypothesis are tested. Furthermore, in vitro approaches 

may be useful to explore several target sites where there is a significant understanding of 

basic biological processes. To better understand the mechanisms involved in MDMA-

related neurotoxicity, the studies presented in this thesis were performed in different in 

vitro neuronal models in order to explore the involvement of particular targets and 

pathways on neuronal actions of MDMA.  

III.1.1  Studies in mouse brain synaptosomes 

Reports on the acute- and long-lasting neurotoxic effects of MDMA are mainly focused 

on the damage of the serotonergic and dopaminergic systems. Nevertheless, many 

reports in laboratory animals emphasize that MDMA-induced neuronal injury is observed 

in different brain areas, such as the parietal CTX, the insular/perirhinal CTX, the 

ventromedial/ventrolateral thalamus and the tenia tecta (Commins et al., 1987; Schmued, 

2003; Armstrong and Noguchi, 2004; Tamburini et al., 2006; Warren et al., 2007). Studies 

in MDMA users analyzing the location of MDMA-induced neuronal degeneration 

throughout the entire brain have also reported effects on the parietal CTX, HIP, striatum or 

raphe nuclei (Quednow et al., 2006; Capela et al., 2009; Adamaszek et al., 2010; Tai et 

al., 2011; Carvalho et al., 2012; Parrott, 2012). It is generally believed that the acute 

effects of MDMA in the brain result from its actions on the monoaminergic system, in 

which the best characterized effect is the acute and sustained release of 5-HT and 

dopamine from nerve endings (Green et al., 2003; Alves et al., 2007).  

Compelling evidences have also established that metabolites formed by the peripheral 

metabolism of MDMA may be involved in its neurotoxic effects. This seems the most 

parsimonious explanation for the observation that MDMA or MDA administration directly 
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into the brain did not reproduce the neurotoxic effects that are usually observed following 

their peripheral administration (Paris and Cunningham, 1992; Esteban et al., 2001). 

Nevertheless, the direct injection of thioether MDMA metabolites into the brain produced 

prolonged 5-HT depletions and neurobehavioral changes similar to those observed after 

peripheral administration of MDMA or MDA (Miller et al., 1996; Miller et al., 1997; Bai et 

al., 1999; Easton et al., 2003). Furthermore, the attenuation in MDMA-mediated 

serotonergic deficits through inhibition of CYP450 (Gollamudi et al., 1989) supports a 

substantial role for metabolism in MDMA’s neurotoxicity. In accordance, over the last few 

years these observations have received considerable experimental support in vitro 

(Capela et al., 2006a; Capela et al., 2007b; Ferreira et al., 2013). Using this background 

as a starting point, our initial studies were performed in a subcellular in vitro neuronal 

system, synaptosomes, and aimed to appraise the toxicity of MDMA and its metabolites α-

MeDA, N-Me-α-MeDA and 5-(GSH)-α-MeDA, as well as of monoamine neurotransmitters 

5-HT and dopamine, dopamine precursor L-Dopa and dopamine metabolite DOPAC. 

Incubation of synaptosomes with these compounds led to a concentration- and time-

dependent H2O2 formation, an effect partially prevented by the antioxidants NAC, ascorbic 

acid and melatonin. In association with H2O2 generation, the studied compounds induced 

a stimulation of the synaptosomal Na+/K+ ATPase activity, in a concentration-dependent 

manner, which was partially rescued by NAC. Given the remarkable role of the Na+/K+ 

ATPase in regulating neural excitability, an impairment of the Na+/K+ ATPase activity might 

lead to neuronal dysfunction (Clapcote et al., 2009; Benarroch, 2011). In fact, abnormal 

Na+/K+ ATPase activity has been reported to be involved in several neurological diseases, 

such as bipolar disorder (Abdollahi and Karami-Mohajeri, 2012) or Alzheimer's disease 

(Yoon et al., 2012), and neurotoxicological phenomena (Grauer et al., 2008; 

Vijayaraghavan, 2009; Yuan et al., 2013b). Our studies also found a stimulation of the 

Na+/K+ ATPase activity in synaptosomes exposed to phenazine methosulfate (PMS), a 

chemical generator of superoxide radicals (which may be easily converted to H2O2, 

spontaneously or enzymatically by superoxide dismutase), suggesting, therefore, the 

involvement of ROS in this effect. In accordance, H2O2 was described to play a role in 

CD95-induced internalization of the Na+/K+ ATPase in human T cells (Yin et al., 2007). 

Additionally, in MDCK cells, it was also demonstrated that the suppression of ROS activity 

by NAC blocked low K+-induced increased activity, protein abundance and cell surface 

location of the Na+/K+ ATPase (Zhou et al., 2003), thus supporting a role for ROS-

regulated pathways in the stimulant effect triggered by MDMA metabolites and 

monoamine neurotransmitters on the Na+/K+ ATPase activity. Since Na+/K+ ATPase plays 

a remarkable role in regulating the neuronal Na+/K+ equilibrium, an increase in its activity 

may render neurons more prone to excitability. Indeed, activation of the Na+/K+ ATPase 
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was previously reported in cultured rat cerebellar neurons exposed to GLU (Marcaida et 

al., 1996) and the MDMA-induced neurotoxicity in cultured rat cortical neurons was 

partially rescued by the NMDA receptor antagonist MK-801 (Capela et al., 2006b). 

Therefore, these resuts suggest that abnormalities on the Na+/K+ ATPase function 

triggered by MDMA metabolites and monoamine neurotransmitters may contribute to the 

stimulant and/or neurotoxic effects of MDMA.  

In mouse brain synaptosomes, we also demonstrated that the H2O2 generation 

triggered by MDMA metabolites and monoamine neurotransmitters was independent on 

the mitochondrial polarization status, and the consequent toxic effects did not alter the 

number of polarized mitochondria. Though mitochondria, namely complexes I and III of 

the ETC, are described to be the main site of ROS generation in the cell (Votyakova and 

Reynolds, 2001; Reale et al., 2012), our results suggest that other mechanisms 

independent on mitochondrial pathways may be involved in the toxic effects induced by 

the studied compounds in this experimental model. Indeed, the mechanisms underlying 

the toxicity of MDMA metabolites is thought to involve the inherent reactivity of their 

catechol moiety (Carvalho et al., 2004b). MDMA metabolites are redox active, being prone 

to oxidation to the corresponding ortho-quinones (Spencer et al., 1998; Macedo et al., 

2007), which may further undergo redox cycling to the corresponding semi-quinone 

radicals, with consequent ROS formation (Erives et al., 2008), in accordance, therefore, 

with our results. Additionally, the presence of the catechol group in the chemical structure 

of dopamine, L-Dopa and DOPAC (Meiser et al., 2013) raises the possibility that a similar 

mechanism may contribute to the H2O2 generated by these compounds in our 

synaptosome model. Nevertheless, we also demonstrated that DA- and 5-HT-induced 

H2O2 formation was dependent on their metabolism by MAO. In fact, studies using MAO 

inhibitors constitute one of the most convincing evidences supporting an involvement of 

monoamine neurotransmitters in MDMA’s neurotoxicity. MAO-B inhibition with deprenyl 

not only attenuated the MDMA-induced mitochondrial toxicity in the brain of an adolescent 

rat model (Alves et al., 2007), but also protected against MDMA-induced serotonergic 

neuronal degeneration (Sprague and Nichols, 1995), in a similar extension to those 

observed in mice knockout for MAO-B enzyme (Fornai et al., 2001).  

Our studies in mouse brain synaptosomes also revealed that, in association with 

increased H2O2 generation, the studied compounds also promoted oxidative modifications 

in synaptosomal macromolecules. MDMA metabolite 5-(GSH)-α-MeDA induced a 

concentration- and time-dependent increase in lipid peroxidation levels, which was fully 

prevented by NAC. In accordance, in vivo, MDMA was reported to induce lipid 

peroxidation in whole rat brain mitochondria (Alves et al., 2007; Alves et al., 2009a; Alves 

et al., 2009b). Furthermore, MDMA-induced neurotoxicity in the mice model was also 
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associated with increased lipid peroxidation in the striatum (Camarero et al., 2002; Peraile 

et al., 2013).  

In this study, it was also clearly demonstrated an increase in protein carbonylation 

levels for the MDMA metabolite 5-(GSH)-α-MeDA and for DOPAC. In addition, a 

concentration-dependent increase in quinoproteins formation was also found for MDMA 

metabolites, as well as for dopamine, L-Dopa and DOPAC. As already referred, the 

presence of the catechol group in these compounds confer them a particular reactivity. 

The catechol group may easily undergo redox cycling to the corresponding ortho-

quinones (Spencer et al., 1998; Macedo et al., 2007), which, being highly reactive 

electrophilic intermediates (Capela et al., 2009; Carvalho et al., 2012), may bind to 

proteins. The absence of the catechol group in MDMA and 5-HT structures may explain 

the non-significant results obtained for these compounds at this level.  

In the same synaptosomal model, we also observed that the studied compounds 

produced significant modifications on glutathione status. Exposure to the tested 

compounds resulted in significant increases in intrasynaptosomal glutathione content 

(more marked after 1h of exposure) and increased intrasynaptosomal GSSG levels (more 

marked for the concentration of 200 µM). Additionally, we found that the increase in 

intrasynaptosomal glutathione content elicited by the studied compouds did not result from 

a de novo synthesis of GSH, but rather by an uptake mechanism from the incubation 

medium. Therefore, these results agree the major role for oxidative stress-related 

mechanisms that have been attributed to MDMA-induced neurotoxicity (Capela et al., 

2009; Carvalho et al., 2012).  

These studies also revealed that the dopamine precursor L-Dopa and the dopamine 

metabolite DOPAC may play a role in MDMA´s neurotoxicity. In fact, L-Dopa was 

previously reported to potentiate the serotonergic deficits associated with a single 

administration of MDMA to rats (Schmidt et al., 1991). In addition, DOPAL, the aldehyde 

precursor of DOPAC, was shown to induce selective loss of dopaminergic neurons when 

directly injected into the substantia nigra and ventral tegmental area of rats (Burke et al., 

2003).  

Our findings in the synaptosome model suggest that MDMA metabolites, in association 

with monoamine neurotransmitters, may be major effectors in “ecstasy”-induced neuronal 

degeneration and neurotoxicity. Additionally, new data supporting a role for Na+/K+ 

ATPase on neuronal effects of MDMA were also provided. Despite this, more than the 

monoamine neurotransmitters, MDMA metabolites α-MeDA, N-Me-α-MeDA and 5-(GSH)-

α-MeDA were powerful stressors in the synaptosome model, in line with previous reports 

in other neuronal models (Capela et al., 2006a; Capela et al., 2007b; Ferreira et al., 

2013), suggesting, thereby, that MDMA-induced neurotoxicity may be largely dependent 
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on the systemically formed metabolites. Therefore, to better understand the role of 

metabolism in MDMA’s neurotoxicity, our further studies were accomplished in a cellular 

system, the SH-SY5Y cell line (manuscripts 3 and 4).  

III.1.2  Studies in SH-SY5Y differentiated cells 

SH-SY5Y cells present most of the intracellular homeostatic mechanisms observed in 

neurons on their physiological environment, most of which are absent in the synaptosome 

model. As such, this cell line has been widely used in experimental neurotoxicological 

studies (Presgraves et al., 2003; Wang and Xu, 2005; Shavali and Sens, 2008; Lopes et 

al., 2010; Ferreira et al., 2013). In our studies, it was demonstrated that SH-SY5Y cells 

differentiated with RA followed by TPA presented a functionally mature neuronal 

phenotype with dopaminergic characteristics, as traduced by increased DAT and TH 

expression, which is in accordance with previous outcomes (Presgraves et al., 2003). The 

higher ability of RA/TPA-differentiated SH-SY5Y cells to uptake and retain DA, compared 

to their undifferentiated state (Presgraves et al., 2003; Ferreira et al., 2013), and the 

higher susceptibility to the neurotoxic actions of MPP+ (a classical dopaminergic 

neurotoxin, whose its toxic effect depends on DAT) (Presgraves et al., 2003) support the 

notion that SH-SY5Y cell differentiated with RA followed by TPA present a 

characteristically dopaminergic phenothype. Therefore, considering the evidences 

showing MDMA-induced long-lasting abnormalities on the dopaminergic system, which 

has been mostly disclosed in the mice model (Cadet et al., 2001; Escobedo et al., 2005; 

Granado et al., 2008; Granado et al., 2011), the use of the RA/TPA-differentiated SH-

SY5Y cells may provide a significant understanding about the molecular and cellular 

mechanisms of neuronal degeneration associated with MDMA.  

Our initial studies performed in mouse brain synaptosomes ascertained the toxicity of 

MDMA metabolites α-MeDA, N-Me-α-MeDA and 5-(GSH)-α-MeDA. However, following 

systemic formation of GSH conjugates of α-MeDA and N-Me-α-MeDA, they can be 

transported into the brain and further metabolized to NAC conjugates (Monks et al., 2004). 

In accordance, following s.c. administration of MDMA to rats, both GSH- and NAC-

conjugated metabolites were identified and quantified in the striatum (Jones et al., 2005; 

Erives et al., 2008). Additionally, since thioether MDMA metabolites are more redox active 

than their catechol precursors (Macedo et al., 2007), conferring them a higher neurotoxic 

potential (Capela et al., 2006a; Capela et al., 2007b),  in our studies performed in the SH-

SY5Y cell line we extended the findings observed on the synaptosome model and tested 

not only the catechol MDMA metabolites, but also their corresponding GSH and NAC 

adducts.  
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Our studies in SH-SY5Y differentiated cells clearly showed that, following long 

exposure periods of 24 or 48h, MDMA did not induce cytotoxicity, as evaluated by the 3-

[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium (MTT) reduction and L-lactic 

dehydrogenase (LDH) release assays. Nevertheless, for the same times of exposure, 

MDMA metabolites were toxic to SH-SY5Y differentiated cells. Furthermore, the 

corresponding GSH-monoconjugated metabolites of α-MeDA and N-Me-α-MeDA revealed 

to be more potent neurotoxins than their catechol precursors. Indeed, a previous study 

showed that the conjugation of the catechol MDMA metabolites with GSH or NAC at the 5 

position reduced the oxidation potential, when compared with the non-conjugated 

compound (Macedo et al., 2007). Noteworthy, the lower oxidation potential observed for 

these GSH or NAC adducts correlated with a higher toxicity of these compounds to rat 

cultured cortical neurons (Capela et al., 2006a; Capela et al., 2007b; Macedo et al., 2007). 

Therefore, our results confirmed that the GSH conjugation dramatically increases the 

neurotoxic potential of the catechol MDMA metabolites. However, the half-life of the GSH 

conjugates in the brain is short, as a result of their conversion to the respective NAC 

adducts (Esteban et al., 2001), though the latter retain the toxicity of their GSH precursors 

(Jones et al., 2005). In accordance, our studies also demonstrated that 5-(NAC)-α-MeDA 

and 5-(NAC)-N-Me-α-MeDA, which are slowly eliminated and, consequently, persistent in 

the brain (Jones et al., 2005; Erives et al., 2008), were potent neurotoxins to SH-SY5Y 

differentiated cells, in agreement, therefore, with previous findings observed in cultured rat 

cortical neurons (Capela et al., 2006a; Capela et al., 2007b).  

Our studies also revealed that the toxicity of catechol MDMA metabolites to SH-SY5Y 

differentiated cells was potentiated by hyperthermia (40ºC). Indeed, many in vivo and in 

vitro studies support the notion that hyperthermia plays a major role in MDMA-induced 

neuronal cell death. MDMA was shown to cause acute dose-dependent hyperthermia in 

several in vivo experimental models (Blessing and Seaman, 2003; Saadat et al., 2004; 

Alves et al., 2007; Pontes et al., 2008a; Hrometz et al., 2011; Takamatsu et al., 2011; 

Schütte et al., 2013), including non-human primates (Crean et al., 2006; Taffe et al., 2006; 

Von Huben et al., 2006; Taffe, 2012). In humans, following some reports of fatalities 

associated with overheating in MDMA users, with core body temperatures over 40ºC 

(Henry et al., 1992; Chadwick et al., 2001), many other studies have shown the potential 

of MDMA to induce acute hyperthermia (McCann et al., 1996; Freedman et al., 2005; 

Farré et al., 2007). In addition, in vitro studies simulating the hyperthermic conditions that 

are attained in vivo confirmed that the hyperthermic response associated with MDMA 

plays a major role in drug-induced neurotoxicity (Capela et al., 2006a; Capela et al., 

2006b; Capela et al., 2007b), corroborating, therefore, our results. 
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Contrary to the catechol MDMA metabolites α-MeDA and N-Me-α-MeDA, the toxicity 

elicited by 5-(GSH)-α-MeDA and 5-(glutathion-S-yl)-N-methyl-α-methyldopamine [5-

(GSH)-N-Me-α-MeDA] was independent on the temperature of exposure, whereas their 

respective NAC conjugates revealed to be more toxic under normothermic conditions. A 

previous study in cultured rat cortical neurons demonstrated a temperature-dependent 

toxicity for GSH- and NAC-conjugated metabolites of MDMA, after a short time of 

exposure of 6h (Capela et al., 2007b). It is possible that variations in receptors and/or 

transporters or in intracellular regulatory mechanisms between neuronal models, as well 

as the different times of exposure tested in these studies may explain these differences. 

However, to confirm this hypothesis, further studies are needed. 

In our studies in SH-SY5Y differentiated cells, the stability of MDMA metabolites over 

time was also assessed by HPLC analysis with electrochemical detection. In cell culture 

medium, it was observed an over time decrease in the concentration of MDMA 

metabolites α-MeDA, N-Me-α-MeDA, 5-(GSH)-α-MeDA and 5-(NAC)-α-MeDA, which was 

faster under hyperthermic conditions. However, the catechol metabolites α-MeDA and N-

Me-α-MeDA were more stable than the adducts 5-(GSH)-α-MeDA and 5-(NAC)-α-MeDA. 

Previous in vitro studies demonstrated an over time decrease in N-Me-α-MeDA and α-

MeDA concentrations in biological media, which was associated with oxidation to the 

corresponding aminochromes (Carvalho et al., 2004c). The reactive intermediates 

produced during the oxidation of these catechol metabolites into reactive ortho-quinones 

and/or aminochromes can be conjugated with GSH, to form the corresponding glutathionyl 

adducts (Hiramatsu et al., 1990), thus indicating that dynamic processes in the biological 

medium may influence the toxicity of MDMA metabolites. Additionally, our studies also 

revealed that MDMA metabolites α-MeDA, N-Me-α-MeDA and 5-(NAC)-α-MeDA were 

poorly accumulated into the cells, thus suggesting that extracellular mechanisms may 

contribute to the toxic effects induced by MDMA metabolites in SH-SY5Y differentiated 

cells. 

Corroborating our results obtained in the synaptosome model, in which NAC prevented 

the H2O2 production induced by MDMA metabolites and monoamine neurotransmitters, 

NAC pre-incubation significantly protected SH-SY5Y differentiated against the toxic insult 

elicited by MDMA metabolites, as evaluated by the MTT reduction assay. Indeed, many 

studies have highlighted the importance of the neuronal redox status on the neurotoxic 

effects mediated by MDMA and its metabolites, as revealed by NAC-conferred protective 

effect (Capela et al., 2006a; Capela et al., 2007b), thus evidencing a major role for 

oxidative stress-related mechanisms in the pathogenesis of MDMA. 

Our studies also demonstrated that SH-SY5Y differentiated cells exposed to MDMA for 

48h, under normothermic conditions, presented a significant reduction in intracellular 
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glutathione content. MDMA-induced glutathione depletion has already been reported in 

non-neuronal cells, including isolated rat (Beitia et al., 1999; Carvalho et al., 2004b) and 

mouse (Carvalho et al., 2001) hepatocytes. However, in our study, MDMA metabolites 

triggered an increase in intracellular glutathione content, which corroborates our results 

obtained in the synaptosome model. Many conditions are known to change glutathione 

homeostasis, namely oxidative stress, which may activate cellular defense systems, 

resulting in increased GSH levels (Godwin et al., 1992; Shi et al., 1994). In accordance, 

similar results were demonstrated by previous studies performed in SH-SY5Y cells after 

exposure to neurotoxic insults mediating oxidative stress (Núñez et al., 2004; Aguirre et 

al., 2007), including the catechol MDMA metabolites α-MeDA and N-Me-α-MeDA (Ferreira 

et al., 2013).  

It is important to analyze the rational of concentrations of the tested componds in order 

to support the translation of the data to the animal and human scenario. The 

concentrations of MDMA used in the present studies (manuscripts 1, 2 and 3) are in 

accordance with previous in vitro studies (Simantov and Tauber, 1997; Chipana et al., 

2008b; Rozas et al., 2012; Capela et al., 2013). Similarly to MDMA, several in vitro studies 

have also used MDMA metabolites at the range of concentrations similar to those tested 

in our studies (Capela et al., 2006a; Capela et al., 2007b; Escubedo et al., 2011; Ferreira 

et al., 2013). In a human controlled study, following a single 100 mg oral dose of MDMA, 

N-Me-α-MeDA reached plasma concentrations (154.5 µg/L) similar to those observed for 

MDMA (181.6 µg/L) (Segura et al., 2001). Furthermore, some reports suggest that MDMA 

metabolites may accumulate into the brain following a multiple dosage regimen that is 

often used in animal studies (Jones et al., 2005; Erives et al., 2008) to mimetize the 

pattern of MDMA abuse by humans. On the other hand, some environmental conditions 

have also been shown to influence the MDMA’s brain levels in vivo, as observed in mice, 

in which restraint, cold stress or co-administration of ethanol raised striatal concentrations 

of MDMA by 3- to 7-fold (Johnson et al., 2004). Additionally, since the evaluation of 

mechanistic interactions of MDMA and its metabolites, at molecular and cellular level, is 

more easily demonstrated by using a high concentration approach, our initial studies were 

performed according to this background.  

Despite this, in addressing the role of metabolism in the context of MDMA-induced 

neurotoxicity, some studies have demonstrated that MDMA and its metabolites, including 

catechol precursors and corresponding GSH and NAC conjugates, co-exist in the brain 

following peripheral administration of MDMA (Chu et al., 1996; Jones et al., 2005; Erives 

et al., 2008). Therefore, it is expected that the neurotoxic effects of MDMA may result from 

a combined effect of the parent compound and its metabolites. Accordingly, our next 

hypothesis tested was that the combined effects of MDMA and its metabolites, at low 
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micromolar concentrations that may be attained in vivo, may induce neurotoxicity in vitro 

(manuscript 4). 

 In rats, after oral administration of MDMA (20 mg/Kg), high concentrations of the drug 

were found in the brain (17.17 nmol/g brain) (Mueller et al., 2009). In the same way, 

following s.c. injection of MDMA to rats (from 5 to 20 mg/Kg), its brain and plasma 

concentrations ranged from 0.74 to 147.65 nmol/g brain and from 0.00 to 15.78 µM, 

respectively (Chu et al., 1996), showing, therefore, that brain accumulation of MDMA is 

clearly favored. Additionally, the combined concentration of 4 thioether metabolites in rat 

striatal dialysate reached a maximum of 13 µM, which remained relatively unchanged for 

approximately 4h after exposure to MDMA (20 mg/kg, s.c., four times at 12-h intervals) 

(Erives et al., 2008). Knowing that the lack of metabolic competence (CYP450-mediated 

metabolism) constitutes one of the most important limitations of in vitro neuronal models 

(Ferguson and Tyndale, 2011), how can be determined, in vitro, whether MDMA and its 

metabolites act in a combined manner in developing neurotoxic effects? To answer this 

question, we performed studies with MDMA and 6 of its major metabolites, α-MeDA, N-

Me-α-MeDA, 5-(GSH)-α-MeDA, 5-(GSH)-N-Me-α-MeDA, 5-(NAC)-α-MeDA and 5-(NAC)-

N-Me-α-MeDA, as a mixture. This approach circumvents the limitation of the use of in vitro 

neuronal models for studies with drugs in which systemic metabolism greatly contributes 

to their effects at brain level. Thus, the mixture composition was fixed at equal 

concentrations of 10 or 20 µM for each compound, and its effects, in SH-SY5Y 

differentiated cells, were assessed after 24 or 48h of exposure.  

Incubation of SH-SY5Y differentiated cells with the mixture of MDMA and its 

metabolites, each compound at 10 or 20 µM, for periods of 24 or 48h, resulted in 

significant toxicity, as revealed by the MTT reduction and LDH release assays. 

Furthermore, when tested alone, and at the same concentrations that are present in the 

mixture, MDMA and its metabolites elicited non-significant or minor effects on cell viability, 

agreeing, therefore, with the hypothesis that a combined effect among parent compound 

and metabolites may be involved on MDMA´s neurotoxic actions.  

Our experiments also showed that the toxicity of the mixture of MDMA and its 

metabolites was potentiated by hyperthermia (40ºC) and NAC fully protected SH-SY5Y 

differentiated cells against the toxic effects, at both normothermic and hyperthermic 

conditions. In this work, such as initially observed in SH-SY5Y differentiated cells exposed 

to the catechol MDMA metabolite N-Me-α-MeDA (manuscript 3), the toxicity elicited by the 

mixture of MDMA and its metabolites was accompanied by caspase 3 activation. Indeed, 

increased caspase 3 activation was previously reported in cultured rat cortical (Capela et 

al., 2007a), hippocampal (Capela et al., 2013) and cerebellar granule (Jiménez et al., 

2004) neurons exposed to MDMA. Furthermore, increased caspase 3 activity was also 
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observed in SH-SY5Y undifferentiated cells exposed to N-Me-α-MeDA (Felim et al., 2009) 

and in cultured rat cortical neurons exposed to NAC-conjugated metabolites of MDMA 

(Capela et al., 2007b). In addition, a previous study also demonstrated caspase 3 

activation in mice amygdala and HIP after MDMA administration in vivo (Tamburini et al., 

2006).  

In our studies in SH-SY5Y differentiated cells, by inhibiting DAT-mediated transport the 

toxicity of the mixture of MDMA and its metabolites was not significantly modified. This 

result indicated that the toxicity induced by this mixture relied on DAT-independent 

mechanisms. Though MDMA is known to modulate DAT function (Itzhak et al., 2003; 

Verrico et al., 2007), an independence on DAT-uptake system in the toxic effects elicited 

by high concentrations of catechol MDMA metabolites α-MeDA and N-Meα-MeDA was 

previously reported (Ferreira et al., 2013). From this, it may be hypothesized that MDMA 

metabolites may access the cell through other mechanisms or, even, activate extracellular 

pathways or promote the generation of toxic reactive species outside the cell, which may 

trigger intracellular injury. These postulated hypotheses are strengthened by the low 

concentrations of MDMA metabolites that we demonstrated to be attainable inside of the 

cells following different times of exposure (manuscript 3). 

Our studies clearly demonstrated a time-dependent ROS formation in SH-SY5Y 

differentiated cells exposed to the mixture of MDMA and its metabolites, corroborating, 

therefore, our previous findings observed in mouse brain synaptosomes exposed to 

MDMA metabolites. In accordance, other studies showed increased ROS production in 

cultured rat cortical neurons exposed to the MDMA metabolites 5-(GSH)-N-Me-α-MeDA, 

5-(NAC)-α-MeDA and 5-(NAC)-N-Me-α-MeDA (Capela et al., 2007b). Furthermore, 

MDMA metabolites 5-(GSH)-α-MeDA and 2,5-(GSH)-α-MeDA and, to a lesser extent, 

MDA and MDMA, induced a concentration- and time-dependent increased ROS formation 

in both human SERT- and human DAT-transfected SK-N-MC cells (Jones et al., 2004). 

Therefore, the increased ROS formation in the brain of rats administrated with MDMA 

reported by several studies (Colado et al., 1997; Colado et al., 1999; Shankaran et al., 

1999a) suggests that a combined effect of parent compound and metabolites may 

contribute to this effect. 

Our study also demonstrated that the mixture of MDMA and its metabolites induced 

significant increases in intracellular total glutathione content in SH-SY5Y differentiated 

cells. This corroborates our results obtained in the synaptosome model with MDMA 

metabolites and monoamine neurotransmitters, as well as in SH-SY5Y differentiated cells 

exposed to each MDMA metabolite alone. In synaptosomes, an uptake mechanism from 

the incubation medium was associated with the increased intrasynaptosomal total 

glutathione content. However, in SH-SY5Y differentiated cells, the increase in intracellular 
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total glutathione levels elicited by the mixture of MDMA and its metabolites resulted from a 

de novo GSH synthesis, as ascertained in our experiments with BSO. Despite this, in non-

neuronal cells, it was previously reported that both MDMA and its metabolites induced 

GSH depletion associated with increased GSSG levels (Carvalho et al., 2004a; Carvalho 

et al., 2004b). Particularly, SH-SY5Y cells present highly efficient mechanisms for GSSG 

extrusion, such as the MRP1 transporter (Aguirre et al., 2007). Furthermore, since 

intracellular GSSG is maintained at extremely low levels, as a result of the MRP1 activity, 

the intracellular regulation of GSH synthesis may be impaired. Thus, in the absence of 

normal feedback mechanisms, uncontrolled GSH synthesis may occur. In accordance, 

impaired regulation of GSH synthesis was previously reported in SH-SY5Y cells exposed 

to 6-hydroxydopamine (Tirmenstein et al., 2005). Additionally, in our experiments, SH-

SY5Y differentiated cells exposed to BSO alone presented lower intracellular levels of 

GSH than control cells. Since GSH synthesis was inhibited, this reduction may be 

explained by GSH conversion to GSSG, which is efficiently extruded by MRP1 

transporter. Therefore, the increase in intracellular glutathione content that we observed in 

SH-SY5Y differentiated cells exposed either to each MDMA metabolite alone (manuscript 

3) or to the mixture of MDMA and its metabolites (manuscript 4), more than related to the 

toxic effects of MDMA metabolites, may result from particular characteristics of this 

experimental model. Corroborating this hypothesis are previous studies demonstrating, in 

the same expriemental model, an increase in intracellular total glutathione content when 

other experimental paradigms were used (Núñez et al., 2004; Tirmenstein et al., 2005; 

Aguirre et al., 2007; Ferreira et al., 2013). 

In this study, we also observed an increase in intracellular Ca2+ levels in SH-SY5Y 

differentiated cells exposed to the mixture of MDMA and its metabolites. In line with this 

result, a sustained increase in intracellular Ca2+ levels was also previously reported in 

PC12 cells exposed to MDMA (Garcia-Ratés et al., 2010). Furthermore, in neurons, a 

correct Ca2+ homeostasis is likely to contribute to the proper neuronal function and survival 

(Oliveira et al., 2006; Oliveira and Gonçalves, 2009). In addition, since Ca2+ acts as a key 

second messenger in intracellular cascades, sustained intracellular Ca2+ accumulation has 

been implicated as a trigger for neuronal degeneration (Tymianski et al., 1993; Oliveira et 

al., 2006) and neurotoxicity (Xu et al., 2013). Nevertheless, when we used the selective 

intracellular Ca2+ chelator BAPTA acetoxymethyl ester (BAPTA/AM), the toxicity of the 

mixture of MDMA and its metabolites in SH-SY5Y differentiated cells was not significantly 

modified. Therefore, this suggests an independence on Ca2+-regulated intracellular 

pathways in the toxicity of the mixture of MDMA and its metabolites in SH-SY5Y 

differentiated cells. 
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Although our studies in mouse brain synaptosomes and SH-SY5Y differentiated cells 

helped in clarifying the mechanistic basis involved in MDMA-associated neurotoxicity, to 

better explore the pathways involved at molecular and cellular level we employed further 

studies in primary neuronal cultures from mice HIP (manuscripts 5 and 6). 

III.1.3  Studies in cultured hippocampal neurons 

In the cellular world, neurons are unique, possessing a characteristic morphology with 

extensive neuritic projections, existing in a postmitotic state, and depending on 

mitochondrial respiration as their primary source of energy production (90% of the 

neuronal ATP is generated by mitochondria) (Van Laar and Berman, 2013). Failure to 

maintain this bioenergetic status is suggested to play a primary role in neuronal death and 

disease (Lin and Beal, 2006). Preserving health in this existence is dependent upon the 

proper maintenance of a healthy population and distribution of functional mitochondria. In 

neurons, mitochondria are highly dynamic organelles that, by undergoing fusion and 

fission events, are efficiently translocated along the neuronal processes, frequently 

changing direction, pausing or switching to persistent docking (Kang et al., 2008; 

MacAskill and Kittler, 2010; López-Doménech et al., 2012; Plucińska et al., 2012; Sheng 

and Cai, 2012). Additionally, these dynamic processes are tightly regulated by a 

multiplicity of factors, including cytosolic Ca2+ (Cereghetti et al., 2008; Saotome et al., 

2008; Macaskill et al., 2009b; Wang and Schwarz, 2009). A schematic representation of 

mitochondrial fusion, fission and transport in neurons is illustrated in Figure 12. 

The neuritic mitochondrial population is tasked to provide energy for synaptic 

development and function, as well as for all processes that occur out of the cell body 

(Mironov, 2009). Furthermore, multiple studies have demonstrated that the deregulation of 

fusion, fission or transport greatly alters synapse formation and function (Li et al., 2004; 

Verstreken et al., 2005; Li et al., 2008). Therefore, a correct mitochondrial distribution, by 

allowing the supply of specific energetic needs in all sites of the cell, is critical for proper 

neuronal morphology and function. 

In recent years, a more detailed picture has emerged about the cellular mechanisms 

ensuring mitochondrial integrity and their relevance for neuronal degeneration. In the field 

of MDMA’s research, there is a general consensus that mitochondrial-dependent 

pathways can provide a major understanding concerning pathological processes 

underlying drug’s neurotoxicity (Quinton and Yamamoto, 2006; Alves et al., 2007; Alves et 

al., 2009a; Alves et al., 2009b; Puerta et al., 2010). Administration of a neurotoxic binge 

dose of MDMA (10 mg/kg, i.p., four times, at 2-h intervals), to an adolescent rat model, 

induced long-term modifications in brain mitochondria, as evidenced by increased lipid 
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peroxidation, protein carbonylation (Alves et al., 2007; Alves et al., 2009a; Alves et al., 

2009b), deletions on mtDNA and reduced expression of the subunit II of mitochondrial 

complex I and subunit I of complex IV (Alves et al., 2007; Alves et al., 2009a). 

Furthermore, in rat striatum, MDMA (10 mg/kg, i.p., 4 times, at 2-h intervals) was also 

shown to cause an inhibition of mitochondrial complexes I and II (Quinton and Yamamoto, 

2006). In addition, MDMA-induced dopamine depletion in mice striatum was associated 

with decreased activity of the mitochondrial complex I (Puerta et al., 2010). Therefore, 

these data suggest that MDMA-induced neurotoxicity may involve compromised 

mitochondrial function, such as it has been suggested in liver (Beitia et al., 1999; Pontes 

et al., 2008b; Pontes et al., 2008c; Nakagawa et al., 2009; Custódio et al., 2010).  

 

 

  
Figure 12. Mitochondrial fusion, fission and transport in neurons.  
Mitochondrial are highly dynamic organelles, which must be transported, often to considerable distances, from 
their sites of synthesis in the neuronal soma, to axons and dendrites. Long-range transport of mitochondria is 
mainly regulated by motor proteins along the microtubules. In axons, anterograde mitochondrial transport is 
mediated by kinesin motors, linked to the mitochondrial outer membrane protein Miro through the adaptor 
proteins TRAK1/TRAK2 [A]. Axonal transport of mitochondria in retrograde direction is mediated by 
cytoplasmic dynein motors [B]. Microtubule-associated protein Tau, by assembly and maintenance of 
microtubules, plays a major role on mitochondrial trafficking control. Its phosphorylation status, which is highly 
dependent on the glycogen synthase 3β (GSK3β) activity, is critical in regulating mitochondrial transport [C]. 
By controlling organelle size and shape, mitochondrial fusion/fission events play also a major role on 
mitochondrial trafficking control. Mitochondrial fusion is mediated by mitofusin 1 (Mfn1), mitofusin 2 (Mfn2) and 
optic atrophy 1 (OPA1) proteins. Mfns are involved in outer mitochondrial membrane fusion, whereas OPA1 
mediates fusion of the inner mitochondrial membrane [D]. Mitochondrial fission is mediated by dynamin-
related protein 1 (Drp1). When mitochondrial fission is stimulated, Drp1 is dephosphorylated by calcineurin 
(Ca2+-regulated event), which translocates to mitochondria, thus promoting, via adaptors mitochondrial fission 
protein 1 (Fis1) and/or mitochondrial fission factor (Mff), mitochondrial fission [E]. 
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Therefore, based on the following outcomes: 

(1) MDMA-induced neurotoxic effects involve mitochondrial injury (Alves et al., 2007; 

Alves et al., 2009a; Alves et al., 2009b; Puerta et al., 2010), in which mitochondrial 

bioenergetics may be compromised; 

(2) Defective mitochondrial bioenergetics is suggested to play a primary role in 

neuronal death (Lin and Beal, 2006); 

(3) Bioenergetic condition, in part, regulates and even drives the fusion/fission balance 

of mitochondrial dynamics (Rossignol et al., 2004; Twig et al., 2008b); 

(4) Alterations in mitochondrial dynamics can also alter the bioenergetic status of both 

individual mitochondria and of the cell (Barsoum et al., 2006; Palau et al., 2009; Van 

Bergen et al., 2011); 

 (5) A correct balance between fusion and fission events are crucial in sustaining the 

robust mitochondrial structure and function and to a correct transport of mitochondria over 

long distances (Amiri and Hollenbeck, 2008; Saxton and Hollenbeck, 2012; Itoh et al., 

2013); 

 (6) The maintenance of a healthy population and distribution of functional mitochondria 

are critical for proper neuronal function and survival (Millecamps and Julien, 2013), 

 

it is likely to assume that neurons and their mitochondria depend on an intricate balance 

between mitochondrial bioenergetics and dynamics, raising, thereby, the following 

hypothesis: Is neuronal mitochondrial dynamics affected by MDMA?  

To address this hypothesis we studied the putative deleterious effects of MDMA and its 

metabolites on mitochondrial dynamics, using cultured mice hippocampal neurons as 

experimental model (manuscripts 5 and 6). MDMA use appears to be associated with 

cognitive impairments and dysfunction of inhibitory circuits in the HIP (Jacobsen et al., 

2004). Accordingly, many human and animal studies emphasize that HIP is particularly 

vulnerable to MDMA’s actions (Ricaurte et al., 1988b; Fornai et al., 2001; Gouzoulis-

Mayfrank et al., 2003; Itzhak et al., 2003; Busceti et al., 2008). Therefore, cultured 

hippocampal neurons constitute a suitable model to betther understand the effects of 

MDMA on mitochondrial dynamics and their implications in pathological processes 

underlying neurotoxicity. Primary hippocampal cultures obtained from embryos contain a 

more homogeneous neuronal population, constituted essentially by pyramidal neurons 

(low content in dentate granule cells and interneurons) (Herculano-Houzel, 2011), thus 

allowing to obtain a more homogeneous experimental response. Additionally, this system 

has been widely used as in vitro experimental model to study mitochondrial dynamics in 

situ (MacAskill et al., 2009a; Macaskill et al., 2009b; Clayton et al., 2012; Fang et al., 

2012; López-Doménech et al., 2012). Thus, based on our previous studies, the effects 
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either of MDMA alone or of the mixture of MDMA and its metabolites on neuronal 

mitochondrial dynamics were studied, following a short (90 min) or a long (24h) period of 

exposure.  

Exposure to a non-cytotoxic concentration of MDMA (1.6 mM), for 90 min, dramatically 

reduced mitochondrial trafficking along axonal processes of cultured hippocampal 

neurons, in a time-dependent manner, which was correlated with increased mitochondrial 

fragmentation. Furthermore, a similar reduction in mitochondrial trafficking and increased 

mitochondrial fragmentation was also demonstrated in hippocampal neurons exposed to 

the non-cytotoxic mixture of MDMA and its metabolites, each compound at 10 µM, for 24h 

(the same time-point used in our studies performed in SH-SY5Y differentiated cells). The 

20 µM mixture revealed to be much toxic to the cultures (MTT reduction assay), thus 

invalidating further studies of mitochondrial transport. Since high energy demands and the 

requirement to maintain cellular homeostasis at sites distant to the cell body make 

neurons particularly vulnerable to mitochondrial dysfunction (Itoh et al., 2013), it has been 

suggested that disrupted mitochondrial translocation may contribute to the 

pathophysiology of neuronal injury (Deheshi et al., 2013). In addition, other evidences 

indicate that terminal axons and cell body may be damaged independently and by distinct 

mechanisms (Lee et al., 2012b). Therefore, considering that the selective loss of nerve 

terminals is a characteristic marker of the MDMA-associated neurotoxicity (Capela et al., 

2009), these findings provide a new possible explanation about the putative mechanisms 

involved in acute- and long-term effects of MDMA into the brain.  

A functional link between mitochondrial neuronal trafficking control and intracellular 

Ca2+ levels has been established (Rintoul et al., 2003; Chang et al., 2006; Macaskill et al., 

2009b; Wang and Schwarz, 2009). An elevation on cytosolic Ca2+ efficiently inhibited 

mitochondrial transport along neuronal processes of hippocampal neurons (Macaskill et 

al., 2009b; Wang and Schwarz, 2009). Additionally, recent studies identified Miro, a Rho 

GTPase protein anchored in the outer mitochondrial membrane with two EF hand Ca2+-

binding domains (Fransson et al., 2006), as a Ca2+ sensor in regulating mitochondrial 

mobility (Saotome et al., 2008; Macaskill et al., 2009b; Wang and Schwarz, 2009). 

Similarly to the effect that we observed in SH-SY5Y differentiated cells exposed to the 

mixture of MDMA and its metabolites, in cultured hippocampal neurons MDMA triggered a 

time-dependent increase in intracellular Ca2+ levels, both in the cell body and neuronal 

extensions. Thus, by transfecting hippocampal neuronal cultures with wild-type Miro1 

protein or a mutant form (Miro1 ΔEF) lacking the EF hand Ca2+-binding domains, the 

involvement of Ca2+-regulated Miro-dependent mechanisms on the mitochondrial 

trafficking deficits elicited by MDMA were explored. With this approach, we demonstrated 
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an independence on Miro1 regulatory functions through cytosolic Ca2+ in MDMA-induced 

mitochondrial trafficking impairment. 

Besides cytosolic Ca2+, many other regulators of mitochondrial transport have been 

described, including Tau protein (Morel et al., 2010; Vossel et al., 2010). In our studies, by 

using Tau-null hippocampal neurons obtained from Tau knockout embryos, it was 

demonstrated a partial dependence on Tau protein for the effects of MDMA on 

mitochondrial trafficking, by a phosphorylation mechanism involving GSK3β. Indeed, 

MDMA was previously shown to induce a time-dependent increase in Tau phosphorylation 

in mice HIP, in which a dependence on GSK3β activity was also established (Busceti et 

al., 2008).  

Although many reports have recognized a pivotal role for Tau protein in regulating 

mitochondrial movement (Mandelkow et al., 2004; Darios et al., 2005; Vossel et al., 2010), 

involving GSK3β (Morel et al., 2010; Llorens-Martín et al., 2011), different mechanisms 

have been proposed. Some studies associated increased Tau phosphorylation with 

improved mitochondrial transport (Mandelkow et al., 2004; Llorens-Martín et al., 2011). 

Therefore, from these studies it was suggested the existence of a competition mechanism 

between motor proteins and Tau for interaction with the microtubule surface. On the other 

hand, other reports established a causal link between increased Tau phosphorylation and 

impaired mitochondrial movement (Morel et al., 2010; Hongo et al., 2012), which 

suggested an alternative model in regulating mitochondrial transport by Tau protein, i.e., 

increased Tau phosphorylation leads to impaired mitochondrial transport by microtubule 

destabilization. Our results indicate an association between MDMA-induced increased 

Tau phosphorylation and defective mitochondrial transport, thus corroborating this last 

mechanism. However, we found a lower dependence on Tau regulatory functions on 

mitochondrial trafficking deficits elicited by the mixture of MDMA and its metabolites in 

cultured hippocampal neurons. These results suggest the existence of small mechanistic 

differences between MDMA alone, at a high concentration, and the mixture of MDMA and 

its metabolites, at low micromolar concentrations, which constitutes a more real 

approximation of the in vivo scenario. Additionally, these results also suggest that other 

mechanisms instead of Tau protein may be involved on the reported mitochondrial 

trafficking deficits. 

Our observations linking impaired mitochondrial transport to increased mitochondrial 

fragmentation suggest that mitochondrial fusion/fission machinery may be involved on the 

reported mitochondrial trafficking deficits. Indeed, the existence of a correct balance 

between fusion and fission events appears to be critical in sustaining a correct transport of 

mitochondria over long distances (Amiri and Hollenbeck, 2008; Saxton and Hollenbeck, 

2012; Itoh et al., 2013). We demonstrated that the over-expression of functional Mfn2 in 
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hippocampal neurons almost completely rescued the mitochondrial trafficking deficits 

elicited by MDMA, whereas for the mixture of MDMA and its metabolites a complete 

rescue was observed. Indeed, Mfn2 was previously shown to interact with the 

components of the mitochondrial transport apparatus (Misko et al., 2010). In agreement, 

studies in Mfn2-null neurons showed a marked reduction on mitochondrial density in their 

dendrites (Chen et al., 2007a) and impaired mitochondrial transport along their axonal 

processes (Misko et al., 2010). Additionally, in hippocampal neurons over-expressing 

Mfn2 R94Q, a CMT2A mutant protein with impaired fusion and transport properties 

(Detmer and Chan, 2007; Misko et al., 2010), we demonstrated that the mitochondrial 

trafficking deficits induced either by MDMA or by the mixture of MDMA and its metabolites 

were not rescued. In accordance, a previous study showed that the over-expression of 

Mfn2 R94Q did not recover the mitochondrial transport abnormalities observed in Mfn2-

null neurons (Misko et al., 2010; Misko et al., 2012). Therefore, since in our studies 

functional Mfn2 was required to reverse the effects either of MDMA or of the mixture of 

MDMA and its metabolites on mitochondrial transport, these data suggest that an 

alteration in fusion mechanisms may be involved on these effects. To confirm this 

hypothesis, we performed experiments with cultured hippocampal neurons over-

expressing Drp1 K38A, a mutant Drp1 construct that down-regulates mitochondrial fission 

(Zhao et al., 2011). Using this approach, we demonstrated a partial rescue of the 

mitochondrial trafficking impairment induced either by MDMA or by the mixture of MDMA 

and its metabolites. Since Drp1 K38A mutant inhibits endogenous fission without affecting 

mitochondrial fusion (Zhao et al., 2011), these data also support a role for fission events in 

MDMA- and mixture-regulated phenotypes. In line with this, previous studies associated 

impaired synaptic formation and function, resulting from reduced mitochondrial 

translocation to the synaptic terminals, with Drp1 inhibition (Li et al., 2004; Verstreken et 

al., 2005). Furthermore, a role for fission events on mitochondrial transport was also 

reported in Drp1-null neurons, since their large and spherical mitochondria were 

exclusively localized in the cell body (Kageyama et al., 2012). Therefore, our experiments 

with hippocampal neurons over-expressing fusion/fission proteins indicated that Mfn2 and 

Drp1 largely mediated the mitochondrial trafficking deficits induced either by MDMA or by 

the mixture of MDMA and its metabolites. Additionally, these experiments, in association 

with the increased mitochondrial fragmentation observed, also suggest that MDMA and 

the mixture of MDMA and its metabolites may alter the fusion/fission mitochondrial 

equilibrium. Taking into account the above referred findings, a mechanistic pathway for 

MDMA-induced deregulation of mitochondrial neuronal trafficking is illustrated in Figure 

13. The present findings provide new data supporting a role for mitochondrial dynamics on 

neuronal effects of MDMA.  
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Figure 13. Postulated mechanisms for the mitochondrial trafficking impairment induced by MDMA in 
hippocampal neurons.  
MDMA impairs axonal transport of mitochondria, in both anterograde and retrograde directions [1], though the 
velocity is only affected in anterograde direction. Intracellular Ca2+ raises, both in the cell body and neuronal 
extensions [2], are associated with the transport deficits induced by MDMA, though these effects most likely 
rely on Miro1-independent mechanisms [2]. Nevertheless, MDMA increases Tau phosphorylation in residue 
Threonine181 [3], which contributes partially to its effects on mitochondrial neuronal trafficking, most likely due 
to microtubules destabilization [4]. This increase in Tau phosphorylation promoted by MDMA appears to be 
mediated by glycogen synthase 3β (GSK3β) [5]. Furthermore, MDMA increases mitochondrial fragmentation. 
Over-expression of functional mitofusin 2 (Mfn2) or dynamin-related protein 1 (Drp1) K38A, a Drp1 construct 
that down-regulates mitochondrial fission, partially rescue the trafficking deficits elicited by MDMA. However 
over-expression of Mfn2 R94Q, a Charcot-Marie-Tooth neuropathy 2A  (CMT2A) mutant protein with impaired 
fusion and transport properties, does not recover the MDMA´s mitochondrial phenotype, indicating that MDMA 
may alter mitochondrial fusion/fission mechanisms [6] and, thus, compromise mitochondrial transport. 

 
 

Neurons, perhaps more than any other cell types, depend on mitochondrial trafficking 

for their survival. Thus, an incorrect distribution of mitochondria may be a critical problem 

for the correct neuronal functioning (Schwarz, 2013). By controlling organelle size and 

shape, mitochondrial fusion and fission also facilitate the efficient microtubule-mediated 

active transport of mitochondria into the long dendritic and axonal extensions of neurons 

(Jahani-Asl et al., 2010; Qi et al., 2012). Therefore, impaired mitochondrial transport may 

result in defective mitochondrial location at synaptic terminals, affecting the proper 

synaptic functionality and integrity (Li et al., 2004; Verstreken et al., 2005). Notably, the 

loss of serotonergic terminals in MDMA-administrated rats is by far the most studied 

neurotoxic event (Rudnick and Wall, 1992; Capela et al., 2009). Nevertheless, long-term 

degenerative effects were also seen in other species, including non-human primates 
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(Ricaurte et al., 1988b; Insel et al., 1989). In addition, defective mitochondrial transport 

has been implicated in the pathogenesis of several neurodegenerative diseases (Calkins 

et al., 2011; Shirendeb et al., 2011; Exner et al., 2012; Sheng and Cai, 2012; Shirendeb et 

al., 2012; DuBoff et al., 2013; Itoh et al., 2013), which are also characterized by loss of 

neuronal tissue. 

On the other hand, cell culture studies have demonstrated that excessive mitochondrial 

fragmentation play an active role in apoptosis (Frank et al., 2001; Estaquier and Arnoult, 

2007; Pereira et al., 2010), autophagic cell death (Barsoum et al., 2006; Twig et al., 

2008a; Twig et al., 2008b) and necrosis (Wang et al., 2012b; Zhou et al., 2012). Impaired 

mitochondrial fragmentation triggered by some neurotoxicants, like rotenone or MPP+, has 

been associated with cell death in neuronal cultures (Büeler, 2009; Wang et al., 2011a; Qi 

et al., 2012). Accordingly, a reduction in mitochondrial fission results in longer and more 

interconnected mitochondrial tubules, thus preventing the cell death (Barsoum et al., 

2006; Yuan et al., 2007). Additionally, alterations in mitochondrial morphology affect 

functional interactions with the endoplasmic reticulum and trigger an altered mitochondrial 

function. Severe damage or the permanent failure of mitochondrial surveillance 

mechanisms, as it occurs in several neurodegenerative disorders, may ultimately result in 

a collapse of the mitochondrial network and neuronal death (Rugarli and Langer, 2012).  

Therefore, the results presented in this thesis, indicating defective mitochondrial 

fusion/fission and trafficking along axonal processes of cultured hippocampal neurons, 

may add an important understanding about the real mechanisms involved in MDMA-

induced degeneration of nerve terminals and neuronal death, though, clearly, much 

remains to be learned about this cascade of events. 
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III.2 Main Conclusions 

The recognition of the mechanisms involved on the neuronal degeneration and death 

triggered by drugs of abuse are, clearly, of special interest. Despite the emerging number 

of data over the last years concerning the potential of MDMA to induce neuronal 

dysfunction, degeneration and loss, the mechanistic basis at molecular and cellular level 

are still not completely understood. The studies described in this thesis aimed to 

contribute to a better understanding of the role of metabolism, hyperthermia and 

monoamine neurotranmitters on MDMA’s neurotoxicity, with special emphasis on 

mitochondrial-dependent pathways. Therefore, from the studies performed in the scope of 

this thesis, the following main conclusions may be taken: 

► MDMA metabolites and monoamine neurotransmitters were more toxic than the 

parent compound MDMA to mouse brain synaptosomes, after short incubation periods 

(until 3h). The toxic effects involved H2O2 formation, in a concentration- and time-

dependent manner, which was independent on mitochondrial pathways and partially 

rescued by antioxidants. MAO-mediated metabolism contributed to the H2O2 formation 

induced by monoamine neurotransmitters. 

► The toxic effects induced by MDMA metabolites and monoamine neurotransmitters 

in mouse brain synaptosomes involved modifications on synaptosomal GSH turnover and 

increased lipid peroxidation, protein carbonylation and quinoproteins formation, though did 

not ensue in modifications on mitochondrial polarization status. 

► MDMA metabolites and monoamine neurotransmitters induced an increase on the 

Na+/K+ ATPase activity in mouse brain synaptosomes, which is partially attenuated by 

NAC, supporting, therefore, a role for ROS-regulated pathways. This is the first report 

demonstrating a modulation of the Na+/K+ ATPase activity by MDMA metabolites. 

► MDMA metabolites were more toxic than the parent compound MDMA to SH-SY5Y 

differentiated cells, after long periods of exposure of 24 or 48h. The catechol metabolites 

α-MeDA and N-Me-α-MeDA induced cell death in a concentration- and time-dependent 

manner, which was potentiated by hyperthermia. GSH and NAC monoconjugates of α-

MeDA and N-Me-α-MeDA were more toxic than the catechol precursors and their toxicity, 

though concentration-dependent, was independent on the exposure time and differently 

modulated by hyperthermia. NAC protected against the toxicity of MDMA metabolites 
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► The concentration of MDMA metabolites in the cell culture medium decreased over 

time, an effect accelerated under hyperthermic conditions. In SH-SY5Y differentiated 

cells, MDMA metabolites were poorly accumulated in the intracellular compartment. 

► The mixture of MDMA and its metabolites, at low micromolar concentrations, 

induced toxicity to SH-SY5Y differentiated cells, in a time- and temperature-dependent 

manner, an effect fully protected by the antioxidant NAC and accompanied by caspase 3 

activation. As a mixture, MDMA and its metabolites present a different toxicity profile, 

compared to each compound alone, even at equimolar concentrations. 

► The toxicity of the mixture of MDMA and its metabolites in SH-SY5Y differentiated 

cells involved increased ROS formation, de novo synthesis of GSH and increased 

intracellular free Ca2+ levels. Nevertheless, a DAT-mediated uptake mechanism did not 

seem to be involved on the toxic effects elicited by this mixture. This is the first study to 

demonstrate, in vitro, that MDMA and its metabolites, at a range of concentrations with 

high relevance to the in vivo scenario, may act in a combined manner in developing 

neurotoxicity.  

► MDMA, as well as the mixture of MDMA and its metabolites, at non-cytotoxic 

concentrations, dramatically impaired mitochondrial trafficking along axonal processes of 

hippocampal neurons. 

► MDMA-induced mitochondrial trafficking arrest was linked to an over time increase 

in intracellular Ca2+ levels, both in the cell body and neuronal extensions of hippocampal 

neurons, though the MDMA’s mitochondrial trafficking phenotype relied on Miro1-

independent mechanisms. 

► MDMA-induced mitochondrial trafficking impairment was dependent on Tau protein, 

by a phosphorylation-dependent mechanism via GSK3β. The trafficking deficits triggered 

either by MDMA or by the mixture of MDMA and its metabolites were linked to increased 

mitochondrial fragmentation and largely depended on Mfn2 and Drp1 functions, thus 

supporting a role for fusion/fission events in MDMA- and mixture-regulated mitochondrial 

trafficking phenotype. These are the first studies to demonstrate that MDMA alters 

mitochondrial fusion/fission and trafficking in neurons, which may have considerable 

implications in MDMA-induced neuronal dysfunction, degeneration and neurotoxicity. 
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