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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.  
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ABSTRACT 

This study investigated whether trait-like differences in brain monoaminergic functioning 

relate to differential vulnerability for the long-term neurochemical depletion effects of 

MDMA. Genetically selected aggressive (SAL) and non-aggressive (LAL) house-mice 

differing in baseline serotonergic and dopaminergic neurotransmission were administered 

MDMA. An acute binge-like MDMA injection protocol (three times, using either of the 

dosages of 0, 5, 10 and 20 mg/kg i.p. with 3 hours interval) was employed. Three and 

28 days after treatment MDMA induced a dose-dependent depletion of striatal dopamine 

and its metabolites that did not differ between SAL and LAL mice. Similarly, the dose-

dependent MDMA-induced serotonergic depletion did not differ between lines 3 days after 

treatment. Interestingly, 28 days after MDMA in LAL mice, 5-HT and 5-HIAA 

levels were still significantly depleted after treatment with 3 x 10 mg/kg, while in SAL 

mice 5-HT depletion was only seen after the highest dosage. Surprisingly, LAL mice did 

not show any long-term 5-HT depletion after treatment with the highest dose. In 

conclusion, only LAL mice are able to restore initial severe loss of MDMA-evoked 5-

HT and 5-HIAA levels. SAL and LAL mice are differentially susceptible for the long-

term but not short-term MDMA-induced serotonergic depletion in the striatum. The 

differentiation between both lines in the long-term striatal serotonergic response to 

MDMA seems to depend on the capacity of the brain to adapt to the short-term depletion 

of monoaminergic levels and may somehow be related to individual, trait-like 

characteristics of brain monoaminergic systems.  
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INTRODUCTION 

 

Ecstasy or 3,4-methylenedioxymethamphetamine (MDMA) is a serotonin 

releaser that is frequently used for its acute euphoric effects. However, the 

recreational use of this drug has recently given rise to concern since there is 

substantial evidence that MDMA users are at risk to develop persistent 

negative mood and personality disorders (Gerra et al., 2000; Gerra et al., 

2002; Karlsen et al., 2008; McCann & Ricaurte, 1991; Montoya et al., 2002; 

Reid et al., 2007). Since brain monoaminergic, and in particular serotonergic 

neurotransmission is considered a major molecular orchestrator of emotion 

as well as the primary pharmacological target of MDMA, it is likely that 

these MDMA-induced behavioral disturbances are associated with long-

term detrimental effects of MDMA on the serotonergic system. Indeed, 

several preclinical studies in a variety of animal species have shown that 

short-term MDMA treatment can cause long-lasting and perhaps even 

persistent loss of brain serotonergic neuron functioning as indicated by 

depletion of serotonin (5-hydroxytryptamine; 5-HT) and 5-

hydroxyindoleacetic acid (5-HIAA) levels, decrease in tryptophan 

hydroxylase (TPH) activity and a reduction in the density of the serotonin 

transporter (SERT) (Battaglia et al., 1987; Hewitt & Green, 1994; Schmidt & 

Taylor, 1987; Sharkey et al., 1991; Stone et al., 1986; Stone et al., 1987b; Xie et 

al., 2006). However, clinical studies on the long-term 

neurochemical/neurotoxic effects of current and former binge-like MDMA 

users are less clear (de Win et al., 2004; Grob, 2002; McCann et al., 2000; 

Reneman et al., 2001; Reneman et al., 2006; Turner & Parrott, 2000). 

Considering the behavioral consequences of MDMA consumption more in 

detail, a large inter-individual variation is observed in the increase of 

depressive symptoms, impulsive and aggressive behavior after MDMA 
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(ab)use (de Win et al., 2004; Reid et al., 2007). While some individuals show 

pronounced behavioral changes after MDMA, others seem to be only 

marginally affected or totally resilient. Interestingly, in a recent human study, 

it has been demonstrated that the magnitude of change in 

aggressive/impulsive behavior after ecstasy consumption is dependent on 

their expressed personality trait characteristics. The study revealed that 

individuals with high self-control are more vulnerable for increase in 

aggressive behavior (Reid et al., 2007). In this study it was not assessed 

whether differences in the vulnerability for the MDMA-evoked changes in 

aggressive behavior were related with differences in MDMA-induced 

serotonergic neurotoxicity. Converging evidence from rodent, non-human 

primate and human research has implicated variability in 5-HT 

neurotransmission as a key predictor of individual differences in affect, 

temperament and risk for developing mood disorders (Lesch & Merschdorf, 

2000; Lucki, 1998). Therefore, it can be hypothesized that individual 

variation in behavioral changes after MDMA abuse might result from a 

different vulnerability for the MDMA-induced serotonergic depletion. 

To investigate this, we made use of feral (wild-derived) house-mice 

genetically selected for high (Short-Attack Latency; SAL) and low (Long-

Attack Latency; LAL) aggressiveness that are known to differ not only in 

several other behavioral traits or coping style but also in the homeostatic 

regulation of monoaminergic neurotransmission. Indeed, our research in 

these mice has shown that the wide individual differences in offensive 

aggression (van Oortmerssen & Bakker, 1981) is more generally related to 

their behavioral coping style with environmental challenges (Benus et al., 

1989; Sluyter et al., 1996; Veenema et al., 2003b; Veenema et al., 2003a; 

Veenema et al., 2005). Furthermore, extensive neurochemical research has 

shown that these two selection lines differ considerably in their (re)activity 
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of monoaminergic systems. As to the indolaminergic system, the aggressive 

SAL mice have lower baseline brain levels of 5-HT than the non-aggressive 

LAL mice (Caramaschi et al., 2007; Olivier et al., 1990; Veenema et al., 2005). 

In addition, SAL mice show enhanced structural (Korte et al., 1996; 

Veenema et al., 2005) and functional (Caramaschi et al., 2007; van der Vegt et 

al., 2001) 5-HT1A receptor properties than LAL mice and recent 

experiments in our lab showed that SAL mice have decreased functional 

SERT capacity (Natarajan et al., unpublished results). Concerning the 

catecholaminergic system, SAL mice are more sensitive to a dopaminergic 

D1/D2 receptor agonist (apomorphine), which suggests that SAL mice have 

a lower neostriatal dopaminergic activity than LAL mice (Benus et al., 1991). 

Compared to rats, there are relatively few MDMA studies in mice. 

One of the reasons for this might be that mice are considered to be more 

susceptible to MDMA-induced dopaminergic rather than serotonergic 

depletion (Logan et al., 1988; Stone et al., 1987a; Green et al., 2003). More 

specifically, it has been found that MDMA induces severe and long-lasting 

reductions in dopamine (DA), 3,4-dihydroxyphenylacetic acid (DOPAC) 

and homovanillic acid (HVA) levels and a reduction in the density and 

expression of the dopamine transporter (DAT) in mice (Kindlundh-

Hogberg et al., 2007; Logan et al., 1988; Mann et al., 1997; O'Callaghan & 

Miller, 1994; O'Shea et al., 2001; Reveron et al., 2005; Zhang et al., 2006). 

The mechanism underlying this species difference is unknown so far. In 

both rats and mice, SERT is shown to be an essential molecular target for 

the 5-HT depleting effects of MDMA (Malberg et al., 1996; O'Shea et al., 

2001; Renoir et al., 2008; Sanchez et al., 2001; Schmidt, 1987; Shankaran et 

al., 1999a). 

To investigate whether SAL and LAL mice are differentially vulnerable for 

depleting effects of MDMA, we measured the short-term and long-term 
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depleting effects of MDMA treatment on brain monoamine concentrations 

in the striatum of both lines. 

 

 

METHODS 

 

Animals and housing 

This study has been approved by the animal experiments committee of the 

University of Groningen (DEC protocol #4501A). Forty-eight male SAL 

(Short-Attack Latency) and 48 male LAL (Long-Attack Latency) mice were 

used (mice were 140 ± 14 days of age at the moment of injections) for the 

short-term and long-term experiments. Both experiments were performed 

in two separate cohorts. The mice, offspring of parents that were selected 

for differences in attack latency time, originated from a colony of wild 

house-mice (Mus musculus domesticus), maintained at the University of 

Groningen, the Netherlands, since 1971. Until decapitation, mice were 

housed as male-female pairs in Perspex cages (17 x 11 x 13 cm) with 

sawdust bedding in a room with 12:12 light-dark cycle (lights on at 08:00h). 

Food (chow) and water was available ad libitum. Ambient temperature was 

21 ± 0.5 ˚C. Mice in the long-term experiment underwent an attack latency 

time test according to standard procedures in our lab (van Oortmerssen & 

Bakker, 1981).   

 

Experimental design 

Two experiments were performed. In both experiments, SAL and LAL 

mice were each divided into 4 different treatment groups (N=6 for SAL and 

LAL mice in each treatment group, except for the first experiment where 

LAL 3 x 5 mg/kg and 3 x 10 mg/kg consisted of N=5 and the 3 x 20 
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mg/kg treatment group consisted of N=8). In the first experiment 

monoamine levels of the mice were measured 3 days after MDMA/saline 

injections (‘short-term experiment’) and in the second experiment mice 

monoamine levels of mice were measured 28 days after MDMA/saline 

administration (‘long-term experiment’).  

 

MDMA injections 

3,4-Methylenedioxymethamphetamine (± MDMA-HCl, 99.6% obtained 

from the Dutch Forensic Institute, The Hague, The Netherlands) was 

dissolved in ultra purified water and injected intraperitoneally (i.p.). Prior to 

injections animals underwent light anaesthesia (O2-isoflurane). Both lines 

were administered four different doses of MDMA; saline, 5, 10 or 20 

mg/kg. MDMA was dissolved in 10 ml ultra purified water. MDMA or 

saline was injected three times with 3 hours interval (binge-like 

administration) during the light phase. The first injection was given between 

9:45 and 10:15h (1:45-2:15h after lights went on). In total, 7 mice died after 

being treated with the higher dosages (3 x 10 and 3 x 20 mg/kg) MDMA.  

 

Brain analysis 

Between 1 and 3 hours before lights went off, all animals were rapidly 

decapitated under brief CO2 anaesthesia in their home cage. For 

determination of 5-HT, 5-HIAA, DA, DOPAC, homovanillic acid and 

noradrenalin (NA), brains were immediately dissected on a chilled plate. 

Striatum was removed and snap frozen in Eppendorf vials in liquid 

nitrogen. All samples were stored at -80 ˚C until further analysis. 

Monoamine levels were determined in all dissected brain areas using HPLC 

method with electrochemical detection. For this, samples were 
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homogenized in 0.5 ml 0.1 M perchloric acid and centrifuged at 14,000 

RPM for 10 min at 4 ˚C. Supernatant was removed and assayed for 5-HT, 

5-HIAA, DA, DOPAC and NA by injecting 100 μl onto a reversed phase 

Gemini C18 column (150 x 4.6 mm, 5 µm particle size), connected to an 

electrochemical detector (ESA coulechem model 5100A) with a 5011A 

detector cell. A difference in potential of 340 mV was set (the potential of 

one electrode being 0 mV and the other 340 mV). The mobile phase 

consisted of 62.7 nM Na2HPO4, 40.0 nM citric acid, 0.27 mM EDTA, 4.94 

mM HSA, 10% methanol at pH 4.1 with a flow of 0.5 ml/min. Known 

amounts of 5-HT, 5-HIAA, DA, DOPAC, HVA (Sigma Chemicals) and 

NA (Research Biochemicals International) were run throughout the whole 

procedure for standardization. Monoamine levels were calculated as ng/g 

wet tissue. 

 

Statistics 

SPSS 14.0 for Windows was employed to analyse the data statistically. 

Lethality scores between SAL and LAL were tested statistically with the 

Pearson chi-square test. Each monoamine and metabolite was analysed by a 

two-factor ANOVA with treatment (4 levels) and line (2 levels) as between-

subject factors. In case of significant main effects Dunnett post hoc testing 

with vehicle as control category was used. In case of significant interaction 

effects, post hoc analyses were performed using a oneway ANOVA or t-

test. 
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RESULTS 

 

Lethality 

In the short-term experiment, three out of eight LAL mice died after 

treatment with 3 x 20 mg/kg MDMA. No SAL mice died. In the long-term 

experiment, two out of six SAL mice and one out of six LAL mice died 

after treatment with 3 x 20 mg/kg MDMA. Furthermore, one out of six 

LAL mice died after administration with 3 x 10 mg/kg MDMA. When 

tested statistically, lethality rate did not differ between SAL and LAL mice 

for each dose. 

 

Short-term effect of MDMA on monoamine and metabolite 

concentrations 

As demonstrated before in other studies, LAL mice have higher tissue 

concentrations of DA (F(1,37)=4.600, p<0.05), 5-HT (F(1,37)=27.976, 

p<0.001) and 5-HIAA (F(1,37)=28.238, p<0.001) than SAL mice (table 1). 

As can be seen in figure 1a-e, 3 days after treatment MDMA induced a 

depletion of 5-HT (F(3,37)=35.937, p<0.001), 5-HIAA (F(3,37)=8.359, 

p<0.001), DA (F(3,37)=24.223, p<0.001), DOPAC (F(3,37)=6.820, 

p<0.01) and HVA (F(3,37)=22.605, p<0.001), but not of NA 

(F(3,37)=1.990, p=0.132) (table 2). However, MDMA treatment did not 

result in a differential monoamine depletion in SAL and LAL mice (no 

significant Line x Dose interaction effects F(3,37)<1.487, p>0.234).  
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Table 1 The monoamine tissue concentrations (± s.e.m.) for SAL and LAL mice 
administrated three times saline are presented. *p<0.05; SAL versus LAL for each monoamine. 

  

  Short-term                 

 DA  

(ng/g tissue)         

DOPAC 

(ng/g tissue) 

HVA     

(ng/g tissue) 

5-HT       

(ng/g tissue) 

5-HIAA 

(ng/g tissue) 

SAL 8886.60 ± 

1144.59 

1382.61 ± 

201.02 

884.34 ± 

62.72 

587.76 ± 

38.74 

232.03 ± 

14.46 

LAL 11564.33 ±  

1924.12* 

1799.19 ± 

556.03 

1010.07 ±  

72.13 

786.11 ± 

60.53* 

286.58 ± 

30.22* 

  

  Long-term                

 DA         

(ng/g tissue) 

DOPAC 

(ng/g tissue) 

HVA     

(ng/g tissue) 

5-HT       

(ng/g tissue) 

5-HIAA 

(ng/g tissue) 

SAL 9510.9 ± 

1243.9 

780.5 ±  

72.7 

824.2 ±  

108.2 

582.0 ±   

53.9 

217.5 ±  

15.3 

LAL 13157.6 ± 

880.1* 

929.9 ±  

42.6 

1029.7 ± 

68.0* 

856.1 ±  

71.8* 

346.4 ±  

28.4* 

 

 

Long-term effect of MDMA on monoamine and metabolite 

concentrations 

Also in this experiment, LAL mice had higher concentrations of DA, HVA, 

5-HT and 5-HIAA (F(1,36)=5.638, p<0.05; F(1,36)=6.059, p<0.05; 

F(1,36)=26.886, p<0.0001; F(1,36)=76.731, p<0.0001, respectively) than 

SAL mice, confirming line differences in monoamine levels (table 1). 

MDMA induced a long-term depletion of dopamine (F(3,36)=13.236, 

p<0.001), DOPAC (F(3,36)=6.241, p<0.01) and HVA (F(3,36)=3.790, 

p<0.05), 5-HT (F(3,36)=9.326, p<0.001), 5-HIAA (F(3,36)=10.437, 

p<0.001), but not in NA (F(3,35)=1.002, p=0.403) (table 2).  
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Figure 1 Short-term effect of MDMA (3 x 0, 5, 10 and 20 mg/kg) on a) dopamine, b) 
DOPAC, c) HVA, d) 5-HT and e) 5-HIAA concentrations in the striatum. Data are 
presented as percentage of control (3 x 0 mg/kg MDMA) SAL and LAL mice + s.e.m. for 
SAL and LAL mice. Control SAL and LAL mice are set at 100%. “*” Represents a 
significant difference (p<0.05) between different doses of MDMA, independent of the lines. 
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Table 2 Short-term and long-term effect of MDMA (3 x 0, 5, 10 and 20 mg/kg) on 
noradrenaline (NA) tissue concentrations in the striatum. Data are presented as averages ± 
s.e.m. for SAL and LAL mice. 

 NA (ng/g tissue) 

  Short-term Long-term 

 SAL LAL SAL LAL 

3 x 0 196.85 ± 59.89  222.78 ± 50.33 160.35 ± 22.14 182.85 ± 11.62 

3 x 5 154.53 ± 26.58  112.14 ± 9.98 169.57 ± 35.36 241.96 ± 42.41 

3x 10 154.79 ± 33.08  149.77 ± 56.67 142.33 ± 17.42 172.15 ± 25.33 

3x 20 120.78 ± 20.71  115.37 ± 29.09 181.62 ± 31.97 173.74 ± 34.72 

 

As can be seen in figure 2a-c, MDMA treatment did not result in a 

differential depletion of dopamine, DOPAC and HVA in SAL and LAL 

mice (no significant Line x Dose interaction effect F(3,36)<2.459, p>0.079). 

However, as can be seen in figure 2d-e, SAL and LAL mice differed in their 

MDMA induced 5-HT and 5-HIAA depletion (Line x Dose interaction 

effect, F(3,36)=3.544, p<0.05; F(3,36)=10.437, p<0.001, respectively). 

MDMA induced a depletion of 5-HT (F(3,18)=13.220, p<0.001) and 5-

HIAA (F(3,18)=8.714, p<0.001) in LAL mice already at a dose of 10 mg/kg 

(F(3,18)=13.220, p<0.001). Strikingly, MDMA treatment with 20 mg/kg 

MDMA did not induce long-term 5-HT and 5-HIAA depletion in LAL 

mice. SAL mice showed significant 5-HT (F(3,18)=4.048, p<0.05) and 5-

HIAA (F(3,18)=3.476, p<0.05) depletion only after the highest dose of 

MDMA (20 mg/kg). 
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Figure 2 Long-term effect of MDMA (3 x 0, 5, 10 and 20 mg/kg) on a) dopamine, b) 
DOPAC, c) HVA, d) 5-HT and e) 5-HIAA concentrations in the striatum. Data are 
presented as percentage of control (3 x 0 mg/kg MDMA) SAL and LAL mice +s.e.m. for 
SAL and LAL mice. Control SAL and LAL mice are set at 100%. “*” Represents a 
significant difference (p<0.05) between the different doses of MDMA for SAL and LAL mice. 
“&” Represents significant differences (p<0.05) between SAL and LAL mice. “$” Represents 
significant differences (p<0.05) between LAL mice that received different doses. “#” represents 
significant differences (p<0.05) between SAL mice receiving different doses. 
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DISCUSSION 

 

The present study was conducted to investigate whether SAL and LAL 

mice, known to represent a more general difference in coping style and 

known to differ in their monoaminergic signalling, differ in their short- and 

long-term susceptibility for MDMA-induced DA and 5-HT depletion. 

On the short term, SAL and LAL mice did not differ in the MDMA-evoked 

dose-dependent depletion of 5-HT and DA and their metabolites. Four 

weeks after MDMA treatment this dose-dependent decrease in DA was still 

present despite a slight increase in absolute DA and HVA levels. At this 

time point also no individual differences in MDMA-evoked decrease in DA, 

DOPAC and HVA levels were found.  

However, a difference was observed when comparing DOPAC levels in the 

short-term and long-term experiments. The absolute concentrations of 

DOPAC in the striatum in the long-term experiment are half of the 

DOPAC levels measured in the short-term experiment. This unexpected 

difference was not seen for the other monoamines and metabolites when 

comparing both experiments. Altogether it can be concluded that MDMA 

treatment induced a long-lasting persistent dose-dependent depletion of 

dopamine levels/metabolites, which does not differ between SAL and LAL 

mice. 

When considering the long-term depleting effects of MDMA on the 5-HT 

system, a striking difference was found between SAL and LAL mice. 

Twenty-eight days after MDMA treatment, only SAL mice showed a 

decrease in 5-HT and 5-HIAA levels after treatment with 3 x 20 mg/kg 

MDMA. At this time point, LAL mice similarly had a significant depletion 

of 5-HT and 5-HIAA levels after the 3 x 10 mg/kg dose, but, interestingly, 

did not show a depletion of 5-HT and 5-HIAA levels after 3 x 20 mg/kg. 
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Combining the short-term and the long-term data for 5-HT and 5-HIAA 

for both lines, it seems that SAL mice are able to partly restore their 5-HT 

and 5-HIAA levels over time, but they are still vulnerable for long-lasting 5-

HT and 5-HIAA depletion after the highest dose of MDMA administered. 

In contrast to SAL mice, LAL mice did not restore 5-HT and 5-HIAA 

levels after MDMA treatment with 3 x 10 mg/kg. Interestingly, LAL mice 

do seem to compensate for the initial loss of MDMA-evoked 5-HT and 5-

HIAA levels after the highest dosage. From this we may conclude that SAL 

and LAL mice are differently vulnerable for the long-term 5-HT and 5-

HIAA depleting effects of MDMA. 

Although the mechanism behind the remarkable 5-HT and 5-HIAA 

compensation in the LAL mice has not been investigated in the present 

study, it can be hypothesized that the demonstrated recovery in 5-HT and 

5-HIAA levels after the highest dose of MDMA (3 x 20 mg/kg) is the result 

of 5-HT sprouting. 5-HT sprouting, i.e. the increase in number of 5-HT 

axons, has been described for adult rats and mice in the striatum after 

severe dopamine depletion (~90%) (Guerra et al., 1997; Maeda et al., 2003; 

Rozas et al., 1998a; Zhou et al., 1991). It has to be mentioned, however, that 

depletion in these papers was caused by different compounds than MDMA. 

Either 6-OHDA was used (Guerra et al., 1997; Maeda et al., 2003; Zhou et 

al., 1991) or MPTP (Rozas et al., 1998a). The study of Maeda et al. showed 

that serotonergic hyperinnervation can already occur two weeks after 

massive dopaminergic denervation (Maeda et al., 2003). Only one study has 

investigated the functional relevance of 5-HT hyper-innervation. This study 

showed that mice that showed striatal 5-HT sprouting after severe 

dopamine depletion had a better motoric capacity than mice that did not 

show this increase in number of 5-HT axons after severe dopamine 

depletion (Rozas et al., 1998b). Consistent with the hypothesis of 5-HT 



DIFFERENTIAL EFFCTS OF MDMA IN SAL AND LAL MICE 

42 
 

sprouting is the severity of the dopamine depletion in the striatum after the 

highest dose of MDMA in the current experiment (~90%). According to 

literature, this depletion would be sufficient to induce the 5-HT sprouting 

process in our mice. Surprisingly, the long-term up-regulation of 5-HT is 

only observed in LAL mice and not in SAL mice. It is tempting to consider 

the possibility that only LAL mice have the capacity to use this sprouting 

mechanism. 

Regarding the general question of neurotoxicity, one may question whether 

persistent 5-HT depletion in mice truly represents long-lasting serotonergic 

neurotoxicity (Renoir et al., 2008). However, this discussion does not 

undermine the possibility that the demonstrated long-lasting 

monoaminergic depletion might have severe negative behavioral 

consequences. Indeed, it has been demonstrated that individual variation in 

the vulnerability to the behavioral consequences of MDMA consumption 

depends on personality traits (Reid et al., 2007). 

Evidence suggests that dopamine neurotoxicity in mice may result from free 

radical formation which leads to oxidative stress (Cadet et al., 1994; Cadet et 

al., 1995; Camarero et al., 2002). Recently a study showed that SAL and LAL 

mice also differ in their serum antioxidant capacity (Costantini et al., 2008). 

According to this study LAL mice would be more resistant to free oxygen 

radical induced damage than SAL mice and therefore it could be expected 

that they would suffer less from MDMA-induced 5-HT depletion. 

However, this is in contrast to the result found in the present study. Of 

course it is possible that the antioxidant capacity in the brain is different 

than in the periphery.  

It has been known for many years that the depleting effects of MDMA are 

different in mice compared to other rodents and primates including 

humans. Mice are particularly known for their MDMA-induced depletion of 
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dopamine levels in the striatum (O'Shea et al., 2001). However, evidence 

indicates that MDMA can also induce 5-HT depletion in mice (Logan et al., 

1988; Renoir et al., 2008; Zhang et al., 2006). As pointed out by Green and 

co-workers (Green et al., 2003) different mouse strains respond differently 

to MDMA, i.e. some strains show a decrease in 5-HT levels whereas others 

fail to do so. This supports the importance of a broader screening of the 

vulnerability of these monoaminergic systems for the depleting effects of 

MDMA. Furthermore, the differences within mice strains as to serotonergic 

and dopaminergic depletion in the striatum indicates that the species 

difference concerning the depleting effect of MDMA may be less 

pronounced.  

In summary, this study shows a clear reduction in DA as well as in 5-HT 

levels in striatal tissue of SAL and LAL mice 3 days and 28 days following 

MDMA. The differentiation between the two lines in the long-term striatal 

serotonergic response to high MDMA dosages seems to be dependent on 

trait-like differences in serotonergic functioning. The trait-like differences in 

baseline monoamine levels in the striatum of these two mouse lines are 

clearly not reflected in a differential vulnerability to the dopaminergic 

depleting effects of MDMA. Our findings emphasize the importance of 

investigating MDMA-induced serotonergic changes in addition to MDMA-

induced dopaminergic changes in mice. 
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ABSTRACT 

Recreational use of ecstasy, or 3,4-methylenedioxymethamphetamine (MDMA), has 

become more widespread during the last decennia. There is much concern about the long-

lasting consequences of MDMA use. Several studies in both animals and humans have 

indicated that MDMA selectively decreases 5-HT functioning in the brain. To investigate 

whether gender differences exist in the acute and long-term consequences of MDMA 

(ab)use, in the present research sexes are compared for their acute and long-term 

hyperthermic response and long- term serotonergic depletion after MDMA. Female and 

male rats were injected 3 times with 3 hours interval with saline, 0.3, 1, 3 or 9 mg/kg 

MDMA. MDMA was administered i.p. at an ambient temperature of 25 ˚C. Acute 

and long-term effects on body temperature were measured with telemetry. Four weeks after 

MDMA administration animals receiving 3 x 9 mg/kg were decapitated and brains 

processed for monoamine analysis. After the highest dose, MDMA elicited not only an 

acute but also a long-lasting hyperthermia, which was much higher in males than in 

females and persistent for males the whole 4-week period of sampling. Whereas no gender 

differences were found in the 5-HT depleting effect of MDMA, a striking difference was 

observed in 5-HIAA concentrations. In the majority of brain areas 5-HIAA levels 

decreased only in males, suggesting a lasting increase in 5-HT turnover in females. To 

exclude a role for the difference in hyperthermic response between both genders on the 5-

HT depletion, in an additional experiment males and females were matched on the 

magnitude of the hyperthermic response. 5-HT depletion was not different between genders 

with similar hyperthermia. Also in this experiment 5-HIAA levels only decreased in 

males suggesting an increased 5-HT turnover in females 4 weeks after MDMA 

administration. In conclusion, males are more susceptible for the hyperthermic effects than 

females, but no long-term differences were found in the level of 5-HT depletion. Whether 

the lasting increase in 5-HT turnover in females is indicative of an increased vulnerability 

to the negative consequences of MDMA on 5-HT functionality has to be addressed in 

further studies.  
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INTRODUCTION 

 

The popularity of the psychostimulant ecstasy (3,4-methylenedioxy-

methamphetamine; MDMA) has increased during the last decades. One of 

the acute dangers of ecstasy (ab)use is the occurrence of a hyperthermia (for 

example see (Schmidt et al., 1990; Nash, Jr. et al., 1988; Dafters, 1994; 

O'Shea et al., 1998; Malberg et al., 1996; Freedman et al., 2005), which may 

lead to lethality (Dowling et al., 1987; Chadwick et al., 1991). Maybe even 

more reason for concern is the long-lasting, possibly neurotoxic 

consequences of MDMA for the serotonergic system. Several preclinical 

studies have demonstrated that MDMA evokes a persistent decrease in 

serotonin and 5-hydroxyindoleacetic acid (5-HIAA), a reduction in 

tryptophan hydroxylase (TPH) activity and a reduction of serotonin 

transporter (SERT) activity and expression and long-term impairment of 

anterograde transport in serotonin axons (Battaglia et al., 1987; Hewitt & 

Green, 1994; Schmidt & Taylor, 1987; Stone et al., 1986; Xie et al., 2006; 

Sharkey et al., 1991; Stone et al., 1987b; Buchert et al., 2004; Ricaurte et al., 

2000; Colado et al., 1993; Semple et al., 1999; Schmidt & Taylor, 1988; 

Callahan et al., 2001). Although clinical studies on this matter are less 

conclusive, there is increasing evidence that MDMA can be toxic for the 

human brain as well (Reneman et al., 2001; de Win et al., 2004; McCann et al., 

2000; Reneman et al., 2006; Turner & Parrott, 2000; Grob, 2002). 

In preclinical psychopharmacological research females are often not 

included because one has to control for the hormonal fluctuations due to 

the estrous cycle. However, preclinical and clinical studies emphasize the 

importance of sex differences in the pharmacokinetic and 

pharmacodynamic responses to many drugs of abuse, including alcohol, 

nicotine and psychostimulants like cocaine and amphetamine (Becker et al., 
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2001; Brady & Randall, 1999; Carroll et al., 2004; Lynch et al., 2002). 

Evidence suggests that females are more vulnerable than males to the 

reinforcing effects of psychostimulants (Liechti et al., 2001).    

In view of the evidence that the use of ecstasy increased significantly among 

females together with the general increasing popularity of ecstasy (Allott & 

Redman, 2007) it is important to consider gender as a modulatory factor in 

the long-lasting effects of MDMA on serotonergic functioning. Therefore, 

the present study aimed at the question of gender differences in the long-

lasting serotonergic neurotoxic consequences.  

Data from studies in humans suggest indeed a gender difference: females 

seem to be more susceptible than males to deficiencies in 5-HT functioning 

after ecstasy use (McCann et al., 1994; Buchert et al., 2004; Croft et al., 2001; 

Reneman et al., 2001). So far, animal studies have found no (consistent) 

difference between male and female rats in depletion of 5-HT and 5-HIAA 

levels after MDMA administration (Chu et al., 1996; Koenig et al., 2005; 

McNamara et al., 1995; Walker et al., 2007). Regarding gender differences in 

MDMA-induced changes in body temperature and behavioral locomotor 

response, conflicting results are reported (Walker et al., 2007; Palenicek et al., 

2005; Koenig et al., 2005; Colado et al., 1995; McNamara et al., 1995; Fonsart 

et al., 2008).  

The present study investigated whether male and female rats differed in the 

acute hyperthermic and long-term body temperature and 5-HT depleting 

effects of MDMA. The study was divided into two parts. In the first part of 

the experiment it was investigated whether there are differences in acute and 

long-term body temperature effects and in the long-term serotonergic 

depletion between male and female rats after MDMA administration. 

Different dosages of MDMA were administered and the MDMA-induced 

hyperthermic response was measured in both males and females. Body 
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temperature was measured using biotelemetry, to assure body temperature 

sampling in a stress-free manner. To control for interaction effects with 

body temperature, in a second experiment male and female rats were 

matched for their acute MDMA-induced hyperthermic response and it was 

investigated whether these male and female rats differed in the induced 

long-term serotonin depletion.  

 

 

MATERIALS AND METHODS 

 

Subjects 

All experiments have been approved by the animal experiments committee 

of the University of Groningen. Wild-type Groningen rats were used. Their 

ancestors were originally wild-trapped animals, subsequently bred in our 

laboratory for more than 31 generations. Room temperature was 21 ºC, 

except during MDMA administration. Males and females were housed in 

separate rooms. All rats were individually housed in clear Perspex cages (31 

x 15 x 14 cm) with sawdust bedding in a room with 12:12 light:dark cycle 

(lights on at 8:00h). Food (chow) and water was available ad libitum 

throughout the whole experiment.  

 

In the first experiment 45 female and 50 male Wild-type Groningen rats 

(Rattus norvegicus) of 10 weeks old (male 370 ± 3.8 g, females 210 ± 2.2 g at 

the moment of MDMA injection) were used. 

Experiment 1 
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Telemetry 

A radio-telemetry system (Data Sciences, St. Paul, MN) was used for stress-

free monitoring of body temperature. At least 14 days before MDMA 

administration, in 28 males and 30 females transmitters (TA10TA-F40; 

sensitivity: 0.1 ºC) were implanted intraperitoneally using O2-isoflurane 

anaesthesia. Temperature was measured every ten minutes throughout the 

entire experiment. 

The cages of the rats were placed on receiver plates and the signal was 

collected and analyzed using the DSI Dataquest® A.R.T. Acquisition 

System.  

To determine the long-term effect of MDMA on body temperature, data 

averages of 12 hours (matching the light and the dark period) were 

calculated. 

 

MDMA/saline injections  

3,4-Methylenedioxymethamphetamine (± MDMA-HCl, 99.6% obtained 

from the Dutch Forensic Institute, The Netherlands) was injected 

intraperitoneally (i.p.) three times with intervals of three hours (“binge 

administration”) during the light phase. The first injection was given 1.5 

hours after lights went on. MDMA was given to both females and males at 

concentrations of 0.3 (8 males, 9 females), 1 (9 males, 9 females), 3 (8 males, 

9 females) and 9 (15 males, 9 females) mg/kg MDMA, solved in 1 ml ultra 

purified water. Control animals were saline injected (9 males, 9 females). 

Ambient temperature was 25 ± 0.5 ºC), starting from 1.5 h before the first 

injection until 3 hours after the last injection.  
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Analysis of brain monoamine concentrations 

It has been demonstrated that MDMA-induced 5-HT depletion only occurs 

when acutely a significant hyperthermic response could be observed (for 

review see (Green et al., 2003). Since the part of aim of the present study 

was to investigate whether there are gender differences in the serotonergic 

depletion after MDMA, only of male and female rats administered saline or 

3 x 9 mg/kg MDMA (resulting in a clear hyperthermic response) 

monoamine concentrations were measured in the brain. 

Four weeks after treatment these male and female rats were decapitated 

under brief CO2 anesthesia in early light phase. From these animals, 

prefrontal cortex (PFC), striatum, hippocampus, cerebellum, brainstem 

(Bregma -8.50 mm to 16 mm), hypothalamus, parietal cortex and septum 

were dissected on a chilled plate, immediately snap frozen in Eppendorf 

vials in liquid nitrogen and stored at -80 ºC. For determination of 5-HT, 5-

HIAA, dopamine (DA), 3,4-dihydroxyphenylacetic acid (DOPAC), 

homovanillic acid (HVA) and noradrenalin (NA) in these areas, High 

Performance Liquid Chromatography (HPLC) was used. For this, samples 

were homogenized in 0.5 ml 0.1 M perchloric acid and centrifuged at 14000 

rpm for 10 min at 4 ˚C. Supernatant was removed and analyzed for 5-HT, 

5-HIAA, DA, DOPAC, and NA concentrations. For determination of the 

monoamines and their metabolites, 100 µl was injected onto a reversed 

phase Gemini C18 column (150 x 4.6 mm, 5µm particle size), connected to 

a detector (ESA coulochem model 5100A) with a 5011A detector cell. A 

difference in potential of 340 mV was set (the potential of one electrode 

was 0 mV and the other was 340 mV). The mobile phase consisted of 62.7 

nM Na2HPO4, 40.0 nM citric acid, 0.27 mM EDTA, 4.94 mM HSA, 10% 

methanol at pH 4.1 with a flow of 0.5 ml/min. Known amounts of 5-HT, 

5-HIAA, DA, DOPAC, HVA (Sigma Chemicals) and NA (Research 
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Biochemicals International) were run throughout the whole procedure for 

standardization. Monoamine levels were calculated as ng/g tissue.  

 

The second experiment was performed to control for possible difference on 

serotonergic depletion between genders due to a difference in their MDMA-

induced hyperthermic response. Therefore body temperature of both sexes 

was matched on peak temperatures. We chose to match males to the 

hyperthermic response of females that received 3 x 9 mg/kg MDMA in the 

first experiment, instead of matching females to the hyperthermic response 

of males that receiving 3 x 9 mg/kg MDMA, since the hyperthermic 

response to the latter dose includes a high risk of lethality.  

Experiment 2 

 

Telemetry  

At least 14 days before MDMA administration, in 10 male rats transmitters 

(TA10TA-F40; sensitivity: 0.1 ºC) were implanted intraperitoneally (i.p.) 

using O2-isoflurane anaesthesia. Temperature was measured every ten 

minutes throughout the whole experiment. The cages of the rats were 

placed on receiver plates and the signal was collected and analyzed using the 

DSI Dataquest® A.R.T. Acquisition System.  

 

MDMA administration 

The 10 male rats (364 ± 8.7 g at the day of MDMA administration) were 

injected 6 mg/kg MDMA (i.p.) three times with intervals of three hours 

(“binge administration”) during the light phase. The first injection was given 

1.5 hours after lights went on. Ambient temperature was 25 ºC (± 0.5), 

starting from 1.5 h before the first injection until 3 hours after the last 

injection. 
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Analysis of brain monoamine concentrations 

Four weeks after the injections animals were decapitated under brief CO2 

anesthesia in early light phase. From all animals, prefrontal cortex (PFC), 

striatum, hippocampus, cerebellum, brainstem, hypothalamus, parietal 

cortex and septum were dissected on a chilled plate. Brain areas were 

removed and snap frozen in liquid nitrogen and stored at 80 ºC. 5-HT and 

5-HIAA brain concentrations were measured as described previously. 

 

Statistical analysis  

SPSS 14.0 for Windows was employed to analyze the data statistically. Acute 

body temperature response (Area Under the Curve, AUC) was analyzed 

using a two-factor ANOVA with treatment (5 levels) and gender (2 levels) 

as between-subject factors. The long-term body temperature was analyzed 

using repeated-measures ANOVA with treatment (5 levels) and gender (2 

levels) as between-subject factors. In case of significant interaction effects, 

post hoc analyses were performed using an independent t-test to reveal the 

differences between both genders for each dose. A one-way ANOVA was 

used to reveal for each gender separately the differences between the several 

doses. 

Lethality rate of males and females for each dose was statistically analyzed 

using logistic regression. In experiment 1 and 2, monoamine concentrations 

were statistically analyzed using a two-factor ANOVA with treatment (2 

levels) and gender (2 levels) as between-subject factors. In case of a 

significant interaction effect post hoc analysis was performed using an 

independent t-test to reveal the differences between both genders for each 

dose.  

In experiment 2 body temperature response was analyzed by repeated 

measurements ANOVA with gender (2 levels) as between-subject factor. In 
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case of a significant main and/or interaction effect, post hoc analysis was 

performed with an independent t-test to reveal the differences between both 

genders.  

 

 

RESULTS 

 

 

Experiment 1 

Acute effect of MDMA on body temperature 

MDMA induced a significant hyperthermic response in rats administered 3 

x 9 mg/kg MDMA (main dose effect F(4,47)=30.954, p<0.0001). When 

taking also gender into account, the two factor ANOVA revealed a 

significant gender x dose interaction effect (F(4,47)=8.388, p<0.0001). As 

shown in figure 1a and 1b, the hyperthermic response was stronger in male 

than in female rats (t(9)=-4.990, p<0.001). Furthermore, 3 x 3 mg/kg 

MDMA only induced a significant hyperthermic response in males 

(F(4,23)=112.179, p<0.0001), which was lower than the hyperthermic 

response observed after 3 x 9 mg/kg MDMA. In addition, baseline body 

temperature was higher in males than in females (t(10)=-3.240, p<0.01). 

 

Lethality 

Employing logistic regression using the model Y = LOG (p/(p-1) = ax+b, 

(p = chance of  a rat dying and a zero model was used for fit, with y = 

constant) revealed that dosage (X2 = 30.88, p <0.0001) of  MDMA and 

gender (X2 = 6.13, p <0.05) together determined survival rate, indicating 

that significantly more males than females died after receiving 3 x 9 mg/kg 

MDMA (see table 1). 
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Figure 1a) Average total body temperature response (+ s.e.m.) over the first nine hours after the 
first MDMA injection. Male and female rats were injected 3 x 0.3, 3 x 1, 3 x 3 or 3 x 9 
mg/kg MDMA or saline. * p<0.05. b) Average body temperature (+ s.e.m.) of male and 
female rats over time. Rats were injected three times with 0 or 9 mg/kg MDMA. Injections were 
administered at time point 0, 3 and 6. Arrows indicated time of injection. *control male vs. 9 
mg/kg male p<0.05; #control female vs. 9 mg/kg female p<0.05; $9 mg/kg male vs. 9 mg/kg 
female p<0.05; &control male vs. control female p<0.05. 
 

 

 

a 

b 
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Table 1 Lethality of male and female rats after the highest dose (3 x 9 mg/kg) of MDMA. 
 9 mg/kg 

 Alive % survival    

Males 6 out of 15 40%    

Females 8 out of 9 89%    

 

Long-term effect on body temperature 

MDMA treatment resulted in a differential body temperature response in 

male and female rats (treatment x sex interaction (F(4,2544)=2.335, 

p<0.0001)). Post-hoc analysis revealed that male and female rats receiving 3 

x 9 mg/kg MDMA were also hyperthermic the day after MDMA injections. 

Female rats receiving 3 x 9 mg/kg MDMA were hyperthermic in the light 

phase one day after repeated MDMA treatment, whereas male rats stayed 

hyperthermic until 2.5 days after MDMA administration (figure 2). Within 

these 2.5 days body temperature in the light phase was higher than in the 

dark phase in male rats. MDMA treatment of 3 x 9 mg/kg in male rats 

increased body temperature during the dark phase (active period of the day) 

for the whole registration period as compared to female rats. 
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Figure 2 Average body temperature (+ s.e.m.) of male and female rats per twelve hours during 
28 days. At day zero repeated MDMA (3 x 9 mg/kg) or saline injections were given. Dark 
symbols represent the average body temperature during the dark phase. Light symbols represent the 
average body temperature during the light phase. *control male vs. 9 mg/kg male p<0.05;        
#control female vs. 9 mg/kg female p<0.05; $9 mg/kg male vs. 9 mg/kg female p<0.05;     
&control male vs. control female p<0.05.  
 

Monoamine concentrations 

3 x 9 mg/kg MDMA induced 5-HT in all brain areas (main treatment effect, 

F(1,28)>9.018, p<0.05). Male and female rats did not differ in the induced 

5-HT depletion (no significant treatment x gender interaction, 

(F(1,28)<2.808, p>0.05) (figure 3a). 

Furthermore, MDMA evoked a 5-HIAA depletion in all brain areas except 

septum, cerebellum and brain stem (main treatment effect, F(1,32)>7.107, 

p<0.05). When gender was also taken into account, significant larger 5-

HIAA depletion was found in the hippocampus, septum, cerebellum, 

brainstem and hypothalamus of male rats (treatment x gender interaction 
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(F(1,28)>4.739, p<0.05) (figure 3b). Baseline concentrations of 5-HT did 

not differ between genders in all brain areas (t(16)<1.529, p>0.05) (table 2). 

Female rats had a significant higher baseline 5-HIAA concentration in 

hippocampus (t(16)=3.456, p<0.05, septum (t(16)=2.728, p<0.05, 

cerebellum (t(16)=2.2886, p<0.05 and brain stem (t(16)=2.290, p<0.05 

(table 2). MDMA did not induce a depletion of DA, DOPAC, HVA and 

NA levels in any of the measured brain areas (data not shown).  

 

Table 2 Baseline 5-HT and 5-HIAA tissue concentrations (±  s.e.m.) for male and female 
rats  administrated three times saline are presented. * =p<0.05 males vs female. 

 

 

 

 

 

 

 

                                 5-HT concentration (ng/g tissue)              

 PFC         Hippo- 

campus 

Parietal 

cortex 

Septum Cere -

bellum 

Brain 

stem 

Hypo-

thalamus 

Striatum 

 

Male 553.1 ± 

62.83 

320.59 ± 

18.33 

63.97 ±  

29.36 

435.1 ± 

67.46 

26.01 

± 2.18 

551.3 ± 

21.05 

689.9 ±  

46.30 

591.5 ±  

95.45 

Female 522.0 ±  

50.04 

311.38 ±  

17.76 

84.57 ±  

40.43 

485.7 ±  

73.98 

29.73 

± 3.19 

559.1 ±  

32.22 

729.6 ±  

97.34 

443.7 ±  

34.14 

                                                5-HIAA concentration (ng/g tissue)               

 PFC Hippo-

campus 

Parietal 

cortex 

Septum Cere- 

bellum 

Brain 

stem 

Hypo-

thalamus 

Striatum 

Male 310.2 ± 

32.06 

296.81*

± 13.63 

257.4 ±  

15.37 

393.62* 

± 20.92 

38.16* 

± 2.06 

385.15* 

± 12.39 

490.9 ±  

30.34 

530.3 ±  

49.24 

Female 347.6 ± 

32.31 

366.48 ±  

14.85 

244.1 ±  

23.11 

512.2 ±   

36.44 

50.45 

± 3.72 

425.2 ±   

12.39 

518.0 ±  

30.90 

588.5 ±  

59.19 
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Figure 3 Average % of a) 5-HT and b) 5-HIAA tissue concentration (+ s.e.m.) relative to 
control were measured in eight different brain areas in male and female rats, four weeks after 
repeated saline or MDMA injections (3 x 9 mg/kg).  
 

 

 

a 

b 
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Experiment 2 

The results of experiment 1 showed that MDMA induced a higher acute 

hyperthermia in males than in females and that no sex differences were 

found in serotonin markers in the brain.  As explained in the materials and 

methods, in this experiment we aimed to match males and female for their 

hyperthermic response to MDMA and investigated the long-term effect on 

the serotonergic system in the brain. Since in experiment 1 MDMA only 

resulted in a depletion of 5-HT and 5-HIAA concentrations, DA, DOPAC, 

HVA and NA concentrations were not analyzed. 

 

Matching of the acute body temperature response of male and female 

rats  

MDMA induced a hyperthermic response in male and female rats, with 

males having a higher body temperature than females (gender x dose 

interaction effect (F(1,1488)=2.214, p<0.0001)) at the time points indicated 

in figure 4. Importantly, no gender differences in peak temperature 

responses were observed.  

 

5-HT and 5-HIAA analysis  

Statistical analysis revealed that MDMA induced a significant depletion in 5-

HT concentrations in all brain areas except in PFC, hypothalamus and brain 

stem (main treatment effect, F(1,32)>4.571, p<0.05). Similar to experiment 

1, the magnitude of the 5-HT depletion did not differ between both genders 

except in the PFC and hypothalamus (gender x treatment interaction effect, 

F(1,32)=14.388, p<0.01; F(1,32)=7.455, p<0.01 respectively) (figure 5a). 

Post hoc analysis revealed that MDMA induced only a 5-HT depletion in 

females in the PFC (t(16)=3.841, p<0.01) and hypothalamus (t(16)=658, 

p<0.0001) (figure 5a). MDMA induced a 5-HIAA depletion in all brain 
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areas except PFC and brain stem (main treatment effect F(1,32)>5.031, 

p<0.05). The magnitude of the induced 5-HIAA depletion differed between 

both genders in the hippocampus, septum, cerebellum, brain stem and 

striatum (gender x treatment interaction F(1,32)>4.697, p<0.05) (figure 5b). 

Post hoc analysis revealed that in these brain areas MDMA only induced a 

depletion of 5-HIAA levels in males (t(16)>2.585, p<0.05) (figure. 5b).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4 Average body temperature (+ s.e.m.) of male and female rats over time. Rats were 
injected three times with 0 or 9 mg/kg MDMA. Injections were administered at time point 0, 3 
and 6 hours. Arrows indicated time of injection. *control male vs. 6 mg/kg male p<0.05;        
#control female vs. 9 mg/kg female p<0.05; $=6 mg/kg male vs. 9 mg/kg female p<0.05;   
&control male vs. control female p<0.05. Control male, control female and female 9 mg/kg were 
already presented in figure 1b. 
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Figure 5 Average % of a) 5-HT and b) 5-HIAA tissue concentration (+ s.e.m.) relative to 
control were measured in eight different brain areas, four weeks after repeated saline or MDMA 
injections (3 x 9 mg/kg in female and 3 x 6 mg/kg in male rats).  

 

 

a 

b 
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DISCUSSION 

 

The present study aimed to reveal gender differences in acute hyperthermia, 

lasting temperature regulation and monoamine depletion after MDMA 

treatment, using several dosages of MDMA. MDMA induced a much 

stronger acute hyperthermic response in male rats compared to female rats 

following treatment with 3 x 9 mg/kg MDMA and a higher lethality rate. 

This indicates that male rats are more vulnerable for the acute hyperthermic 

and lethal effects of MDMA than female rats. Our finding is in agreement 

with previous studies (Koenig et al., 2005; Fonsart et al., 2008; Wyeth et al., 

2009). Furthermore, the long-lasting increase in body temperature observed 

in only in male rats receiving the highest dose of MDMA indicates that male 

rats are also more vulnerable for the long-term hyperthermic effects than 

female rats.  

Furthermore, male and female rat do not differ in the magnitude of the 

MDMA-induced 5-HT depletion, which suggests there is no gender 

difference in the neurotoxic effects. A striking observation, however, was 

that 5-HIAA depletion was only observed in males. This result suggests that 

MDMA induced a long-lasting increase in 5-HT turnover in females. The 

implication of this increased turnover in females with regard to gender 

specific vulnerability to the possible neurotoxic effects of MDMA remains 

to be investigated. 

Body temperature is known to fluctuate during the day. Normally, body 

temperature in rats is higher during the active period (dark phase) of the day 

and lowers during the inactive period (light phase) of the day. Strikingly, up 

to 3 days after MDMA treatment in both genders the elevated body 

temperature is higher in the light-phase than in the dark phase. This might 

indicate that MDMA induces a temporal shift in circadian rhythmicity. 
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Indeed, there is evidence indicating that MDMA can induce abnormalities in 

sleep and circadian patterns (Balogh et al., 2004; McCann & Ricaurte, 2007) 

in humans and rodents.  

Two points for consideration come up with regard to the performed 

experiment. Firstly, mortality rates show that 2/3 of the males died after 

receiving 3 x 9 mg/kg MDMA. This might have caused a bias in the 

monoamine analysis. It is possible that the male rats that died after the 

MDMA injections are the rats that would also have the largest 5-HT 

depletion. The surviving rats might be relatively resistant to the MDMA-

induced 5-HT depletion. If this would be true, it would result in an 

underestimation of the serotonergic depletion in males that received 3 x 9 

mg/kg MDMA and a biased conclusion regarding the possible gender 

differences in vulnerability for MDMA induced neurotoxicity. Importantly, 

after administration of 3 x 6 mg/kg MDMA to male rats all rats survived, 

resulting in an unbiased gender comparison. 

Another point may be the difference in body weight between males and 

females. In the present study male rats are heavier than females (about 160 

gram difference). This might have resulted in higher peripheral and brain 

concentrations of MDMA in males. Higher circulating concentrations of 

MDMA might account for the observed difference in the acute 

hyperthermic response. However, recent evidence indicates difference in the 

thermogenic response. Females seem to be less vulnerable for the induction 

of a hyperthermic response by MDMA due to differences in their 

thermoregulatory abilities (Wyeth et al., 2009). 

In conclusion, males seem to be more at risk of developing an acute, 

potential lethal, MDMA-induced hyperthermic response than females. With 

and without matching of the hyperthermic response genders seem to be 

equally vulnerable for the evoked 5-HT depletion. However, it seems that 
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females compensate for the initial loss of 5-HT by increasing the 5-HT 

turnover. It remains to be addressed in further studies what the functional 

consequences are of a lasting increase in serotonin turnover in an MDMA 

affected 5-HT system.  
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ABSTRACT 

Ecstasy or 3,4-methylenedioxymethamphetamine (MDMA) is a frequently (ab)used 

recreational drug for its acute euphoric effects but on the long-term may cause neurotoxic 

damage to serotonin (5-hydroxytryptamine; 5-HT) nerve endings in the brain. Since 

decreased brain 5-HT function has been strongly associated with several impulse control 

disorders like hostility and violent aggression, ecstasy users might be at risk developing this 

form of psychopathology. The present study examined the ability of a MDMA 

administration protocol (3 x 6 mg/kg, with 3h intervals at 25 ºC ambient temperature), 

that previously was shown to partially deplete brain serotonin levels, to increase offensive 

aggressive behavior in male Wild-type Groningen (WTG) rats. This rat strain is known 

for its broad individual variation in offensive aggression. Resident-intruder aggression was 

assessed 5 days before and 23 days after MDMA administration. On day 28, MDMA 

neurotoxicity to 5-HT nerve terminals was assessed by quantification of serotonin 

reuptake transporter (SERT) immuno-positive axons in defined brain regions. Based on 

their expressed aggression level in the initial aggression test, rats were divided into low 

(<10% aggression), high (>50% aggression) or medium aggressive (10-50%) groups. 

The study demonstrated that MDMA treatment increased aggressiveness in only low 

aggressive rats and not in medium and high aggressive animals. Irrespective of their initial 

aggressiveness, MDMA significantly reduced the number of SERT-positive axons in all 

animals. In conclusion, vulnerability for increased aggression long after a single MDMA 

treatment is dependent on the individual’s trait aggressiveness but not on the degree of 

MDMA-induced serotonergic neurotoxicity. 
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INTRODUCTION 

 

Ecstasy, or 3,4-methylenedioxymethamphetamine (MDMA), is a serotonin 

releaser that is frequently used for its acute euphoric effects, which include 

the feeling of more energy, increased confidence, elevated mood and 

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

Besides the acute MDMA toxicity risks (i.e., severe hyperthermia and renal 

failure), frequent use of this drug has given rise to concern since there is 

substantial evidence that MDMA can induce persistent negative 

neuropsychological effects.  

Several studies investigating the long-term effects of MDMA on the 

serotonergic system in humans and animals have shown that MDMA can 

induce a lasting decrease in serotonin (5-hydroxytryptamine; 5-HT) and 5-

hydroxyindoleacetic acid (5-HIAA) levels in the brain, a reduction in the 

activity of tryptophan hydroxylase (TPH) and a reduction in the density of 

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

Schmidt & Taylor, 1987; Stone et al., 1986; Xie et al., 2006; Sharkey et al., 

1991; Stone et al., 1987b). Since decreased 5-HT levels have been associated 

with mood disorders including increased levels of impulsivity and 

aggression, ecstasy users might be at risk developing this form of 

psychopathology. 

Studies investigating the effect of ecstasy use in humans indeed showed a 

lowering of mood starting several days after ecstasy use (Parrott & Lasky, 

1998; Curran et al., 2004; Curran & Travill, 1997; Verheyden et al., 2002). 

Increased levels of 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) have been reported although also 

negative findings are present (Hoshi et al., 2007; McCann et al., 1994). This is 
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consistent with the strong evidence that serotonin plays a crucial role in the 

regulation of aggressive behavior. Deficiencies in central serotonergic 

functioning are generally associated with increased levels of aggressive 

behavior in both humans and in rodents (Brown et al., 1982; Coccaro, 1989; 

Clark & Neumaier, 2001).  

Surprisingly, only one study has investigated the long-term effects of 

MDMA on aggressive behavior in rats. No changes in aggressive behavior 

were seen in rats exposed to a single injection of MDMA 21 days earlier 

(Kirilly et al., 2006).  

In the present study we examined the ability of repeated (“binge”) dosing of 

MDMA (3 x 6 mg/kg, with 3h intervals at 25 ºC ambient temperature) that 

is known to cause a long-term depletion of 5-HT in various brain regions 

(Sanchez et al. 2004), to increase offensive aggressive behavior in Wild-type 

Groningen rats (Rattus norvegicus). This rat strain was selected for our 

experiments because these animals are known to exhibit a rich repertoire of 

social behavior including aggressive behavior. Furthermore, they show a 

wide and consistent individual variation in aggressive behavior, in contrast 

to other laboratory rat strains where the display and individual variation of 

aggression is only poorly expressed (de Boer et al., 2003).  

Individual variation in personality traits like impulsiveness/aggressiveness 

seems to be an important factor determining the individual’s resilience or 

vulnerability to the neurotoxic and or psychopathological effects of 

psychoactive drugs like MDMA (White et al., 2006; Semple et al., 2005; Kelly 

et al., 2006). A recent human study indeed showed large inter-individual 

variation in MDMA-induced symptomatic neurotoxicity depending on their 

expressed personality traits (Reid et al., 2007). As the individual level of 

aggressiveness is causally related to a differential serotonergic 

neurotransmission (Koolhaas et al., 2007), we used this measure as a 
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dependent variable of the MDMA-induced behavioral and neurotoxic 

effects. 

 

MATERIALS AND METHODS 

Subjects                                                                                                  

This study has been approved by the animal experiments committee of the 

University of Groningen (DEC protocol #4396F). Individual experiments 

were carried out in 5 different cohorts of animals over a period of 23 

months using 21 animals in each experiment. At the moment of 

drug/vehicle treatment, male Wild-type Groningen (WTG) rats (Rattus 

norvegicus) weighed on average 425 ± 3.5 g. Room temperature was 21˚C, 

except during the time of MDMA/saline administration. Light:Dark cycle 

was 12:12h (lights on at 01:00h). Food (chow) and water were available ad 

libitum throughout the whole experiment. After weaning at the age of 23 

days, rats were housed in groups of six males in clear Plexiglas cages (55 x 

34 x 20 cm), until they were tested for offensive aggression in a standardized 

resident-intruder paradigm at an age of approximately 19 weeks. For this 

test, each rat was housed in a large cage (80 x 55 x 40 cm) together with a 

female to stimulate territorial behavior and prevent social isolation. One day 

before injections animals were individually housed in clear Plexiglas cages 

(38 x 22 x 15 cm) until 5 days before the last aggression test. 

Aggression-test                                                                                      

After a week of habituation, four resident-intruder aggression tests were 

carried out on consecutive days as described previously (de Boer et al., 2003) 

in order to assess animals for the display of offensive aggressive behaviors 

against a male unfamiliar conspecific intruder. Before the start of each test, 
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the female partner was removed (approx. 30 minutes in advance), and an 

unfamiliar male Wistar rat was introduced into the home cage of the 

experimental rat. The intruder Wistar rats weighed on average 350 g (4 

months old) and were socially housed. Repeated resident-intruder test were 

performed to obtain a consistent characterization of offensive aggressive 

trait characteristics (de Boer et al., 2003). During the first three tests only the 

attack latency time was scored, and the test was terminated shortly after 

occurrence of the attack or (in case of no attacks) after maximum test 

duration of ten minutes. During the fourth test the full behavioral profile 

was live recorded for ten minutes by an experienced observer blind to the 

treatment condition. The duration of the following behavioral elements 

were scored: Offensive aggressive behavior (clinch, lateral threat, offensive 

upright, keep down, chase), social exploration (non-aggressive investigation 

of opponent), non-social behavior (explore environment, rear), social 

interaction (offensive behavior + social exploration), immobility and 

grooming (de Boer et al., 2003). Twenty-three days after the MDMA/saline 

injections, a similar resident-intruder aggression test was performed and the 

full behavioral profile was scored. 

 
MDMA injections 

Based on the percentage of time rats spent on offensive behavior during the 

initial aggression test before treatment, rats were categorized into three 

different groups, namely low aggressive (LA) (<10% offensive behavior), 

high aggressive (HA) (> 50% offensive behavior) and medium aggressive 

(MA) (between 10%-50% offensive behavior) (figure 1a). This trimodal 

categorization of aggressive phenotypes is chosen based on previous 

findings (de Boer et al., 2003). Within each aggression group half of the rats 

received MDMA treatment and the other half vehicle. MDMA treatment 
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consisted of three times 6 mg/kg MDMA (± MDMA-HCl, 99.6% obtained 

from the Dutch Forensic Institute, the Netherlands), administered i.p. with 

3h interval (Sanchez et al., 2004), whereas the vehicle treatment consisted of 

three times saline (1 ml/kg, i.p.) injection. All injections were administered 

in the light phase, with the first injection given 1h after lights switched on. 

Ambient room temperature was temporarily raised to 25 ̊C 1.5h before the 

first injection until 3h after the last injection.   

 
Brain processing and immunocytochemistry                                     

Four weeks after the injections 63 rats (the first 3 batches) were sacrificed 

by transcardial perfusion (under terminal anaesthesia with pentobarbital) 

with heparinised saline followed by 2.5% paraformaldehyde and 0.05% 

glutaraldehyde in 0.1M phosphate buffer. Brains were removed and after 

dehydration in 30% sucrose, the left hemisphere was cut into 40 μm sagittal 

sections on a cryostat microtome. For immunocytochemistry two brain 

regions known to be engaged in the regulation of aggressive behavior were 

selected (hypothalamic attack region represented in the tuber cinereum 

(Hrabovszky et al., 2005) and the lateral orbital cortex (Halasz et al., 2006) 

and two brain regions (hippocampus and occipital cortex) more frequently 

studied in MDMA studies describing the effect of MDMA on 5-HT axons. 

Two sections containing CA3 region of the hippocampus, lateral orbital 

cortex and occipital cortex (sagittally lateral 2.40 mm according to Paxinos 

& Watson, 1986)) and two sections containing tuber cinereum (sagittally 

lateral 0.90mm) were selected. After pre-incubation with 5% normal horse 

serum and 0.4% triton-X100, sections underwent incubation with H2O2 to 

inactivate endogenous peroxidase. The primary antibody applied was mouse 

anti-SERT (1:1000, Biogenesis, Poole, United Kingdom; incubation at 4 ˚C 

for five days). As a second antibody biotinylated horse-anti-mouse (1:500, 
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Vector BA2001) was used. After incubation with an ABC kit (1:500, Vector, 

Burlingame, United Kingdom) for 16h, staining was visualized with 

diaminobenzidine and ammonium nickel sulphate (15 mg 3,3’-

diaminobenzidine tetrahydrochloride (DAB)/100 ml Tris-HCl, and 150 mg 

ammonium nickel sulphate/100ml Tris-HCl) as chromogen. 

 

Quantification                                                                                   

During the analysis of the brain material, the experimenter was blind to the 

treatment and aggression category of the rats. SERT immuno-positive axons 

were counted in the lateral orbital cortex, tuber cinereum (hypothalamus), 

occipital cortex and the CA3 region of the hippocampus with a 400x 

magnification using a grid (0.0625 mm2, 100 squares). Axons that crossed 

the vertical and horizontal lines of every other line of the grid were counted. 

Quantification was performed independently by two different persons. 

There were no differences in the quantification between both persons. 

 
Data analysis                                                                                        

SPSS 14.0 for Windows was employed to analyze the data statistically. 

Initially each behavioral category and attack latency time was analyzed by a 

repeated-measures ANOVA with treatment (2 levels) and test as the within-

subject repeated measurements factor. The difference in behavior of each 

behavioral category between the first and the second resident-intruder test 

was analyzed by a two-way ANOVA with treatment (2 levels) and 

aggression phenotype (3 levels) as between-subject factors. In case of 

significant main and/or interaction effects, post hoc analyses were 

performed using a one-way ANOVA or Students t-test. The 

immunocytochemistry data were analyzed per brain area, using a two-way 

ANOVA, with treatment (2 levels) and aggression phenotype (3 levels) as 
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between-subject factors. When a significant interaction was found, the 

effect of the treatment within the defined aggression groups was analyzed 

with a Students t-test. The effect of aggression within the defined treatment 

groups was analyzed with a one-way ANOVA. 

 
 

RESULTS 

 

Behavior: Individual differences in aggression and distributions of 

aggression scores                                                                                        

As commonly seen in our WTG rat strain, individual male resident rats 

differ widely in their level of species-typical offensive aggression expressed 

towards an unfamiliar intruder male, ranging from no overt aggression at all 

to very high levels of intense and incessant patterns of aggressive behavior. 

Figure 1a shows the distribution of all animals over the various offensive 

aggression score classes. Although all classes are represented, it is obvious 

that the individual behavioral scores are certainly not normally distributed 

(Shapiro-Wilkinson test for normality revealed significant deviation from a 

normal distribution). Based on the similarity of the previously described 

trimodal distribution pattern of aggressive phenotypes (de Boer et al., 2003), 

rats were categorized into low aggression (24% of the animals showing 

<10% offense), high aggressive (45% showing >50% offense) and medium 

aggressive (31 % of the animals showing between 10 and 50% offense) 

(figure 1a). 

 

MDMA treatment                                                                               

Three weeks after MDMA-treatment, no significant changes in the level of 

aggressiveness or any of the other scored behavioral indices (e.g., no main 
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treatment effects for offensive behavior F(1,98)=1.976; p=0.163) and 

latency to attack F(1,98)=0.090; p=0.765) were noted in the total group 

(n=53) of drug-treated animals as compared to either their pre-treatment 

offensiveness or the vehicle-treated group (n=51) (figure 1b).  

However, when the individual level of aggressiveness was taken into 

account, analyzing the changes in aggressive behavior in these rats after 

MDMA treatment, two-factor ANOVA testing significant interactions 

between treatment and aggressive phenotype only for offensive behavior 

(F(2,98=3.197; p=0.045). (In table 1 the percentages of time spent on all 

behaviors during the first and the second resident-intruder aggression test is 

shown.) As can be seen in figure 2, a pronounced increase in aggressiveness 

was observed after MDMA treatment in the low aggressive animals as 

compared to their own pre-treatment level of aggressive behavior (t(11)=-

4.916; p<0.001) as well as in comparison to the vehicle-treated low-

aggressive animals (F(1,23)=6.651; p=0.017). There were no significant 

effects of MDMA treatment on aggressive behavior (neither in attack 

latency time nor in total offensive behavior) in medium and high aggressive 

groups of rats. Surprisingly, irrespective of type of treatment, high 

aggressive animals showed significantly decreased levels of offensive 

aggression three weeks after the vehicle- or MDMA-treatment compared to 

their initial pre-treatment levels (t(46)=5.592; p<0.001).  
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Figure 1 a) Histogram showing the individual variation in levels of offensive aggressive behavior 
towards an unfamiliar intruder rat. Insert: Levels of offensive behavior (% duration +s.e.m.) 
displayed during the first aggression test in low (LA), medium (MA) and high aggressive (HA) 
rats before receiving saline or MDMA treatment. * = p < 0.05. b)  Ethogram of all rats in the 
resident intruder paradigm before and after receiving either MDMA (3 x 6 mg/kg) or saline (3 
x 1 ml/kg) injections (Average + s.d.).  

 

 

a 

b 
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Table 1 Percentage time spent on behavior during resident-intruder aggression test in low-
aggressive (LA), medium aggressive (MA), and high-aggressive (HA) rats. The first aggression 
test was 5 days prior to treatment with either vehicle or MDMA. The second aggression test was 
23 days after administration of vehicle or MDMA. Values are expressed as means +s.e.m. 
* p < 0.05; MDMA 2nd aggression test versus Vehicle 1st aggression test. 
 Vehicle treated rats 

  1st aggression test 2nd aggression test 

 LA MA HA LA MA HA 

offensive 

aggression 
1.1±0.6 29.1±2.8 71.0±2.6 14.7±6.0 49.5.1±6.0 46.8±5.2 

social 

exploration 
11.5±1.6 11.4±2.7 3.9±0.8 13.6±2.7 7.7±1.8 5.1±0.9 

non-social 

exploration 
52.1±6.9 31.5±3.4 17.5±1.7 37.5±4.7 25.3±2.8 30.1±3.4 

Immobility 30.7±7.2 22.3±3.5 6.2±1.7 25.8±5.7 15.7±3.3 14.3±2.7 

Grooming 4.6±2.5 5.4±2.4 1.2±1.0 8.4±3.9 1.9±1.1 3.6±1.3 

       

 MDMA treated rats 

  1st aggression test 2nd aggression test 

 LA MA HA LA MA HA 

offensive 

aggression 
1.8±0.9 28.8±2.8 69.4±3.1 41.5±8.3* 38.2±6.5 51.5±5.6 

social 

exploration 
17.9±4.4 14.7±2.1 4.1±0.7 10.0±2.3 9.2±1.8 5.4±1.7 

non-social 

exploration 
40.5±7.0 39.8±4.2 20.2±2.9 35.1±6.2 32.9±3.2 31.6±3.9 

Immobility 36.9±8.5 15.4±2.8 5.9±1.8 13.4±8.1 15.5±3.1 9.7±2.6 

Grooming 2.8±1.4 1.3±0.6 0.3±0.3 0.3±0.3 4.1±2.7 1.8±0.7 
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Figure 2 Change in the levels of offensive aggressive behavior (% duration + s.e.m) as displayed 
in low, medium and high aggressive rats that received either saline or MDMA treatment 21 days 
earlier. * = p < 0.05.  
 

 

Immunocytochemistry 

Four weeks after either vehicle or MDMA-treatment, the number of SERT-

positive axons was determined. When individual levels of aggressiveness 

and treatment were taken into account, the two-factor ANOVA revealed no 

significant interaction for each of the measured brain regions. The analysis 

showed that MDMA treatment reduced the number of SERT-positive 

axons independent of the aggression phenotype (main treatment effect) in 

CA3 region of the hippocampus (F(1,51)=27.580; p<0.001), tuber cinereum 

(F(1,39)=4.881; p=0.033), lateral orbital cortex (F(1,55)=15.333, p<0.001), 

occipital cortex (F(1,53)=12.054; p=0.001) (figure 3). 
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Figure 3 Average numbers of SERT-positive axons (+s.e.m.) in lateral orbital cortex, occipital 
hippocampus and hypothalamus in low (LA), medium (MA) and high aggressive (HA) rats 28 
days after saline or MDMA injections. * represents the significant differences (p < 0.05) between 
the different treatments, independent of aggression type. 
 

DISCUSSION                                                                                         

The present study demonstrates that only individuals characterized by low 

trait-like aggressiveness show a robust increase in aggressive behavior three 

weeks after MDMA administration. As MDMA treatment is known to 

produce long-term damage to serotonergic axons (O'Hearn et al., 1988; 

Callahan et al., 2001), an enhanced aggressiveness is not entirely unexpected 

and in accordance with the long-standing 5-HT deficiency hypothesis of 

aggression (Coccaro, 1989; Berman et al., 1997). This much-favoured 

hypothesis proposes that basal measurements of brain 5-HT activity are 

inversely correlated with indices of aggression and impulsivity leading to the 
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suggestion that reduced 5-HT activity might be an important factor 

contributing to the expression of heightened aggressiveness (Miczek et al., 

2004). Such a link between reduced central serotonergic function and 

increased aggressiveness is indeed supported by many (Vergnes et al., 1986; 

Gianutsos & Lal, 1975; Gibbons et al., 1978; Buchanan et al., 1994; 

Chiavegatto et al., 2001) but not all (De Almeida et al., 2001; Sijbesma et al., 

1991) pharmacological brain serotonin depletion studies in animals. 

Surprisingly, however, no effect of MDMA-treatment on levels of 

aggressive behavior was seen in medium and high aggressive rats. To 

exclude the possibility that in high and medium aggressive rats no 

behavioral change was found because the employed MDMA regimen did 

not lead to serotonergic fibre loss or depletion in these rats, the serotonergic 

neurotoxic profile in all rats was assessed. Immunochemical quantification 

of SERT positive axons is known to be a reliable method to determine 

MDMA-induced serotonergic neurotoxicity (Xie et al., 2006). The data 

revealed that our MDMA administration regimen resulted in a similar level 

of serotonergic neurotoxicity in all MDMA treated animals irrespective of 

their aggressive phenotype. Thus, although serotonergic deficiencies are 

generally implicated in the enhancement of offensive aggressive behavior, 

only low aggressive rats exhibit increased levels of aggression after the 

MDMA-induced 5-HT depletion.                                                              

The question why only low and not medium and high aggressive rats 

increase their aggressiveness after MDMA-induced 5-HT neurotoxicity is 

not easy to answer. The differences between the three groups of rats cannot 

be explained by a ceiling effect in the high aggressive males since medium 

aggressive rats also do not change their levels of aggression after MDMA 

treatment. It seems more likely that the results may reflect true individual 

differences in the response to MDMA and the underlying physiological 
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mechanisms. Our data showing different individual changes in aggressive 

behavior are consistent with the differential response of high, medium and 

low aggressive rats to 5-HT1A receptor antagonists and selective serotonin 

reuptake inhibitors (SSRI’s). High and low aggressive males show opposite 

dose-response relationships in response to the serotonin 5-HT1A receptor 

antagonists and SSRI’s with no response in the intermediate males (de Boer 

et al., 2001). However, in the present study possible anti- or pro-aggressive 

effects of MDMA in the high aggressive males may be obscured by the 

unusual decrease in aggression of saline treated rats, observed in the second 

aggression test. This decrease was unexpected since several prior 

longitudinal studies in our lab using these WTG rats have repeatedly 

demonstrated that the individual level of aggressiveness is rather consistent 

through time. The only difference between this study and many of these 

prior studies is the employed drug/vehicle treatment schedule under high 

ambient temperature. Perhaps high aggressive animals are more sensitive to 

this stressful event in that it causes a persistent change in their tendency to 

behave aggressively. 

Considering the other measured behavioral parameters, changes in 

immobility levels are the most interesting to focus on. Our experiment 

showed that before MDMA/saline treatment, the three aggression 

categories differed also significantly in their levels of immobility behavior. 

Our main result that only low trait-like aggressive individuals are vulnerable 

for developing 5-HT related changes in aggressive behavior after MDMA 

administration support the recent observation in humans that individuals 

with high self-control become more aggressive whereas aggressive behavior 

of individuals with low self-control changes little (Reid et al., 2007). We 

would like to stress the importance of this finding because it demonstrates 
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the necessity to take individual variation into account in studies investigating 

the behavioral changes after MDMA (ab)use.                                               

In conclusion, our results clearly show that the vulnerability for increased 

aggression long after a single MDMA treatment is dependent on the 

individual’s trait aggressiveness and not on the degree of MDMA-induced 

serotonergic neurotoxicity. This indicates that only low trait-like aggressive 

individuals are vulnerable for developing 5-HT related changes in aggressive 

behavior after MDMA administration. It is tempting to speculate that these 

individuals might also be more at risk of developing 5-HT related 

psychopathologies, including pathological forms of aggressive behavior. 
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ABSTRACT 

Ecstasy or 3,4-methylenedioxymethamphetamine (MDMA) is a serotonin releasing drug 

that is used for its acute euphoric effects. However, there are concerns in that preclinical 

studies have indicated long-lasting serotonergic neurotoxicity. Pharmacological studies 

using the SSRI fluoxetine suggest that the serotonin transporter (SERT) plays an 

important role in the long-term 5-HT depleting effects of MDMA. To further investigate 

the possible exclusive role of SERT in the 5-HT depletion by MDMA, we investigated 

the MDMA-induced serotonergic neurotoxicity in genetically altered rats that lack a 

functional SERT. Male homozygous SERT knockout (SERT-/-) rats and wildtype 

littermates (SERT+/+) were equipped with radiotransmitters to record body temperature. 

All rats received three intraperitoneal (i.p.) injections of MDMA (6 mg/kg) or saline 

with a three hours interval at an ambient temperature of 25 ºC. Four weeks later, brains 

were collected and processed for 5-HT immunohistochemistry. 5-HT positive axons were 

quantified in the prefrontal cortex (PFC) and hippocampus using light microscopy. 

Acutely, MDMA induced a pronounced and transient hyperthermic response that was 

not significantly different in overall magnitude between the two genotypes. Four weeks after 

MDMA treatment, 5-HT innervation of the PFC and hippocampus was significantly 

reduced in both SERT+/+ and SERT-/- rats, suggesting that loss of functional SERT 

does not protect from MDMA-induced serotonin depletion. Additionally, it was 

demonstrated that the hyperthermic response could be antagonized by the 5-HT2A/C 

receptor antagonist ketanserin, indicating that MDMA treatment induced 5-HT release 

in both SERT+/+ and SERT-/- rats. In conclusion, the present findings show that 

SERT is not the sole mediator of the long-term serotonin depletion by MDMA and that 

the acute MDMA-induced hyperthermic response involves SERT-independent 5-HT 

release.  
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INTRODUCTION 

The recreational drug ecstasy or 3,4-methylenedioxymethamphetamine 

(MDMA), a serotonin (5-hydroxytryptamine; 5-HT) releaser, is frequently 

used for its acute positive effects on mood and confidence (Vollenweider et 

al., 1998; Liechti et al., 2001; Parrott, 2001). Several studies have shown that 

MDMA acutely results in a release of 5-HT in the brain (Bankson & 

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

et al., 1995; Gough et al., 1991; White et al., 1994). This 5-HT release has 

been shown to result from MDMA interacting with the serotonin 

transporter (SERT; 5-HTT) (Rudnick & Wall, 1992) and from SERT-

independent mechanisms (Crespi et al., 1997). 

A main reason for neurotoxic health concerns of MDMA use is that 

MDMA results in a long-lasting decrease in 5-HT markers, representing a 

loss in 5-HT neuron functioning. Preclinical studies have demonstrated that 

MDMA treatment induces in a decrease of 5-HT and 5-hydroxyindoleacetic 

acid (5-HIAA) tissue concentrations, a reduction in tryptophan hydroxylase 

(TPH) activity and reduced SERT activity and expression, and long-term 

impairment of anterograde transport of serotonin axons (Battaglia et al., 

1987; Hewitt & Green, 1994; Schmidt & Taylor, 1987; Stone et al., 1986; Xie 

et al., 2006; Sharkey et al., 1991; Stone et al., 1987b; Buchert et al., 2004; 

Ricaurte et al., 2000; Colado et al., 1993; Semple et al., 1999; Schmidt & 

Taylor, 1988; Callahan et al., 2001).  

In preclinical studies the molecular mechanism(s) that underlie the long-

lasting, possible serotonergic neurotoxic effects of MDMA have been 

extensively investigated. Evidence from in vivo and in vitro studies indicates 

that the SERT plays an important role in the process leading to MDMA-

induced 5-HT depletion. For example, co-administration of MDMA and the 

selective serotonin reuptake inhibitor (SSRI) fluoxetine does not result in 
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long-lasting 5-HT depletion (Malberg et al., 1996; Sanchez et al., 2001; 

Schmidt, 1987).  

The MDMA-induced hyperthermia is another important factor contributing 

to the development of MDMA-induced 5-HT depletion (Malberg & Seiden, 

1998; Malberg et al., 1996; Dafters, 1995). Therefore, the 5-HT protective 

action of fluoxetine may be due to a reduction of the MDMA-evoked 

hyperthermic response. However, this seems not to be the case since several 

studies have demonstrated that administration of fluoxetine does not 

diminish the hyperthermic response of MDMA (Malberg et al., 1996; 

Mechan et al., 2002a).  

Another important aspect to consider is that fluoxetine is a potent inhibitor 

of cytochrome P450 (CYP) isozymes. These enzymes are important for 

MDMA metabolism. Importantly, several studies have indicated that 

metabolites of MDMA are involved in the MDMA-evoked 5-HT depletion 

(de la Torre & Farre, 2004; Hemeryck & Belpaire, 2002). Indeed, fluoxetine 

treatment has been demonstrated to change the process of MDMA 

metabolism (Upreti & Eddington, 2008; de la Torre et al., 2004). Therefore, 

a possibility is that the protective effects of fluoxetine might partly be 

mediated by changes in MDMA metabolism. The fact that citalopram, 

another SSRI, does not interfere with CYP enzyme activity and does not 

fully protect from MDMA-evoked long-term serotonergic neurotoxicity 

(Piper et al., 2008) is consistent with this alternative explanation. 

However, studies using cell lines to investigate the role of SERT in the 

MDMA-induced neurotoxicity are contradictory regarding the involvement 

of the SERT in this process (Hayat et al., 2006; Hrometz et al., 2004; 

Simantov an Tauber, 1997; Azmitia et al., 1990), indicating that the role of 

SERT in the long-term effects of MDMA on serotonergic functioning is far 

from clear. 
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Recently, a unique SERT knockout rat (SERT-/-) model was generated 

(Smits et al., 2006; Homberg et al., 2007). This provides the opportunity to 

investigate the role of SERT in the MDMA-induced long-term 5-HT 

depletion in vivo. In the present experiment, the acute MDMA-induced 

hyperthermic response and the long-term MDMA-induced 5-HT depletion 

was measured in wild type (SERT+/+) and SERT-/- rats through 

quantification of the immunocytochemically visualized 5-HT innervation of 

the prefrontal cortex and the hippocampal CA3 area. The hyperthermic 

response induced by MDMA is thought to be mediated by the MDMA-

evoked 5-HT release acting on 5-HT2A/C receptors, i.e. it can be completely 

prevented or promptly reversed by 5-HT2A/C antagonists (Herin et al., 2005; 

Liechti et al., 2000; Shioda et al., 2008). Since we hypothesized that SERT-/- 

rats are protected from MDMA-evoked SERT-dependent 5-HT release, we 

argued that the SERT-/- rat model allows to study the mechanism 

contributing to SERT independent MDMA-induced 5-HT release. To that 

end we tested in SERT-/- and SERT+/+ rats the effect of the 5-HT2A/C 

receptor antagonist ketanserin on the MDMA-induced hyperthermia.  

 

 

MATERIAL AND METHODS 

 

Subjects  

This study has been approved by the animal experiments committee of the 

University of Groningen (DEC protocol #4083C). The SERT knockout 

(SERT-/-) rat (Slc6a41Hubr) was generated by target-selected ENU-induced 

mutagenesis in a Wistar (Wistar/Crl) background (for detailed descriptioin, 

see Smits et al., 2006). Experimental animals were generated from incrosses 

between heterozygous SERT knockout (SERT+/-) rats that have been 
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outcrossed for at least six generations to eliminate confounding effects from 

other mutations that may have been induced by the ENU mutagenesis. 

Under the used mutagenesis conditions the mean mutation frequency was 

roughly 1 in 1.0-1.2 million basepares (about 1 centiMorgan). This approach 

resulted in a knockout of the SERT as a consequence of a premature 

stopcodon in the SERT gene. Although the chance for the occurrence of a 

very tightly linked mutation with a phenotypic effect is very small, this 

possibility should be taken into account in the design and interpretation of 

experiments. At the age of 3 weeks ear cuts were taken under anaesthesia 

and used for genotyping. Genotypes were reconfirmed after experimental 

procedures were completed. In this study 21 SERT+/+ and 23 SERT-/- rats 

were used. At the start of the experiment the animals were 180 days old. All 

rats were housed individually in Perspex cages (30 x 23 x 15 cm) with 

sawdust bedding in a room with 12:12 light:dark cycle (lights on at 1:00 

a.m.). Food (chow) and water was available ad libitum throughout the whole 

experiment. Room temperature was 21 ± 1°C, except during the time of 

MDMA administration.  

 

Telemetry 

A radio-telemetry system (Data Sciences, St Paul MN) was used for stress 

free monitoring of body temperature. All animals were implanted a 

radiotransmitter (TA10TA-F40; sensitivity: 0.1˚C) in the abdomen using 

(O2/N2O/isoflurane) anaesthesia. Body temperature was registered every 

five minutes. Cages of the animals were placed on receiver plates and the 

signal collected and analysed using the DSI Dataquest A.R.T. Acquisition 

System.  
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MDMA injections 

3,4-methylenedioxymethamphetamine (± MDMA-HCl, 99.6% obtained 

from the Dutch Forensic Institute, The Hague, the Netherlands) or saline (1 

ml/kg) was injected intraperitoneally (i.p.) three times with a three hours 

interval. 7 SERT+/+ and 7 SERT-/- rats received MDMA (3 x 6 mg/kg), and 

8 SERT+/+ and 9 SERT-/- rats were treated with saline. The first injection 

(MDMA or saline) was given four hours before the light went off. 1.5 

Hours before the first injection until three hours after the third MDMA 

injection room temperature was raised to 25 ± 0.5 ºC.  

 

Brain processing and immunocytochemistry                                     

Four weeks after the injections all rats were sacrificed by transcardial 

perfusion (under terminal anaesthesia with pentobarbital) with heparinised 

saline followed by 2.5% paraformaldehyde and 0.05% glutaraldehyde in 

0.1M phosphate buffer. Brains were removed and after dehydration in 30% 

sucrose, the left hemisphere was cut into 40 μm sagittal sections on a 

cryostat microtome. For immunocytochemistry the hippocampus and PFC, 

brain regions frequently studied in MDMA studies describing the effect of 

MDMA on 5-HT axons, were selected. Two sections containing CA3 region 

of the hippocampus and PFC (sagittally lateral 2.40 mm according to 

Paxinos & Watson, 1986) were selected. After preincubation with 5% 

normal horse serum and 0.4% triton-X100, sections underwent incubation 

with H2O2 to inactivate endogenous peroxidase. The primary antibodies that 

were applied were mouse anti-5-HT (1:100.000 kindly donated by L. Léger, 

Lyon, France), for five days. As a second antibody biotinylated horse-anti-

mouse (1:500, Vector BA2001) was used. After incubation with an ABC kit 

(1:500, Vector, Burlingame, United Kindom) for 16h, staining was 

visualized with diaminobenzidine and ammonium nickel sulphate (15 mg 
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3,3’-diaminobenzidine tetrahydrochloride (DAB)/100 ml Tris-HCl, and 150 

mg ammonium nickel sulphate/100ml Tris-HCl) as chromogen. 

 

Quantification                                                                                     

During the analysis of the brain material, the experimenter was blind to the 

treatment and genetic profile of the rats. 5-HT immuno-positive axons were 

counted in the PFC and in the hippocampus with a 400x magnification 

using a grid (0.0625 mm2, 100 squares). Axons that crossed the vertical and 

horizontal lines of every other line of the grid were counted.  

 

Ketanserin 

Another 6 SERT+/+ and 7 SERT-/- rats were used in this experiment. Using 

a cross-over experimental design, the animals were either treated with a 

single dose of MDMA (10 mg/kg) followed by saline or a combination with 

MDMA (10 mg/kg) followed by ketanserin (3 mg/kg) 80 minutes later. 

Room temperature was raised to 25 ± 0.5 ºC from 1.5 hours before 

treatment until 5 hours after the MDMA injection. Body temperature was 

measured by using telemetry, as described above. 

 

Statistics 

SPSS 14.0 for Windows was used to analyze the data statistically. The 

change in body temperature in each genotype after MDMA was analyzed 

relative to saline controls of each genotype. A repeated-measurements 

ANOVA was employed with treatment (2 levels) and genetic profile (2 

levels) as between-subject factors and time as the within-subject repeated 

measurements factor. In case of a significant interaction effect of time x 

genotype, or time x treatment, post-hoc analysis was performed using a t-

test. The immunocytochemistry data were analyzed per brain area, using a 



THE ROLE SERT IN MDMA-INDUCED 5-HT DEPLETION 
 

93 
 

two-way ANOVA, with treatment (2 levels) and genetic profile (2 levels) as 

between-subject factors. When a significant interaction was found, it was 

analyzed with a Students t-test.  

 

 

RESULTS 

 

Body temperature 

As can be seen in figure 1, MDMA treatment induced a hyperthermic 

response in both SERT+/+ and SERT-/- rats (time x treatment effect, 

F(1,27)=10.547, p<0.01). The MDMA-induced change in body temperature 

differed between both genotypes even when corrected for baseline 

differences in body temperature (genotype x treatment effect, 

F(107,1177)=1.766, p<0.0001). Post-hoc analysis revealed that body 

temperature of SERT+/+ rats was only lower than of SERT-/- rats after the 

MDMA injection (at 15-25 minutes and at 110-210 minutes after the first 

MDMA injection). However, no differences in hyperthermia were seen 

between the two genotypes after the second and third MDMA 

administration. Indeed, when the overall thermic effect of the acute MDMA 

treatment was calculated as the area under the time-response curve, no 

significant differences were noted between SERT+/+ and SERT-/- rats 

(F(1,27)=0.097, p=0.758). 

 

5-HT innervation 

5-HT innervation in SERT-/- rats was higher than in SERT+/+ rats in the 

hippocampus (F(2,34)=5.680, p<0.01) and in the PFC (F(1,18)=20.287, 

p<0.0001). 
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MDMA treatment resulted in a depletion of 5-HT axons in the 

hippocampus and PFC (treatment effect, (F(1,24)=6.245, p<0.05 and 

F(1,24)=5.312, p<0.05 respectively). As is shown in figure 2, MDMA 

treatment induced a larger depletion of serotonergic axons in the 

hippocampus of SERT+/+ rats than SERT-/- rats (t(1,11)=2.668, p<0.05). In 

the PFC, however, the depletion of serotonergic axons did not differ 

between both genotypes (t(1,11)=1.391; p=0.192). 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
Figure 1 Average (+ s.e.m.) body temperature changes in SERT+/+ and SERT-/- rats after 
repeated (3 x 6 mg/kg) MDMA or saline (1 mg/kg) injections. Arrows indicate moment of 
injection. *p < 0.05. Insert: Average (+ s.e.m.) total body temperature response in SERT+/+ 
and SERT-/- rats after repeated (3 x 6 mg/kg) MDMA or saline (1 ml/kg) injections. 
*p<0.05. 
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Figure 2 Average per-centage decrease of 5-HT positive axons (+ s.e.m.) in hippocampus and 
PFC, four weeks after repeated saline or MDMA treatment in SERT+/+ and SERT-/- rats 
compared to control groups. Control groups were set at 100%. * p <0.05. 
 

 

Ketanserin 

As illustrated in figure 3, a single acute injection of 10 mg/kg MDMA 

induced a more pronounced hyperthermic response in SERT+/+ rats than in 

SERT-/- rats (time x genotype x treatment interaction, F(54,1026)=1.668, 

p<0.05. Post-hoc analysis using a t-test revealed that SERT+/+ had a larger 

change in body temperature than SERT-/- rats at 105-210 min after MDMA 

injection). The 5-HT2A/C receptor antagonist ketanserin significantly 

decreased the hyperthermic response in both genotypes (treatment x time 

interaction, F(54,1026)=9.141, p<0.001). The hyperthermic response after 

administration of ketanserin was similar in magnitude between both 

genotypes (time x genotype x treatment interaction, F(54,1026)=1.668, 

p<0.05. Post-hoc analysis using a t-test revealed no differences except for 

time point 10-25). 
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Figure 3 Average (+ s.e.m.) body temperature changes in SERT+/+ and SERT-/- rats. At 
time point 0 rats were injected with MDMA (10 mg/kg). 80 Minutes after the MDMA 
injection rats were injected with ketanserin (3 mg/kg) or saline (1ml/kg). Arrows indicate 
moment of injection. * =SERT+/+ MDMA vs. SERT-/- MDMA  p<0.05; &=SERT+/+ 
MDMA vs. SERT+/+ MDMA + KET p<0.05; #= SERT+/+ MDMA + KET vs. 
SERT-/- MDMA + KET p<0.05; $=SERT-/- MDMA vs. SERT-/- MDMA + KET 
p<0.05. 
 

 

DISCUSSION 

 

The main aim of the present study was to investigate the role of SERT in 

the long-term 5-HT depleting effects of MDMA. Both SERT-/- and 

SERT+/+ rats showed long-lasting 5-HT depletion after MDMA binge 

treatment, although the depletion was more severe in SERT+/+ rats. These 

results indicate that SERT functioning is an important but not the sole 

factor in the mechanism leading to MDMA-induced serotonergic depletion. 

The presence of a difference between SERT+/+ and SERT-/- animals in the 

degree of 5-HT neurotoxicity after MDMA administration in the 
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hippocampus but not in the PFC could indicate that the contribution of the 

SERT to the level of serotonergic neurotoxicity differs in both brain areas.  

MDMA binge treatment resulted in an acute hyperthermic response in both 

SERT+/+ and SERT-/- rats. This hyperthermic response is most likely 

mediated via an MDMA-evoked release of 5-HT acting consequently on 5-

HT2A/C receptors as 5-HT2A/C receptor antagonists, e.g. ketanserin, M100907 

and risperone (Herin et al., 2005; Shioda et al., 2008) have been shown to 

virtually completely block or abrogate this hyperthermia. Indeed, we showed 

that ketanserin effectively blocked the MDMA-induced hyperthermic 

response in both genotypes indicating that MDMA can induce 5-HT release 

via a pathway that does not involve SERT.  

These results may suggest that the SERT-/- rat is not fully deficient in SERT 

function. However, there cannot be any doubt whether SERT-/- rats indeed 

are devoid of SERT, since this has been convincingly confirmed at the level 

of DNA, mRNA, protein expression and functionality (Homberg et al., 

2007). 

In the first experiment, the acute hyperthermic response of SERT-/- and 

SERT+/+ rats did not differ, except for the hypothermic response seen in 

SERT+/+ rats which was not seen in SERT-/- rats. Such a hypothermic 

response to MDMA is known to result from activation of 5-HT1A receptors 

(Rusyniak et al., 2007). Since this receptor subtype is largely desensitized in 

SERT-/- rats (Homberg et al., 2008) this lack of hypothermia is in line with 

the expectation that a MDMA-induced release of 5-HT is not capable to 

induce hypothermia in SERT-/- rats. The fact that there is no difference in 

the magnitude of the hyperthermic response between SERT-/- and SERT+/+ 

rats is in agreement with studies that have investigated the influence of 

fluoxetine on the MDMA-induced hyperthermia (Malberg et al., 1996; 

Sanchez et al., 2001). Studies using SERT-/- mice or fluoxetine treatment in 
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rats have shown that extracellular concentrations of 5-HT are not 

(substantially) increased after MDMA administration (Trigo et al., 2007; 

Sanchez et al., 2001). In our study, the MDMA-induced hyperthermic 

response can be antagonized by ketanserin in both genotypes, suggesting 

that 5-HT is released also in SERT-/- rats. A possible explanation is that this 

MDMA induced 5-HT release is mediated by Ca2+-dependent mechanisms 

(Crespi et al., 1997; Gudelsky & Nash, 1996). 

Surprisingly, in our study the repeated MDMA injections of 3 x 6 mg/kg 

MDMA did not induce differences in the hyperthermic response between 

SERT+/+ and SERT-/- rats, whereas a single injection of the higher dose of 

10 mg/kg MDMA resulted in a higher hyperthermic response in SERT+/+ 

rats. It has been suggested that non-serotonergic pathways are involved in 

the MDMA-induced hyperthermic response. For example, MDMA can 

induce dopamine release in vivo (Yamamoto & Spanos, 1988), partly by 

interacting with the dopamine transporter (DAT) (Nash & Brodkin, 1991). 

In addition, (Malberg et al., 1996) have shown that administration of alpha-

methyl-p-tyrosine (AMPT) to inhibit tyrosine hydroxylase activity also 

inhibits the MDMA-induced hyperthermic response. Administration of 

MDMA to SERT-/- mice revealed that the dopamine release is fully present 

(Trigo et al., 2007) in these mice. Differential activation of dopaminergic 

pathways due to differences in dose regime might therefore explain the 

observed difference in the temperature response.  

Interestingly, in both genotypes long-term 5-HT depletion was found. An 

effect of the hyperthermia can be ruled out in this situation, since in both 

genotypes there was a similar increase in body temperature response. The 

long-term 5-HT depletion found in SERT-/- rats could possibly relate to 

their acute MDMA-evoked release of 5-HT. 
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In conclusion, the present findings show that the SERT contributes to the 

MDMA-induced 5-HT depleting effects but is not the only player. This 

study confirms that MDMA can mediate acute 5-HT release via SERT-

dependent and SERT-independent mechanisms. It is tempting to 

hypothesize that this 5-HT release in rats lacking the capacity to take up 5-

HT plays a role in the lasting 5-HT depletion after MDMA administration. 

 

 

ACKNOWLEDGEMENTS  

 

The research of A.E. Wallinga was financed by ZonMw, project number 

31000069. The authors thank Anna ten Voorde and Irene Walstra for 

excellent technical assistance during the immunocytochemical staining and 

quantification process. 

 

 

 
 

 

 
 
 
 
 
 
 
 
 
 
 



CHAPTER 5                                                                        

100 
 

 



             

101 
 

ALALALALALALALALALALALALALALALALALALAL 
 
 
 
 
 
 
 
 
 

CENTRAL ADMINISTRATION OF 
3,4-METHYLENEDIOXYMETH-
AMPHETAMINE (MDMA) RESULTS 
IN LONG-TERM  5-HT DEPLETION 
ONLY WHEN ADMINISTERED TO 
HYPERTHERMIC RATS 
 

 

Alinde E. Wallinga1, Vincent G. Haver1, Ramon A. 
Granneman1, Brian Ó Mathúna2, Rafael de la Torre2, 
Jaap M. Koolhaas1, Bauke Buwalda1 
 
 

1Department of Behavioral Physiology, Biological Center, University of 

Groningen, Haren, The Netherlands 
2Grup de Recerca clínica en farmacologia humana i neurociències, IMIM-

Hospital del Mar, Parc de Recerca Biomèdica de Barcelona, Doctor 

Aiguader, 88, 08003 Barcelona, Spain  

 

Submitted for publication 

 

       Chapter 6 



CHAPTER 6                                                                              

102 
 

ABSTRACT 

Background and purpose: Animal studies have demonstrated that systemically 

administered MDMA can induce long-lasting 5-HT depletion. The acute MDMA-

induced hyperthermic response is known to facilitate this depletion. Central administration 

of MDMA, however, fails to induce acute hyperthermia and long-term 5-HT depletion. 

We will test the hypothesis that centrally applied MDMA will induce 5-HT depletion 

only under hyperthermic conditions. By measuring MDMA metabolites after central 

MDMA administration, we also tested the possible role of MDMA metabolites in the 

process leading to depletion. Experimental approach: Wistar rats were administered 

MDMA i.p. (3 x 6 mg/kg) or i.c.v. (3 x 900 µg). The acute body temperature response 

was measured using telemetry. Another group of rats was made hyperthermic during i.c.v. 

application of MDMA. In all experimental groups brain monoamine concentrations were 

measured one week later. In another experiment all groups were checked for presence of 

MDA, HMMA and HMA concentrations in the brain. Key results: We confirmed 

that i.c.v. in contrast to i.p. MDMA administration did not result in a hyperthermic 

response and 5-HT depletion. However, i.c.v. MDMA administration to hyperthermic 

rats resulted in clear 5-HT depletion. Surprisingly, substantial concentrations of MDA 

were detected in the brain shortly after i.c.v. MDMA administration. Conclusions and 

Implications: Central administration of MDMA induces 5-HT depletion only under 

hyperthermic conditions. This stresses the importance of body temperature in the 

MDMA-induced 5-HT depletion. Furthermore, central administration leads to 

substantial MDMA metabolite concentrations in the brain. Therefore, a role for 

metabolites in the MDMA-induced 5-HT depletion cannot be excluded.  
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INTRODUCTION 

 

3,4-Methylenedioxymethamphetamine (MDMA) is a party drug widely used 

for its acute euphoric effects. One of the major acute adverse effects of 

MDMA ingestion is the drug-induced hyperthermic response (Screaton et 

al., 1992; Lyles & Cadet, 2003). From animal studies it is known that body 

temperature change following MDMA administration is dose and ambient 

temperature dependent. MDMA administration at low ambient 

temperatures induces a hypothermic response, whereas MDMA 

administration at high ambient temperatures has been demonstrated to 

induce a hyperthermic response (Malberg & Seiden, 1998; Dafters, 1994; 

Dafters & Lynch, 1998; Gordon et al., 1991; Colado et al., 2001). 

Besides these acute effects, several studies have shown that systemic 

administered MDMA can cause a long-term decrease in serotonin (5-

hydroxytryptamine; 5-HT) and 5-hydroxyindoleacetic acid (5-HIAA) 

concentrations, a reduction in tryptophan hydroxylase (TPH) activity and of 

serotonin transporter (SERT) activity and expression (Battaglia et al., 1987; 

Hewitt & Green, 1994; Schmidt & Taylor, 1987; Stone et al., 1986; Xie et al., 

2006; Sharkey et al., 1991; Stone et al., 1987b; Buchert et al., 2004; Ricaurte et 

al., 2000; Colado et al., 1993; Semple et al., 1999; Schmidt & Taylor, 1988). 

MDMA-induced long-term depletion of 5-HT and 5-HIAA concentrations 

has been associated with the hyperthermic response following its 

administration (Malberg & Seiden, 1998; Dafters, 1995; Malberg et al., 1996). 

Indeed, when MDMA administration is followed by an acute hypothermic 

response or when the acute hyperthermia is blocked by pharmacological 

agents, 5-HT depletion is abolished or attenuated (Malberg et al., 1996; 

Farfel & Seiden, 1995b; Schmidt et al., 1990; Colado et al., 1998; Colado et 
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al., 1999a; O'Shea et al., 2002; Morley et al., 2004; Hervias et al., 2000; 

Sprague et al., 2003; Broening et al., 1995). 

It is remarkable that central administration of MDMA is not accompanied 

by long-term depletion of 5-HT concentrations (Esteban et al., 2001; Goni-

Allo et al., 2008; Paris & Cunningham, 1992). Studies investigating body 

temperature response after local infusion of MDMA via a microdialysis 

probe in the striatum or hippocampus failed to induce an acute 

hyperthermic response (Goni-Allo et al., 2008; Esteban et al., 2001; Nixdorf 

et al., 2001). This suggests that hyperthermia is essential for MDMA induced 

5-HT depletion. However, it can be argued that brain areas involved in 

thermoregulation were not affected by local MDMA administration through 

microdialysis. When rats were made hyperthermic in these studies also no 

depletion of 5-HT concentrations was found (Esteban et al., 2001; Goni-

Allo et al., 2008). The lack of serotonergic neurotoxicity after central 

MDMA administration has led some researchers to assume that toxic 

metabolites of MDMA can elicit free radical formation in the brain, which 

subsequently may lead to serotonergic neurotoxicity. Indeed there is 

evidence indicating that free radical formation is dependent on the presence 

of toxic metabolites of MDMA (Bai et al., 1999; Bai et al., 2001; de la Torre 

& Farre, 2004; de la Torre et al., 2004; Hiramatsu et al., 1990; Miller et al., 

1995; Miller et al., 1996; Miller et al., 1997). This, however, is not the only 

possible pathway leading to MDMA-induced serotonergic neurotoxicity. 

There is also substantial evidence that enhanced dopamine release after 

MDMA can induce free radical formation in 5-HT axons (Breier et al., 2006; 

Sprague et al., 1998; Goni-Allo et al., 2008), resulting in serotonergic 

neurotoxicity. 

In the present study, we administered MDMA i.c.v. to hyperthermic and 

normothermic rats and measured 5-HT and 5-HIAA concentrations one 



    ICV ADMINISTERED MDMA INDUCES 5-HT DEPLETION 
 

105 
 

week later. In this way, we tested the hypothesis that hyperthermia is 

essential for serotonergic depletion not only after peripheral but also after 

central MDMA administration. Furthermore, we measured MDMA 

metabolite concentrations in the brain after central and peripheral MDMA 

administration. By administering MDMA i.c.v. we expected to prevent the 

formation of MDMA metabolites. This would exclude the role of MDMA 

metabolites in the 5-HT depletion process.  

 

 

MATERIAL AND METHODS 

 

General 

This study has been approved by the animal experiments committee of the 

University of Groningen (DEC protocol #4396G). 71 Male Wistar rats 

were housed individually in Perspex cages (24 x 24 x 30 cm) with sawdust 

bedding in a room with 12:12 light:dark cycle (lights on at 8:00h). Food 

(chow) and water was available ad libitum. Ambient temperature was 21 ± 

0.5 ºC, except on the day when MDMA was administered. MDMA (± 

MDMA-HCl, 99.6%) was obtained from the Dutch Forensic Institute, The 

Netherlands. 22 Rats were used to study the effects of peripherally 

administered MDMA. The remaining 49 rats were used to study the effects 

of i.c.v. administered MDMA. All rats were implanted intraperitoneally with 

a biotransmitter (TA10TA-F40, sensitivity: 0.1 ºC; Data Sciences, St Paul, 

MN) allowing stress free monitoring of core body temperature throughout 

the experiment. Rats were allowed to recover for at least 14 days prior to 

MDMA/saline injections. Cages of the animals were placed on receiver 

plates. The signal was collected, stored and analyzed using the DSI 

Dataquest A.R.T. Acquisition System. Body temperature was measured 
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every five minutes from 12 hours before the first MDMA/saline injection 

until 3 hours after the last injection. 

 

Experiment 1. Peripheral MDMA administration and analysis of brain 

monoamine concentrations 

Fifteen Wistar rats (283 ± 3.0 g at moment of injections) were injected 

MDMA (6 mg/kg solved in 1 ml ultra purified water) or saline (1 ml/kg) 

three times i.p. with an interval of three hours. The first injection was given 

1.5 hours after the lights went on. Room temperature was elevated to 25 ± 

0.5 ºC from 2 hours before the first injection until 3 hours after the last one. 

Seven days after MDMA administration rats were decapitated under brief 

CO2 anesthesia in the early light phase. To determine 5-HT, 5-HIAA, 

dopamine (DA), 3,4-dihydroxyphenylacetic acid (DOPAC), homovanillic 

acid (HVA) and noradrenalin (NA) concentrations, brains were rapidly 

dissected on a chilled plate. Prefrontal cortex (PFC), striatum and 

hippocampus were removed and snap frozen in Eppendorf vials in liquid 

nitrogen. All samples were stored at -80 ºC until further analysis. 

Monoamine concentrations were determined in all dissected brain areas 

using HPLC with electrochemical detection. For this purpose samples were 

homogenized in 0.5 ml 0.1 M perchloric acid and centrifuged at 14000 rpm 

for 10 minutes at 4 ºC. Supernatant was removed and assayed for 5-HT, 5-

HIAA, DA, DOPAC, homovanillic acid and (NA) concentrations by 

injecting 100 µl onto a reversed phase Gemini C18 column (150 x 4.6 mm, 5 

µm particle size), connected to a detector (ESA Coulochem model 5100A) 

with a 5011A detector cell. A difference in potential of 340 mV was set, 

with the potential of one electrode being 0 mV and the other 340 mV. The 

mobile phase consisted of 62.7 nM Na2HPO4, 40.0 nM citric acid, 0.27 mM 

EDTA, 4.94 mM HSA, 10% methanol at pH 4.1 with a flow of 0.5 ml/min. 
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Known amounts of 5-HT, 5-HIAA, DA, DOPAC, HVA (Sigma 

Chemicals), NA (Research Biochemicals International) were run throughout 

the whole procedure for standardization. Monoamine concentrations were 

calculated as ng/g tissue.  

 

Experiment 2. Peripheral MDMA administration and analysis of brain 

MDMA, MDA, HMMA and HMA concentrations  

Seven rats (268 ± 4.2 g) were injected with MDMA (6 mg/kg) three times 

i.p. Two hours before the first MDMA injection until one hour after the last 

injection room temperature was elevated to 25 ± 0.5 ºC. One hour after the 

last injection all animals were decapitated. PFC, striatum and hippocampus 

were removed, snap frozen in liquid nitrogen, stored in -80 ºC and 

processed for MDMA and metabolite analysis. MDMA, MDA (3,4-

methylenedioxyamphetamine), HMMA (4-hydroxy-3-methoxymetha-

mphetamine) and HMA (4-hydroxy-3-methoxyamphetamine) concentra-

tions in homogenates were determined following a previously described 

method (Pizarro et al., 2002). Briefly, aliquots of 100 μL of homogenates 

were hydrolyzed enzymatically with β-glucuronidase at pH 5.2 (incubation 

for 16 h at 37ºC). After hydrolysis, samples were adjusted to pH 6 and a 

solid-phase extraction with Bond Elut Certify columns was carried out. 

The extracts were evaporated to dryness (40ºC) and the dried extracts were 

derivatized with 50 μL of MBTFA for 45 min at 70ºC. Once cooled, the 

samples were transferred to autosampler vials and analyzed using gas 

chromatography-mass spectrometry (MSD5973, Agilent, Palo Alto, CA). 

MDMA, MDA, HMMA and HMA concentrations were calculated as 

µg/mg tissue. 
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Experiment 3. Matching of brain MDMA concentrations after central 

and peripheral administration 

Eight rats (268 ± 3.2 g) were injected i.p. MDMA (6 mg/kg). Two hours 

before the MDMA injection room temperature was elevated to 25 ± 0.5 ºC. 

Rats were decapitated one hour after the injection. Another seven rats (303 

± 7.6 g) were provided with a 23-gauge stainless steel guide cannula (11 

mm, Plastics One, Roanoke, VA, USA) over the right lateral cerebral 

ventricle. The coordinates for the guide cannula were 1.0 mm posterior to 

bregma, 1.0 mm lateral to the midline and 3.5 mm below the dura (Paxinos 

& Watson, 1986). The cannula was secured to the skull with three screws 

and dental cement. Animals were infused for one hour with MDMA i.c.v. 

(900 µg/40 µl). Two hours before the start of first infusion room 

temperature was elevated to 25 ± 0.5 ºC. Rats were decapitated one hour 

after the start of the infusion. 

In both groups of rats PFC, striatum and hippocampus were removed and 

processed for MDMA analysis. For determination of MDMA 

concentrations in the removed brain areas, High Performance Liquid 

Chromatography (HPLC) was used. Tissue samples were homogenized in 

0.5 ml 0.1 M perchloric acid and centrifuged at 14000 rpm for 10 minutes at 

4˚C. Supernatant was removed and analyzed for MDMA content. For 

determination of MDMA concentrations 100µl was injected onto a reversed 

phase Gemini C18 column (150 x 4.6 mm, 5 µm particle size), connected to 

a detector (ESA Coulochem model 5100A) with a 5011A detector cell. A 

difference in potential of 1.1 V was set, with the potential of one electrode 

being 0 V and the other 1.1 V. The mobile phase consisted of 62.7 nM 

Na2HPO4, 40.0 nM citric acid, 0.27 mM EDTA, 4.45 mM HSA, 25% 

acetonitrile at pH 3.0 with a flow of 0.5 ml/min. Known amounts of 

MDMA were run throughout the whole procedure for standardization. 
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MDMA concentrations were calculated as µg/mg tissue. The results showed 

that brain concentrations of MDMA did not differ significantly between 

both routes of administration (i.p.: PFC (12.87 ± 1.006), striatum (8.64 ± 

0.44) and hippocampus (10.85 ± 0.47); i.c.v: PFC (15.58 ± 10.46), striatum 

(19.95 ± 10.87) and hippocampus (8.23 ± 4.48)). 

 

Experiment 4. Central MDMA administration and analysis of brain 

concentrations of MDMA, MDA, HMMA and HMA  

15 Rats (325 ± 8.5 g) were provided with both a biotransmitter and a 23-

gauge stainless steel guide cannula as described above.  

4A. Rats were infused with MDMA i.c.v. (900 µg/ 40 µl per hour) three 

times for one hour with three hours interval between the start of each 

MDMA infusion. The dose of the centrally administered MDMA was 

matched with brain concentrations of MDMA determined at one hour 

following a single i.p. MDMA injection. Ambient temperature was elevated 

to 25 ± 0.5 ºC from 2 hours before the first administration session until 

three hours after the start of the third infusion period.  

4B. Rats were infused with MDMA i.c.v. (900 µg/ 40 µl per hour) three 

times for one hour with three hours interval between the start of each 

MDMA administration session. Ambient temperature was initially raised to 

41 ºC prior to the first i.c.v. infusion. This high ambient temperature was 

chosen in order to make the rats hyperthermic up to a body temperature of 

around 39.5 ºC. (A raise in body temperature similar to peak temperatures 

of rats that were administered 3 x 6 mg/kg i.p. in experiment 1). During this 

experiment, body temperature of the rats was monitored closely. When the 

body temperature of the rats reached 40 ºC, ambient temperature was 

adjusted to lower values to prevent rats from overheating.  
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In experiment 4A and 4B, one hour after the start of the third 

administration, rats were decapitated and PFC, striatum and hippocampus 

were removed, snap frozen, stored and analyzed for MDMA, MDA, 

HMMA and HMA concentrations as described in experiment 2. 

 

Experiment 5. Central MDMA administration and analysis of brain 

monoamine concentrations 

32 Wistar rats (271 ± 8.3 g) were provided with both a biotransmitter and a 

23-gauge stainless steel guide cannula as described for exp. 3. MDMA i.c.v. 

(900 µg/40 µl per hour) or saline (40 µl per hour) was infused three times 

for one hour with three hours interval between the start of each infusion. 

5A. Ambient temperature was 25 ± 0.5 ºC starting 2 hours before the start 

of the first infusion until three hours after the start of the third infusion.  

5B. Ambient temperature was raised to 41 ºC in order to make the rats 

hyperthermic up to a body temperature of around 39.5 ºC. Exact 

description of the procedure is described above (experiment 4B). 

In experiment 5A and 5B, one week after MDMA administration rats were 

decapitated and brains were processed for monoamine analysis as described 

for experiment 1. 

 

Data analysis 

SPSS 14.0 for Windows was used to analyze the data statistically. Body 

temperature was analyzed by employing a repeated-measurement ANOVA 

with treatment (2 levels) as between-subject factor and test as the within-

subject repeated measurements factor. In case of a significant main effect of 

treatment, post-hoc analysis was performed with an independent sample t-

test. Monoamine concentrations after i.p. MDMA/saline administration 

were analyzed by an independent t-test. MDMA and metabolites 
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concentrations after i.p. administration were compared for each brain area 

and between each brain area. This was analyzed using a one-way ANOVA 

in both cases. When necessary post-hoc analysis was performed using Tukey 

HSD. Monoamine concentrations after i.c.v. MDMA/saline administration 

were analyzed employing a two-factor ANOVA with treatment (2 levels) 

and body temperature (2 levels) as between-subjects factors. 

 

 

RESULTS 

 

Peripheral MDMA administration: Acute body temperature response 

and long-term monoamine concentrations  

Analysis of the changes in body temperature after i.p. administration of 

MDMA with a repeated measurements ANOVA revealed a significant 

effect of treatment on body temperature (F(1,120)=11.3, p<0.001). Post 

hoc analysis revealed that i.p. MDMA treatment initially (10-40 minutes 

after the first injection) resulted in a hypothermic response. After the 

second MDMA injection this hypothermia shifted towards a hyperthermic 

response (235-525 minutes after the first injection) (figure 1a). 

One week after peripheral MDMA treatment 5-HT concentrations were 

significantly reduced in PFC (t(12)=3.096, p<0.01) striatum (t(12)=3.064, 

p<0.01) and hippocampus (t(12)=7.040, p<0.001) compared to saline 

treated rats (figure 1b). 5-HIAA concentrations were reduced in striatum 

(t(12)=2.590, p<0.05) and hippocampus (t(12)=4.726, p<0.001) and were 

close to statistical significance in the PFC (t(12)=1.979, p=0.071) in MDMA 

treated rats compared to saline treated rats (figure 1c). No significant 

changes were found in any of the other measured monoamine and 

metabolite concentrations. 
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Figure 1 a) Acute body temperature responses of rats that received three i.p. injections of saline 
or MDMA (6 mg/kg). Arrows indicate moment of injection. 5-HT b) and c) 5-HIAA 
concentrations one week after 3 x i.p. saline or 3 x i.p. MDMA (6 mg/kg) administration. 
Data are presented as mean averages + s.e.m. * p < 0.05.  # 0.10 > p > 0.05.  
 

 

Comparison of acute MDMA, MDA, HMMA and HMA 

concentrations in brain tissue following peripheral and central 

administration of MDMA 

One hour after the third i.p. or one hour after the start of the third i.c.v. 

MDMA administration, no differences were found between normothermic 

and hyperthermic rats in the concentrations of MDMA in PFC 

  

 

a 

c b 
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(F(2,21)=0.760, p=0.481), striatum (F(2,22)=1.659, p=0.216) and 

hippocampus (F(2,22)=0.663, p=0.526). Furthermore, in all brain areas 

significant concentrations of MDA were present. In PFC and hippocampus 

concentrations of MDA were significantly lower in rats that received i.c.v. 

MDMA treatment than rats that received i.p. MDMA treatment 

(F(2,21)=11.157, p<0.01; F(2,22)=20.259, p<0.0001) (see table 1). After 

peripheral MDMA administration in all brain areas HMMA and HMA 

concentrations were detected. After i.c.v. administration HMMA and HMA 

were detected but at low concentrations close to limits of detection of the 

analytical method (data not shown). 

 

Table 1 MDMA, MDA, HMMA, HMA concentrations in the PFC, striatum and 
hippocampus one hour after the third i.p. injection (N=7) of MDMA or direct after the third 
hour of i.c.v. administration of MDMA to normothermic (n=8) and hyperthermic (N=7) rats. 
Data are presented as mean averages ± s.e.m. * p< 0.05, lower compared to i.p. injected rats. 
D.L.= Detection Limit. 

 

 

 MDMA ± s.e.m. 

(µg/mg tissue) 

MDA ± s.e.m. 

(µg/mg tissue) 

HMMA ± s.e.m. 

(µg/mg tissue) 

HMA ± s.e.m. 

(µg/mg tissue) 

PFC i.p. 

PFC i.c.v. 

PFC i.c.v. + 

hyperthermia 

16.87 ± 2.68 

14.82 ± 3.06 

31.53 ± 18.38 

8.02 ± 0.97 

1.79 ± 0.41 

1.18 ± 0.39 

0.36 ± 0.18 

D.L. 

D.L. 

 

0.33 ± 0.14 

D.L. 

D.L. 

Striatum i.p. 

Striatum i.c.v. 

Striatum i.c.v. + 

hyperthermia 

13.01 ± 1.86 

66.49 ± 30.08 

154.46 ± 86.06 

6.53 ± 0.36 

1.60 ± 0.29 

13.32 ± 9.70 

 

0.14 ± 0.05 

D.L. 

D.L. 

0.12 ± 0.03 

D.L. 

D.L. 

Hippocampus i.p. 

Hippocampus i.c.v. 

Hippocampus i.c.v. 

+ hyperthermia 

10.19 ± 1.54 

73.60 ± 47.11 

71.43 ± 53.68 

4.77 ± 0.67 

1.72 ± 0.31 

1.14 ± 0.24 

0.17 ± 0.03 

D.L. 

D.L. 

0.07 ± 0.01 

D.L. 

D.L. 
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Central MDMA administration: Acute body temperature response 

and long-term monoamine concentrations  

Analysis of the changes in body temperature after i.c.v. administration of 

MDMA at 25 ºC with a repeated measures ANOVA revealed a significant 

treatment effect on body temperature (F(1,120)=4.59, p<0.001). Post hoc 

analysis revealed that MDMA treatment initially (25-70 min. and 80-95 min. 

after the start of the first administration) resulted in a clear hypothermia 

compared to controls. This hypothermic response failed to reach 

significance after the second MDMA infusion and turned into a short-

lasting hyperthermic response following the start of the third infusion 

period (figure 2a). 

Analysis of the body temperature response of rats that were made 

hyperthermic revealed no significant effect of treatment on body 

temperature (F(120)=1.10, p=0.286) (figure 2b).  

The two-factor ANOVA revealed a significant treatment x body 

temperature interaction for 5-HT in the PFC (F(1,28)=7.157, p<0.01), 

striatum (F(1,28)=5.074, p<0.05) and hippocampus (F(1,27)=4.631, 

p<0.05). As can be seen in figure 2c, post-hoc analysis revealed that 5-HT 

concentrations in all brain areas measured were significantly or nearly 

significantly lower in hyperthermic rats that were infused MDMA compared 

to hyperthermic controls (PFC: t(13)=4.604, p<0.001; striatum: 

t(13)=2.526, p<0.05; hippocampus: t(12)=1.981, p=0.071)), normothermic 

controls (PFC: t(15)=2.104, p=0.053; hippocampus: t(14)=2.142, p=0.050; 

striatum: t(15)=3.213, p<0.01)) and normothermic rats that were infused 

MDMA (hippocampus (t(13)=3.009, p<0.01) and striatum (t(14)=4.085, 

p<0.01)). Only in the striatum 5-HT concentrations of hyperthermic rats 

that received saline were lower than normothermic rats that received 

MDMA (t(13)=2.595, p<0.05). 
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Figure 2a) Acute body temperature responses of rats that received 3 x saline i.c.v. or 3 x 
MDMA i.c.v at an ambient temperature of 25 ºC. b) and the body temperature of rats that were 
made hyperthermic. Black bars indicate moment of MDMA/saline administration. c) 5-HT 
and d) 5-HIAA concentrations one week after repeated i.c.v. saline or MDMA administration. 
Data are presented as mean averages + s.e.m.  * p < 0.05, # 0.10 > p > 0.05. 
 

 

The two-factor ANOVA revealed no significant treatment x body 

temperature interaction for 5-HIAA in the PFC (F(1.28)=0.284, p=0.598), 

striatum (F(1,28)=0.491, p=0.489) and hippocampus (F(1,27)=3.657, 

p=0.067) (figure 2d).  

With the exception of enhanced DOPAC concentrations in the striatum 

after MDMA treatment (main treatment effect (F(1,28)=4.712, p<0.05) no 

changes in other monoamine concentrations were found. 
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DISCUSSION  

 

This study shows for the first time that centrally administered MDMA 

induces 5-HT depletion under hyperthermic conditions. We confirm that, in 

contrast to peripheral MDMA administration, centrally administered 

MDMA induces neither a hyperthermic response nor a long-lasting decrease 

in 5-HT concentrations. Importantly, i.c.v. administration of MDMA to 

hyperthermic rats did lead to a lasting reduction in serotonin concentrations 

in the brain. This demonstrates that hyperthermia is crucial for the long-

term 5-HT depleting effects of MDMA. 

It is a striking observation that systemic MDMA administration results in a 

severe hyperthermic response after the second and third injection whereas 

central MDMA administration does not induce any significant changes in 

body temperature after the second and the third infusion session, with the 

exception of a very short hyperthermia of 0.7 ºC at the start of the third 

infusion session. Looking more closely at the body temperature response, 

one can see a clear hypothermic response after the first i.c.v. administration. 

Also after the first i.p. injection an initial hypothermic response was found 

that is less pronounced than after i.c.v. administration of MDMA. This 

might be due to differential pharmacokinetics of the two administration 

routes. Recently it has been demonstrated that the hypothermic response 

that occurs after i.p. administration of MDMA is induced by activation of 

the 5-HT1A receptor (Rusyniak et al., 2007). It is likely that the hypothermic 

response after i.c.v. MDMA administration observed in the present 

experiment also resulted from the activation of 5-HT1A receptors. The 

absence of a hyperthermic response after i.c.v. MDMA injection cannot be 

explained by lower concentrations of MDMA being present in the brain 

after central administration, since the dosages of i.p. and i.c.v. MDMA 
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administration were successfully matched for similar brain MDMA levels. 

Also, it seems unlikely that both routes of administration differ in the 

degree MDMA reaches brain areas important for thermoregulation, since 

both routes of administration show clear changes in body temperature after 

the first time of MDMA administration. In our opinion, the difference in 

temperature response may be explained in two ways. First, central infusion 

of MDMA most likely results in a gradual increase in brain concentrations 

of MDMA during the one hour of continues administration. When 

administering a systemic bolus injection, the dose of MDMA is given all at 

once. This might lead to a more rapid increase in brain MDMA 

concentrations during the first hour after administration. This difference 

may result in a different profile of 5-HT release in both routes of 

administration. Second, MDMA concentrations in the periphery might 

contribute to the acute MDMA-induced hyperthermic response. In contrast 

to i.c.v. administration i.p. injections of MDMA result in considerable 

concentrations of MDMA in other parts of the body than the brain. 

Although it has been shown that antagonizing the 5-HT2A receptors 

completely inhibits the MDMA induced hyperthermia (Herin et al., 2005), 

this does not necessarily mean that the body temperature is centrally 

regulated since 5-HT2A receptors have been identified in both the CNS and 

the periphery. In the periphery, 5-HT2A receptors are located in platelets (de 

Chaffoy de Courcelles et al., 1985), vascular smooth muscle (Cohen et al., 

1981) and uterine smooth muscle (Wilcox et al., 1992). So far, there is no 

experimental support to exclude a peripheral mechanism for MDMA 

induced hyperthermia. 

Another difference between systemic and central MDMA administration is 

that central administration did not decrease 5-HIAA concentrations despite 

the fact that both routes of administration resulted in 5-HT depletion in 
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hyperthermic animals. Presently we do not know what might have caused 

this difference. 

By administering MDMA centrally, we aimed to avoid hepatic metabolism 

of MDMA and therefore expected no detectable concentrations of MDMA 

metabolites in brain homogenates. Surprisingly, in hyperthermic and non-

hyperthermic conditions, centrally administered MDMA resulted in 

substantial concentrations of its major metabolite MDA. It seems unlikely 

that hepatic metabolism of MDMA is the pathway leading to detectable 

concentrations of MDA in the brain after central administration of MDMA. 

Interestingly, CYP2D isoforms are expressed in the brain (Funae et al., 

2003) and an in vitro study indicated that brain microsomes also have the 

potential to metabolize MDMA, via a CYP450-dependent and OH-

dependent system (Lin et al., 1992). This metabolic route might be the 

explanation for the significant concentrations of MDA present in the brain 

after central MDMA administration. 

Metabolites of MDMA are thought to be involved in the serotonergic 

depletion process. MDMA metabolism in the liver is mediated by CYP450 

enzymes. MDMA is demonstrated to be metabolized into MDA and 3,4-

dihydroxymethamphetamine (HHMA) (respectively by N-demethylation 

and O-demethylenation). By O-demethylenation MDA is converted into 3,4-

dihydroxyamphetamine (HHA). HHA and HHMA are converted by O-

methylation into HMA and HMMA respectively. HHMA and HHA are 

highly redox-unstable (Lim et al., 1988; Cho et al., 1990, Tucker et al., 1994) 

and are able to form adducts with glutathione (GSH) and other thiol-

containing compounds (Hiramatsu et al., 1990; de la Torre et al., 2004; de la 

Torre et al., 2004) resulting in free radical formation (Jones et al., 2004; 

Monks et al, 2004). Because substantial concentrations of MDA are present 

in the brain after i.c.v. administration of MDMA, it cannot be excluded that 
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this potential toxic metabolite might have contributed to the 5-HT 

depletion under hyperthermic conditions.  

Furthermore, the presence of metabolites in the brain in our study might be 

in contrast to other studies (Esteban et al., 2001; Goni-Allo et al., 2008) that 

could not demonstrate 5-HT depletion after MDMA administration in 

hyperthermic rats. However, this latter study did not determine metabolite 

concentrations. In summary, centrally administered MDMA induces 5-HT 

depletion only under hyperthermic conditions. Our findings stress the 

importance of increased body temperature on the long-term 5-HT depleting 

effects of MDMA. 

Also, this study showed for the first time that central MDMA 

administration results in substantial concentrations of MDMA metabolites 

in the brain. Since there is evidence demonstrating that MDMA metabolites 

are involved in MDMA-induced serotonergic neurotoxicity, it cannot be 

excluded that the MDMA metabolites play a role in the MDMA-induced 5-

HT depletion under hyperthermic conditions. 
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SUMMARY AND CONCLUSIONS 

 

The studies presented in this thesis were aimed to investigate the role of 

individual variation in the consequences of MDMA treatment.  

Chapter 2 addressed the question to what extent vulnerability to MDMA 

induced 5-HT depletion would depend on baseline, trait like differences in 

monoaminergic neurotransmission. The study used SAL and LAL mice, 

known to differ in their monoamine functioning. Both lines did not differ in 

dopamine and serotonin depletion three days after MDMA treatment, 

however SAL and LAL mice were found to be differential vulnerable for 

the long-term MDMA-induced serotonergic depletion. Chapter 3 

investigated whether gender is an important factor causing variability. It was 

shown that male rats are more vulnerable for both the acute and the long-

term consequences of MDMA treatment than females. Males showed a 

stronger acute hyperthermic response and had a higher lethality rate than 

females. Furthermore, males showed a long-lasting increase in body 

temperature. No gender difference in long-term serotonin depletion was 

observed. Male rat were found to have a long-term decrease in brain 5-

HIAA tissue concentrations, however interpretation with regard to 

serotonergic neurotoxicity remains difficult at present. Chapter 4 addressed 

the question whether individuals differ in the behavioral consequences of 

MDMA. Aggressive behavior was used as a strongly serotonin-mediated 

behavior. On average, MDMA treatment did not result in long-term 

changes in aggressive behavior. However, when the initial individual 

differences in aggressive behavior and the underlying mechanisms of 

serotonergic homeostasis were taken into account, it was found that only 

rats that initially expressed low levels of aggression showed an increase in 

aggressive behavior three weeks after MDMA treatment. This individual 
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difference in behavioral response was not reflected in the MDMA-induced 

long-term serotonergic neurotoxicity as measured by quantification of the 

number 5-HT fibers in the prefrontal cortex and hippocampus.  

MDMA is generally considered to exert its action trough the serotonin 

transporter (SERT). Genetic polymorphisms of the SERT gene in primates 

are known to be related to a wide variety of affective diseases and 

aggression. Therefore, Chapter 5, we used a SERT knockout rat model to 

test the involvement of the serotonin transporter in the long-term effects of 

MDMA. MDMA treatment resulted in serotonergic depletion in both 

SERT-/- and SERT+/+ rats, however the reduction was stronger in SERT+/+ 

rats. This indicates that the MDMA-induced long-term serotonin depletion 

is not completely dependent on its action through SERT. Furthermore, the 

MDMA-induced hyperthermic response was partially mediated by serotonin 

release, suggesting that also in rats that do not express SERT, serotonin is 

released after MDMA treatment. The long-term consequences of MDMA 

on serotonin are known to depend on a complex interaction between 

environmental temperature and core body temperature. Chapter 6 explored 

in detail the role of temperature on the long term consequences of MDMA 

use. Centrally applied MDMA itself did not induce 5-HT depletion in 

conditions where peripherally applied MDMA would induce a lasting 

reduction in 5-HT tissue concentrations. The difference between centrally 

and peripherally administered MDMA is the absence of hyperthermia after 

central administration. Under conditions of hyperthermia induced by high 

ambient temperature, MDMA administered directly into the brain can 

induce long-term serotonin depletion. Surprisingly, MDMA metabolites 

were detected in the brain after central MDMA administration. This 

supports the theory that metabolites of MDMA play a role in the serotonin 

depleting process.  
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Regarding the main aim of this thesis on individual vulnerability to the long-

term consequences of MDMA use, the experiments show the importance of 

baseline differences in monoaminergic neurotransmitter systems, coping 

style, gender and the serotonin transporter as intrinsic factors and 

temperature as extrinsic factor.  

 

 

DOES MDMA HAVE NEURODEGENERATIVE POTENCY?  

 

Numerous preclinical reports have been published regarding the long-term 

adverse effects of MDMA on the serotonergic system. These studies 

generally demonstrate that MDMA administration results in persistent 

reductions of markers of the serotonergic system (see general introduction 

section) in various brain areas. Despite the abundance of evidence showing 

that MDMA causes serotonergic depletion, it remains uncertain whether 

MDMA causes serotonergic neuron degeneration. In fact, there is a paucity 

of studies that examined the effects of MDMA on established markers of 

neuronal damage. Neurotoxicity in its strict sense is characterized by cell 

death and glial cell hypertrophy. It seems unlikely that MDMA induces 

death of serotonergic cells, since evidence has shown that despite profound 

loss of serotonin in forebrain projection areas (O'Hearn et al., 1988), 

MDMA administration has no effect on serotonergic cell bodies in the 

dorsal raphe nuclei, neither in number nor in morphology. Intra-raphe 

infusion of MDMA did not result in a long-term decrease of serotonergic 

markers (Paris & Cunningham, 1992). 

Nevertheless, several studies indicate that administration of MDMA can 

cause neuronal damage as indicated by sensitive silver staining methods (i.e. 
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Fink-Heimer method) and Fluoro-Jade B (Commins et al., 1987; Schmued, 

2003). However, these methods do not discriminate between different 

neurotransmitters. Therefore it remains uncertain whether the damaged 

cells identified by the two staining methods are serotonergic. Another 

approach used to demonstrate neuronal damage is by measuring glial 

activity. As a response to structural neuronal damage, astrocytic reactivity is 

known to be enhanced. This enhanced reactivity can be demonstrated by 

the expression of glial fibrillary acidic protein (GFAP). GFAP can thus 

function as a marker for neuronal degeneration (O'Callaghan & Sriram, 

2005). Studies investigating the expression of glial fibrillary acidic protein 

(GFAP) after MDMA administration sometimes do, but also do not show 

an increase in GFAP expression (Aguirre et al., 1999; Pubill et al., 2003; 

Wang et al., 2004).   

All together, the majority of the data indicates that MDMA in doses that 

cause significant serotonin depletion does not induce clear signs of 

serotonergic neuronal damage. Hence, it seems that although brain 5-HT 

levels are strongly depleted after MDMA, serotonin axons and nerve 

terminals remain intact. This would suggest that MDMA-induced deficits in 

serotonergic systems are due to adaptive changes in gene expression or 

protein function, and these changes reflect a state of metabolic exhaustion, 

rather than neurotoxic damage. Indeed, some studies indicate that the initial 

serotonin depletion can be (partially) restored over time (Hatzidimitriou et 

al., 1999; Stone et al., 1987c). Hence, in view of the long term reduction in 

serotonin consistently found in various brain areas, it can safely be 

concluded that MDMA has lasting effects on serotonergic signalling. 

Whether MDMA actually induces long-term structural damage or otherwise 

irreversible changes in the 5-HT neuron, as opposed to a reversible down 
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regulation of the mechanisms involved in serotonergic neuron homeostasis 

remains to be investigated. 

 

 

BEHAVIORAL CHANGES AFTER MDMA INDUCED 5-HT 

DEPLETION   

 

Regardless of the question whether MDMA has neurotoxic potency, 

MDMA treatment results in long-term changes in several serotonergic 

markers. Remarkably, studies that have investigated the long-term 

behavioral changes after MDMA treatment fail to show long-lasting effects. 

The lack of long-term changes in behavior after MDMA treatment might be 

explained by the plasticity and redundancy of the serotonergic system. In 

most studies MDMA-induced changes (for example depletion in serotonin 

tissue concentrations) in the serotonergic system have been investigated in 

baseline conditions. It is important to notice that these measurements do 

not necessarily reflect the potency of a neuron to release serotonin. 

Serotonin release and the binding of extracellular serotonin to serotonin 

receptors are important in mediating behavioral output and are only 

distantly related to serotonin tissue concentrations. It can be hypothesized 

that only when the capacity of the neuron to release serotonin is under 

pressure, behavioral changes will occur.  

In this respect, female rats (chapter 3) that seem to have increased 

serotonin turnover (that is thought to reflect increased, compensatory 5-HT 

release) might be more vulnerable to behavioral changes in situations of 

pressure on the serotonergic system, for example under conditions of 

chronic stress. 
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Individual variation in general may be another reason for the absence of 

clear long-term behavioral effects of MDMA treatment. The importance of 

individual variability was demonstrated in chapter 4, where only low 

aggressive male rats showed an increase in aggression after MDMA. This 

result is consistent with observations in humans indicating that only specific 

subpopulations might show long term behavioral effects of MDMA. 

 

 

HOW DO THE CURRENT RESULTS TRANSLATE TO 

HUMANS? 

 

Examining the effects of MDMA in animals enables researchers to 

overcome some of the limitations inherent in human studies. For example, 

acute neurochemical changes and long term serotonergic impairments after 

MDMA administration are well reported in animals, but to obtain 

corresponding data in humans is very problematic due to invasive nature of 

these analyses and ethical complications. Also, research in laboratory 

animals provides the opportunity to control the amount and quality of the 

drug, the environment of MDMA administration and the history of drug 

use in contrast to research in humans. However, animal studies present their 

own limitations making the translation of data from animals to humans 

sometimes difficult.  

Acutely, MDMA has been shown to induce similar physiological and 

behavioral effects in rats and humans, which include cardiovascular, body 

temperature and locomotor responses. Comparing humans and rats for 

their thermoregulatory abilities, humans seem to be better at coping with 

overheating. In rats the MDMA-induced hyperthermia depends on the 

ambient temperature, whereas in humans this does not seem to be the case 
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(Freedman et al., 2005). On the other hand, in rats there is a strong 

relationship between the serotonin depletion and the height of the 

hyperthermic response. In humans it is not known whether this relationship 

exists. In view of the importance of body temperature in the long term 

serotonin depletion explored in chapter 6, it seems important that further 

studies should address this issue in humans as well.  

An argument that is often used in the discussion of the translation of animal 

experimental data to humans concerns the difference in dose-response 

relationships. Indeed, the doses of MDMA administered in animal 

experiments are usually much higher than those used by humans. One 

cannot make direct comparisons between results obtained in animals and 

human studies especially since small mammals tend to eliminated drugs at a 

faster rate than large animals. To account for differences in dosage, 

interspecies scaling has been used. With the formula Dosehuman= Doseanimal 

(BWhuman/BWanimal)0.7 dosages can be translated between species (McCann & 

Ricaurte, 2000). However, the validity of interspecies dose scaling in relation 

to MDMA has been questioned by Vollenweider (Vollenweider et al., 2001), 

who argued that allometric interspecies scaling methods may not apply to 

MDMA neurotoxicity. The argument is based on the strong differences in 

MDMA pharmacokinetics between rats and humans (de la Torre & Farre, 

2004) and consequently the synthesis of potential neurotoxic MDMA 

metabolites. 

At present, the molecular mechanisms underlying the MDMA-induced 

serotonergic depleting effects are not completely known. Importantly, in 

both rats and humans MDMA seems to induce mainly long-term effects on 

the serotonergic system. In view of the importance of the serotonergic 

system in emotional processes and mood, a close collaboration between 
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human and animal research is required to be able to reveal the process of 

MDMA-induced serotonergic depletion and its long-term consequences.  

 

 

CONSEQUENCES OF MDMA: WILL THE FUTURE BRING 

THE PROBLEMS? 

 

MDMA has been shown to induce long-lasting, possibly permanent 

depletion of serotonin. The present thesis has demonstrated that severity of 

the MDMA-induced serotonin depletion and the behavioral changes can 

vary between individuals. The observed individual differences seem to be 

related to variation in intrinsic factors and environmental conditions. 

Extensive evidence has implicated a deficit in serotonergic 

neurotransmission in the development of major depression. It can be 

suggested that individual variation in changes in the serotonergic system 

(e.g. individual variation in MDMA-induced serotonin depletion) at a certain 

point in life might lead to an increased vulnerability in serotonin-related 

mood disorders like depression for some but not all individuals. 

McEwen has introduced the concept of allostasis and allostatic load 

(McEwen, 2003) that seems to be relevant in the present context. In this 

concept, the physiological adaptation of an individual to challenges of daily 

life is referred to as allostasis. Allostatic load is defined as the wear and tear 

(daily experiences, lifestyle and major life stressors) throughout life that 

interacts with the individual’s genetic constitution and predisposing early life 

experiences and is therefore also referred to as the cost of allostasis. 

The MDMA-induced long-lasting serotonin depletion can be hypothesized 

to have long-term physiological costs. To compensate for the severe loss of 

serotonin, the serotonergic system might adapt to the situation by increasing 
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for example post-synaptic receptor sensitivity, structural regeneration, 

enhancing neurotransmitter synthesis, and decreased neurotransmitter 

release.  

Adaptations like this might be considered as allostatic load and increase the 

vulnerability for serotonin-related mood disorders like depression.  

Regarding the possible influence of individual variability, it can be 

hypothesized that individuals might differ in their capacity to adapt to the 

MDMA-induced serotonergic depletion, implicating that MDMA abuse 

might result in an increased allostatic load for some but not for all 

individuals.  

Another factor that contributes to an increase in allostatic load of the 

serotonergic system is aging. Serotonin receptors are known to be denser at 

birth than in the mature brain. Several post mortem human studies have 

reported a reduction in the number of cortical 5-HT1A, 5-HT1B/D, and 5-

HT2A binding sites with age in frontal lobe, occipital lobe, and hippocampus 

(Arranz et al., 1993; Gross-Isseroff et al., 1990; Marcusson et al., 1984a; 

Marcusson et al., 1984b; Shih & Young, 1978). This line of reasoning implies 

that a history of ecstasy use might lead to an increased vulnerability for 

serotonin related disorders during aging in particular. The urgency to 

investigate the possible negative consequences of MDMA (ab)use during 

aging in both clinical and preclinical models is indicated by the fact that the 

first people using MDMA during the mid 1980’s are around 50 years of age 

at present, increases the necessity to investigate the long-term consequences 

of MDMA abuse during aging in preclinical models. 
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DE ACHTERGROND VAN HET ONDERZOEK 
Ecstasy behoort wereldwijd tot een van de meest gebruikte illegale drugs en 

wordt met name gebruikt door adolescenten en jong volwassenen. Het 

hoofdbestanddeel van ecstasy is 3,4-methyleenedioxymethamfetamine 

(MDMA). De populariteit van ecstasy wordt veroorzaakt door de acute 

positieve effecten. De grote populariteit van ecstasy heeft geleid tot 

maatschappelijke bezorgdheid omtrent de negatieve langetermijn effecten. 

Met name de mogelijke neurotoxische gevolgen staan hierbij centraal. 

Daarnaast heeft onderzoek uitgewezen dat ecstasygebruik ook in langdurige 

gedragsmatige veranderingen kan resulteren.  

Wanneer de langdurige effecten van ecstasy in detail worden beschouwd, 

kan worden waargenomen dat individuen verschillen in de mate van de 

geïnduceerde veranderingen. Sommige individuen lijken vatbaarder te zijn 

voor een verhoging in emotioneel gedrag of hersenschade dan andere.  

Een aantal factoren, zowel extrinsieke (consumptiepatroon, eerder 

drugsgebruik, co-gebruik) als intrinsieke (persoonlijkheid, geslacht en 

metabolisme), zouden kunnen bijdragen aan individuele verschillen in de 

gevolgen van ecstasy. In klinisch onderzoek is het vaak niet mogelijk om de 

bijdrage van de verschillende extrinsieke en intrinsieke factoren te scheiden. 

Dit in tegenstelling tot preklinisch onderzoek, waarbij alle extrinsieke 

factoren zijn te controleren en te standaardiseren. Dit aspect maakt dat 

dierexperimenteel onderzoek een essentiële bijdrage kan leveren aan het 

ontrafelen van de gevolgen van ecstasygebruik. In dit proefschrift worden 

ratten en muizen gebruikt in een experimentele opzet waarbij intrinsieke en 

de extrinsieke factoren worden onderzocht die bij kunnen bijdragen aan 

individuele variatie in de langdurige gevolgen van ecstasygebruik. 
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RESULTATEN 
In de studie beschreven in hoofstuk 2 werd onderzocht of vatbaarheid voor 

ecstasy-geïnduceerde serotonerge depletie afhangt van verschillen in 

persoonlijkheidskenmerken gerelateerde monoaminerge neurotransmissie. 

Deze studie maakte gebruik van twee lijnen muizen die verschillen in hun 

monoaminerge functioneren. De resultaten lieten zien dat beide lijnen drie 

dagen na het toedienen van ecstasy niet verschillen in dopamine en 

serotonine neurotoxiciteit. Echter, de muizen lijnen verschilden in hun 

vatbaarheid voor de MDMA-geïnduceerde langdurige serotonerge depletie. 

In hoofdstuk drie werd onderzocht of geslacht een belangrijke factor is voor 

het veroorzaken van variatie in de langetermijn effecten van MDMA. De 

resultaten lieten zien dat mannelijke ratten gevoeliger zijn voor de acute en 

langdurige gevolgen van ecstasy. Mannelijke ratten lieten een sterkere acute 

hypertherme respons zien dan vrouwelijke ratten. Bovendien hadden alleen 

mannelijke ratten een langdurige verhoging van de lichaamstemperatuur. Er 

was geen verschil in de mate van langdurige serotonerge depletie tussen de 

sexes. Echter de metaboliet van serotonine, 5-HIAA, was sterk verlaagd in 

mannelijke ratten. Dit suggereert dat mannelijke ratten vatbaarder zijn voor 

de langdurige gevolgen na MDMA dan vrouwen. 

In de studie beschreven in hoofdstuk vier werd onderzocht of individuen 

verschillen in hun gedragsmatige gevolgen na ecstasy. Hiervoor werd 

MDMA toegediend aan ratten die van nature individuele verschillen 

vertonen in agressief gedrag. Het is bekend dat agressief gedrag sterk 

gemedieerd wordt door serotonine. De resultaten lieten zien dat gemiddeld 

genomen MDMA niet voor gedragsveranderingen zorgt. Echter, wanneer 

de initiële individuele variatie in agressief gedrag van de ratten in 

ogenschouw werd genomen bleek dat alleen de ratten die initieel weinig 

agressief gedrag vertoonden na ecstasy toediening een sterke verhoging in 
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agressiviteit lieten zien. Deze individuele variatie in gedragsverandering werd 

niet veroorzaakt door een verschil in serotonerge neurotoxiciteit.  

De serotonine transporter wordt over het algemeen gezien als de belang-

rijkste factor in de door ecstasy geïnduceerde hersenschade. Modulatie van 

de functionaliteit van deze transporter wordt zou kunnen leiden tot 

verschillen in serotonerge neurotoxiciteit. In hoofdstuk 5 staat beschreven 

hoe de modulerende rol van de serotonine transporter op de serotonerge 

hersenschade en de acute hypertherme respons is onderzocht. In dit 

experiment werd gebruik gemaakt van de serotoninte transporter knockout 

rat. Ecstasy toediening resulteerde zowel in ratten met als zonder serotonine 

transporter in serotonerge neurotoxiciteit. Echter, de hersenschade was 

groter in ratten met een functionele serotonine transporter dan in ratten 

zonder deze transporter. Hieruit kan worden geconcludeerd dat de MDMA-

geinduceerde landurige serotonerge neurotoxiciteit niet volledig afhankelijk 

is van de aanwezigheid van de serotonine transporter.  

Een andere belangrijke factor in het proces van MDMA-geïnduceerde 

serotonerge neurotoxiciteit is de rol van de hyperherme response. Om de 

modulerende rol van de hyperthermie en MDMA metabolisme te ontrafelen 

werd in hoofdstuk 6 het verschil tussen perifere en centrale toediening van 

ecstasy op serotonerge neurotoxiciteit en MDMA metabolieten onder 

hypertherme en niet-hypertherme condities onderzocht. De resultaten lieten 

zien dat MDMA alleen serotonerge neurotoxiciteit veroorzaakt wanneer de 

MDMA toediening gepaard gaat met een stijging in de lichaamstemperatuur. 

Een rol voor MDMA metabolieten in het proces dat leidt tot serotonerge 

neurotoxiciteit kon niet worden uitgesloten. 

Samenvattend laten de uitgevoerde studies zien dat individuele verschillen in 

monoaminerge neurotransmissie, persoonlijkheidskenmerken, geslacht, 
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serotonine transporter en omgevingstemperatuur een belangrijke rol spelen 

in de langdurige gevolgen van ecstasy gebruik. 
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