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GENERAL 

 

Ecstasy (3,4-methylenedioxymethamphetamine, MDMA) is one of the most 

commonly used illegal substances in most countries worldwide, especially 

among adolescents and young adults. Consumption of ecstasy has become 

increasingly widespread during the last decade. The main component of 

ecstasy is ±3,4-methylenedioxymethamphetamine (MDMA), a ring-

substituted amphetamine derivative (figure 1). Ecstasy is most frequently 

taken as a tablet, although it is also consumed in other forms, e.g. as a 

powder or liquid.  

 
 Figure 1 Chemical structure of MDMA 

  

The popularity of ecstasy is due to its positive effects, which include the 

feeling of more energy, increased confidence and elevated mood and 

affection (Liechti et al., 2001; Parrott, 2001; Vollenweider et al., 1998). The 

increasing popularity of ecstasy has lead to concerns about the long-term 

adverse effects on users. Of particular concern from the public health 

perspective is the possible neurotoxic effect of ecstasy. Preclinical research 

indicates that ecstasy can result in substantial long-lasting reductions in 

biochemical markers in the brain, possibly reflecting neurotoxicity (for 

reviews see for example Green et al., 2003; Molliver et al., 1990). Although 

increasing evidence indicates that ecstasy can also be toxic for the human 

brain (Reneman et al., 2001; de Win et al., 2004; McCann et al., 2000; 
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Reneman et al., 2006; Turner & Parrott, 2000; Grob, 2002), studies aimed at 

this phenomenon suffer from methodological confounds (Lyvers, 2006).      

The ecstasy-induced neurotoxic effects might result in long-lasting 

changes in behavior. Clinical studies indicate that sub-acute/long-term 

effects of ecstasy include increased emotional behavior, such as hostility, 

impulsivity and aggression (Verheyden et al., 2002; Hoshi et al., 2004; Hoshi 

et al., 2006; Morgan, 1998; Parrott et al., 2000; Gerra et al., 2002; Curran et al., 

2004). Unfortunately, solid placebo controlled studies of the behavioral 

effects of ecstasy in humans are scarce. 

Considering the behavioral and the (potential) neurotoxic effects of ecstasy 

in more detail, individuals seem to differ considerably in the magnitude of 

the induced changes. While some humans are vulnerable for an increase in 

emotional behavior or changes in the serotonergic system, others seem to 

be more resistant (de Win et al., 2004; Reid et al., 2007).  

A number of factors, both intrinsic and extrinsic to the organism, might 

contribute to the observed individual variation in the response to ecstasy. 

Several issues are complicating the study of individual vulnerability in 

humans, such as consumption pattern, history of drug abuse, co-abuse of 

drugs and ambient temperature. The concentration of MDMA in ecstasy 

tablets is highly variable (Teng et al., 2006) and the number of tablets taken 

and frequency of ecstasy consumption may differ considerably between 

users (Butler & Montgomery, 2004)  In addition, ecstasy tablets often 

contain substances other than MDMA which are potentially harmful (Teng 

et al., 2006). Furthermore, ecstasy users differ in co-abuse of ecstasy with 

other drugs and in their history of drug abuse (Butler & Montgomery, 

2004).  

Intrinsic factors also might contribute significantly to the long-lasting 

behavioral and possible neurotoxic consequences of MDMA abuse. Some 
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studies suggest gender, personality and metabolic properties to play an 

important role (Reid et al., 2007; Reneman et al., 2001; O'Mathuna et al., 

2008). 

One of the major issues regarding the use of humans in MDMA research is 

that it is often not possible to separate the contribution of those extrinsic 

and intrinsic factors to the MDMA-induced neurobiological and behavioral 

changes. In contrast, preclinical research provides experimental control of 

all of the aforementioned extrinsic factors and allows for studying the 

contribution of intrinsic factors. Therefore, animal research can provide a 

significant contribution to understanding the consequences of MDMA 

abuse.  

In this thesis rats and mice are used in an experimental approach 

investigating both intrinsic and extrinsic factors that might contribute to the 

individual vulnerability to the long-term consequences of MDMA.  

 

History of MDMA 

MDMA was first synthesized in 1912 by Anton Kollisch (Benzenhofer & 

Passie, 2006) as a chemical intermediate in the synthesis of hydrastitine, an 

astringent to control bleeding. Merck patented MDMA in 1914 (Pentney, 

2001). 

In the 1950s, the US Army chemical center conducted toxicological studies 

which were declassified and published two decades later (Hardman et al., 

1973). Shortly thereafter, members of the mental health community began 

to explore the use of MDMA as an adjunct to psychotherapy. Since the mid 

1980s, MDMA has become popular as a recreational drug. In the seventies 

and eighties, the use of MDMA became restricted in several countries after 

reports that MDMA and MDMA analogues might cause serotonergic 

neurotoxicity (Ricaurte et al., 1985; Schmidt et al., 1986). Around the same 
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time it was discovered that the serotonergic system was the main site of 

action of MDMA (Nichols et al., 1982; Lyon et al., 1986). As a consequence 

the lasting effects on serotonergic neurotransmission have been the main 

focus of research since then. 

 

 

SEROTONERGIC SYSTEM 

 

Anatomy 

The serotonergic system is one of the most diffusely organized 

neurotransmitter systems of the brain. This evolutionary ancient system has 

much homology in function and anatomy across species (Miczek et al., 1989; 

Summers, 2001; Hoyer et al., 2002; Azmitia, 1999; Korzan et al., 2000). 

Serotonergic axons, projecting from the raphe nuclei, innervate virtually all 

regions of the central nervous system, including the forebrain and parts of 

the spinal cord. The raphe nuclei, located in the brain stem, consist of nine 

clusters of cell bodies (Dahlstrom & Fuxe, 1964). The majority of the 

ascending axons in the forebrain originate from cell bodies within the dorsal 

and median raphe nuclei (DRN and MRN, respectively), (reviewed by 

Pineyro & Blier, 1999; Jacobs & Azmitia, 1992). In rodents, two types of 

serotonergic axonal fibers can be distinguished. One type is a thin fiber, 

with small (less than 1µm in diameter) spindle-shaped varicosities. The other 

type is a relatively thick fiber (3-4 µm in diameter) and has rounded beaded-

shaped varicosities (Tork, 1990; Kosofsky & Molliver, 1987). It has been 

suggested that these thin fibers are particularly vulnerable to degeneration 

induced by substituted amphetamines including MDMA (O'Hearn et al., 

1988; Mamounas & Molliver, 1988). 
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Serotonin 

Serotonin (5-hydroxytryptamine; 5-HT) was first discovered in 1937 by 

Vittorio Erspamer as a vasoconstrictor present in the peripheral blood 

circulation. Two decades later, serotonin was shown to be present in the 

brain (Twarog & Page, 1953). Since then it has been studied in the central 

nervous system (CNS) of many species including invertebrates, fish, 

amphibians, reptiles and mammals. Serotonin is synthesized from the 

essential amino-acid tryptophan. Tryptophan is converted into 5-

hydroxytryptophan (5-HTP) by the rate limiting enzyme tryptophan 

hydroxylase (TPH). 5-HTP in turn is converted into 5-HT by the enzyme 5-

hydroxytryptophan decarboxylase. Intracellular, serotonin is stored in 

vesicles and after its release from the presynaptic terminal, serotonin is able 

to bind to a large variety of serotonin receptors. Several distinct serotonin 

receptor subfamilies, designated 5-HT1 to 5-HT7 have been characterized  

(for review see Barnes & Sharp, 1999). Serotonin is inactivated by uptake 

from the synaptic cleft into the presynaptic terminal by the serotonin 

transporter (SERT; 5-HTT) present in the cell membrane. Following 

uptake, serotonin can be restored into synaptic vesicles by interacting with 

the vesicular monoamine transporter (V-MAT) or it may be degraded 

enzymatically by monoamine oxidase-A (MAO-A) into 5-

hydroxyindoleacetic acid (5-HIAA) (Shih et al., 1999). 

 

 

ACUTE EFFECTS OF MDMA 

Administration of MDMA has acute effects on brain monoaminergic 

systems, behavior and physiology in rodents, non-human primates and 

humans. The studies in this thesis involve studies in rats and mice only and 

therefore the next sections will mainly focus on the effects of MDMA in 
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rodents. In this section the acute consequences of MDMA will be described 

in more detail.  

 

Action on serotonin 

Following systemic MDMA administration, its concentrations rise rapidly in 

the brain and in plasma (Colado et al., 1995; Fonsart et al., 2008; Chu et al., 

1996; Mas et al., 1999; Verebey et al., 1988). MDMA administration results in 

an acute increase in extracellular 5-HT levels in the brain (Gudelsky & 

Nash, 1996; Brodkin et al., 1993; Bankson & Yamamoto, 2004; Yamamoto 

et al., 1995; Gough et al., 1991; White et al., 1994). This release is thought to 

be mainly mediated by interaction of MDMA with the SERT. MDMA is 

transported into the serotonergic neuron via the SERT. This uptake of 

MDMA from the extracellular space into the intracellular space of the 

serotonergic axon terminal is coupled to a simultaneous release of 5-HT 

into the synaptic cleft (Gudelsky & Nash, 1996; Rudnick & Wall, 1992). 

Furthermore, MDMA treatment results in an inhibition of the activity of 

TPH in several brain areas within 15-30 minutes. Also a decrease in MAO-

A and MAO-B activity has been demonstrated (Stone et al., 1987c; Leonardi 

& Azmitia, 1994). Overall, the acute action of MDMA can be characterized 

as an immediate release of serotonin and a reduction in both synthesis and 

breakdown. 

 

 

Action on dopamine 

MDMA administration results in increased extracellular levels of dopamine 

(Yamamoto & Spanos, 1988; Yamamoto et al., 1995; Brodkin et al., 1993; 

Shankaran & Gudelsky, 1998; Bankson & Yamamoto, 2004; White et al., 

1994; Gough et al., 1991; Schmidt et al., 1994; Nash, 1990; Koch & 
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Galloway, 1997; Hiramatsu & Cho, 1990). The MDMA-induced increase in 

extracellular of dopamine is attenuated by dopamine transporter inhibitors 

(Nash & Brodkin, 1991; Shankaran et al., 1999b). Besides this carrier-

mediated release of dopamine, MDMA can also induce dopamine release 

via an action potential dependent process, as has been shown by the 

diminished MDMA-induced release of dopamine after administration of the 

sodium channel blocker tetrodotoxin TTX (Yamamoto et al., 1995). This 

impulse dependent process appears to depend on an interaction with 

serotonin acting on 5-HT2 receptors. Indeed, 5-HT2a agonists increase 

(Gudelsky et al., 1994) and 5-HT2a antagonists suppress (Nash, 1990; 

Schmidt et al., 1994; Yamamoto et al., 1995) the MDMA-induced dopamine 

release. The involvement of serotonin in the effect of MDMA on the 

dopaminergic system is also demonstrated by the fact that the selective 

serotonin reuptake inhibitor (SSRI) fluoxetine suppresses dopamine release 

stimulated by MDMA (Koch & Galloway, 1997; Gudelsky & Nash, 1996; 

Shankaran et al., 1999a). Most likely fluoxetine prevents the MDMA-induced 

serotonin release (Gudelsky & Nash, 1996), thereby removing the 

stimulatory influence of serotonin on MDMA-induced dopamine release. 

 

Body temperature  

In rodents, non-human primates and humans MDMA administration can 

result in an acute change in body temperature (Mallick & Bodenham, 1997; 

Dar & McBrien, 1996; Ferrie & Loveland, 2000; Green et al., 2004; 

Freedman et al., 2005; Fantegrossi et al., 2003; Carvalho et al., 2002; Nash, Jr. 

et al., 1988; Schmidt et al., 1990; Banks et al., 2007; Crean et al., 2007). 

Depending on ambient temperature and dosage of MDMA, a hypo- or 

hyperthermic response has been observed (Gordon et al., 1991; Green et al., 

2005; Jaehne et al., 2005; Malberg & Seiden, 1998; Dafters, 1994). Although 
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body temperature is mostly measured peripherally (Malberg et al., 1996; 

Malberg & Seiden, 1998; Colado et al., 1999b; Mechan et al., 2002a), other 

temperature measurements have demonstrated that MDMA can evoke a 

hyperthermic response in the brain as well (Brown & Kiyatkin, 2004). 

The MDMA-induced change in body temperature results from changes in 

thermogenesis. The hyperthermic response is generated by activation of 

uncoupling protein-1 (UCP-1), increasing heat generation and by decreasing 

heat loss through sympathetic activation (Blessing et al., 2006; Blessing et al., 

2003). The hypothermic response results from UCP-1 deactivation and 

decreased sympathetic activation, together producing heat loss (Rusyniak et 

al., 2008). 

Studies using pharmacological agents have demonstrated the involvement of 

5-HT2A but also dopamine D1 receptors in the hyperthermic response 

(Mechan et al., 2002a; Nash, Jr. et al., 1988; Schmidt et al., 1990; Herin et al., 

2005; Liechti et al., 2000; Blessing et al., 2003) , whereas the MDMA-evoked 

hypothermia is induced by activation of the 5-HT1A receptors (Rusyniak et 

al., 2007). 

 

Acute hyperactivity 

Administration of MDMA to rats can induce hyperactivity characterized by 

forward locomotion and elements of the serotonin behavioral syndrome 

(Gold et al., 1988; Shankaran & Gudelsky, 1999; Spanos & Yamamoto, 

1989). Rats display thigmotaxis, flattened body posture and reduced rearing 

in the vertical plane (Gold et al., 1988; Spanos & Yamamoto, 1989). 

Furthermore, rats show reciprocal forepaw treading and side-to-side head 

weaving which are stereotypic movements characteristic of the 5-HT 

syndrome (Hiramatsu et al., 1989). The presence of a hyper-locomotor 

response is dose-dependent and appears to be independent of ambient 
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temperature (Slikker, Jr. et al., 1989; Spanos & Yamamoto, 1989; Dafters, 

1994; McNamara et al., 1995; Herin et al., 2005; De Souza et al., 1997; 

Callaway et al., 1990). Several studies have indicated that 5-HT1B and 5-HT2A 

receptors facilitate, while 5-HT2C receptors suppress forward locomotion 

evoked by MDMA administration (Herin et al., 2005; Gold et al., 1988; 

Kehne et al., 1996; Fletcher et al., 2002; McCreary et al., 1999; Bankson & 

Cunningham, 2002) 

 

Behavior 

MDMA treatment results in an impairment of sexual behavior (Cagiano et 

al., 2008) and a decrease in aggressive behavior (Kirilly et al., 2006; Morley & 

McGregor, 2000; Navarro & Maldonado, 1999; Miczek & Haney, 1994). 

Furthermore, both an increase and a decrease in social interaction has been 

reported (Navarro & Maldonado, 1999; Thompson et al., 2008). MDMA has 

been demonstrated to induce anxiogenic effects in rats when tested in the 

elevated plus maze (Morley & McGregor, 2000). In mice, however, MDMA 

treatment has a U-shaped effect on anxiety (Lin et al., 1999; Maldonado & 

Navarro, 2000), with lower doses of MDMA producing acute anxiogenic 

effects and higher doses producing anxiolytic effects (Lin et al., 1999). 

 

Metabolism of MDMA  

Metabolism of MDMA occurs mainly in the liver. After a dose of 5 mg/kg, 

elimination half-life of MDMA is 46 minutes in brain microdialysate and 38 

minutes in blood microdialysate. Concentrations of MDMA have been 

shown to be higher in the brain than in blood (Chu et al., 1996; Tomita et al., 

2007). 



CHAPTER 1 

17 
 

 

 MDMA is metabolized into methylenedioxyamphetamine (MDA) and 3,4-

dihydroxymethamphetamine (HHMA) by respectively N-demethylation and 

O-demethylenation. MDA is converted into 3,4-dihydroxyamphetamine 

(HHA) by O-demethylenation. HHA and HHMA are converted into HMA 

and HMMA respectively, by O-methylation (figure 2).  

Figure 2 Metabolic pathway of MDMA in rats. From: Fonsart et al., (2008). 

 

In rats N-demethylation of MDMA leading to MDA is the main metabolic 

pathway, whereas in humans O-demethylenation of MDMA to HHMA 

predominates (de la Torre et al., 2004).  
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Summary 

Innervating almost all brain areas, serotonergic and dopaminergic neurons 

are involved in the regulation of a wide array of functions controlled by the 

CNS. The acute evoked release of serotonin and dopamine by MDMA 

result in changes in behavior and physiology, including hyperactivity, an 

increase or decrease in body temperature and changes in emotional 

behavior. In addition, MDMA is metabolised in the liver, resulting in the 

production of several metabolites. 

 

 

LONG-TERM EFFECTS OF MDMA 

 

Serotonergic system 

Several studies in laboratory animals have shown that MDMA can induce a 

lasting decrease in serotonin and 5-HIAA tissue levels in the brain, a 

reduction in the activity of TPH and a reduction in the activity and density 

of the serotonin transporter (Battaglia et al., 1987; Hewitt & Green, 1994; 

Schmidt & Taylor, 1987; Sharkey et al., 1991; Stone et al., 1987b; Stone et al., 

1986; Xie et al., 2006; Buchert et al., 2004; Ricaurte et al., 2000; Colado et al., 

1993; Semple et al., 1999). These long-term changes suggest neurotoxicity. 

Indeed, studies using immunocytochemistry have demonstrated a long-term 

decrease in the number of serotonin positive axons and SERT-positive 

axons after MDMA administration (Hatzidimitriou et al., 1999; O'Hearn et 

al., 1988; Xie et al., 2006). Functionally it has been shown that anterograde 

axonal transport in serotonergic axons is impaired (Callahan et al., 2001). 

Although these studies support the view that MDMA might have 

neurotoxic potential, the lack of effects at the level of the cell bodies in the 

raphe nuclei would contradict this suggestion (Paris & Cunningham, 1992). 
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A relevant observation in this respect is that in particular thin serotonergic 

axons with small varicosities are affected by MDMA treatment, but not the 

thicker beaded axons with large varicosities (O'Hearn et al., 1988).  

 

Dopaminergic system 

There is a general consensus that MDMA does not induce long-term 

dopamine depletion in the brain of any species, with one exception. In mice, 

MDMA results in dopamine depletion in the striatum (Stone et al., 1987a; 

Logan et al., 1988; Zhang et al., 2006; Itzhak et al., 2003; O'Callaghan & 

Miller, 1994; Ricaurte et al., 1988; Ricaurte et al., 1992; Slikker, Jr. et al., 1988; 

Insel et al., 1989; Fischer et al., 1995; Kleven et al., 1989; Slikker, Jr. et al., 

1989). Although this remarkable difference between species has been 

known for about two decades, the cause of this difference is still unknown.  

 

Behavior  

Serotonergic neurons are involved in the modulation of a wide variety of 

behaviors. Since MDMA induces a long-lasting decrease in serotonergic 

neuron functioning, it can be hypothesized that behavior modulated by the 

serotonergic system might also be changed persistently.   

In humans, long-term memory impairments have been demonstrated after 

MDMA consumption (Reneman et al., 2000; Gouzoulis-Mayfrank et al., 

2000; Verbaten, 2003). Studies on the effects of ecstasy on mood indicate 

that sub-acute effects include feelings of lethargy, moodiness, irritability, 

insomnia, depression and paranoia (McCann et al., 1996; Brown & Osterloh, 

1987; Creighton et al., 1991; Whitaker-Azmitia & Aronson, 1989).   

Data about the long-term effects of ecstasy use on mood changes, especially 

depression, are less conclusive, although increased impulsivity, aggression 

and anxiety amongst chronic heavy users has been reported (Reid et al., 
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2007; Morgan, 1998; Parrott et al., 2000; Bond et al., 2004; Gerra et al., 1998; 

Lieb et al., 2002; Curran, 2000).  

Few preclinical studies have investigated the long-term behavioral changes 

after MDMA treatment. In rats, social behavior has been found to decrease 

(McGregor et al., 2003b; Bull et al., 2004) but no long-term changes in 

aggressive behavior (Kirilly et al., 2006) and sexual behavior (Straiko et al., 

2007; Dornan et al., 1991) were found. Studies on anxiety using the elevated 

plus maze have shown an increase, (McGregor et al., 2003a; Morley et al., 

2001; Gurtman et al., 2002) a decrease (Mechan et al., 2002b) or no changes 

at all (Ho et al., 2004; Sumnall et al., 2004; Bull et al., 2004). 

In conclusion, the long-term behavioral changes after MDMA treatment are 

less pronounced, despite the drug induced long-lasting decrease in serotonin 

markers. 

 

 
FACTORS INVOLVED IN THE PROCESS LEADING TO LONG-

TERM MDMA INDUCED SEROTONIN DEPLETION  

 

It can be hypothesized that the acute release of serotonin is directly 

responsible for the long-term serotonin depletion. However, this seems not 

to be the case. The loss of serotonin content induced by MDMA appears to 

occur in two phases (Stone et al., 1987c; Schmidt, 1987). The first phase is 

an initial release of serotonin followed by a recovery within twenty-four 

hours. The second phase, the long-term persistent decrease in serotonin, 

occurs within approximately three days (figure 3). This biphasic depletion of 

serotonin tissue levels suggests that the long-lasting serotonin depletion is 

not due to the initial MDMA-induced release of serotonin and has lead to 
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attempts to identify the process that lies underneath the long-term serotonin 

depletion. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
Figure 3 Time course of the regional serotonergic effects of acute administration of MDMA. A 
single dose of MDMA (10 mg/kg) or saline (control) was injected s.c. Rats were killed at 
specified times thereafter. Each point represents a termination point which expressed as a 
percentage of the corresponding control. From: Stone et al., (1987c). 
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At present, several factors are known to be important in this process. It 

seems likely that individual variability in these factors is associated to 

individual differences in serotonergic depletion. Therefore, in the next 

section the impact of each factor on serotonin depletion and the influence 

of its natural and experimental variation will be discussed. 

 

Role of hyperthermia 

The acute MDMA-induced hyperthermic response has been related to the 

development of long-term 5-HT depletion (Johnson et al., 2004; Yuan et al., 

2002). Indeed, inhibiting the hyperthermic response with pharmacological 

agents prevents 5-HT depletion (Malberg et al., 1996; Colado et al., 1998; 

O'Shea et al., 2002; Schmidt et al., 1990; Colado et al., 1999a; Colado et al., 

1999c; Hervias et al., 2000; Farfel & Seiden, 1995a). Factors such as ambient 

temperature and dosage of MDMA, age and co-administration with 

cannabinoids have been shown to affect the magnitude of the MDMA 

induced hyperthermic response and consequently the long-term 5-HT 

depletion (Sanchez et al., 2004; Broening et al., 1995; Malberg et al., 1996; 

Morley et al., 2004; Malberg & Seiden, 1998). 

 

Serotonin transporter 

The SERT is thought to play an important role in the long-term MDMA-

evoked 5-HT depletion. Studies co-administering the SSRI fluoxetine and 

MDMA have demonstrated that blocking the SERT prevents 5-HT 

depletion, without affecting the MDMA-induced hyperthermia (Malberg et 

al., 1996; Sanchez et al., 2001). Evidence suggests that the SERT is 

important in the process of free radical generation by transporting 

dopamine and/or MDMA metabolites into the serotonergic nerve terminal 

(Jones et al., 2004; Monks et al., 2004). 
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Free radicals 

There is a sizable body of evidence indicating that increased free radical 

formation is responsible for MDMA-induced neurotoxicity (Colado et al., 

1997). MDMA has been shown to increase hydroxyl radical production 

(Gudelsky et al., 1994; Colado & Green, 1995; Shankaran et al., 1999a) and 

antioxidants protect against MDMA induced 5-HT depletion (Aguirre et al., 

1999; Sanchez et al., 2003; Shankaran et al., 2001; Yeh, 1999; Cadet et al., 

1995). Hyperthermia may favor the generation of free radicals (Globus et al., 

1995). The source of free radicals responsible for neurotoxicity remains 

unknown so far, although there are indications that MDMA metabolites 

and/or increased dopamine metabolism might play an important role in this 

process. 

 

MDMA metabolism 

Metabolism of MDMA has been implicated in the process of long-term 

MDMA-induced 5-HT depletion by generating free radicals, leading to 

serotonergic neurotoxicity. Metabolism of MDMA results in the formation 

of HHMA and HHA (see section 3.3) which are highly redox-unstable 

catechols (Lim & Foltz, 1988; Tucker et al., 1994; Cho et al., 1990). These 

catechols can conjugate with sulfate and glucuronic acid or can oxidize to 

their corresponding orthoquinones, forming adducts with glutathione 

(GSH) and other thiol-containing compounds (Hiramatsu et al., 1990; de la 

Torre et al., 2004). Jones et al., (2005) have shown that GSH and N-

acetylcysteine conjugates of MDMA are present in the brain of rats after 

systemic administration of MDMA, and central administration of these 

GSH and N-acetylcysteine conjugates in the brain has been demonstrated to 

induce serotonergic neurotoxicity (Bai et al., 1999). It has been postulated 

that these thio-ether adducts cross the blood-brain barrier using GSH-
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specific transporters (Bai et al., 2001). Once inside the brain, these 

compounds are able to generate free radicals in a SERT dependent manner 

(Jones et al., 2004; Monks et al., 2004).  

Although it has been suggested that humans characterized as ‘poor 

metabolizers’, lacking p450 enzymes may be less susceptible to MDMA 

induced serotonergic neurotoxicity, evidence from animal studies does not 

support this suggestion (Colado et al., 1995; Chu et al., 1996).  

 

Dopamine 

The excessive release of dopamine by MDMA administration may 

contribute to the long-lasting neurotoxic effects of MDMA. For example, 

free radical formation is suggested to depend on the prolonged and 

excessive release of DA elicited by MDMA (Goni-Allo et al., 2006; Sprague 

et al., 1998; Shankaran et al., 1999b). Moreover, there seems to be a close 

interaction between dopamine and serotonin in the lasting effects of 

MDMA. It has been suggested that dopamine may enter the serotonergic 

terminal by interacting with the SERT (Faraj et al., 1994). Dopamine may 

also be formed within serotonin terminals via non-enzymatic, tyrosine 

hydroxylase-independent, hydroxylation of tyrosine to DOPA and 

subsequently to dopamine via aromatic amino acid decarboxylase (Breier et 

al., 2006). Recent work of  Goni-Allo et al., (2008) showed that the tyrosine-

dopamine metabolic pathway contribute to the MDMA-induced toxicity, 

especially when the dose of MDMA is high enough to make tyrosine levels 

rise sufficiently. 

Once within the serotonergic terminal, dopamine can be de-aminated by 

MAO-B. Of the two isoforms, MAO-B is primarily present in serotonergic 

terminals (Levitt et al., 1982) and catalyzes the de-amination of dopamine, 

resulting in the production of hydrogen peroxidase and other potential 
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reactive oxygen species (Hrometz et al., 2004; Cadet & Brannock, 1998; 

Maker et al., 1981) eventually leading to serotonergic neurotoxicity. The fact 

that reduction in MAO-B activity has been shown to protect from MDMA-

induced loss of serotonergic function in the striatum is consistent with this 

hypothesis (Sprague & Nichols, 1995a; Sprague & Nichols, 1995b; Falk et 

al., 2002; Fornai et al., 2001). 

 

  
AIM AND OUTLINE OF THE THESIS 

 

Clinical and preclinical studies both at the level of behavior and 

neurobiology are still quite contradictory and inconclusive regarding the 

long-term consequences of MDMA and the possible underlying 

mechanisms of neurotoxicity. This thesis is aimed at the hypothesis that 

individual vulnerability to the effects of MDMA might partially explain the 

inconsistencies reported in the literature.  

The previous section of the introduction summarized the factors known to 

influence the long-term serotonergic neurotoxicity. Individual differences in 

the hyperthermic response, MDMA metabolism, monoamine functioning 

and free radical formation might all induce variation in the MDMA-induced 

serotonergic neurotoxicity.  

Using the differences between two genetically selected mouse strains known 

to differ in their monoaminergic functioning, chapter 2 aimed to investigate 

the role of these individual differences in the long-term neurobiological 

consequences of MDMA. In chapter 3 it was investigated whether genders, 

known to differ in monoamine transmission, differ in the acute and long-

term body temperature response and long-term serotonergic depletion. In 
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the 4th chapter, the individual differences in long-term behavioral 

consequences of the MDMA-induced 5-HT depletion were described. In 

this study, MDMA was administered to rats that show individual differences 

in the levels of aggressive behavior and the underlying mechanisms of 

serotonergic neuron homeostasis. In these rats, individual differences in 

long-term MDMA-evoked changes in aggressive behavior and serotonergic 

neurotoxicity were determined. 

SERT is generally considered to be the most important mediator of the 

MDMA-induced long-term serotonin depletion. Modulating the 

functionality of the SERT might therefore result in differences in the long-

term serotonergic depletion. Until now, this option has been relatively 

unexplored. Making use of a unique SERT rat knockout model, in chapter 

5 the modulatory role of SERT in the long-term serotonin axon innervation 

and acute hyperthermic response was investigated. Another factor 

important in the process of serotonergic depletion evoked by MDMA is the 

hyperthermic response. To unravel the modulatory role of hyperthermia 

and MDMA metabolism chapter 6 considered the difference between 

peripherally and centrally administered MDMA on both hyperthermia, 

metabolites of MDMA and 5-HT. Finally, in Chapter 7 the results are 

summarized and the main conclusions will be discussed in a broader 

perspective. Additionally, the neurotoxic potential of MDMA and its 

impairment of inducing long-term behavioral deficits and the clinical 

relevance of animal research will be addressed. The discussion will be ended 

by giving directions for future research.  

 

 

 

 




