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ABSTRACT 

 3,4-(±)-Methylenedioxymethamphetamine (MDMA) is a synthetic amphetamine 

derivative commonly used as a recreational drug. Although the selectivity of MDMA for 

the serotonergic system in rat and humans is well established, the specific mechanism 

associated with MDMA-induced neurotoxicity is not fully understood. The long-term 

neurotoxicity of MDMA appears to be dependent upon systemic metabolism since direct 

administration of MDMA into the brain fails to reproduce the neurotoxic effects seen 

following peripheral administration, indicating that the parent compound alone is 

unlikely to be responsible for the neurotoxicity. MDMA is O-demethylenated to the 

catechol metabolite N-methyl-α-methyldopamine (N-Me-α-MeDA) and N-demethylated 

to MDA by cytochrome (s) P450 (CYP450). Thioether (glutathione and N-acetylcysteine) 

metabolites of N-Me-α-MeDA and α-MeDA are neurotoxic and can be found in rat brain 

following s.c. injection of MDMA. Because multidose administration of MDMA is 

typical of drug intake during rave parties, we investigated the effects of multiple doses of 

MDMA on the concentration of neurotoxic thioether metabolites in rat brain. 

Administration of MDMA at 12-h intervals for a total of four injections led to a 

significant accumulation of the N-Me-α-MeDA thioether metabolites in striatal dialysate. 

In contrast, acute release of 5-HT concentrations was decreased. 

 Since isoenzymes of the CYP2D subfamily (30% metabolism), and the CYP2B or 

CYP3A1 isoforms, catalyze the low and high KM O-demethylenation reactions, 

respectively, we subsequently examined the potential role of CYP2D1 in both a genetic 

and pharmacological model. The data is consistent with the hypothesis that systemic 

metabolism of MDMA contributes to MDMA-induced serotonergic neurotoxicity via the 
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generation of reactive metabolites. In both the genetic and pharmacological models of 

CYP2D1 deficiency, attenuation of MDMA-mediated decreases in brain 5-HT 

concentrations were in the same range (30-40%). Finally, we examined the contribution 

of various transporters using genetic and pharmacological models to investigate the 

mechanisms regulating the concentration of thioether metabolites in MDMA 

neurotoxicity. The data suggest that by regulating various transporters and brain 

concentrations of the neurotoxic thioether metabolites of MDMA, may subsequently 

modulate the degree of neurotoxicity. However, further studies are necessary to 

understand the precise mechanism by which Mrp’s and Oat1 transporters modulate 

MDMA-neurotoxicity. Taken together, these studies are consistent with the view that 

neurotoxicity of MDMA requires systemic metabolism to form α-MeDA and N-Me-α-

MeDA by CYP2D6. Therefore, It is likely that neurotoxicity is mediated by the 

formation of systemic neurotoxic metabolites.  
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CHAPTER 1 

INTRODUCTION 

1.1. GENERAL COMMENTS 

 3,4-(±)-Methylenedioxymethamphetamine (MDMA, ecstasy), a popular illegal 

“club drug”, is used by young people in our society despite evidence of its potential 

harmful effects. MDMA is an amphetamine derivative with distinctive “entactogen” 

effects such as euphoria, feelings of closeness to and empathy for others, enhanced mood 

and well-being, openness to communication and a higher tolerance of views and feelings, 

which differentiate MDMA from classic amphetamine effects (Nichols 1986). MDMA 

consumption is associated with acute toxic effects (increased muscle rigidity, 

hyperreflexia, and hyperthermia) and with the development of long-term neurotoxicity as 

a result of neurodegeneration of the serotonergic system (Ricaurte et al. 1988). Today, the 

impact of this neurodegeneration on subjects consuming MDMA is of general concern to 

the scientific community. A number of clinical studies have shown that long-term, heavy 

MDMA users suffer cognitive deficits including problems with memory, performance of 

complex tasks, higher impulsivity, and to some extent a larger incidence of depression 

(Green et al. 2003; Cole and Sumnall 2003). The mechanisms underlying these 

neurotoxic effects are still unknown. However, in animal studies, direct injection of 

MDMA and 3,4-(±)-methylenedioxyamphetamine (MDA; its active metabolite) into the 

brain fails to reproduce the long-term neurotoxic effects following peripheral 

administration of these drugs, suggesting that metabolic activation contributes to the 

neurotoxicity of MDMA (Esteban et al. 2001).  
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 The toxicity of many chemicals depends on their metabolic bioactivation (Patel et 

al. 1993, Monks et al. 2001). Studies in this dissertation examine the role of systemic 

metabolism of MDMA and its contribution to the development of serotonergic 

neurotoxicity. Previous studies in our laboratory have shown that MDMA metabolites, 

specifically thioether-metabolites of MDMA, are neurotoxic (Bai et al. 2001) and can be 

identified in rat brain following peripheral administration of MDMA (Jones et al. 2005). 

Therefore, we further investigate the role of metabolism and disposition in MDMA-

mediated neurotoxicity. Moreover, the effects of multiple doses of MDMA on the 

concentration of thioether metabolites in rat brain are also investigated. These studies 

provide valuable information for understanding the mechanisms underlying MDMA-

induced neurotoxicity. 

1.2. NEUROTOXICITY 

 The complexity and integrity of the synaptic connections within the central 

nervous system (CNS) provides a fundamental role in the control of human behavior. The 

U.S. Environmental Protection Agency (EPA), the Office of Technology Assesment 

(OTA 1990), and the Interagency Committee on Neurotoxicity (ICON 1990) define 

neurotoxicity as the ability of a chemical to cause adverse damage to the function or 

structure of the nervous system. Therefore, the study of neurotoxicants and their 

mechanism of action on living systems serve to comprehend the function of the brain. 

The understanding of imbalances in neurotransmitter pathways offers potential 

pharmacological targets for development of therapeutic strategies to treat neurological 

diseases. Within the CNS at least four targets have been described: the neuron, the axon, 

the myelinating cell, and the neurotransmitter system (Nichols et al. 2001). For instance, 
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the pyridinium ion or MPP+, a metabolite of 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine (MPTP), selectively enters dopaminergic neurons of the substantia 

nigra via the dopamine uptake system, resulting in injury or death of these neurons (Snow 

et al. 2000; Yokoyama et al 2008). In contrast, amphetamine derivatives such as MDMA 

specifically target serotonin nerve terminals in several brain regions (Ricaurte et al. 

2000a; Green et al. 1995; Colado et al. 1997). Exposure to these drugs can potentially 

induce changes in the brain that do not involve neuronal cell death. Indeed, studies have 

shown that changes can be structural or biochemical, interfering with neuronal cell 

metabolism, neurotransmitter pathways, leading to a malfunctioning neuronal cell 

(Klevin and Seiden 1992). 

 For the last two decades, MDMA research has focused on the possible toxic 

effects on serotonin (5-hydroxytryptamine, 5-HT) neurons in the brain in humans. Due to 

the functional diversity of the 5-HT system and the variety of processes regulated by 5-

HT, alterations in this system can lead to numerous psychiatric and neurological 

disorders (McGuire and Fahy, 1991). For instance, elevated 5-HT concentrations are 

associated with schizophrenia (Bleich et al. 1988), psychosis, and anxiety (van der and 

Fekkes 2000) . In contrast, decreases in 5-HT concentrations are often linked to 

depression, suicide, insomnia, alcohol abuse and dependence and obsessive-compulsive 

behavior (Devane et al. 2005). Interestingly, the long-term psychiatric disorders 

associated with MDMA abuse, including anxiety and depression, are similar to the 

behavioral effects caused by alterations in 5-HT activity, therefore implicating the 5-HT 

system in the biochemical changes and long-term neurotoxicity of MDMA (McCann and 

Ricaurte, 1991). 
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1.3. MDMA: A PROTOTYPE OF DESIGNER AND CLUB DRUGS 

 Designer drugs or club drugs are chemical substances commonly used as 

recreational drugs at raves, nightclubs and dance parties. The term “club drugs” refers to 

drugs used in social settings whereas “designer drugs” refers to substances produced 

synthetically for non-medical use (Gahlinger, 2004a). In recent years, the most widely 

used drugs among teens and young adults are: MDMA, best known by its street name 

ecstasy; ketamine (k); gamma-hydroxybutyrate (GHB, goop); and flunitrazepam 

(roofies). Such substances are frequently used among young people to enhance social 

interactions and sensory stimulation in dance parties (Gahlinger, 2004b). These club 

drugs are popular because of their low cost and convenient packaging as pills, powder or 

liquid that can be ingested orally (Graeme, 2000). 

1.3.1. History 

 MDMA, a ring-substituted amphetamine derivative, was first synthesized and 

patented as an intermediate chemical by the German pharmaceutical company Merck in 

1914 (Cohen et al. 1998) (Table 1).  The first published human study showing that 

MDMA was psychoactive appeared in 1978 (Shulgin and Nichols, 1978). By the early 

1980s, recreational use of MDMA had begun in dance clubs throughout the USA. In 

1985, the Drug Enforcement Agency (DEA) placed MDMA and its major metabolite 3,4-

methylenedioxyamphetamine (MDA) on Schedule I due their serotonergic neurotoxicity 

in rat brain (Ricaurte et al. 1985). Over the past decade, MDMA has become a very 

popular drug among young adults and it is used as a recreational drug despite its adverse 

effect reported by recreational users (Cole and Sumnall 2003; Green et al. 2003).
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Table 1. History of MDMA/ecstasy (Bernschneider-Reif et al. 2006). 

1912 Synthesis of MDMA by Kollisch at Merck, secured by German patent 274350 

1927 Pharmaceutical test with MDMA by Oberlin at Merck 

1952 Basic toxicological test with MDMA by van Schoor at Merck 

1953 First formal animal study in five species using MDMA and other psychotropic 

drugs (University of Michigan) 

1960 First regular scientific paper on MDMA (in Polish) describing an MDMA 

synthesis 

1970 Detection of MDMA in tablets seized in the streets of Chicago 

1978 MDMA studies in humans by Shulgin and coworkers reporting on chemistry, 

dosage, kinetics and psychotropics effects 

1984 MDMA’s street name ‘ecstasy’ was coined in California 

1985 MDMA became a Schedule I controlled substance in the United States  

1.3.2. Epidemiological studies 

 The consumption of MDMA has increased exponentially and it has become one 

of the most commonly used recreational drugs in the United States, Europe and Australia 

during the last decade (Degenhardt et al. 2005; United Nations Office on Drugs and 

Crime 2006; Parrot 2001). Within the social context of club drug use, MDMA is 

considered to be a safe drug and only one half of young people aged between 19 and 30 

years agree that MDMA might have some risks (Johnston et al. 2003). In addition, the 

social context of MDMA use may set the stage for subsequent use of other hard drugs, 

such as cocaine and methamphetamine (Solowij et al. 1992; Reid et al. 2007). Among 

individuals between the ages of 18 and 25 years, 15.1% reported lifetime ecstasy use, 
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5.8% reported past year ecstasy use, and 1.1% reported past month ecstasy use 

(SAMHSA 2003). In 2006, The U.S. National Institute on Drug Abuse estimated that ~ 

500,000 individuals age 12 and older had used MDMA within the past month. Data from 

the 2006 Monitoring the Future study (MTF) survey showed that MDMA use increased 

among 12th grade students (6% lifetime and 4% past year, respectively) (Johnston et al. 

2007). In 2007, the MTF survey showed that MDMA increased in use among 10th and 

12th grades, but the trend gradually declined in 8th graders. There is a general concern that 

adolescents underestimate the danger of using this drug. Further, the use of MDMA in 

recreational poly-drug settings is quite common (Pedersen et al. 1999). MDMA is 

frequently taken in combination with other drugs such as alcohol, tobacco, cannabis, 

antidepressants, amphetamine or cocaine to enhance acute desired effects (Scholey et al. 

2004). Therefore, the parallel use of drugs with MDMA may enhance the long-term 

adverse effects of MDMA. However, these interactions are probably very complex and 

they cannot be described adequately by simple synergistic or antagonistic effects. 

1.3.3. Structure, route of administration and dosage  

 MDMA, a syntethic derivative of amphetamine, has a methylenedioxy (-O-CH2-

O-) group attached to positions 3 and 4 of the aromatic ring of  amphetamine. MDMA 

has two active optical isomers: R (-) and S (+). Its structure also resembles that of 

methamphetamine and the hallucinogen mescaline (Kalant 2001). As a result, the 

pharmacological effects of MDMA are a blend of those of the mescaline and 

amphetamine drugs (Bruce 1994; Green et al. 1995)(Figure 1.1). MDMA affects 

peripheral and CNS functions by acting mainly on the serotonergic system. MDMA acts 

as a false neurotransmitter at the nerve terminal, promoting the massive release of 5-HT,  
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Figure 1.1. Chemical structures of MDMA and related drugs compared with 5-HT. 
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DA, norephinephrine (NE), and acetylcholine from their presynaptic terminals (Acquas et 

al. 2001; Fischer et al. 2000; Gudelsky and Nash 1996). MDMA can be obtained as a free 

base or as salt and it can be administered intravenously, orally or by “snorting” the 

powder (Rohrig and Prouty 1992). However, MDMA is almost always taken orally and is 

obtained as single dose tablets (Kalant 2001). MDMA is prepared illicitly in different 

colorful tablets stamped with a variety of symbols. The typical dosage range of MDMA 

for recreational use varies from 50 mg to 150 mg (Kirsh 1986). 

1.4. PHARMACOLOGY OF MDMA 

1.4.1. Mechanism of action 

 MDMA administration induces an acute and rapid release of 5-HT from synaptic 

vesicles (Yamamoto et al. 1995; Mechan et al. 2002), blockade of 5-HT reuptake into the 

presynaptic terminals (Rudnick and Wall 1992) and inhibition of monoamine oxidase 

activity (MAO) (Leonardi and Azmitia 1994). The action of MDMA in the CNS is very 

complex. MDMA has a major effect on the 5-HT pathway, but also affects DA and 

noradrenaline (NE) release (Battaglia et al. 1988). MDMA also binds to 5-HT, DA and 

NE presynaptic reuptake transporters with highest affinity to the 5-HT transporter 

(Hekmatpanah 1990; Nichols 1986). MDMA also interacts with a variety of 

neurotransmitter receptors including 5-HT2, M1 muscarinic (Battaglia et al. 1987), and 

α2-adrenergic (Fitzgerald and Reid 1994). MDMA also inhibits the activity of tryptophan 

hydroxylase (TPH; the rate-limiting enzyme in the biosynthesis of 5-HT) (Stone et al. 

1989), which results in a marked depletion of 5-HT and 5-hydroxyindoleacetic acid (5-

HIAA) from brain tissue (Colado et al. 1993; Shankaran and Gudelsky 1998; Wallace et 

al. 2001).  
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 In contrast, MDMA also causes a rapid release of DA from brain tissue in rat and 

mice studies (Yamamoto et al. 1995; Colado et al. 1999a; Nixdorf et al. 2001). In 

primates and rats, the neurotoxicity of MDMA appears to be 5-HT specific, whereas the 

deleterious effect of MDMA in mice affects mainly the nigrastriatal dopaminergic system 

(Cadet et al. 2001), with no effect on the 5-HT system (O’Shea et al. 2001). Therefore, 

there are important differences among species in the sensitivity to MDMA. MDMA 

toxicity is detemined by the dose (De Souza et al. 1990; Reneman et al. 2001), route of 

administration, by treatment regimens (Battaglia et al. 1988; Ricaurte et al. 1988). In 

addition, age (Broening et al. 2001), gender (Liechti et al. 2001) and species (De Souza 

and Battaglia 1990) also influence MDMA neurotoxicity. 

1.4.2. Acute and adverse effects  

 The acute and adverse effects associated with MDMA have been documented by 

case reports of illicit users (Johnston et al. 2007). In humans, controlled studies have been 

reported, however, the information presents limitations to the human studies (de la Torre 

et al. 2004, McCann et al. 2000). The major limitation is that no toxicological studies 

have been conducted to identify additional drugs that may have been ingested prior to 

admittance to the emergency room or visiting a physician (Johnston et al. 2007). Despite 

these limitations, studies in humans revealed the following effects on the user: Desired 

effects: These effects are responsible for the behavioral and psychological responses to 

MDMA (Liechti et al. 2000; Cadet et al. 2007). The onset of these effects can take 20-60 

min, the peak can occur 60-90 min after ingestion, and the primary effects last for 3-5 hr 

(Green et al. 2003). Physically, MDMA produces an increase in wakefulness and sense of 

energy, sexual arousal, and relaxation (Cohen, 1995; Siegel, 1986). The psychological 
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effects are described as euphoria, enhanced mood and well-being, sociability, sharpened 

sensory perception, depersonalization, feelings of closeness to and empathy for others, 

openness to communication and higher tolerance of their views and feelings (Parrott and 

Lasky 1998; Sherlock et al. 1999). The latter effects have given rise to the claim that 

MDMA may be of potential value as an aid in psychotherapy (Vollenweider et al. 1998; 

Leichti and Vollenweider 2001). Undesired effects: similar to amphetamines, MDMA 

also has adverse effects such as an increase in muscular tension and constant restless 

movement of the legs. These increased activities and the direct action of MDMA on the 

thermoregulatory system in the brain, lead to hyperthermia (Olson et al. 1984).  In cases 

of severe hyperthermia, death may occur due to cardiac arrhythmias, acute renal failure 

and rhabdomyolysis (Fahal et al. 1992; Malpass et al. 1999; Screaton et al. 1992). Heart 

rate and blood pressure are usually elevated during the drug experience. MDMA users 

experiences anxiety, agitation, panic attacks or psychotic episodes, difficulty 

concentrating, depression, anxiety and fatigue (Green et al. 2003; Kalant 2001). These 

symptoms resemble the “crash” that is typically seen as a withdrawal reaction produced 

by heavy use of amphetamine, cocaine or other CNS stimulants (Kalant 2001). (For long-

term effects of MDMA, see Neurotoxicity). 

1.4.3. Metabolism 

 The MDMA is metabolized via two main pathways: (1) N-demethylation to form 

3,4-methylenedioxyamphetamine (MDA), and (2) O-demethylenation to form N-methyl-

α-methyldopamine (N-Me-α-MeDA) (Ensslin et al. 1996b; Maurer 1996; De la Torre 

2000a; Kraemer and Maurer 2002) (Figure 1.2). N-Me-α-MeDA and α-MeDA are highly 

unstable metabolites and they are either conjugated with sulfate/glucuronic acid or O- 
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Figure 1.2. Metabolism of MDMA in rats and humans. 
 
 Isoforms of CYP450 in rats (blue) and humans (red) are involved in the N-
demethylation and O-demethylenation of MDMA. The parent compound is N-
demethylated to form 3,4-methylenedioxyamphetamine (MDA) (1) and O-
demethylenated to form N-Me-α-MeDA (2) and α-MeDA (3), respectively. N-Me-α-
MeDA and α-MeDA are further O-methylated to 3-O-methyl-N-Me-α-MeDA (4) or 3-O-
methyl-α-MeDA (5) in reactions catalyzed by COMT. In rats, N-demethylation to MDA 
is one of the main metabolic pathways, whereas in humans O-demethylenation to N-Me-
α-MeDA predominates. N-Me-α-MeDA and α-MeDA are precursors of neurotoxic 
species (6 and 7). In mice, MDMA-induced neurotoxicity is mainly dopamine mediated 
because MDMA causes the release of dopamine, which leads to the generation of reactive 
oxygen species as a result of dopamine oxidation. In other animal species, including 
humans, hepatic metabolism is a key factor involved in the production of MDMA toxicity 
to 5-HT-containing neurons.  
 
Abbreviations: COMT, catechol-O-methyl transferase; MAO, monoamine oxidase; 
SULT, sulfotransferase; UDPGT, glucuronosyltransferase (de la Torre et al. 2004). 
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methylated to 3-O-methyl-N-Me-α-MeDA or 3-O-methyl-α-MeDA in reactions 

catalyzed by catechol-O-methyl-transferase (COMT). These metabolites are mainly 

present in plasma and in urine (de la Torre et al. 2000a; Kraemer and Maurer 2002; 

Mueller et al. 2009a; 2009b; Perfetti et al. 2009). MDMA can also be subsequently 

metabolized to glycine conjugates (de la Torre et al. 2000b). A similar metabolic 

disposition has been described for MDEA (3,4-methylenedioxyethylamphetamine) 

(Ensslin et al. 1996a). Since N-Me-α-MeDA and α-MeDA are both catechols, they can 

rapidly undergo oxidation to the corresponding ortho-quinones, which are highly 

electrophilic, and react with the cysteinyl sulfhydryl group in glutathione (GSH), to form 

GSH conjugates (Hiramatsu et al. 1990; Patel et al. 1991) such as 5-(glutathion-S-yl)-N-

Me-α-MeDA [5-(GSyl)-N-Me-α-MeDA], 2,5-bis-(glutathion-S-yl)-N-Me-α-MeDA [2,5-

bis-(GSyl)-N-Me-α-MeDA], 5-(glutathion-S-yl)-α-MeDA [5-(GSyl)-α-MeDA], and 2,5-

bis-(glutathion-S-yl)-α-MeDA [2,5-bis-(GSyl)-α-MeDA] (Monks et al. 2004). 

 In humans, N-demethylation is a minor metabolic pathway (~10%), but α-MeDA 

is a metabolite for both MDMA and MDA. However, studies in vitro show that 

isoenzymes of the CYP2D subfamily, and the CYP2B or CYP3A1 isoforms, catalyze the 

low and high km O-demethylenation reactions, respectively (de la Torre et al. 2004). O-

Demethylenation of MDM may also occur spontaneously (Maurer et al. 2000a; Delaforge 

et al. 1999; de la Torre et al. 2004). The most important isoenzyme regulating this 

reaction appears to be CYP2D6 (30% metabolism) followed by CYP1A2, CYP2B6 and 

CYP3A4 (Tucker et al. 1994; Maurer et al. 2000, Kreth et al. 2000) (Figure 1.2).  
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1.5. MECHANISMS OF MDMA-INDUCED NEUROTOXICITY 

1.5.1. Experimental animals 

 Early studies (Schmidt et al. 1987b; Stone et al. 1986) showed that either high 

doses, or chronic MDMA exposure specifically target the serotonergic neurotransmitter 

system, induced a marked depletion of 5-HT in rats (Callahan et al. 2001; Ricaurte 

2000a; 2000b; McCann et al. 1998). MDMA-induced 5-HT depletion follows a biphasic 

pattern, initially causing an immediate acute release of extracellular 5-HT and DA into 

the synaptic cleft (Gudelsky and Nash 1996) followed by a prolonged and irreversible 

long-term depletion of 5-HT, and its major metabolite 5-HIAA (Schmidt et al. 1987a). In 

addition, the activity of TPH, the rate-limiting enzyme in 5-HT biosynthesis, is also 

decreased after MDMA administration (Schmidt and Taylor 1987; Stone et al. 1987). 

Biochemical alterations induced by MDMA include the decrease of TPH activity in a 

concentration-dependent manner due to the oxidation of sulphydryl residues in the 

enzyme (Stone et al. 1989), or via feedback upon binding of extracellular 5-HT to 

autoreceptors (Schmidt et al. 1992). In addition, a decrease in both function (Kreth et al. 

2000) and number (Henry et al. 1998) of 5-HT reuptake transporters (SERT) results in 

the inhibition of 5-HT reuptake into serotonergic cells (Mas et al. 1999).  

 SERT is an integral membrane protein responsible for the selective reuptake of 5-

HT from the synaptic cleft into the presynaptic neurons. The transport of 5-HT by SERT 

terminates its action and recycles it in a sodium-dependent manner (Bruns et al. 1993). 

The immediate 5-HT release caused by MDMA can be blocked in vitro by 5-HT uptake 

inhibitors (De la Torre et al. 2000a; Kreamer and Maurer 2002). In addition, the long-

term neurotoxicity can also be blocked in vivo by 5-HT uptake inhibitors (Ensslin et al. 
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1996b) and by 5-HT receptor antagonists but is potentiated by L-dihydroxyphenylalanine 

(L-DOPA) (Tucker et al. 1994). SERT density is considered a reliable marker of axon 

terminal integrity, and reductions in SERT observed after exposure to MDMA correlate 

with nerve terminal degeneration (Battaglia et al. 1987; Brown and Molliver 2000). 

Although the selectively of MDMA for the serotonergic system in rats and humans is 

firmly established, the mechanisms involved are not full understood. Interestingly, 

MDMA does not appear to affect the 5-HT neuronal cell body (O'Hearn et al. 1988). 

Serotonergic axons in rats and monkeys appear to be fragmented and swollen after 

MDMA administration, as assessed by immunohistochemistry and silver staining 

(Battaglia et al. 1987; O'Hearn et al. 1988; Sprague et al. 1998). The neurotoxicity is 

limited to 5-HT and 5-HIAA deficiencies and morphological damage to axonal 

projections. Therefore, the presence of the catechol moiety in α-MeDA and N-Me-

αMeDA conjugates suggests that these conjugates may possess affinity for SERT 

reuptake transporters. Interestingly, thioether metabolites of MDMA such as 5-(GSyl)-α-

MeDA and 2,5-bis-(GSyl)-α-MeDA stimulate the uptake of DA into  hSERT-expressing 

cells, and increase ROS generation in both hSERT and hDAT transfected SK-N-MC cells 

(Jones et al. 2004). 

 Regions of the forebrain, including the cortex, striatum and hippocampus are 

primary affected following MDMA administration (Battaglia et al. 1987). Axons in these 

regions originate from 5-HT cell bodies in the raphe nuclei, branch extensively and 

innervate forebrain regions, where they form dense networks of 5-HT projections. 

Finally, increases in glial fibrillary acidic protein (GFAP), which represents an indirect 

indication of neuronal damage, have also been reported after MDMA treatment (Miller 
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and O'Callaghan 1994). In contrast to the effects in rat, MDMA is a relatively selective 

dopaminergic neurotoxicant in mice, having little effect on 5-HT containing neurons, but 

producing a sustained loss in the concentration of DA and its metabolites (Stone et al. 

1987; Miller and O’Calleghan1994). In mice, biochemical alterations induced by MDMA 

administration include an acute release of DA (Colado et al. 2001; Camarero et al. 2002).  

 In contrast to effects in rats, 5-HT reuptake inhibitors (fluoxetine) have no effect 

on MDMA-induced change in DA concentration in mice. In addition, administration of 

DA reuptake inhibitors such as GRB 12909 and mazindol fail to prevent MDMA-induced 

DA depletion in rat brain (Camarero et al. 2002; Marek et al. 1990). Taken together, 

these studies suggest that MDMA may enter nerve terminals by diffusion and not via the 

DA uptake carrier in mice. MDMA is relatively lipid soluble and could enter the nerve 

terminal by passive diffusion as occurs in synaptosomes (Zaczek et al. 1990). Toxicity 

studies showed differences in the Lethal Dose 50 (LD50) in rats (49 mg/kg) and mice (97 

mg/kg) (Hardman et al. 1973), which further highlight differences between rats and mice 

after MDMA administration. Rat liver microsomes produce a significantly greater 

amount of N-Me-α-MeDA, a major MDMA metabolite, than mice (Steel et al. 1991). 

Therefore, metabolic differences might account for the species differences in the 

neurotoxicity observed after MDMA administration. In addition, there is a correlation 

between acute DA release and the degree of serotonergic damage observed in rats (Nash 

and Nichols 1991), suggesting that DA might play an important role in the mechanism of 

MDMA-mediated serotonergic axonal loss (Stone et al. 1988). 
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1.5.2. Oxidative stress in MDMA-induced neurotoxicity 

 Oxidative stress is an imbalance between the production of reactive oxygen 

species (ROS) and a biological system’s ability to detoxify, consequently causing toxicity 

via the production of lipid peroxides that damage to other components of the cell, 

including DNA and proteins. Oxidative stress has been implicated in a variety of 

neurodegenerative disorders, including Parkinson’s and Alzheimer’s disease (Nunomura 

et al. 2007). There is strong evidence that oxidative stress is involved in the mechanism 

of MDMA-induced neurotoxicity (Cadet et al. 2001; Camarero et al. 2002; Sanchez et al. 

2003; Zhou et al. 2003). For example, MDMA increases the production of ROS in 

various in-vivo and in-vitro models (Colado et al. 1998; Shankaran et al. 1999) and 

changes in cell integrity, indicative of oxidative stress, including lipid peroxidation and 

protein nitration have been reported (Colado 1997; Stone et al. 1989). In rats, selective 

DA reuptake inhibitors protect against neurodegeneration of 5-HT neurons (Stone et al. 

1988) and protect against damage to DA nerve terminals in mice (O’Shea et al. 2001) in 

MDMA-induced neurotoxicity. DA reuptake inhibitors did not inhibit the acute release of 

DA induced by MDMA, but rather enhanced it, suggesting that its neuroprotective action 

was not due to inhibition of DAT. The mechanism underlying MDMA-induced DA 

relase is unclear but might involve both blockage and reversal of DAT, and impulse-

mediated exocytosis (Bankson and Cunningham 2001; Crespi et al. 1997).  

 Interestingly, DA reuptake inhibitors have no effect on the increases in free 

radical formation in the striatum after MDMA administration (Camarero et al. 2002). The 

data suggest that free radical formation in mice is not associated with acute DA release, 

and indicate that neurotoxic metabolites most likely produce free radicals that may enter 
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the DA nerve ending via DAT. CuZn-superoxide dismutase-transgenic mice are resistant 

to MDMA-induced neurotoxicity (Cadet et al. 1995; 2001) supporting the view that ROS 

play a role in the long-term neurotoxicity in mice. Moreover, MDMA administration to 

selenium-deficient mice resulted not only in a greater DA loss than seen in mice fed with 

a normal diet, but also a loss in 5-HT in specific brain regions (Sanchez et al. 2003). In 

contrast, selenium deficiency in rats did not alter the 5-HT loss induced by MDMA, 

suggesting that the antioxidant functions are different between rats and mice (Sanchez et 

al. 2003).  

 The hypothesis that MDMA-induced neurotoxicity caused by a metabolite rather 

than the parent compound is supported by the findings that i.c.v. injection or perfusion of 

MDMA into the brain did not cause any long-term effects on 5-HT nerve terminals or 

cell bodies (Paris and Cunningham 1992, Esteban et al. 2001 and Goni-Allo et al. 2008). 

MDMA must therefore be metabolized to catechol and quinone metabolites (or further 

toxic metabolites) which support the formation of ROS in hippocampus (Colado et al. 

1997). Therefore, DA reuptake inhibitors likely prevent the entry into 5-HT terminals of 

a neurotoxic metabolite of MDMA. In rats, ascorbate, an antioxidant, attenuates the 

neurotoxic effects of MDMA (Gudelsky and Nash 1996). Transgenic mice 

overexpressing the copper/zinc superoxide dismutase (SOD) also show less oxidative 

stress, whereas, wild-type mice exhibit a decrease in catalase and glutathione peroxidase 

activity and increases in lipid peroxidation (Jayanthi et al.1999; Cadet et al. 1995). In 

addition, MDMA causes oxidation of sulfhydryl residues and decreases in the activity of 

TPH (Stone et al. 1989). Therefore, MDMA metabolites such as thioether metabolites of 

N-Me-α-MeDA and α-MeDA may contribute to an increase in ROS formation (Elayan et 
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al. 1992), Redox cycling between the quinone and semiquinone forms provides a major 

source for ROS generation (Figure 1.3.).  

 Although the source of the oxidative stress and ROS generation in MDMA-induced 

neurotoxicity remains unclear, it has been proposed that enhanced extracellular DA 

release (Schmidt et al. 1990a; Stone et al. 1988), and reuptake of DA by 5-HT 

presynaptic terminals also plays a major role in MDMA-induced serotonergic toxicity 

(Sprague et al. 1998). Consistent with this view, in vivo studies revealed that MDMA 

administration increases DA release in several brain regions (Colado et al. 1999a; Gough 

et al. 1991; Gudelsky et al. 1994). Moreover, thioether metabolites of MDMA, including 

5-(GSyl)-α-MeDA and 2,5-bis-(GSyl)-α-MeDA increase ROS generation in hSERT and 

hDAT transfected SK-N-MC cells and stimulate the uptake of DA into hSERT-

expressing cells (Jones et al. 2004). 

1.5.3. Role of endogenous DA 

 The role of DA in MDMA-induced damage to the 5-HT nerve terminals is not fully 

understood. However, a relationship between MDMA-induced 5-HT neurotoxicity and 

DA has been proposed (Bankson and Cunningham 2001, Sprague et al. 1998). A recent 

study implicated the role for tyrosine in MDMA toxicity (Breier et al. 2006). Tyrosine 

levels increase in the brain after MDMA administration and tyrosine, in turn, is 

hydroxylated (possibly non-enzymatically) to L-DOPA, which is then decarboxylated to 

DA within 5-HT terminals, therefore contributing to the oxidative stress and 

neurodegeneration (Colado et al. 1997). A role for DA has also been proposed based on 

studies showing MDMA-induced neurotoxicity was attenuated by the DA synthesis 

inhibitor, α-methyl-p-tyrosine or the monoamine depletor reserpine (Stone et al. 1988). 
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Figure 1.3. Bioactivation of thioether metabolites of MDMA.  

 Generation of superoxide anion radicals via redox cycing between quinone and 

semiquinone.  
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 Injection into the striatum of the selective DA neurotoxicant 6-hydroxydopamine (6-

OHDA) blocked the neurotoxic effects of MDMA (Schmidt et al. 1990a). In addition, the 

selective lesioning of DA nerve endings decreases the neurotoxic effects of MDMA 

(Stone et al. 1989).  

 A relationship between MDMA neurotoxicity and the presence of DA supported 

by these findings is based on the fact that MDMA induces DA release (Johnson et al. 

1986; Schmidt et al. 1987b; Nash and Brodkin 1991) and that L-DOPA, which is 

converted to DA in vivo, potentiates MDMA-induced 5-HT neurotoxicity (Schmidt et al. 

1991). Therefore, extracellular DA may be taken up by 5-HT presynaptic terminals, 

where it is metabolized and rapidly oxidized to ROS and ortho-quinones (Sprague et al. 

1998).  

 Inhibition of MAO-B attenuated the decrease in 5-HT and 5-HIAA concentrations 

following MDMA administration (Sprague and Nichols 1995; Falk et al. 2002). The 

catabolism of DA to 3,4-dihydroxyphenylacetic acid (DOPAC) also results in the 

generation of ROS (Halliwell, 1992). Moreover, DA can also undergo autooxidation 

(Halliwell 1992) or enzymatic oxidation to form ortho-quinones, which can covalently 

bind to nucleophilic groups in the cell, including mitochondrial proteins (Montine et al. 

1997; Burrows et al. 2000), TPH (Kuhn and Arthur 2000) and DAT (Metzger et al. 

1998), further contributing to the neurotoxic effects of MDMA. Moreover, SERT is 

capable of transporting DA into 5-HT cells (Saldana and Barker, 2004) and fluoxetine, a 

5-HT reuptake transporter inhibitor, inhibits the uptake of DA into hippocampal 

synaptosomes (Sprague and Nichols 1995). Interestingly, thioether metabolites of 

MDMA such as 5-(GSyl)-α-MeDA and 2,5-bis-(GSyl)-α-MeDA also stimulate the 
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uptake of DA into hSERT-expressing cells (Jones et al. 2004).  

1.5.4. Role of metabolism in MDMA-induced neurotoxicity 

 MDMA-induced neurotoxicity is influenced by (1) the route, (2) frequency of 

administration and (3) the metabolism of MDMA. Thus, subcutaneous or intraperitoneal 

injections of MDMA are more potent than oral administration, and multiple dose 

regimens increase the toxic effects compared with single doses (Ricaurte et al. 1988). 

Interestingly, direct administration of MDMA into the brain produces the acute release of 

neurotransmitters but fails to reproduce the neurotoxic effects following systemic 

administration (Esteban et al. 2001; Paris and Cunningham 1992; Schmidt and Taylor 

1988; Goni-Allo et al. 2008). These data support the hypothesis that peripheral generation 

of neurotoxic metabolites contributes to MDMA-induced serotonergic neurotoxicity.  

1.5.5. Role of thioether metabolites in MDMA-induced neurotoxicity 

 MDMA metabolism includes two main metabolic pathways each catalyzed by 

cytochrome P450 enzymes (Figure 1.2). I.c.v. injections of MDMA and its major 

metabolites including α-MeDA (Miller et al. 1997), 3-4-dihydroxymethamphetamine 

(Johnson et al. 1992), and 2-hydroxy-4,5-MDMA fail to produce long-term depletion of 

5-HT (Zhao et al. 1992). Although the 6-hydroxydopamine analogues, also metabolites of 

MDMA and MDA, respectively, produce depletion of 5-HT and DA following i.c.v. and 

intrastriatal injection to rats (Zhao et al. 1992; Elayan et al. 1992), the mechanism for the 

uptake into the brain following peripheral administration is unknown.  

 N-Me-α-MeDA and α-MeDA, both metabolites of MDMA, are highly unstable 

catechols, can rapidly undergo oxidation to the corresponding ortho-quinones (figure 1.3) 

(Hiramatsu et al. 1990; Patel et al. 1991). These ortho-quinones possess redox-cycling 
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potential and electrophilic properties are capable of oxidizing and/or adducting cellular 

sulfhydryls groups (Bolton et al. 2000; Monks and Lau 1997). Quinones are quickly 

scavenged by GSH in the liver, leading to the formation of 5-(GSyl)-α-MeDA and 5-

(GSyl)-N-Me-α-MeDA. These GSH conjugates are further oxidized to the corresponding 

quinone-GSH conjugates which undergo the addition of a second molecule of GSH, 

leading to the formation of 2,5-bis-(GSyl)-α-MeDA and 2,5-bis-(GSyl)-N-Me-α-MeDA, 

respectively. Usually, the conjugation of reactive metabolites to GSH results in protection 

and detoxication and to their subsequent elimination in urine as mercapturic acids 

(Monks and Lau 1998). However, several studies have revealed that conjugation of GSH 

with electrophiles can result in preservation or enhancement of biological reactivity 

(Monks and Lau 1997). The half-wave oxidation potential (E1/2) of the catechol decreases 

with the addition of GSH to N-Me-α-MeDA and α-MeDA, thereby enhancing their 

biochemical reactivity than their parent compound (Miller et al. 1996; Monks and Lau 

1997; 1998). 

1.6. TOXICOLOGY OF QUINONE-THIOETHERS 

1.6.1.   Biological reactivity 

 Quinone thioethers retain the ability to redox cycle and produce ROS, and arylate 

tissue macromolecules (Kleiner et al. 1998; Monks and Jones 2002; Bolton et al. 2002). 

In addition, quinone thioethers can also inhibit enzymes that use GSH as a cosubstrate, 

including 5-S-glutathionyl conjugates of DA and α-MeDA. These conjugates also inhibit 

human GSTs (Ploemen et al. 1994). Conjugation with GSH usually represents an 

important detoxication pathway, because electrophilic xenobiotics could otherwise bind 

to critical nucleophiles, such as proteins and nucleic acids, causing cellular damage. 
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However, the role of GSH-catalyzed reactions in the bioactivation of compounds is well-

established (Monks et al. 1990; Dekant and Vambakas 1993). 

 Quinone-thioethers exhibit a variety of toxicological effects (Johnson et al. 1992) 

including neurotoxicity, nephrotoxicity and hematotoxicity (Monks and Jones 2002). 

Quinones (Figure 1.4) are capable of repeatedly undergoing either spontaneous or 

enzymatically-catalyzed oxidation-reduction cycles, termed redox cycling, and this 

provides the major basis for the toxicity associated with many quinones (Monks and Lau 

1997). Due to the intrinsic nucleophilicity of sulfhydryl (-SH) groups, the major targets 

of quinone reactivity are often cysteinyl thiol moieties (Monks and Lau 1997). 

 The N-Me-α-MeDA and α-MeDA GSH conjugates are metabolized by γ-GT and 

dipeptidases to the corresponding cysteinyl conjugates, which are readily N-acetylated to 

form N-acetylcysteine conjugates, or mercapturic acids (Miller et al. 1995; Monks and 

Jones 2002; Carvalho et al. 2002; Jones et al. 2005) (Figure 1.5). Thioether metabolites of 

α-MeDA, such as 5-(GSyl)-α-MeDA is metabolized in the brain to 5-(cystein-S-yl)-α-

MeDA, which is subsequently converted to 5-(N-acetyl-L-cystein-S-yl)-α-MeDA (Miller 

et al. 1995). The brain therefore possesses a functional mercapturic acid pathway.  

 I.c.v. injections of 5-(GSyl)-α-MeDA and 5-(cystein-S-yl)-α-MeDA into rats 

produced neurobehavioral changes characteristic of peripheral administration of MDMA 

as well as the acute release of 5-HT and DA (Miller et al. 1997).  
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Figure 1.4. Selected examples of quinones. 
 
 Metabolites of benzene: (1) para-benzoquinone and (2) ortho-benzoquinone, (3) 
N-acetyl-para-benzoquinonimine (NAPQI; toxic metabolites of acetaminophen), (4) 
benzo(a)pyrene-ortho-quinone (metabolite of PAH), (5) 4-hydroxyequilenin-ortho-
quinone (estrogen metabolite), (6) N-Me-α-Me-DA-ortho-quinone , and  (7) DA-
quinone. 
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 In addition, direct administration into the cortex, striatum and hippocampus of 5-

(GSyl)-α-MeDA, 5-(cystein-S-yl)-α-MeDA and i.c.v administration of 2,5-bis-(GSyl)-α-

MeDA produced prolonged depletion of 5-HT and neurobehavioral changes similar to 

MDMA (Miller et al. 1996; 1997). Furthermore, 5-(NACyl)-α-MeDA was shown to be a 

potent serotonergic toxicant (Miller et al. 1997). This further indicates that the thioether 

metabolites of MDMA participate in the toxic effects of these compounds (Miller et al. 

1995; Bai et al. 1999). 

1.6.2. ROS formation 

 The two electron reduction of catechols by NAD(P)H quinone:oxidoreductase 

(DT-diaphorase) is generally considered a detoxication reaction since it bypasses the 

semiquinone radical, and the subsequently formation of superoxide. Enzymes capable of 

oxidizing polyphenols include several members of the cytochrome P450 family 

(CYP450; 1A1, 2E1, and 3A4) (Hill et al. 1993), myeloperoxidase (Subrahmanyan et al. 

1991), and prostaglandin H synthase (Lau and Monks 1987; Schlosser et al. 1989) which 

mediate 1 or 2 electron oxidations producing ortho-quiones (o-quinones). One electron 

reduction of a quinone by reductases, including CYP450 reductase, NAD(P)H:quinone 

oxidoreductase, microsomal NADH-cytochrome b5 reductase and mitochondrial NADH-

ubiquinone oxidoreductase, generates the corresponding semiquinone and contribute to 

redox cycling (Monks and Lau 1998). Most semiquinones are readily re-oxidized back to 

their quinone form and thus, enter a redox cycle (Figure 1.5), and in the presence of 

molecular oxygen are reduced to with the concomitant formation of two superoxide anion 

radicals (O2
.-).  
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Figure 1.5. Formation of GSH conjugates and Mercapturic metabolites of N-Me-α- 
                    MeDA thioethers.  
 
 Following the O-demethylenation of MDMA to N-Me-α-MeDA (1), N-Me-α-
MeDA is readily oxidized to the corresponding o-quinone (2). The o-quinone is quickly 
scavenged by GSH to form 5-(GSyl)-N-Me-α-MeDA (3). Subsequent oxidation to the o-
quinone thioether permits the reaction with a second molecule of GSH to form 2,5-bis-
(GSyl)-N-Me-α-MeDA (4). These thioether metabolites are metabolized by γ-GT and 
dipeptidases (5) to the corresponding cysteine conjugates 5-(CYS)-N-Me-α-MeDA (6) 
and 2,5-bis-(CYS)-N-Me-α-MeDA (7), which are readily N-acetylated to the N-
acetylcysteine conjugates, 5-(NACyl)-N-Me-α-MeDA (8) and 2,5-bis-(NACyl)-N-Me-α-
MeDA (9). 
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 Superoxide anion radicals gives rise to hydrogen peroxide (H2O2) via the 

spontaneous dismutation of two superoxide anion radicals or, alternatively, from the 

reduction of two superoxide anion radicals by superoxide dismutase (SOD). The toxicity 

of H2O2 is mediated indirectly via the Fenton reaction (Figure 1.6), which in the presence 

of iron generates the highly toxic hydroxyl radical (HO·), hydroxyl anion and ferric iron 

(Figure 1.6.). The CNS, especially the hippocampus, is extremely rich in transition metals 

such as iron and copper (Danscher et al. 1976; Hartter and Barnea 1980), further 

suggesting that quinone-thioethers in brain tissue may lead to the formation of reactive 

ROS. In addition to cellular damage induced by ROS during the redox cycling of 

quinone-thioethers, quinone-GSyl and quinone-NACyl conjugates also possess 

electrophilic properties, and can form covalent bonds with a variety of cellular molecules 

including DNA, lipids, and proteins. Such macromolecular arylation can inhibit the 

normal cellular function leading to a toxic response.  

 Thioether metabolites account for many of the toxicities associated with 

polyphenols, and exert effects on several target organs. Quinol-thioethers have been 

implicated in the nephrotoxic mechanism of  a number of toxic compounds in rodent 

species (Lau, 1988). Two reactive metabolites of hydroquinone and phenol, 2,3,5-tris- 

glutathion-S-yl hydroquinone (TGHQ), and 2,6-bis-(glutathion-S-yl)hydroquinone, 

reproduced  nephrototoxicity suggesting a role for quinol-thioethers in this process (Lau, 

1988). In addition, DA mediated neurotoxicity is associated with the formation of DA o-

quinones, which covalently bind to TPH, suggesting a possible role in the 5-HT 

neurotoxicity of MDMA (Kuhn and Arthur 2000). 
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Figure 1.6. Chemical equation for the generation of ROS. See text for details
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1.7. FACTORS CONTRIBUTING TO THE NEUROTOXICITY OF THE  

       THIOETHER CONJUGATES  

1.7.1. Quinone thioethers 

 The neurotoxicity induced by quinone-thiethers may be dependent on a variety of factors 

including the expression and distribution of specific enzymes and transporters. Polymorphisms in 

CYP450’s and COMT key enzymes involve in the metabolism of several chemicals, may 

determinate inter-individual differences in the pharmacological and toxicicological respect to 

thioether metabolites of N-Me-α-MeDA and α-MeDA. These thioether metabolites are 

hydrophilic and to reach the brain, their target organ, require a mechanism for thioether transport 

across the lipid-rich blood brain barrier (BBB). Therefore, concentrations of thioether 

metabolites in brain will be also influenced by their rate of import and export from the brain. 

1.7.2. Metabolism of MDMA: Phase I and Phase II  

 Inter-individual differences in the key enzymes involved in the formation of thioether 

metabolites may contribute to individual differences in MDMA pharmacology and susceptibility 

to toxicity. For example, enzymes catalyzing the Phase I and Phase II reactions in MDMA 

metabolism, including CYP2D6 and COMT, exhibit genetic polymorphisms (de la Torre et al. 

2004).  

 1.7.2.1. Cytochrome P450 enzymes 

 Cytochrome P450 (CYP450) enzymes are located primary within the endoplasmic 

reticulum of  cells. CYP450’s metabolize a large number of endogenous and exogenous 

substrates. Most CYPs can metabolize multiple substrates. Most substrates are inherently not 

toxic, but are transformed to reactive toxic species by CYP450. Isoforms CYP2D6, CYP2B6 and 

CYP3A4 have been identified in brain parenchyma (Kumagai et al. 1991; Kreth et al. 2000), 
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which raises the possibility that thioether conjugates may be formed centrally. However, direct 

administration of MDMA into the brain fails to reproduce neurotoxicity. Therefore, it is unlikely 

that O-demethylenation/N-demethylation of MDMA within the brain may contribute to the 

neurotoxicity of MDMA. However, the relative distribution of cytochrome P450 isoforms within 

the brain parenchyma may contribute to differences in response to certain xenobiotics. The 

neurotoxicity of p-chloroamphetamine (PCA) and MDMA are likely dependent upon systemic 

metabolism, since the enhancement or inhibition of CYP450 activity potentiates or attenuates 

their neurotoxicity (Gollamudi et al. 1989; Schmidt and Taylor, 1988). Hepatic metabolism of 

MDMA, to followed by oxidation and GSH conjugation of α-MeDA and N-Me-α-MeDA, and 

the subsequent transport of the conjugates  into the brain parenchyma most likely contributes to 

the neurotoxicity. The most important isoenzyme regulating this process appears to be CYP2D6 

(30% metabolism) followed by CYP1A2, CYP2B6 and CYP3A4 (Tucker et al. 1994; Maurer 

2000; Kreth et al. 2000). 

 In humans, CYP2D6 is expressed polymorphically. Allelic variation in the CYP2D6 gene 

affects the expression or activity of this enzyme. CYP2D6 accounts for ~ 1-2% of the total 

hepatic cytochrome P450, but it is responsible for the metabolism of approximately 20-30% of 

marketed pharmaceuticals (O’Mathuna et al. 2008). In rat the CYP2D6 homologue is CYP2D1. 

Animal models of the CYP2D6 polymorphism include the crabeater monkey (Jacqz-Aigrain et 

al. 1991), the African green monkey (Otton et al. 1992) and the female Dark Agouti (DA) rat 

(Al-Dabbagh et al. 1981). The DA rat is a model of the human “poor metabolizer” (PM) 

phenotype. The metabolic deficiency in the DA rat has been shown to arise from the lack of 

expression of the CYP2D1 gene, the only gene in the CYP2D cluster in the rat which codes for 

an enzyme capable of catalyzing the hydroxylation of bufuralol (Barham et al. 1994). Female 
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DA rats exhibits a lower level demethylation and are less susceptible to neurotoxicity of MDMA, 

relative to their male counterparts (Colado et al. 1999a; Chu et al. 1996). Intrerestingly, female 

DA rats experience a higher acute lethality but no long-term neurotoxicity after MDMA 

administration (Malpass et al. 1999). 

 In the Caucasian population approximately 7-10% of individuals present a metabolic 

deficiency related to CYP2D6 activity, and are termed poor metabolisers (PMs), whereas the 

majority of the population are termed extensive metabolisers (EMs) (de la Torre et al. 2004; 

Marez et al. 1997; Sachse et al. 1997). Duplication in the CYP2D6 gene gives an additional 

ultrarapid CYP2D6 phenotype. Individual differences in the CYP2D6 activity suggest that 

individuals exposed to MDMA who are genotypically classified as PM would be more 

susceptible to acute toxic effects (Henry and Hill 1998).  

1.7.2.2. Catechol-O-methytransferase (COMT) 

 In rats and humans, the O-methylation of catechols is catalyzed by COMT 

(Weinshilboum 1989; 1992). COMT is both a cytosolic and microsomal enzyme encoded by a 

single gene with two different transcription initiation sites. Substrates for COMT include several 

catecholamines neurotransmitters, such as epinephrine, norepinephrine, and dopamine, and 

catechol drugs such as the anti-Parkinson’s disease agent L-dopa and the antihypertensive 

methyldopa (α-methyl-3,4-dihydroxyphenylalanine) (Weinshilboum et al. 1999). MDMA is 

converted to a catechol via the opening of the methylenedioxy bridge. In the Caucasian 

population approximately 25% of individuals possess the lower COMT activity (Zhu 2002). 

High activity of COMT results in extensive O-methylation of L-DOPA associated with poor 

therapeutic treatment of Parkinson’s disease. Therefore, the genetic polymorphism in COMT 
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represents a risk modifier associated with diverse diseases, such as schizophrenia, novelty-

seeking personality, substance abuse, and heroin addiction (McLoed et al. 1994).  

 The COMT gene may similary contribute to inter-individual differences in the 

pharmacological and neurotoxicological response to MDMA. COMT catalize the conversion of 

N-Me-α-MeDA to 3-O-methyl-N-Me-α-MeDA. In vitro studies revelead that N-Me-α-MeDA is 

more potent than MDMA in releasing vasopressin (Forsling et al. 2002), an antidiuretic hormone 

implicated with cases of hyponatremia during acute MDMA toxicity (Hartung et al. 2002). Thus, 

CYP2D6 and COMT polymorphisms likely influence the pharmacology and the neurotoxicology 

of MDMA. 

1.7.2.3. Glutathione-S-transferase and γ-GT  

 The glutathione S-transferase (GST). GSTs catalyze the conjugation of GSH, via the 

sulfhydryl group, to electrophilic groups including quinones and a wide variety of other 

substrates (Douglas 1987). The absence of the GST M1 is associated with an increased risk in 

developing some types of cancer (Chen et al. 2006). Differences in GST levels might also be 

associated with toxic response to chemotherapy seen in patients with cancer (Grothey et al. 

2005). Therefore, genetic polymorphisms in human GSTs, may have important implications for 

drug efficacy and detoxication. Although there is no direct evidence between genetic 

polymorphism of GSTs, and MDMA-induced neurotoxicity, it is possible that differences in 

GST levels may predispose individuals to the MDMA neurotoxicity. GSTs are present in most 

tissues. Isoenzyme-specific distribution of GSTs in tissue has been demonstrated, including 

neurons of the brainstem, forebrain, and cerebellum. This regionl distribution of GSTs may 

influece regional susceptibility to neuronal degeneration after exposure to toxic insults, including 

α-MeDA (Johnson et al. 1993). However, direct administration of α-MeDA and N-Me-α-MeDA 
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fail to reproduce MDMA neurotoxicity, suggesting a primary role for peripheral metabolism in 

the neurotoxic response (Miller et al. 1995; Esteban et al. 2001). 

 γ-GT is a predominatly membrane-bound enzyme that is widely distributed in tissues, 

including liver, kidney and testis. The active site of γ-GT is located on the extracellular surface. 

γ-GT catalyzes the first step in the mercapturic acid pathway (Figure 1.7). This pathway involves 

a sequential cleavage of glutamic acid and glycine from the GSH moiety, followed by the N-

acetylation of the resulting cysteine conjugate (Figure 1.7). High expression of γ-GT is common 

in tissues with increased rates of amino acid transport, including the brush border membrane of 

renal proximal tubular cells (Pfaller et al. 1984; Monks and Lau 1998), the choroid plexus (De 

Bault and Mitro 1994), and microvessels endothelial cells in the BBB (Ghersi-Egea et al. 1995).  

 Interestingly, the susceptibility of the kidneys to the nephrotoxicity of quinone-thioethers 

is related to the high levels of γ-GT and dipeptidase activity present in the brush border 

membrane of the kidney proximal tubules (Monks and Lau 1997; 1998). γ-GT activity and the 

distribution of microvessels cells expressing γ-GT differ within regions of the brain (Ruedig and 

Dringen 2004). Therefore, γ-GT may play an important role in the neurotoxicity of thioether 

metabolites of MDMA, perhaps facilitating the in transport across the BBB. Studies have shown 

that inhibition of γ-GT with acivicin increases the uptake of GSH conjugates of MDMA into the 

brain (Miller et al. 1995; Jones et al. 2005), and the neurotoxicity of MDMA and MDA (Jones et 

al. 2005; Bai et al. 2001). In addition, direct administration of 5-(GSyl)-α-MeDA into the brain 

leads to the formation of mercapturic metabolites, at levels correlating with the relative activity 

of γ-GT (Miller et al. 1995). The formation of 5-(Cys)-α-MeDA and 5-(NACyl)-α-MeDA 

increases in areas of the brain where γ-GT is highly expressed, including hypothalamus, 

hippocampus and pons/medulla. Interestingly, in the pons/medulla region, the rate of the α-
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MeDA thioether metabolism was lower than hypothalamus or hippocampus, suggesting that the 

neurotoxic insult of MDMA metabolites may be not only dependent on the expression of γ-GT 

but also in the inherent susceptibility of the areas of the brain. In humans, inter-individual 

differences and variability of γ-GT are not well known. However, differences in both activity and 

expression of γ-GT may influence the resulting neurotoxic effects of MDMA. 

1.7.2.4. Neuroanatomy of the 5-HT system 

 The neurochemical anatomy of brain 5-HT neurons consists of a population of 

morphologically diverse neurons whose cell bodies are present largely within the brainstem 

raphe nuclei and particular regions of the reticular formation. Raphe clusters of 5-HT neurons are 

found from the level of the midbrain to the level of the pyramidal decussation in the medulla 

(Hillarp et al. 1966). Outside the raphe nuclei there are clusters of 5-HT containing cell bodies in 

a region adjacent to the medial lemniscus, called the B9 cell cluster, to the ventrolateral medulla 

called the B3 cluster and the B4 in the central gray of the medulla oblongata. Although there are 

about 20 K 5-HT neurons in rat and around 300 K in humans, the extensive axonal projection 

system arising from those neurons display a enormous number of collateral branches, so that the 

5-HT system densely innervates nearly all regions of the CNS, including the prefrontal cortex, 

hypothalamus, hippocampus and striatum (Racagni and Brunello 1999) 

  Furthermore, 5-HT nerve terminals interact with at least 13 distinct types of G-protein 

coupled receptors and ion-gated ligand channels. 5-HT is synthesized within the serotonergic 

system terminal from the amino acid L-tryptophan. The TPH-mediated formation of 5-

hydroxytrytophan (5-HTP) and the subsequent L-amino acid decarboxylase-mediated 

decarboxylation of the 5-HTP to produce 5-HT. 5-HT acts as neurotransmitter on a large variety 

of pre- and post synaptic receptors. 5-HT regulates a variety of neurological and endocrine 
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processes including the onset of sleep, sensory perception, mood and depression, body 

temperature, and photophobia (sensitivity to light) (Nicholls et al. 2001). 5-HT is predominantly 

cleared from the synapse via transporter-dependent active reuptake by SERT into the presynaptic 

nerve terminal where it undergoes MAO-A-mediated metabolism to 5-hydroxyindolacetaldehyde 

and finally to 5-HIAA. Alternatively, 5-HT may be conjugated with glucuronide or sulfate and 

targeted for elimination. 

1.7.2.5. Monoamine oxidase  

 In humans, two isoenzymes in the CNS namely monoamne oxidase (MAO) A and B play 

not only a physiological role in the metabolic inactivation of released monoamine transmitters 

and in the detoxification of xenobiotic amines, but perhaps also a pathophysiological role by 

indirectly generating cytotoxic free radicals during the aging process and accompanying 

neurodegenerative diseases (Richards et al. 1996). In human brain, 5-HT and noradrenaline are 

preferentially metabolized by MAO-A (Harsing 2006). Hence, the therapeutic potential of 

selective reversible MAO inhibitors lies in their ability not only to increase the biological half-

life of monoamine neurotransmitters but also to slow down the process of neurodegeneration 

(neuroprotective effects). Knowledge of the brain distribution of these enzymes is important, 

since their cellular localization determine, to a large extent, which substrates have access to 

which isoenzyme. The presence of MAO-B in the serotonergic neurons suggests the ability to 

reuptake not only 5-HT but also other catecholamines.  
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1.8. ROLE OF THE BLOOD-BRAIN BARRIER (BBB)  

 The BBB is a unique physical and enzymatic barrier that separates the brain from the 

systemic circulation, and is therefore considered to be the primary barrier regulating the uptake 

of compounds into the brain parenchyma (Crone et al. 1971). The BBB is composed of a 

monolayer of brain capillary endothelial cells. It is actually a system of barriers: blood-brain 

extracellular fluid (ECF; capillary endothelium), blood-cerebrospinal-fluid (CSF; choroid), and 

ECF-CSF (meninges) (Figure 1.7). The BBB and the functions of the cerebral endothelial cells 

are regulated either by direct contact with surrounding astrocytes, neurons and microglial cells 

(Abott and Revest 1991). The CSF, secreted from choroidal cells of the choroid plexus, occupies 

the subarachnoid space and the ventricular system around and inside the brain, essentially, the 

brain is “floating” on the CSF providing also a mechanical and immunological protection to the 

brain inside the skull. The restriction of brain uptake by the BBB arises by the presence of tight 

junctions between adjacent endothelial cells, the lack of intercellular pores and pinocytotic 

vesicles within endothelium of cerebral arterioles, capillaries, and venules that create a rate-

limiting barrier in CNS vessels that restricts the passage of solutes (Rubin and Staddon 1999; 

Tamai and Tsuji 2000; Loscher and Potschka 2005). Specific transporters are present at the BBB 

that permit nutrients to gain access into the brain and toxicants/waste products to be eliminated 

(Tamai and Tsuji 2000).  

 In addition, the BBB has a high concentration of drug-efflux-transporters (ie, P-

glycoprotein, multi-drug resistant protein, breast cancer resistant protein) in the luminal 

membranes of the cerebral capillary endothelium. ABC efflux transporters minimize or avoid the 

transport of potentially harmful chemicals into the brain, thus limiting brain uptake. However,  
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Figure 1.7. The BBB.  
 
 a) BBB is formed by endothelial cells at the level of the cerebral capillaries which 
interact with perivascular elements such as basal lamina and astrocytic end-feet processes, 
perivascular neurons (interneuron) and pericytes. b) Cerebral endothelial cells form complex 
tight junctions (TJ) produced by the interaction of several transmembrane proteins that seal the 
paracellular pathway.There are also adherens junctions (AJ), which stabilize cell–cell 
interactions. Intracellular and extracellular enzymes such as MAO, γ-GT, alkaline phosphatase, 
peptidases, nucleotidases and several CYP450 show metabolic activity. Large molecules such as 
antibodies, lipoproteins, proteins and peptides can be transferred to the central compartment by 
receptor-mediated transcytosis. The receptors for insulin, low-density lipoprotein (LDL), iron 
transferrin (Tf) and leptin are all involved in transcytosis. 
 



59 

59

these transporters may also limit the central distribution of drugs that are beneficial to treat CNS 

diseases. These efflux transporters actively remove a broad range of compounds and drugs from  

the endothelial cell cytoplasm before they are able to cross into the brain. Another important 

barrier function is the enzymatic barrier component of the BBB, capable of rapidly metabolizing 

compounds and nutrients (el-Bacha and Minn 1999). Several enzymes that are involved in 

hepatic drug metabolism have been found in the microvessels and the choroid plexus including 

cytochrome P450’s, epoxide hydrolase, UDP-glucuronosyltranferases, γ-GT, and GST (Lange 

2004). Markers of the BBB include the γ-GT and Na+/K+ ATPase (Bai et al. 2001). In addition, 

metabolism of xenobiotics, including α-MeDA and N-Me-α-MeDA thioethers by γ-GT in the 

BBB may play a role in their bioactivation and contribute to the neurotoxicity of MDMA (Miller 

et al. 1995; Bai et al. 2001). Therefore, the nature and concentration of specific enzymes at the 

BBB can greatly affect the access of compounds into the brain parenchyma (el-Bacha and Minn 

1999).  

1.8.1. Transport across the BBB 

 Peripheral formation of GSH conjugates requires a mechanism to gain acces into the 

brain across the BBB. Although small lipophilic molecules can cross the BBB via lipid-mediated 

passive diffusion, larger and hydrophilic molecules, such as glucose, requires specific 

transporters. There are four basic mechanisms by which solute molecules move across 

membranes in the BBB: (1) simple diffusion, (2) facilitated diffusion, a form of carrier-mediated 

endocytosis, in which molecules bind to specific membrane protein carriers, (3) simple diffusion 

through an aqueous channel formed within the membrane, and (4) active transport via a protein 

carrier with specific binding requiring ATP hydrolysis, and to drive movement against a 

concentration gradient (de Lange 2004). GSH thioether metabolites must use an active and 
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selective transport to cross the BBB. The BBB has uptake and efflux carriers mediating bi-

directional molecular transport, including carrier- and receptor-mediated active transport. 

Carrier-mediated active transport includes a common transport for low molecular weight, 

glucose (Kolber et al. 1979), water-soluble vitamins, and neurotoxicans including α-MeDA and 

N-Me-α-MeDA thiethers (Miller et al. 1995), whereas, receptor-mediated transport is 

responsible for the uptake of a variety of peptides and proteins (Moos and Morgan 2000). 

 Two major carrier-mediated uptake transporters, the L-amino acid and GSH transporters, 

capable of carrying GSH and GSH conjugates from the circulation into the brain have been 

described (Kannan et al. 1990; Zlokovic et al 2004). L-amino acid carriers are responsible for the 

uptake of water-soluble neutral amino acids. The L-amino acid transporter can transport cysteine 

into the brain (Wade and Brady 1981) and has a strong affinity for a variety of xenobiotic-

neurotoxic cysteine conjugates (Patel et al. 1993; Nemoto et al. 2003). Interestingly, cysteine 

conjugates of α-MeDA and N-Me-α-MeDA may gain access into the brain via the L-amino acid 

transport system. However, this system is often saturated, and cysteine conjugates are highly 

unstable molecules (Nemoto et al. 2003), therefore, it is likely that GSH conjugates gain access 

into the brain by an alternative transport system using the GSH transporter in the BBB (Kannan 

et al. 1999). 

 Transport of GSH has been demonstrated in endothelial cell in the BBB (Kannan et al. 

1999; Patel et al. 1993; Homma et al. 1999). In addition, co-administration of GSH with 5-

(GSyl)-α-MeDA decreases the brain uptake of 5-(GSyl)-α-MeDA (Miller et al. 1995). 

Moreover, the inhibition of γ-GT with acivicin increases both the brain uptake of 5-(GSyl)-α-

MeDA (Miller et al. 1995) and the neurotoxicity of systemically administrated MDMA (Bai et 

al. 2001, Jones et al. 2005). Polyphenolic GSH-conjugates also inhibit the activity of γ-GT (Hill 



61 

61

et al. 1994). Therefore, thioether metabolites of MDMA may also inhibit the activity of γ-GT 

thereby increasing the pool available for uptake at the BBB of GSH conjugates (Jones et al. 

2005). Once inside the brain thioether metabolites of N-Me-α-MeDA may generate ROS in a 5-

HT transporter-dependent manner (Jones et al. 2004; Monks et al. 2004). Interestingly, i.c.v. 

administration of GSH and N-acetylcysteine conjugates of α-MeDA reproduce not only the 

acute neurobehavioral effects of MDMA but also its neurotoxic effects (Bai et al. 1999). The use 

of in vivo microdialysis to determinate the concentration of quinone thioether metabolites in rats 

after MDMA administration, and the correlation with the neurotoxic effects of these metabolites 

supports the view that GSH metabolites contribute significantly to the development of 

neurotoxicity (Jones et al. 2005). 

1.8.2. ATP binding cassette (ABC) transporters 

 ABC transporters are found in all organisms and share homology within the ATP-binding 

cassette (ABC) region. ABC transporters are recognized as been important determinants of drug 

disposition and response (Schinkel and Jonker 2003) and can be divided into a number of 

families, based the domains and amino acid homology (Dean et al. 2001). Mutations in several 

ABC-related genes have been shown to predispose to genetic diseases, such as cystic fibrosis and 

Tangier disease (Stein 2002). Some transporters implicated in the efflux of drugs from the brain 

are, (i) the organic ion transporters [organic anion transporters (OAT), organic cation 

transporters (OCT), organic anion transporter proteins (oatp)], (ii) P-glycoprotein (P-gp), the 

prototypical multidrug resistance transporters (MDR) transporter; and (iii) MDR-associated 

protein (MRP) among others (Pajeva et al. 2004).  

 The putative function of these efflux transport systems includes, but is not limited to, the 

transport of glucuronide and GSH conjugates, inflammatory mediators (Spector and Goetzl 
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1986), acid metabolites of neutrotransmitters (Emanuelsson et al. 1987), neurotoxicants (Kim 

and Pritchard 1993), and therapeuthic compounds (Wong et al. 1993). These transporters 

therefore play a crucial role in the BBB by functioning as active efflux pumps. 

 An important member of the ABC transporter ATP-binding cassette group of transporters 

is P-gp which plays an important role at the BBB in limiting the entry of many hydrophobic 

drugs into the brain (Schinkel 1999; Tatsuta et al. 1992). Several tumors express P-gp, therefore 

multidrug resistance may be very important with regard to the development of resistance to 

chemotherapy. Although P-gp knockout mice have normal viability, they show an accumulation 

of various drugs in the brain and other tissues, indicating that P-gp may prevent the passage and 

accumulation of many drugs (de Lange et al. 1998; Fromm 2000). In rat brain culture, P-gp 

expression and activity have been demonstrated in primary astrocytes (Decleves, et al. 2000; 

Ronaldson et al. 2004) and microglia (Lee et al. 2001). In vivo studies showed that P-gp is 

preferentially expressed in endothelial cells, but is also present in astroglial cells (Mercier et al. 

2004). 

1.8.3. Multidrug resistance-associated proteins 1 and 2 (Mrp1 and Mrp2) 

 In addition to P-gp, the multidrug resistance-associated protein 1 (Mrp1 or ABCC1) 

has been identified in multidrug resistance cells not expressing P-gp (Cole et al. 1994). Mrp1 

expression in drug sensitive cell lines showed that Mrp1 confers resistance to a range of 

chemotherapeutic drugs (Cole et al. 1994). This finding helps explain the elimination of water-

soluble products of phase II metabolism formed via the conjugation of toxic compounds with 

GSH, sulfate or glucuronic acid from the cell (Leslie et al. 2001a; Hipfner et al. 1999). Mrp1 is 

expressed in a number of cell lines, including human, bovine, and murine capillary brain 

endothelial cells (Decory et al. 2001). In addition, Mrp1 is ubiquitously expressed in 
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nonmalignant tissues, and in polarized cells, being localized on the basolateral membranes 

(Leslie et al. 2005). However, endothelial cells at the BBB express Mrp1 on the apical 

membranes (Dallas et al. 2006). In rat, higher levels of Mrp1 are expressed in lungs, testis and 

choroid plexus (Wijnholds et al. 1997). Mrp1 has been identified in endothelial cells of brain 

microvessels and epithelial cells of the choroids plexus in rats (Wijnholds et al. 1997; Sugiyama 

et al. 1999). Mrp1 is a prototype of GSH conjugate-X (GS-X) pump that transports a variety of 

drugs conjugated to GSH, sulfate or glucuronate, but also anionic drugs, and dyes. The most 

important substrate of Mrp1 is the endogenous GSH conjugate leukotriene C4 (LCT4), but it also 

transports lipid peroxidation products, herbicides, and heavy metals. In addition, certain 

xenobiotics are co-transported with GSH without forming a formal conjugate with GSH 

(Wijnholds et al. 1997).   

 Mrp1 and Mrp2 substrate specificity is sensitive to amino acid substitution in the protein 

(Leslie et al. 2001b; Zhang et al. 2001). MRP1 and MRP2 share 45% of their sequence identity, 

and MRP2 and MRP3 transporters have overlapping substrates with MRP1 (Leslie et al. 2005). 

Mrp2 is located in apical cell membranes, whereas other Mrp’s, such as Mrp1, Mrp3, and Mrp5 

are located basolaterally (Borst et al. 2000). Studies have shown that both have chemoprotective 

functions (Wijnholds et al. 1997). Despite the differences in their membrane and tissue 

distribution, Mrp1 and Mrp2 transport many of the same conjugated metabolites, including 

LTC4 and 17β-estradiol 17-(β-D-glucuronide) (E217βG). However the affinity of Mrp1 for these 

metabolites is higher than the affinity of Mrp2 (Slot et al. 2008). In addition to Mrp1 knockout 

mice mutants, there is a Mrp2-deficient rat mutant (TR-) that can be used to study physiological 

functions of Mrp2 (Koopen et al. 1998). The role of Mrp’s in BBB permeability has been 
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demonstrated by experiments in which inhibitors of Mrp’s, such as probenecid or MK-571, 

enhance drug penetration into the brain or inhibit drug efflux (Loscher and Potschka 2005).  

 Metabolites of N-Me-α-MeDA and α-MeDA may contribute to the neurotoxicity of 

MDMA (Miller et al. 1997; Bai et al. 2001). Direct administration into the cortex, striatum or 

hippocampus of 5-(GSyl)-α-MeDA and 5-(NACyl)-α-MeDA produced prolonged depletion of 

5-HT and neurobehavioral changes similar to MDMA. Thioether metabolites of N-Me-α-MeDA 

have been identified in striatum (Jones et al. 2005). In addition, studies using inside-out vesicle 

membrane preparations have shown that 5-(GSyl)-N-Me-α-MeDA inhibited [3H]estradiol 

glucuronide (E217βG) and [3H]LTC4 uptake by Mrp1 in a concentration dependent pattern (Slot 

et al. 2008). However, compared to other endogenous and exogenous GSH-conjugates, 5-(GSyl)-

N-Me-α-MeDA is a relatively poor inhibitor of E217βG and LTC4 transport. In addition, the IC50 

values for 5-(GSyl)-N-Me-α-MeDA-mediated inhibition of E217βG transport by Mrp2 was 145 

µM, whereas the IC50 value was 2.1 µM for 2-hydroxy-1-(GSyl)E2 (Slot et al. 2008). The 

inhibition by Mrp1 by 5-(GSyl)-N-Me-α-MeDA-mediated transport of E217βG appears to be 

competitive, since the Km values increased from 2.5 to 10 µM in the presence of the metabolite 

while the Vmax remained unchanged.  

 These studies indicate that 5-(GSyl)-N-Me-α-MeDA is a relatively poor substrate for 

Mrp1 and Mrp2 and that the elimination of these conjugates from brain include a combination of 

metabolism to the corresponding NACyl-conjugate, and elimination of the intact GSH conjugate. 

Interstingly, the NACyl-conjugates appear to persist in the brain (see Chapter 3) so it is therefore 

critical to understand the mechanism by which these organic anions are exported from the brain. 

Such information would complement previous studies suggesting that GSH conjugates gain 

access into the brain via the GSH transporter located at the BBB (Bai et al. 2001; Kannan et al. 
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1990). Importantly, the NACyl-conjugates of N-Me-α-MeDA had no effect (up to 1 mM) on 

Mrp1- or Mrp2-mediated vesicular transport (Slot et al. 2008). However, these results were 

expected since previous studies have demonstrated the critical importance of the γ-glutamyl 

residue of GSH for the interaction with these transporters (Loe et al. 1996; Leslie et al. 2003). 

1.8.4. Organic anion transporter (OAT) family 

 A number of major active transport system are expressed at the choroid plexus, including 

Solute Carrier families SLC21 and SLC22 (Nagata et al. 2002). The SCL22 transporter family 

includes the kidney-type organic anion transporter (OAT) family (Gao et al. 2000). OAT1 is 

expressed at the basolateral membrane of proximal tubule cells in humans (Hosoyamada et al. 

1999; Bahn et al. 2000), rat (Kojima et al. 2002; Tojo et al. 1999) and mice kidneys (Bahn et al. 

2005). In addition, human OAT1 has been shown to be located at the choroids plexus (Aleboyeh 

et al. 2003), and recent studies on mice brain show mOAT1 expression in neurons of cortex and 

hippocampus (Bahn et al. 2005). OAT1 contributes to the renal organic anion secretion via the 

uptake of organic anions from blood across the basolateral membrane into proximal tubule cells 

(Eraly et al. 2003b).  

 OAT1 interacts with a vast number of endogenous and exogenous organic anions, 

including the vitamin folate (Uwai et al. 1998), the purine breakdown product urate (Ichida et al. 

2003), and acidic metabolites of the neurotransmitters NE (vanillinemandelate), DA (DOPAC 

and HVA), 5-HT (5-HIAA) and of cerebral tryptophan metabolism (quinolinate, kynurenate) 

(Bahn et al. 2005). The interaction of OAT1 with these neurotransmitter metabolites suggests 

that OAT1 is responsible for both the removal from the brain of these metabolites and their renal 

excretion (Rizwan and Burckhardt 2007). The activity of OATs influences renal drug elimination 

and therefore, pharmacokinetics. However, gender differences and polymorphism of these 
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transporters have been shown to have an impact on the expression and activity of OATs. In rats 

and mice, gender differences were observed for OAT1, OAT2 and OAT3 (Mori et al. 2003). The 

functional significance of single nucleotide polymorphisms in OAT’s are not fully understood 

nor of their influence on the pharmacokinetics occurrence of side effects (Eraly et al. 2003a).  

 Systemic formation of N-Me-α-MeDA conjugates requires a mechanism for their 

transport across the BBB. Morover, the concentration of these conjugates in brain will also be 

influenced by their rate of export. Efflux from the brain involves transport from the BBB 

endothelial cells into blood, and transport from the choroids plexus epithelial cells into the CSF. 

However, studies on the export of GSH conjugates from the brain are limited. There is not 

documentation with respect to the export of mercapturic acids from the brain, although, general 

information on OAT’s is available. In contrast to 5-(GSyl)-N-Me-α-MeDA, its mercapturic 

acids, 5-(NACyl)-N-Me-α-MeDA and 2,5-bis-(NACyl)-N-Me-α-MeDA, are not substrates for 

Mrp1 or Mrp2 and their export from the brain via the organic anion transporters (OATs/OATPs) 

is still unknown. GSH conjugates and mercapturic acids of N-Me-α-Me DA are present in the 

brain following systemic administration of MDMA (Jones et al. 2005; Chapter 3). Organic 

anions can be substrates for three major transporters: the OAT family, the OATP family and the 

MRP family.  

 However, little is known about the localization and function of the OAT’s transporters in 

the brain. OAT1 and OAT3 have been identified in brain, and studies have shown that cysteine 

conjugates are substrates for OAT1 (Zalups and Ahmad 2005). Interestingly, the NAC 

conjugates of both methyl mercury (CH3Hg-NAC) and inorganic mercury (NAC-Hg-NAC) are 

substrates of the human isoform of OAT1 (hOAT1) (Zalups and Ahmad 2005). Mercapturic 

acids of N-Me-α-MeDA are the most neurtoxic and persistent catechol-thioether metabolites in 



67 

67

the brain (Jones et al. 2005; Chapter 3). The identification of the mechanisms that regulate their 

elimination from the brain is extremely important to understand the pharmacokinetics of these 

conjugates. The involvement of these transporters in the neurotoxicity of thioether conjugates of 

MDMA is addressed in the present study.  

1.9. DISSERTATION AIMS 

 Due to the alarming recreational use of MDMA and the reported adverse effects resulting 

from its misuse, the pharmacology and toxicology of this amphetamine derivative requires a 

better understanding. Today, the impact of this neurodegeneration on subjects consuming 

MDMA is a general concern in the scientific community. In particular, hepatic metabolism 

appears to be necessary for the development of MDMA neurotoxicity (O'Shea et al. 1998; Paris 

and Cunningham 1992; Esteban et al. 2001). Further studies on the metabolism and disposition 

of MDMA are necessary to understand the precise mechanisms underlying MDMA-induced 

neurotoxicity. Direct injection of MDMA into the brain fails to reproduce the long-term 

neurotoxic effects evident following peripheral administration of these drugs (Schmidt et al. 

1987; Paris and Cunningham 1992), suggesting that systemic (liver) metabolism contributes to 

the neurotoxicity of MDMA. 

 MDMA is N-demethylated to MDA and O-demethylenated to N-Me-α-MeDA (Lin et al. 

1992). Isoenzymes belonging to the CYP2D subfamily, and the CYP2B or CYP3A1 isoforms, 

catalyze the low- and high-Km O-demethylenation reactions, respectively (de la Torre et al. 

2004). N-Me-α-MeDA and α-MeDA are both catechols, and can rapidly undergo oxidation to 

the corresponding ortho-quinones, which are highly electrophilic, as evidenced by their ability to 

react readily with the cysteinyl sulfhydryl group in GSH to form GSH conjugates (Hiramatsu et 

al. 1990; Patel et al. 1991). 
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 The studies described in this dissertation are designed to examine the effect of multiple 

doses of MDMA administration on the concentration of neurotoxic thioether metabolites in the 

brain as well as the role of metabolism in MDMA-mediated neurotoxicity. Figure 1.7 illustrates 

the hypothesis of our studies where peripheral metabolism is necessary for MDMA 

neurotoxicity. Chapter 3 investigates the effect of multiples doses of MDMA on brain 

concentrations of acute 5-HT release and 5-(GSyl)-N-Me-α-MeDA, 2,5-bis-(GSyl)-N-Me-α-

MeDA, 5-(NACyl)-N-Me-α-MeDA, and 2,5-bis-(NACyl)-N-Me-α-MeDA. The results revealed 

that following multiple doses of MDMA, 5-HT concentrations decrease concomitant with an 

accumulation of neurotoxic thioether metabolites in striatum.  

 Chapter 4 futher investigates the contribution of CYP2D1 to the metabolism and 

neurotoxicity of MDMA. Using genetic and pharmacological models to deplete CYP2D1 

activity, we analyzed the neurotoxicity of MDMA. MDMA produced lower deficits in brain 5-

HT and 5-HIAA concentrations in female DA rats compared to female SD rats, the former 

representing the human CYP2D6 EM phenotype and the latter the equivalent EM phenotype. 

Moreover, this result was replicated when quinine was used to inhibit CYP2D1. The data is 

consistent with the hypothesis that systemic metabolism of MDMA contributes to MDMA-

induced serotonergic neurotoxicity via the generation of reactive metabolites (Monks et al. 2004; 

Esteban et al. 2001; de la Torre et al. 2004). Chapter 5 summarizes studies in vivo focusing on 

the regulation of the efflux of neurotoxic MDMA metabolites from the brain. The results 

revealed that MRP’s and OAT1 may play a role modulating MDMA neurotoxicity.  

 Because (a) direct administration of MDMA and its main metabolites into the brain fails 

to reproduce the serotonergic neurotoxicity observed following peripheral administration, (b) 

MDMA is metabolized to α-MeDA and N-Me-α-MeDA which are ready scavenged by GSH 
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forming α-MeDA and N-Me-α-MeDA thioethers, and (c) direct administration of these thioether 

into the brain produce serotonergic neurtoxicity, we hypothezied that systemically formed 

thioether metabolites of MDMA are transported into the brain and contribute to the development 

of MDMA neurotoxicity. The significance of these studies lies in their potential to enhance our 

understanding of the mechanism by which thioether metabolites produce selective neurotoxicity 

and provide insight into the contribution of the systemic metabolism and factor regulating the 

elimination of these thioether metabolites from the brain. . 
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Figure 1.8. Hypothesis of the metabolism-dependent neurotoxicity of MDMA. 
 
 (1) MDMA is metabolized in liver the product which are conjugated to GSH. (2) The 
thioether metabolites of N-Me-α-MeDA are transported via the blood stream to the BBB and 
transported into the brain by GSH transporters lining in the BBB, or (3) metabolized by γ-GT at 
the BBB to the corresponding cysteinyl conjugates which are transported into the brain by L-
amino acid transporters. (4) Inside the brain, the thioether metabolites are quickly converted to 
the corresponding o-quinones. (5) Quinones can act as oxidants, leading to the generation of 
ROS or electrophiles which may covalently modify proteins, including (6) SERT. (7) DA may 
enter the 5-HT nerve terminal and undergo oxidation (step modulated by MAO-B) generating 
ROS and damaging the 5-HT neuron. (8) The N-Me-α-MeDA thioether metabolites are 
metabolized by γ-GT and dipeptidases within the brain parenchyma to the corresponding 
cysteinyl conjugates, which are readily N-acetylated to form (8) N-acetylcysteine conjugates, or 
mercapturic acids. (9) These mercapturates accumulate in the brain and produce additional 
damage. (10) GSH conjugates may be eliminated from the brain by the MRP1 and/or MRP2 
transporters, whereas  (11) the mercapturates may be eliminated by the OAT1 transporter. 
 
Abbreviations: GSH, glutathione; BBB, blood brain barrier; γ-GT, gamma glutamyl 
transpeptidase; 5-HT, serotonin; DA, dopamine; ROS, reactive oxygen species 
.
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CHAPTER 2 

MATERIALS AND METHODS 

2.1. MATERIALS 

2.1.1. Chemicals and reagents 

  (±)-MDMA, mushroom tyrosinase, 5-HT, 5-HIAA, DA, DOPAC, HVA, GSH, quinine, 

probenecid, ellagic acid, and NADPH were purchased from Sigma (St Louis, MO). MK571 was 

obtained from Alexis Biochemicals (San Diego, CA). 7-hydroxy-4-(aminomethyl)-coumarin 

(HAMC) and 7-methoxy-4-(aminomethyl)-coumarin (MAMC) were obtained from BD 

Biosciences (San Jose, CA). HPLC-grade solvents were purchased from EM Science (Cincinnati, 

OH) and all other chemicals were purchased from Sigma (St. Louis, MO), Fisher Scientific 

(Houston, TX), VWR International (San Dimas, CA) or the highest grades available. N-Me-α-

MeDA was synthesized by Southwest Environmental Health Sciences Center Synthetic 

Chemistry Core Facility, University of Arizona, Tucson, AZ.  

2.1.2. Animals and drug administration 

2.1.2.1. Microdialysis studies  

Male Sprague-Dawley (SD) rats weighting ~300 g were obtained from Harlan (Houston, TX). 

Animals were housed in groups of 3-4 and maintained on 12 h light-dark cycles in temperature 

controlled room (21-23°C), food and water were provided ad libitum. Rats were handled for 2 

weeks prior to surgical cannula implantantion to reduce stress and discomfort. Following 

surgery, rats were housed singly and allowed a 5-7 day recovery period. (±)-MDMA-HCl was 

dissolved in 0.9% sodium chloride (saline solution). For the neurotoxicity studies, rats were 

administreted (±)-MDMA (20 mg/kg, s.c.), or saline at 12 h intervals for a total of four 

injections. Procedures were approved by the Institutional Animal Care and Use Committee at the 
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University of Arizona and were carried out in accordance with the Guide for the Care and Use of 

Laboratory Animals (US Public Health Service, National Institute of Health).  

2.1.2.2. Polymorphisms in the CYP2D1 gene (Phase I metabolism): genetic and  

                        pharmacological models.  

 Female Dark Agouti (DA) and SD rats weighting ~ 200 g were obtained from Harlan 

(Houston, TX) were group-housed and maintained at constant temperature (21±2°C) for a 12 h 

light-dark cycles. Food and water were provided ad libitum. Female rats were treated with saline 

solution (0.9% NaCl), (±)-MDMA (20 mg/kg, s.c.), vehicle or with a pharmacological inhibitor. 

In the pretreatment studies all compounds were injected 1 h prior to MDMA administration and 

doses are quoted as the base weight. Female DA and SD rats were treated with MDMA or saline 

solution. SD rats were treated with quinine only or with quinine and MDMA. Quinine (40 or 80 

mg/kg, i.p.), a specific and potent inhibitor of rat CYP2D1 enzymes, was dissolved in a saline 

solution. In these studies, female DA rats representat the human “poor metabolizer” and female 

Sprague Dawley (SD) rats represent the “extensive metabolizer” phenotype. 

2.1.2.3. Multidrug Resistance Associated Proteins (MRP1 and MRP2) and OAT  

                        Studies 

 Male Wistar rats, Mrp2-deficient TR- Wistar rats weighting 250-300 g, and female 

Sprague-Dawley (SD) rats weighting 200-230 g were obtained from Harlan (Houston, TX). Male 

wild-type (FVB) and Mrp1 (-/-) knockout mice, weighting 20-28 g, were obtained from Taconic 

(Hudson, NY). Animals were housed in groups of 3 and maintained on 12 h light-dark cycles and 

given free access to food and water. Procedures were approved by the Institutional Animal Care 

and Use Committee at the University of Arizona and were carried out in accordance with the 
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Guide for the Care and Use of Laboratory Animals (US Public Health Service, National Institute 

of Health). 

  Rats were treated with a single dose of saline solution (0.9% NaCl) or (±)-MDMA 

(Sigma-Aldrich, St Louis, MO) (20 mg/kg, s.c.). Mice were treated with saline solution or 

MDMA (20 mg/kg, s.c) at 2 h intervals for a total of four injections. In the pretreatment studies 

with rats, all compounds were injected 1 h prior to MDMA administration and doses are quoted 

as the base weight. MK571 (20 mg/kg, i.v.) was dissolved in 1% ethanol in deionized water. 

Probenecid (200 mg/kg, i.p.) was dissolved in 0.5M NaOH then diluted with saline solution and 

adjusted to pH 6.8. Ellagic acid (EA) (200 mg/kg, i.p.) was dissolved in 0.15M TRIS pH 7.8 and 

administreted once daily for 4 days. On day 4 the last dose was injected 1 h prior to MDMA 

administration. 

2.2.   METHODS 

2.2.1.     Synthesis and purification of 5-(Glutathion-S-yl)-N-methyl-α-MeDA and 2,5- 

              bis-(Glutathion-S-yl)-N-methyl-α-MeDA.   

 The GSH conjugates were synthesized following a procedure similar to that established 

in our laboratory (Miller et al., 1996; Jones et al., 2005) with modifications. In short, a mixture 

of 25 mg N-Me-α-MeDA (Southwest Environmental Health Sciences Center Synthetic 

Chemistry Core Facility, The University of Arizona), 100 mg of GSH and 3 mg of mushroom 

tyrosinase (1530 units/mg. Sigma-Aldrich, St Louis, MO) was stirred at 37°C for 30 min in 50 

ml of sodium phosphate buffer (50 mM, pH 7.4). The solution was frozen at -80°C, and 

lyophilized to dryness. The product was further purified by HPLC (Shimadzu, SCL-10A) by 

dissolving in 2 ml of 1% formic acid and injecting 100 µl aliquots onto a Beckman Ultrasphere 

ODS-5 reverse-phase semi-preparative column (25 x 1 cm i.d.; 5 µm particle size). The product 
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was eluted using methanol and 1% acetic acid (15:85 v:v) at a flow rate of 2 ml/min, and 

monitored at 280 nm. Fractions of interest were combined and lyophilized to dryness. The 

resulting product was then analyzed by HPLC coulometric electrode array system (HPLC-

CEAS) to confirm purity.  

 To confirm structure, HPLC coupled to tandem mass spectrometry (HPLC-MS/MS) 

revealed a single compound with a parent ion corresponding to 5-(glutathion-S-yl)-N-Me-α-

MeDA (m/z 487). Fragmentation of the 487 MH+ ion showed several daughter ions, including 

GSH (m/z 307.8) and N-Me-α-MeDA (m/z 182.9). 2,5-bis-(glutathion-S-yl)-N-Me-α-MeDA was 

synthesized by dissolving ~100 mg of 5-(glutathion-S-yl)-N-Me-α-MeDA in 100 ml of 10% 

formic acid with 50 mg sodium periodate. The color changed from light golden to deep purple. 

GSH was added in excess and the reaction was incubated overnight. The solution was purified by 

HPLC as described above. The mobile phase was methanol and water adjusted to pH 3 with 

formic acid (15:85 v:v) at a flow rate of 2 ml/min. The eluate was monitored at 280 nm, collected 

and lyophilized to dryness. The product when reanalyzed by HPLC-CEAS gave rise to a single 

peak, and HPLC-MS/MS confirmed a single ion of MH+ 792, corresponding of 2,5-bis-

(glutathion-S-yl)-N-Me-α-MeDA. 

2.2.2.    Synthesis and purification of 5-(N-Acetylcystein-S-yl)-N-methyl-α-MeDA and   

              2,5-bis-(Nacetylcystein-S-yl)-N-methyl-α-MeDA. 

 Mercapturic acid conjugates of N-Me-α-MeDA were synthesized following a similar 

procedure to that described by Jones et al., (2005), with minor modifications. Briefly, a mixture 

of 25 mg N-Me-α-MeDA, 100 mg of N-acetylcysteine and 3 mg of mushroom tyrosinase (1530 

units/mg. Sigma-Aldrich, St Louis, MO) were stirred at 28°C for 30 min in 50 ml of sodium 
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phosphate buffer (50 mM, pH 7.4). The solution was quenched with 2 ml of 88% formic acid, 

frozen at -80°C, and lyophilized to dryness.  

 The product was further purified by HPLC (Shimadzu, SCL-10A) by dissolving in 2 ml 

of 1 % formic acid and injecting 100 µl aliquots onto a Beckman Ultrasphere ODS-5 reverse-

phase semi-preparative column (25 x 1 cm i.d.; 5 µm particle size). Samples were eluted using 

methanol and 1% acetic acid (10:85, v:v) at a flow rate of 2 ml/min, and the eluate monitored at 

225 nm. 2,5-bis-(N-acetylcystein-S-yl)-N-Me-α-MeDA was synthesized by dissolving ~100 mg 

of 5-(N-acetylcystein-S-yl)-N-Me-α-MeDA in 100 ml of 10% formic acid with 50 mg sodium 

periodate. N-Acetylcysteine (50 mg) was then added and the reaction incubated overnight. 

Following lyophilization the reaction mixture was purified by HPLC by dissolving in 2 ml of 1% 

formic acid and injecting 100 µl aliquots onto a Beckman Ultrasphere ODS-5 reverse-phase 

semi-preparative column. The mobile phase was methanol and 1% acetic acid (15:85, v:v) at a 

flow rate of 2 ml/min. The eluate was monitored at 225 nm, collected and lyophilized to dryness. 

The product, when reanalyzed by HPLC-CEAS, gave rise to a single peak, and HPLC-MS/MS 

revealed a single parent ion at MH+ 504, corresponding of 2,5-bis-(N-acetylcystein-S-yl)-N-Me-

α-MeDA. 

2.2.3.    In vitro probe recovery calibration and analysis. 

 Microdialysis probes were constructed in-house as previously described 

(Duvauchelle et al., 2000, and Jones et al., 2005). In short, microdialysis probes were 

constructed using PE 20 tubing as the inlet using silica tubing (75 µm i.d.) which was insertd into 

a 2.5mm of cellulose placed through a  gauge internal cannula (Plastic One). Both ends of the 

dialysis membrane were sealed with epoxy glue. Microdialysis probe recovery calibration, 

probes were placed in the Ringer’s solution supplemented with 5-HT, 5-(N-acetylcystein-S-yl)-
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N-Me-α-MeDA, 2,5-bis-(N-acetylcystein-S-yl)-N-Me-α-MeDA, 5-(glutathion-S-yl)-N-Me-α-

MeDA, and 2,5-bis-(glutathion-S-yl)-N-Me-α-MeDA (20 nM) at 37°C. Hamilton syringes were 

filled with filtered and freshly prepared Ringer’s solution, and pumped through the microdialysis 

probe at a rate of 1.65 µl/min. Dialysates were collected every 30 min from each probe and 

assayed by HPLC -CEAS. Microdialysis probe recovery was calculated by comparing the peak 

heights of each dialysate to those obtained from a standard solution.  

2.2.4.    Stereotaxic surgical cannula. 

 Rats were anesthetized prior to surgery with 4 ml/kg of a mixture containing chloral 

hydrate (37.5 mg/ml) and sodium pentobarbital (9.4 mg/ml). Cannulae were positioned following 

coordinates from Bregma (anteroposterior, 0.2mm; mediolateral, ± 3.0 mm; dorsoventral, 2.5 

mm) (Paxinos and Watson, 1997). A dummy cannula (Plastic Ones, Roanoke, VA) was inserted 

into the guide cannula to prevent debris accumulation. Rats were housed singly and allowed to 

recover for 6-7 days before further procedures were performed. 

2.2.5.    Microdialysis probe implantation 

  Microdialysis probes were lowered through the guide cannula while rats were 

anesthetized with isoflurane (1.5%), 12 h prior to the experiment. Animals already implanted 

with the microdialysis probes remained overnight with the Ringer’s solution delivered through 

the probe at a rate of 0.2 µl/min. The syringe pump (Razel, Stamford, CT) speed was increased to 

1.63 µl/min 1 h prior to the collection of the first baseline sample. Dialysate samples were 

collected into 0.5 ml tubes, with 0.5 N perchloric acid, at 30 min intervals prior to (baseline 

samples) administration of either saline solution (0.9% NaCl) or (±)-MDMA (Sigma-Aldrich, St 

Louis, MO) (20 mg/kg) and every 30 min for 5h following each of the four (±)-MDMA 
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subcutaneous injections (12 h intervals). Dialysate samples were assessed using HPLC-CEAS (as 

described below). 

2.2.6.   Brain dissection and determination of monoamine levels in tissue.  

 Brain regions were dissected free on an ice-chilled plate 7 days after the MDMA 

injection, as previously described (Jones et al., 2005). In brief,  frontal cortex, striatum and 

hippocampus were dissected and sonicated in 0.1 M perchloric acid containing 263 µM sodium 

bisulphate and 134 µM ethylenediaminetetraacetic acid (EDTA) disodium salt. Homogenates 

were centrifuged at 16,000 x g for 20 min at 4°C and the supernatant removed, filtered, and 

analyzed for monoamine levels (as described below). Quantification of monoamines was 

determined by comparing of peak areas of samples with standards curves generated from 

authentic monoamine standards using caffeic acid as an internal standard (Sigma-Aldrich, St. 

Louis, MO). 

2.2.7.    HPLC-CEAS analysis of monoamines and N-Me-α-MeDA thioether  

              metabolites.  

 N-Me-α-MeDA thioether metabolites (microdialyisis) and monoamine concentrations 

(microdialysis and tissue) were quantified by high performance liquid chromatography (HPLC) 

coupled to a four-channel coulometric electrode array system  (CEAS; ESA Inc., Chelmsford, 

MA), using an ESA HR-80 column (8 cm x 4.6 mm i.d., 3-mm particle size). The potentials 

applied were set to + 50, + 150, + 300 and +350 mV. The mobile phase consisted of 8 mM 

ammonium acetate, 4 mM citrate, 54 µM EDTA, 230 µM 1-octanesulfonic acid, and 5% 

methanol (pH 2.5, adjust with phosphoric acid) at a flow rate of 1 ml/min. Quantification of the 

N-Me-α-MeDA thioether metabolites and monoamine were determined by comparing the peak 

area with standards analyzed on the day of dialysate collection (microdialysis).  
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2.2.8.    High Performance Liquid Chromatography Coupled to Tandem Mass   

             Spectrometry (HPLC MS/MS).  

 Standards were analyzed via HPLC, using an HP/Agilent 1050 pumping system 

(Hewlett Packard/Agilent Technologies, Germany) equipped with a SPHERISORB ODS-2, 5 

µm, 4.6 x150 mm column (Alltech Associates, Inc.), onto which 10 µL of sample were injected 

via an HP 1050 autosampler. The isocratic mobile phase consisted of acetic acid/methanol/water 

(1:14:84 v/v) delivered at a flow rate of 0.5 mL/min for 50 minutes. UV detection was performed 

at 254 nm using an HP 1050 Variable Wavelength Detector (Hewlett Packard/Agilent). LC 

separation was coupled to MS analysis using a Finnigan MAT TSQ 7000 triple quadrupole mass 

spectrometer (ThermoElectron, San Jose, CA). Analytes were ionized using electrospray 

ionization (ESI) at an ESI source spray voltage of +4.5 kV. Ions were introduced into the mass 

spectrometer through a heated metal capillary maintained at 250°C. 

2.2.9.    Liver microsomal preparation 

 Hepatic microsomes were prepared from female Sprague-Dawley rats treated with a 

single dose of saline solution (0.9% NaCl) or quinine (40 and 80 mg/kg, i.p.) as previously 

described (Fonsart et al., 2008) with modifications. Briefly, rats were euthanized 1 h following 

saline or quinine administration and their livers removed, washed with saline solution, and finely 

chopped. Approximately 1 g of liver was homogenized in 2 ml of a 0.2 M KCl, 2mM EDTA in 

0.1 M Tris-HCl buffer (pH 7.4, 4°C) using a Brinkman Polytron for ~ 30 sec at setting 5.5. The 

homogenates were centrifuged at 20,000 g for 20 min at 4°C. The supernatants were centrifuged 

at 100,000 g for 60 min at 4°C. The pellets were suspended in 0.5 ml 0.1 M Tris-HCl buffer (pH 

7.4, 4°C) and centrifuged at 100,000 g for 60 min. The resulting pellets were suspended in1 mM 

EDTA, 1% glycerol in 0.01M Tris-HCl buffer at 4°C. Protein concentrations in microsomal 
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suspensions were measured using the Bio-Rad DC protein assay kit (Bio-Rad Laboratories, 

Hercules, CA, USA). Total P450 protein was estimated in hepatic microsomes using the method 

of Guengerich (1989).  

2.2.10.   Determination of CYP2D1 activity 

 CYP2D1 activity was measured using 7-methoxy-4-(aminomethyl)-coumarin (MAMC) 

O-demethylation as previously described (Fonsart et al., 2008) with modifications. In brief, 

microsomal protein (0.75mg) was added to 0.1 M phosphate buffer (Na+-K+ salts, pH 7.4) 

containing 5 mM MgCl2, and 250 µM NADPH. Samples were preincubated for 5 min at 37°C. 

Reactions were initiated by adding 100 µM MAMC in 5% DMSO (final volume: 1 ml) and 

terminated after 5, 15 and 30 min of incubation at 37°C by adding 125 µl of 35% perchloric acid. 

Samples were then centrifuged at 6,800 g x 10 min, and fluorescence of HAMC was measured at 

excitation and emission wavelengths of 405 nm and 460 nm, respectively, on a SpectraMax M2 

System Microplate Reader (Molecular Devices, Sunnyvale, CA). The O-demethylation of 

MAMC to its fluorescent metabolite 7-hydroxy-4-(aminomethyl)-coumarin (HAMC) was 

determined by comparing samples with the calibration standard curves of HAMC. 

2.2.11.    Pharmacokinetic analyses.  

 Data was analyzed using the non-compartmental analysis of pharmacokinetics parameters 

(PK Functions for Microsoft Excel, Joel L. Usansky, PhD., Atul Desai, M.S., and Diane Tang-

Liu, PhD., Department of Pharmacokinetics and Drug Metabolism, Allergan, Irvine, CA; 

http://www.boomer.org/pkin/soft.html). Parameters used for each animal, the mean and standard 

deviation were determined separately.  
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2.2.12.     Statistics. 

Results from the microdialysis (thioether metablites and monoamines) analyses are presented as 

absolute values and expressed as the mean ± S.E. (n = 7-8). Significant differences between 

injections at each time point (0, 30, 60 min, etc.) were analyzed using one-way analysis of 

variance following post hoc Tukey Honestly Significant Difference and least significant 

difference tests. Student’s t-test (two-tailed) was used to determine the effects of MDMA on 5-

HT and 5-HIAA concentrations. Statistical analysis of the microdialysis (metabolites and 

monoamines) are presented as absolute values and expressed as the mean ± S.E. (n=7-8). 

Correlations were determined using Pearson’s coefficient (r; reported as r2). The significance of 

difference between two groups (mean) was analyzed using one-way analysis of variance or 

Student’s t-test. The Student’s t test was used to compare controls and MDMA-treated rats. 

Results are reported as significant at p < 0.05 and were analyzed using the Statistical Program for 

Social Sciences version 11 (SPSS Inc., Chicago, IL). 
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CHAPTER 3 

 ACCUMULATION OF NEUROTOXIC THIOETHER METABOLITES OF 3,4-(±)-

METHYLENEDIOXYMETHAMPHETAMINE IN RAT BRAIN FOLLOWING 

MULTIPLE DOSING 

 
3.1. INTRODUCTION AND RATIONALE 
 
 The serotonergic neurotoxicity of MDMA appears to be dependent on the peripheral 

metabolism (O'Shea et al. 1998; Paris and Cunningham 1992; Esteban et al. 2001). Direct 

injection of MDMA into the brain fails to reproduce the long-term neurotoxic effects evident 

following peripheral administration of these drugs (Schmidt et al. 1987; Paris and Cunningham 

1992), suggesting that systemic metabolism contributes to the neurotoxicity of MDMA. Perhaps 

the most convincing evidence that peripheral metabolism of MDMA is required for neurotoxicity 

was provided by the work of Esteban et al. 2001. In this study, MDMA was perfused into the 

hippocampus in amounts sufficient to give rise to the range of concentrations observed following 

peripheral administration of neurotoxic doses of MDMA. After perfusion, acute monoamine 

release was observed in the absence of long-term depletions in 5-HT levels. These data are 

consistent with the hypothesis that peripheral generation of neurotoxic metabolites contributes to 

MDMA-induced serotonergic neurotoxicity. 

We have been investigating the potential role of thioether metabolites of N-Me-α-MeDA 

and α-MeDA in the neurotoxicity of MDMA. It has been postulated that peripheral formation of 

GSH conjugates of α-MeDA and N-Me-α-MeDA, and consequentively uptake using a sodium-

dependent GSH specific transporters (Kannan et al. 1999, 2000; Bai et al. 2001) into the brain, 

may provide a mechanism to explain the role of metabolism in the MDMA-mediated 

neurotoxicity. In addition, co-administration of GSH with 5-(GSyl)-α-MeDA decreases the brain 
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uptake of the metabolite (Miller et al. 1995). Moreover, the inhibition of γ-GT with acivicin 

increases both the brain uptake of 5-(GSyl)-α-MeDA (Miller et al. 1995) and the neurotoxicity 

of MDMA following systemic administration (Bai et al. 2001, Jones et al. 2005).  

5-(GSyl)-α-MeDA is metabolized via the mercapturic acid pathway within the central 

nervous system, forming 5-(CYSyl)-α-MeDA and 5-(NACyl)-α-MeDA (Miller et al. 1995). 5-

(GSyl)-α-MeDA is also readily oxidized to the corresponding quinone-GSH conjugate and 

undergoes addition of a second molecule of GSH to form 2,5-bis-(GSyl)-α-MeDA. 

Administration of 2,5-bis-(GSyl)-α-MeDA (i.c.v.) causes selective and prolonged depletion of 5-

HT in the striatum, cortex, and hippocampus and neurobehavioral changes consistent with those 

seen following administration of MDA and MDMA (Miller et al., 1997). Once inside the brain 

thioether conjugates of N-Me-α-MeDA and α-MeDA generate ROS in a 5-HT transporter-

dependent manner (Jones et al. 2004; Monks et al. 2004). Moreover, direct injection of 5-

(NACyl)-α-MeDA and 5-(GSyl)-α-MeDA into the striatum, cortex, or hippocampus produced 

prolonged depletions in 5-HT and neurobehavioral changes similar MDMA (Bai et al. 1999). In 

particular, 5-(NACyl)-α-MeDA was an extremely potent serotonergic toxicant. More recently, 

studies have shown that the corresponding mercapturic acid derived from MDMA, 5-(NACyl)-N-

Me-α-MeDA, is also a potent serotonergic toxicant (Jones et al., 2005), and, perhaps of greatest 

significance, our laboratory has identified by in vivo microdialysis thioether metabolites of N-

Me-α-MeDA in striatal dialysates of rats administered MDMA peripherally (Jones et al. 2005). 

Since multiple doses of MDMA are typical of drug intake during rave parties, the present 

study was designed to investigate the effect of multiple doses of MDMA on the concentration of 

neurotoxic thioether metabolites in rat brain. We hypothesized that thioether metabolites of N-

Me-α-MeDA formed systemically accumulate following multiple subcutaneous administration 
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of MDMA. Results demonstrate that acute 5-HT release decreases and neurotoxic thioether 

metabolites of MDMA do indeed, accumulate in the striatum of rats following multiple dosing.  
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3.2.     RESULTS 

3.2.1.     MDMA-mediated 5-HT release is progressively attenuated upon sequential  

              dosing.  

 Consistent with published literature, MDMA (20 mg/kg s.c.) causes an acute release of 5-

HT in the striatum of freely moving rats (Figure 3.1). 5-HT release was maximal (0.68 pmol/µl) 

during the first sampling period (0–30 min) and subsequently declined to control levels between 

210 and 240 min after drug administration (Figure 3.1). Subsequent injection of the same dose of 

MDMA caused a similar increase, peak concentration, and decline in striatal 5-HT 

concentrations (Figure 3.1). However, peak 5-HT concentrations were attenuated (relative to the 

first dose) after the third and fourth doses of MDMA, and baseline levels of 5-HT were reached 

between 180 and 210 min after drug administration (Figure 3.1). Estimation of the AUC0–300 min 

revealed that extracellular concentrations of 5-HT decreased ~42% between the first and fourth 

doses, and statistically significant declines in 5-HT release were evident following the third and 

fourth doses of MDMA, the second dose causing a modest but statistically insignificant decline 

compared with that produced by the initial dose of MDMA (Figure 3.2).  

 To confirm that the dosing protocol used in these studies produced serotonergic 

neurotoxicity, 5-HT and 5-HIAA concentrations were determined in the striatum and cortex 7 

days after the last dose of MDMA. Consistent with previous reports from our laboratory (and 

others), MDMA (4 x 20 mg/kg s.c.) caused a 66 and 45% decrease in striatal and cortical 5-HT 

concentrations (Figure 3.3A), respectively, and a 54 and 39% decrease in striatal and cortical 5-

HIAA concentrations (Figure 3.3B). 
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3.2.2. Thioether metabolites of N-Me-α-MeDA accumulate in the striatum following    

               sequential dosing with MDMA.  

 Administration of MDMA (20 mg/kg s.c.) at 12-h intervals for a total of four injections 

led to a significant accumulation of the N-Me-α-MeDA thioether metabolites of MDMA in 

striatal dialysate (Figures 3.4 and 3.5). Thus, following the first dose of MDMA, 5-(GSyl)-N-Me-

α-MeDA (Figure 3.4A) and 2,5-bis-(GSyl)-N-Me-α-MeDA (Figure 3.4B) were detected in the 

first sampling of striatal dialysate (0–30 min), and peak concentrations of both GSH conjugates 

were reached during the second sampling period, 30 to 60 min after drug injection. Although the 

Cmax values for 5-(GSyl)-N-Me-α-MeDA were similar after each dose (Table 3.1) and were 

followed by a rapid decline, the AUC0–300 min increased  ~33% between the first and fourth 

injections. Cmax values for 2,5-bis-(GSyl)-N-Me-α-MeDA varied from 29 to 40 pmol/10 µl after 

each dose, but the AUC0–300 min essentially doubled between the first and fourth injections 

(Table 3.1). The rate of decline in striatal concentrations of 5-(GSyl)-N-Me-α-MeDA (t ½ 85–

113 min) and 2,5-bis-(GSyl)-N-Me-α-MeDA (t1/2, 82–104 min) were similar after each dose of 

MDMA (Figure 3. 4A and B; Table 3.1). 

 Maximal concentrations of 5-(NACyl)-N-Me-α-MeDA and 2,5-bis-(NACyl)-N-Me-α-

MeDA occurred between 2.3 and 3.6 h after drug injections (Figure 3.5, A and B; Table 3.1). 

Because both mercapturic acid metabolites could still be detected in striatal dialysate 12 h after 

the preceding injections, ½ Cmax values for 5-(NACyl)-N-Me-α-MeDA and 2,5-bis-(NACyl)-N-

Me-α-MeDA were reached progressively earlier following subsequent injections. Thus, the time 

to ½ Cmax for 5-(NACyl)-N-Me-αMeDA decreased by 45% between the first (124 min) and 

fourth (68 min) injections and for 2,5-bis-(NACyl)-N-Me-α-MeDA decreased by 80% between 

the first (85 min) and fourth (17.5 min) injections. Although the Cmax values for 5-(NACyl)-N-
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Me-α-MeDA (36–42 pmol/10 µl) were essentially the same following each injection, the Cmax 

values for 2,5-bis-(NACyl)-N-Me-α-MeDA increased ~50%, from 36 to 53 pmol/10 µl between 

the first and fourth injections. 

 Accumulation of the mercapturic acid metabolites in the striatum was reflected by 

increases in the AUC0–300 min for both 5-(NACyl)-N-Me-α-MeDA (35%) and 2,5-bis-(NACyl)-

N-Me-α-MeDA (85%) between the first and fourth doses (Table 3.1), probably because 

processes for their elimination become saturated. Indeed, the elimination half-life of 5-(NACyl)-

N-Me-α-MeDA (2.65 to 4.05 h) and 2,5-bis-(NACyl)-N-Me-α-MeDA (4.88 to 6.25 h) increased 

by 53 and 28%, respectively, between the first and third doses (Figure 3.5; Table 3.1). In fact, 

striatal concentrations of 2,5-bis-(NACyl)-N-Me-α-MeDA immediately before the third and 

fourth injections of MDMA (12 h after the preceding injection) are essentially the same as those 

measured 90 min after the first injection.  

 The combined concentration of the four thioether metabolites in striatal dialysate (Figure 

3.6) reached a maximum of ~ 130 pmol/10 µl (13 µM) after the third and fourth injections, and 

the AUC0–300 min increased 63% between the first and fourth doses. It is noteworthy that total 

concentrations remained relatively unchanged for ~ 4 h after exposure to MDMA (Figure 3.6), 

indicating that serotonergic neurons are exposed to these neurotoxic metabolites for a prolonged 

period of time. A significant (p < 0.05) positive correlation was observed among striatal 5-

(GSyl)-N-Me-α-MeDA, 5-(NACyl)-N-Me-α-MeDA, and total thioether concentrations (fourth 

dose AUC0–300 min) and MDMA-mediated neurotoxicity, assessed by decreases in 5-HT 

concentrations 7 days after the last dose of MDMA. 

 

  



88 

88

3.2.3.     Pearson correlation between striatal metabolite concentration and neurotoxicity 

 Studies in our laboratory had demonstrated that thioether  metabolites concentration and 

neurotoxicity showed a positive correlation (Jones et al. 2005). Our study showed that multiple 

dosing of MDMA influences the direct correlation between metabolites and neurotoxicity. 

Significant Pearson correlation can be drawn between the concentration of GSyl- and NACyl 

metabolites in the striatal dialysate in the first (figure 3.7), second (figure 3.8), or fourth (figure 

3.9) MDMA administration and the decrease of 5-HT concentrations in brain tissue. Thus, rats 

with greater concentration of fourth thioether metabolites in the striatal dialysate had 

consequently greater decreases in brain 5-HT in striatum during the first, second and fourth 

MDMA administration. 5-(GSyl)-N-Me-α-MeDA showed a significant positive correlation only 

in the first and fourth MDMA administration. 5-(NACyl)-N-Me-α-MeDA was significant only in 

the fourth injection, and 2,5-bis-(NACyl)-N-Me-α-MeDA metabolites in striatal dialysate  and 5-

HT decrease was significant only in the first MDMA administration. 
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Figure 3.1. MDMA-induced 5-HT release into striatal dialysate is attenuated following  
                   multiple s.c. injections.  
 
 Animals received four injections of MDMA (20 mg/kg s.c.) at 12-h intervals. Two 30-
min baseline samples were collected before each treatment of MDMA (20 mg/kg s.c.). Dialysate 
samples were analyzed by HPLC-CEAS as described under Materials and Methods. The data 
represent striatal concentrations of 5-HT following saline administration (  ) or following the 
first ( O ), second (  ), third (  ), and fourth (  ) injections of MDMA. Results are expressed 
as mean ± S.E. (n = 7–8). Control values significantly different (p < 0.05) from values following: 
*, all four injections;  β, the first three injections. Values for the fourth injection significantly 
different (p < 0.05) from values following the first (†), second (§), or third (¶) injections. 
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Figure 3.2. The AUC 0-300 of 5-HT release is attenuated following multiple s.c. injections.  
 
 Animals received four injections of MDMA (20 mg/kg s.c.) at 12-h intervals. Two 30-
min baseline samples were collected before each treatment of MDMA (20 mg/kg s.c.). Dialysate 
samples were analyzed by HPLC-CEAS as described under Materials and Methods. The data 
represent the AUC 0-300 of striatal concentrations of 5-HT following the first (open bar), second 
(hatched bar), third (grey bar), and fourth (black bar) injections of MDMA. Results are expressed 
as mean ± S.E. (n = 7–8). Values significantly different (p < 0.05) from the first injection 
includes: *, third and †, fourth. Values significantly different form the third (§) injection.   
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Figure 3.3. Effect of MDMA on (A) 5-HT and (B) 5-HIAA concentrations in striatum and  
                   cortex.  
 
 (A) 5-HT and (B) 5-HIAA concentrations were determined 7 days following the last of 
four injections of MDMA (20 mg/kg s.c.) by HPLC-CEAS as described under Materials and 
Methods. Absolute values for 5-HT and 5-HIAA concentration in control animals were as 
follows: striatum = 2.48 ± 0.32 and 2.19 ± 0. 25 pmol/mg tissue, respectively; and cortex = 1.12 
± 0.22 and 1.09 ± 0.35 pmol/mg tissue, respectively. Data represent vehicle treated controls 
(black bars) or MDMA-treated animals (open bars). The percentage decreases in 5-HT and 5-
HIAA concentrations are expressed as the mean ± S.E. (n = 7–8 in each group). *, values from 
MDMA-treated animals are significantly different (p < 0.05) from vehicle-treated control values. 
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Figure 3. 4. Striatal concentrations of  (A) 5-(GSyl)-N-Me-α-MeDA and (B) 2,5-bis-(GSyl)- 
                     N-Me-α-MeDA increase following multiple injections of MDMA. 
 
 Animals were injected four times with MDMA (20 mg/kg s.c.) at 12-h intervals, with 
two-30 min “baseline” samples collected immediately before each treatment. Dialysate samples 
were then collected every 30 min for 5 h following each injection, and concentrations of 5-
(GSyl)-N-Me-α-MeDA (A) and 2,5-bis-(GSyl)-N-Me-α-MeDA (B) were determined by HPLC-
CEAS as described under Materials and Methods. Results are expressed as means ± S.E. (n = 7–
8) and represent data from the first (  ), second ( ), third (  ), and fourth (O ) s.c. injections 
of MDMA. Values for the first injection were significantly different (p < 0.05) from the 
injections noted as follows: *, both the third and fourth injections; §, second injection; Ψ, third 
injection; or β, fourth injection only. Values for second injection were also significantly different 
(p < 0.05) from the following: †, both the third and fourth injections; and ¶, fourth injection only. 
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Figure 3.5. (A) 5-(NACyl)-N-Me-α-MeDA and (B) 2,5-bis-(NACyl)-N-Me-α-MeDA  
                    accumulate and persist in the striatum of rats following multiple injections of  
                    MDMA.  
 
 Animals were injected four times with MDMA (20 mg/kg s.c.) at 12-h intervals, with 
two-30 min baseline samples collected immediately before each treatment. Dialysate samples 
were then collected every 30 min for 5 h following each injection, and concentrations of 5-
(NACyl)-N-Me-α-MeDA and 2,5-bis-(NACyl)-N-Me-α-MeDA were determined by HPLC-
CEAS as described under Materials and Methods. Results are expressed as means ± S.E. (n = 7–
8) and represent data from the first (  ), second ( ), third (  ), and fourth (O ) s.c. injections 
of MDMA. Values for the first injection were significantly different (p < 0.05) from the 
injections noted as follows: *, second, third, and fourth injections; #, third and fourth injections; 
and §, fourth injection only. Values for second injection were also significantly different (p < 
0.05) from the following: †, both the third and fourth injections; and ¶, fourth injection only). 
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Table 3.1. Pharmacokinetics of the thioether metabolites of N-Me-α-MeDA in rat striatum  
                  following multiple injections of MDMA (20 mg/kg s.c.). 
 
 

 
Thioether metabolites of  

N-Me-αMeDA 

 
Cmax 

 
(pmol/10ul) 

 
T1/2 

 
(min) 

 
Tmax 

 
(min) 

 
AUC0-300min 

 
 (pmol/ul x min)  

 
 

5-(GSyl)-N-Me-αMeDA 
    

Dose #1 23 ± 2 85 ± 10 60  303 ± 10 
Dose #2 23 ± 2 110 ± 25 60  319 ± 18 
Dose #3 24 ± 2 113 ± 21 63 ± 10     369 ± 19 *† 
Dose #4 27 ± 2 97 ± 28 60       402 ± 32*† 

2,5-bis-(GSyl)-N-Me-αMeDA     
Dose #1 29 ± 3 90 ± 30 60  287 ± 28 
Dose #2 35 ± 3 82 ± 19 60    402 ± 28* 
Dose #3 38 ± 3 104 ± 21 60      532 ± 63*† 
Dose #4 40 ± 3 95 ± 18 63 ± 10    560 ± 74*† 

5-(NACyl)-N-Me-αMeDA     
Dose #1 38 ± 4 159 ± 20 200 ± 33 648 ± 24 
Dose #2 36 ± 4 212 ± 19 167 ± 37 726 ± 75 
Dose #3 41 ± 6 243 ± 23 137 ± 30     846 ± 94*† 
Dose #4 42 ± 5 - 217 ± 42      873± 65*† 

2,5-bis-(NACyl)- N-Me-α-
MeDA 

    

Dose #1 36 ± 4 293 ± 34 170 ± 30 687 ± 47 
Dose #2 49 ± 2 325 ± 27 180 ± 30  1032 ± 41* 
Dose #3 49 ± 1 375 ± 34 143 ± 39    1179 ± 31*† 
Dose #4 53 ± 4 - 170 ± 40    1273 ± 73*†‡ 

 
* Significantly different (p < 0.05) from AUC following the first injection of MDMA. 
† Significantly different (p < 0.05) from AUC following the second injection of MDMA. 
‡ Significantly different (p < 0.05) from AUC following the third injection of MDMA. 
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Figure 3.6. Thioether metabolites of N-Me-α-MeDA accumulate and persist in the striatum  
                    of rats following multiple injections of MDMA.  
 
 Animals were injected four times with MDMA (20 mg/kg s.c.) at 12-h intervals, with 
two-30 min baseline samples collected immediately before each treatment. Dialysate samples 
were then collected every 30 min for 5 h following each injection, and concentrations of the 
various thioether metabolites were determined by HPLC-CEAS as described under Materials 
and Methods. Results are expressed as means ± S.E. (n = 7–8) of the combined metabolites and 
represent data from the first from the first (  ), second ( ), third (  ), and fourth (O ) s.c. 
injections of MDMA. Values for the first injection were significantly different (p < 0.05) from 
the second, third, and fourth injections (*), the third and fourth injections only (§), and the fourth 
injection only (β). Values for the second injection were significantly different (p < 0.05) from 
both the third and fourth injections (†) and from the fourth injection only (¶). 
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Figure 3.7. Correlation between the AUC 0-300 min of the thioether metabolites of N-Me-α-

MeDA and the long-term depletion in striatal concentration of 5-HT following 
the first MDMA (20 mg/kg, s.c.) administration. 

 
 The data represent the AUC 0-300 of striatal concentrations of 5-(GSyl)-N-α-MeDA, 2,5-
bis-(NACyl)-N-α-MeDA, and combined thioether metabolites and the long-term depletion of 5-
HT following the first injection of MDMA. Pearson’s correlation coefficient are shown in each 
graph and were considered significant at R2= 0.5, p < 0.05. 
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Figure 3.8. Correlation between the AUC 0-300 min of the thioether metabolites of N-Me-α-

MeDA and the long-term depletion in striatal concentration of 5-HT following 
the second MDMA (20 mg/kg, s.c.) administration. 

 
 The data represent the AUC 0-300 of striatal concentrations of combined thioether 
metabolites and the long-term depletion of 5-HT following the second injection of MDMA. 
Pearson’s correlation coefficient are shown in each graph and were considered significant at R2= 
0.5, p < 0.05. 
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Figure 3.9. Correlation between the AUC 0-300 min of the thioether metabolites of N-Me-α-
MeDA and the long-term depletion in striatal concentration of 5-HT following 
the fourth MDMA (20 mg/kg, s.c.) administration.  

 
 The data represent the AUC 0-300 of striatal concentrations of 5-(GSyl)-N-α-MeDA, 2,5-
bis-(GSyl)-N-α-MeDA, 5-(NACyl)-N-α-MeDA, 2,5-bis-(NACyl)-N-α-MeDA, and combined 
thioether metabolites and the long-term depletion of 5-HT following the first injection of 
MDMA. Pearson’s correlation coefficient are shown in each graph and were considered 
significant at R2= 0.5, p < 0.05.  
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3.3.     DISCUSSION 
 
 In the present study, we provide evidence that neurotoxic thioether metabolites of 

MDMA accumulate in the striatum of rats following multiple dosing (Figures 3.4 and 3.5). These 

data have important implications because the desired pharmacological effects of MDMA last 

between 3 and 6 h after dosing, and users of the drug usually ingest multiple doses during the 

course of a rave or at similar recreational gatherings. Party raves are frequented by those who 

combine the ingestion of MDMA with overnight or weekend-long dancing and typify the manner 

in which this drug is used for “recreational” purposes (see Materials and Methods). Initial 

studies demonstrating that N-Me-α-MeDA thioethers are present in striatal dialysate of rats 

receiving s.c. MDMA (Jones et al. 2005) also revealed that the mercapturic acid metabolites of 

N-Me-α-MeDA were cleared relatively slowly from the brain.  

 These data, together with earlier findings from our laboratory that investigated the 

disposition of i.c.v. administered 5-(GSyl)-α-MeDA (Miller et al.1996), a metabolite of MDA, 

raised the possibility that multiple dosing with MDMA may lead to the accumulation of these 

metabolites to concentrations sufficiently high as to produce neurotoxicity. The present studies 

substantiated this possibility. Hepatic formation of GSH conjugates of α-MeDA and N-Me-α-

MeDA, followed by uptake into and metabolism by the brain, provides a potential mechanism to 

explain the role of metabolism in MDA and MDMA-mediated neurotoxicity (Monks et al. 2004).  

 Systemic formation of N-Me-α-MeDA thioether conjugates requires that a mechanism 

for conjugate transport across the blood-brain barrier be present. There appears to be a 

transporter capable of transferring GSH and GSH conjugates from the circulation into the brain 

(Kannan et al. 1998). Indeed, the uptake of 5-(GSyl)- α-Me[3H]DA into brain decreases in the 

presence of GSH, suggesting that the two compounds share the same transport mechanism 
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(Miller et al. 1995). In contrast, inhibition of γ-GT with acivicin within brain microvessel 

endothelial cells at the blood brain barrier potentiates the uptake of 5-(GSyl)-α-Me[3H]DA into 

the brain (Miller et al. 1995) and exacerbates MDMA/MDA (10 mg/kg)-mediated depletions in 

5-HT and 5-HIAA concentrations (Bai et al. 2001).  

 These data provide evidence that the serotonergic neurotoxicity observed following 

peripheral administration of MDA or MDMA requires the synthesis of metabolites that serve as 

substrates for γ-GT. This effect is therefore probably due to decreases in the metabolic clearance 

of GSH conjugates of α-MeDA and N-Me-α-MeDA within the brain capillary lumen, resulting 

in increases in intact 5-(GSyl)-α-MeDA concentrations available for uptake across microvessel 

endothelial cells via the GSH transporter. These findings have important implications because 

structurally related polyphenolic-GSH conjugates decrease the activity of renal γ-GT (Hill et al. 

1993). Prolonged exposure of the blood brain-barrier to α-MeDA and N-Me-α- MeDA-

thioethers might therefore be expected to decrease γ-GT activity, with a subsequent increase in 

the uptake of the neurotoxic conjugates into brain. Consistent with this view, quinone-thioethers 

have been shown to inhibit a variety of enzymes that utilize GSH as either a substrate or 

cosubstrate (Monks and Lau 1998).  

 Residency of N-Me-α-MeDA-thioethers within the brain will be dependent upon a 

variety of competing pathways, of which metabolite efflux will be a major determinant. There 

are a host of proteins that participate in the transport of drugs and their metabolites across 

biological membranes (Cole and Deeley 2006). Export from the brain involves two major 

pathways, transport across endothelial cells into blood and transport into cerebrospinal fluid 

mediated by the epithelial cells that comprise the choroid plexus. Remarkably little is known 

about the export of GSH conjugates from the brain, and essentially nothing has been reported 
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with respect to the export of mercapturic acids, although information is available on organic 

anion transport in general. The cellular export of GSH and GSH conjugates is mediated by a 

subset of proteins belonging to the ATP-binding cassette superfamily of transport proteins (Cole 

and Deeley 2006). Several members of the ATP-binding cassette subfamily C [also known as the 

multidrug resistance-associated proteins (MRPs)] mediate the cellular efflux of GSH and GSH 

conjugates.   

 In addition to playing an important role in restricting the access of drugs and other 

xenobiotics to the brain (Cole and Deeley 2006) and in limiting the efficacy of drug treatment to 

drug-resistant tumor tissue (Rappa et al. 2003), MRP is also a major mediator of the efflux of 

GSH-xenobiotic conjugates (Cole and Deeley 2006) and as such could play a major role in 

limiting the residency time of such conjugates within the brain. Indeed, our studies on the 

disposition of i.c.v. administered 5-(GSyl)-α-MeDA revealed that concentrations of this 

metabolite decrease rapidly (Miller et al. 1995). However, decreases in the concentration of 5-

(GSyl)-α-MeDA were accompanied by increases in the concentration of the corresponding 

cysteine and N-acetylcysteine conjugates, suggesting that both export from and metabolism 

within brain parenchyma contribute to the elimination of 5-(GSyl)-α-MeDA from the brain. 

 In contrast to the GSH conjugates, the mercapturic acid metabolites of N-Me-α-MeDA 

(Fig. 5) and α-MeDA (Miller et al. 1995) are only slowly eliminated from the brain. Because 

these metabolites are the most potent serotonergic neurotoxicants of the various N-Me-α-MeDA 

thioethers, their persistence in brain following systemic administration of MDMA will have 

functional consequences. Organic anions are substrates for three major classes of transport 

proteins, the organic anion transport (OAT) family, the organic anion transporting polypeptide 

family, and the MRP family (Hagenbuch and Meier 2003). Although much is known about the 
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renal physiology of the OATs and organic anion-transporting peptides, comparatively little is 

known about the localization and function of these proteins in brain. OAT1 and OAT3 have been 

identified in human and rat brain, and cysteine conjugates are a reported substrate for OAT1 

(Sekine et al. 2006). The N-acetylcysteine conjugate of MeHg is a poor substrate for OAT3 but is 

effectively transported by OAT1 (Koh et al. 2002). The role of OAT1 in the transport and 

neurotoxicity of 5-(NACyl)-N-Me-α-MeDA is under investigation (Chapther 5). 

 The unique structure of catecholamine-GSH conjugates such as 5-(GSyl)-N-Me-α-MeDA 

and α-MeDA permits toxicological and pharmacological activity as a consequence of either the 

catecholamine or GSH moiety. Neuropharmacological changes may result from either the 

catecholamine or GSH moiety, whereas toxicological sequelae may result from the electrophilic 

and redox properties of the quinone function. Indeed, 5-(GSyl)-α-MeDA and 5-(NACyl)-α-

MeDA inhibit human 5-HT transporter function and simultaneously stimulate dopamine uptake 

into human 5-HT transporter-expressing SK-N-MC cells (Jones et al. 2004).  

 In summary, thioether metabolites accumulate in rat brain following multidose 

administration of MDMA, primarily as a consequence of the persistence in brain of the 

mercapturic acid metabolites of N-Me-α-MeDA. The basis for the slow rate of elimination of 

these organic anions from rat brain is unclear. However, the ability of these metabolites to 

generate ROS and to arylate proteins, in combination with their ability to modulate the activity of 

proteins involved in the regulation of neurotransmitter transport (Jones et al. 2004), suggest they 

play an important role in the development of MDMA-mediated serotonergic neurotoxicity. 
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CHAPTER 4 

PHASE I METABOLISM AND MDMA NEUROTOXICITY 
 

4.1. INTRODUCTION AND RATIONALE 

  MDMA is cleared mainly by hepatic metabolism. MDMA is N-demethylated to 3,4-(±)-

methylenedioxyamphetamine (MDA) and both MDMA and MDA are O-demethylenated to N-

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

(de la Torre et al. 2004). N-Me-α-MeDA and α-MeDA are highly unstable metabolites that are 

either conjugated with sulfate/glucuronic acid, or O-methylated to 3-O-methyl-N-Me-α-MeDA 

and 3-O-methyl-α-MeDA in reactions catalyzed by catechol-O-methyl-transferase (COMT). 

Isoenzymes of the CYP2D subfamily, and the CYP2B or CYP3A1 isoforms, catalyze the low 

and high km O-demethylenation reactions, respectively (de la Torre et al. 2004), although O-

demethylenation may occur spontaneously (Maurer et al. 2000; de la Torre et al. 2004). The most 

important isoenzyme regulating the O-demethylenation of MDMA and MDA appears to be 

CYP2D6 (30% metabolism) followed by CYP1A2, CYP2B6 and CYP3A4 (Tucker et al. 1994; 

Kreth et al. 2000; Wu et al. 1997). Since systemically formed metabolites contribute to the 

neurotoxicity of MDMA, then potential differences in the activity of the enzymes involved in 

their formation and elimination will likely contribute to individual susceptibility to MDMA 

neurotoxicity.  

Importantly, enzymes involved in MDMA metabolism (Phase I and Phase II) in humans, 

CYP2D6 and COMT, exhibit genetic polymorphisms. Allelic variations in the CYP2D6 gene 

affect the expression and activity of this enzyme. In Caucasians, approximately 7-10% of the 

population exhibit a metabolic deficiency, and are referred to as “poor metabolizers” (PMs). In 

contrast, the majority of the Caucasian population exists as an “extensive metabolizer” (EMs) 
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phenotype (Bertilsson et al. 2002; Marez et al. 1997; Sachse et al. 1997). Duplication in the 

CYP2D6 gene gives an individual an ultrarapid CYP2D6 phenotype. Individual differences in 

the CYP2D6 activity suggest that individuals exposed to MDMA who are genotypically 

classified as PM would be more susceptible to the acute toxic effects of MDMA (Henry and Hill 

1998) but perhaps be at less risk of neurotoxic damage.  

Although the specific contribution of CYP2D6 to the metabolism-dependent serotonergic 

neurotoxicity of MDMA remains unclear, it is likely that the CYP2D6 polymorphism influences 

the pharmacology and the neurotoxicology of MDMA. In the present study, we examined the 

neurotoxic effects of MDMA in female Dark Agouti (DA) rats, an animal model representative 

of the human PM phenotype of CYP2D6, and in female Sprague Dawley (SD) rats model, which 

represent the EM phenotype. The metabolic deficiency in the female DA rat has been shown to 

arise from a lack of expression of the CYP2D1 gene, the only gene in the CYP2D cluster in rat. 

Genetic analysis has shown this to be the result of a single mutant allele which is thought to 

block gene transcription (Barham et al. 1994). The experiments in the genetic model were then 

recapitulated pharmacologically, using quinine as an inhibitor of CYP2D1 in the female SD rat 

model to probe the contribution of CYP2D1 in MDMA neurotoxicity. 
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4.2. RESULTS 

4.2.1. Effect of MDMA on 5-HT and 5-HIAA concentrations in brain tissue of DA and SD  

          rats.  

 Female DA rats, representing the PM phenotype, and SD rats the EM phenotype were 

administered MDMA (20 mg/kg, s.c.) or saline, and 7 days later the concentrations of 5-HT and 

5-HIAA were determined. MDMA produced a significant decrease in 5-HT and 5-HIAA 

concentrations in the cortex, striatum, and hippocampus in both strains of rats (Figure 4.1). 

However, decreases in 5-HT and 5-HIAA concentrations were more prominent in SD-treated rats 

compared to DA-treated rats. In DA-treated rats MDMA produced decreases of 44%, 40% and 

39% in cortical, striatal and hippocampal 5-HT concentrations, respectively, compared to 

decreases of 66%, 58% and 54% in SD-treated rats. Thus, MDMA induced decreases in brain 5-

HT concentrations were 30-33% less in DA relative to SD treated animals. Although MDMA 

also caused slightly more pronounced decreases in 5-HIAA concentrations in SD rats, such 

differences did not reach statistical significance. Thus, MDMA caused a 38%, 40% and 42% 

decrease in cortical, striatal and hippocampal 5-HIAA concentrations in DA-treated rats and a 

41%, 45% and 52% decrease in cortical, striatal and hippocampal 5-HIAA concentration in SD-

treated rats. 

4.3. Quinine-mediated inhibition of 7-methoxy-4-aminomethylcoumarin (MAMC) O- 

           demethylation (CYP2D1 activity) in female SD rats. 

 The activity of CYP2D1 in hepatic microsomes was measured to determine the effect of 

quinine pretreatment (40 and 80 mg/kg, i.p.) on CYP2D1 activity in control and MDMA-treated 

rats. Following quinine treatment rats were euthanized and livers removed 1 hr later. A marker of 

CYP2D activity, 7-methoxy-4-aminomethylcoumarin (MAMC) O-demethylation to 7-hydroxy-
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4-aminomethylcoumarin (HAMC) was assayed using the protocol described in Material and 

Methods. MAMC O-demethylation (CYP2D activity) was measured as the formation of HAMC 

(Figure 4. 4).  CYP2D activity decreased by ~ 38% and 76% in rats treated with 40 and 80 

mg/kg, i.p quinine, respectively, compared to controls (Figure 4. 4A). 

4.3. Attenuation of MDMA-mediated neurotoxicity by quinine in female SD rats.  

 The genetic model of CYP2D deficiency in DA rats was recapitulated by using quinine 

(40 and 80 mg/kg, i.p.) as a pharmacological inhibitor of CYP2D1 in female SD rats (Figure 4.2 

and 4.3). In the first study, pretreatment with quinine (40 mg/kg, i.p.) attenuated depletions in 

MDMA-treated (20 mg/kg, s.c.) rats from 66% to 44% in the cortex and from 59% to 43% in the 

striatum (Figure 4.2). 5-HT concentrations were identical in the hippocampus of MDMA treated 

rats (54%) and those pretreated with quinine (40 mg/kg, i.p.) prior to MDMA (52%). Thus 

quinine pretreatment attenuated the decreases in 5-HT concentrations in the cortex and striatum 

by 33% and 27% respectively. Quinine (40 mg/kg, i.p.) also attenuated MDMA-mediated 

decreases in 5- HIAA concentrations in the cortex (30% vs 41%), and striatum (31% vs 45%), 

but had little effect on the hippocampus (39% vs 52%) (Figure 4.2), although this only reached 

statistical significance in the striatum.  

 In the second study, female SD rats were pretreated with a higher dose of quinine (80 

mg/kg, i.p.) prior to MDMA (20 mg/kg, s.c.). Although the higher dose of quinine caused a more 

substantial loss of CYP2D1 activity (Figure 4.3), attenuation of MDMA mediated decreases in 5-

HT concentrations was similar to the protection afforded by the lower dose (40 mg/kg, i.p.) of 

quinine. Thus, quinine (80 mg/kg, i.p.) produced a 33-39% attenuation of MDMA-mediated 

decreases in 5-HT concentrations in the cortex (35% vs 57%), striatum (38% vs 57%), and 

hippocampus (35% vs 42%) (Figure 4.3). Quinine (80 mg/kg, i.p.) produced a similar (28-39%) 
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attenuation of MDMA-mediated decreases in 5-HIAA concentrations in the cortex (27% vs 

44%), striatum (31% vs 47%), and hippocampus (38% vs 53%) (Figure 4.3). Quinine treatment 

alone had no statistically significant effects on either 5-HT or 5-HIAA concentrations (Figures 

4.3 and 4.4). 
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Figure 4.1. Effect of MDMA on 5-HT and 5-HIAA concentrations in (A, B)cortex, (C, D) 
striatum and (E, F) hippocampus in female DA and SD rats.  

 
 5-HT and 5-HIAA concentrations were determined 7 days following saline or MDMA 
(20 mg/kg, s.c.) by HPLC-CEAS as described under Material and Methods. Absolute values for 
5-HT and 5-HIAA concentrations in control animals were: DA rats cortex = 3.14 ± 0.30, and 
2.57 ± 0. 22 pmol/mg tissue respectively; striatum = 2.72 ± 0.15 and 2.77 ± 0.05 pmol/mg tissue 
respectively; hippocampus =1.65 ± 0.12 and 3.52 ± 0.14 pmol/mg tissue respectively. SD rats 
cortex = 3.49 ± 0.08, and 2.55 ± 0. 20 pmol/mg tissue respectively; striatum = 3.05 ± 0.20 and 
2.73 ± 0.06 pmol/mg tissue respectively; hippocampus =1.74 ± 0.25 and 3.48 ± 0.21 pmol/mg 
tissue respectively. Data represent controls (open bars: DA rats, grey bars: SD rats), or MDMA-
treated (black bars: DA rats, hatched bars: SD rats). *= p < 0.05 between treated/saline same 
group; # = p < 0.05 between treated groups. The % decrease in 5-HT and 5-HIAA concentrations 
is expressed as the mean ± S.E. (n = 9-11 in each group).
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Figure 4.2. Effect of quinine (40 mg/kg, i.p.) pretreatment on 5-HT and 5-HIAA  
                   concentrations in (A, B) cortex. (C, D) striatum, and (E, F) hippocampus in  
                   MDMA-induced neurotoxicity in SD rats. 
  
 5-HT and 5-HIAA concentrations were determined 7 days following saline or MDMA 
(20 mg/kg, s.c.). Absolute values for 5-HT and 5-HIAA concentrations in control animals were: 
SD rats cortex = 3.49 ± 0.08, and 2.55 ± 0. 20 pmol/mg tissue; striatum = 3.05 ± 0.20 and 2.73 ± 
0.06 pmol/mg tissue; hippocampus =1.74 ± 0.25 and 3.48 ± 0.21 pmol/mg tissue respectively. 
Data represent controls rats (open bars: SD, grey bars: quinine), or MDMA-treated rats (black 
bars: SD, hatched bars: quinine-pretreated). *= p < 0.05 between treated/saline same group; # = p 
< 0.05 between treated groups. The % decrease in 5-HT and 5-HIAA concentrations is expressed 
as the mean ± S.E. (n = 10 in each group). .
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Figure 4.3. Effect of quinine (80 mg/kg, i.p.) pretreatment on 5-HT and 5-HIAA  
                   concentrations in (A, B) cortex, (C, D) striatum, and (E, F) hippocampus in        
                   MDMA-induced neurotoxicity in SD rats. 
 
5-HT and 5-HIAA concentrations were determined 7 days following saline or MDMA (20 
mg/kg, s.c.). Absolute values for 5-HT and 5-HIAA concentrations in control animals were: SD 
rats cortex = 3.46 ± 0.22, and 1.90 ± 0. 12 pmol/mg tissue; striatum = 2.79 ± 0.31 and 2.81 ± 
0.11 pmol/mg tissue; hippocampus =1.16 ± 0.10 and 2.97 ± 0.45 pmol/mg tissue respectively. 
Data represent controls rats (open bars: SD, grey bars: quinine), or MDMA-treated rats (black 
bars: SD, hatched bars: quinine-pretreated). *= p < 0.05 between treated/saline same group; # = p 
< 0.05 between treated groups. The % decrease in 5-HT and 5-HIAA concentrations is expressed 
as the mean ± S.E. (n = 4-5 in each group). 
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Figure 4.4. CYP2D (MAMC O-demethylation) activity in female SD hepatic microsomes.  
 
 HAMC values were determinated 1 hr following quinine treatment. A) Time-dependent 
formation of HAMC from MAMC in control (), quinine (, 40 mg/kg;, 80 mg/kg, i.p.). 
Absolute value for CYP2D activity was 7.39 ± 0.32 pmol/ min/ mg tissue. Incubations were 
performed as described in Materials and Methods. B) % of CYP2D activity decreased shown for 
the incubation in 15 min. Control treated (grey bar), quinine treated (white bar; 40 mg/kg; black 
bar, 80 mg/kg, i.p.). Values represent the means ± S.E. of three different assays (n=4-5 for each 
group). * = p < 0.05 values significantly different from the control group; # = p < 0.05 values 
significantly different between quinine-treated groups.
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4.3. DISCUSSION 
 

We have shown that MDMA-mediated serotonergic neurotoxicity is attenuated in both a 

genetic and pharmacological model of CYP2D1 deficiency. Thus, MDMA produces lower 

deficits in brain 5-HT and 5-HIAA concentrations in female DA rats compared to female SD rats 

(Figure 4.1), the former representing the human CYP2D6 EM phenotype and the latter the 

equivalent EM phenotype. Moreover, this result was replicated when quinine (40 mg/kg and 80 

mg/kg, i.p.) was used to inhibit CYP2D1 (Figures. 4.2 and 4.3). The data is consistent with the 

hypothesis that systemic metabolism of MDMA contributes to MDMA-induced serotonergic 

neurotoxicity via the generation of reactive metabolites (Monks et al. 2004; Esteban et al. 2001; 

de la Torre et al. 2004).  

Because hepatic formation of N-Me-α-MeDA and α-MeDA catechols is catalyzed by the 

CYP2D subfamily (30% metabolism), CYP2B and CYP3A1 isoforms, inhibition of any of these 

metabolic steps should provide initial protection from the long-term neurotoxic effects of 

MDMA, dependent upon the relative contribution of each isoform to the metabolism of MDMA. 

Interesting, in both the genetic and pharmacological models of CYP2D1 deficiency, attenuation 

of MDMA-mediated decreases in brain 5-HT concentrations were in the same range (~30-40%) 

as the reported fractional contribution of the CYP2D subfamily to MDMA metabolism (~30%) 

(Tucker et al. 1994; Maurer et al. 2000, Kreth et al. 2000).  

 The primary metabolic pathway for MDMA in humans is O-demethylenation to N-Me-α-

MeDA, whereas N-demethylation to MDA appears to be the primary initial metabolic step in 

rats, with α-MeDA being a metabolite of both MDMA and MDA (Lin et al., 1992). In humans, 

the inhibition of CYP2D6 by paroxetine inhibits MDMA metabolism by ~30% (Segura et al. 

2001) similar to the inhibition observed following multiple doses of MDMA (Farre et al. 2004). 
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However, the contribution of CYP2D6 to the metabolism of MDMA decreases rapidly as 

substrate concentrations increase, with CYP1A2 assuming a greater role at concentrations >2-5 

µM (Meyer et al. 2008).  The critical importance of metabolism in MDMA-induced 

neurotoxicity has been recognized for some time. In particular, the observation that modulators 

(inhibitors and inducers) of CYP450 activity have corresponding effects on MDMA 

neurotoxicity (Gollamudi et al. 1989; Esteban et al. 2001) confirmed earlier findings on the 

inability of MDMA to produce deficits in the serotonergic system when delivered directly into 

the brain (Paris and Cunningham, 1992). The ability of fluoxetine to protect against MDMA-

induced long term neurotoxicity (Sanchez et al. 2001) can also be linked to alterations in the 

metabolism of MDMA, since fluoxetine is also a CYP2D6 inhibitor, and decreases MDMA 

metabolism in vitro (Ramamoorthy et al. 2002). 

 Since metabolism plays such a pivotal role in MDMA-mediated neurotoxicity, the next 

question is which metabolite(s) contributes to the neurotoxic effects. N-Me-α-MeDA and α-

MeDA are metabolites formed via the N-demethylenation of MDMA or MDA. Both of these 

metabolites are catechols that can readily undergo oxidation to the corresponding reactive 

electrophilic ortho-quinones which subsequently react with the cysteinyl sulfhydryl group in 

GSH to form GSH conjugates (Hiramatsu et al. 1990; Patel et al. 1991; Monks et al. 2004). N-

Me-α-MeDA thioethers are present (Jones et al. 2005) and accumulate (Chapter 3) in rat brain 

following MDMA administration. Moreover, direct injection of 5-(NACyl)-N-Me-α-MeDA, 5-

(NACyl)-α-MeDA and 5-(GSyl)-α-MeDA into the striatum, cortex or hippocampus produces 

prolonged depletions in 5-HT concentrations and neurobehavioral changes similar to MDA and 

MDMA (Bai et al. 1999; Jones et al. 2005). Such findings would predict that modulation of 

enzymes that participate in the processing of N-Me-α-MeDA and α-MeDA, or their thioether 
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conjugates, should have corresponding effects on MDMA-induced neurotoxicity. Consistent 

with this view, inhibition of COMT with entacapone, which should increase the fraction of 

catechol undergoing oxidation-coupled GSH conjugation relative to catechol O-methylation, 

increases the long-term serotonergic neurotoxicity of MDMA (Goni-Allo et al. 2008).  

Moreover, inhibition of γ-GT with acivicin, which increases the concentration of the catechol-

thioether metabolites in brain (Miller et al. 1995; Jones et al. 2004), also potentiates MDMA and 

MDA mediated decreases in brain 5-HT concentrations (Bai et al. 2001). The data suggest that 

metabolites that are substrates for COMT and γ-GT participate in MDMA and MDA-mediated 

serotonergic neurotoxcity. 

 Our data imply that while acute effects may be mediated by the parent drug, MDMA 

metabolism appears to be the limiting step in the neurotoxic development of MDMA, since 

direct administration of MDMA into the brain fails to reproduce the serotonergic neurotoxicity 

seen following systemic administration (Esteban et al. 2001). Indeed, the neurotoxicity of 

MDMA is influenced by changes in MDMA metabolism and not necessarily by the hyperthermia 

seen after MDMA administration (Goni-Allo et al. 2007). In this study, the authors perfused 

MDMA into the rat striatum while the animals were kept hyperthermic. Despite the hyperthermia 

and presence of extracellular MDMA no significant reductions in 5-HT concentrations were 

observed, suggesting that hyperthermia is neither necessary nor sufficient to cause serotonergic 

neurotoxicity  (Darvesh and Gudelsky, 2004).  

 Taken together, the studies are consistent with the hypothesis that systemic metabolism 

of MDMA contributes to MDMA-induced serotonergic neurotoxicity via the generation of 

reactive metabolites. We provide evidence that decreases in CYP2D1 activity decreases MDMA 

neurotoxicity in PM (genetic manipulation) and EM (pharmacological manipulation) animal 
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models. Interestingly, in both the genetic and pharmacological models of CYP2D1 deficiency, 

attenuation of MDMA-mediated decreases in brain 5-HT concentrations were in the same range 

(~30-40%) as the reported fractional contribution of the CYP2D subfamily to MDMA 

metabolism (~30%).  
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CHAPTER 5 

CONTRIBUTION OF MRP’s AND OAT1 TO THE EXPORT OF NEUROTOXIC 

THIOETHER METABOLITES FROM BRAIN  

5.1.  INTRODUCTION AND RATIONALE 

 Thioether metabolites of N-Me-α-MeDA including 5-(GSyl)-N-Me-α-MeDA, 2,5-bis-

(GSyl)-N-Me-α-MeDA, 5-(NACyl)-N-Me-α-MeDA, 2,5-bis-(NACyl)-N-Me-α-MeDA, and 

metabolites of α-MeDA , 5-(GSyl)-α-MeDA and 2,5-bis-(GSyl)-α-MeDA are potent 

serotonergic neurotoxicants and likely contribute to the neurotoxicty of the parent amphetamine, 

MDMA. These studies have revealed that thioether metabolites of MDMA are, (i) formed in 

vivo, (ii) transported into the brain, (iii) produce behavioral and neurotoxic effects similar to 

MDMA (Miller et al. 1997; Bai et al. 1999, 2001; Jones et al. 2004), and (iv) accumulate in the 

brain after multiple administration of MDMA as described in Chapter 3. However, the 

mechanisms by which are transported into and out of the brain remain unknown. Therefore this 

Chapter will summarize studies designed to examine the contribution of Mrp1, Mrp2 and Oat1 in 

the development of MDMA neurotoxicity. 

 There is compelling evidence suggesting that after systemic (liver) formation, the 

thioether metabolites are transported across the BBB via a sodium-dependent GSH transporter 

(Kannan et al. 1999; 2000; Bai et al. 2001). In fact, the uptake of 5-(GSyl)- α-Me[3H]DA into 

brain decreases in the presence of GSH, suggesting that the two compounds share the same 

transport mechanism (Miller et al. 1995). In contrast, inhibition of γ GT with acivicin within 

brain microvessel endothelial cells at the BBB potentiates the uptake of 5-(GSyl)-α-Me[[3H]DA 

into the brain (Miller et al. 1995). These studies may provide a potential explanation for the 

metabolism in MDMA-mediated neurotoxicity. Therefore, the residency of thioether metabolites 
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of N-Me-α-MeDA within the brain parenchyma will be dependent upon a variety of factors 

including the rate of import into the brain, and the rate of export from the brain, mediated by 

different Mrp and Oat transporters. 

 Export of substance from the brain is facilitated at two biological barriers, (1) transport 

across endothelial cells into blood and (2) transport into cerebrospinal fluid mediated by the 

epithelial cells that comprise the choroid plexus. However, little is known about the export of 

GSH conjugates from the brain, and essentially nothing has been reported with respect to the 

export of mercapturic acids, although information is available on organic anion transport in 

general. The cellular export of GSH and GSH conjugates is mediated by different transporters 

belonging to the ATP-binding superfamily of transport proteins (Cole and Deeley 2006) 

including Mrp’s. For instance, Mrp1 is expressed in brain endothelial cells and plays a major role 

mediating the efflux of GSH- conjugates (Cole and Deeley 2006) therefore, this transporter could 

play a major role in limiting the residency time of GSH conjugates within the brain 

 In contrast to the GSH conjugates, the mercapturic acid metabolites of N-Me-α-MeDA 

(Chapter 3) and α-MeDA (Miller et al. 1995; Jones et al. 2005) are slowly eliminated from the 

brain. Because these metabolites are the most potent serotonergic neurotoxicants of the various 

N-Me-α-MeDA thioethers (Jones et al. 2005), their persistence in brain following systemic 

administration of MDMA will likely have functional consequences. Therefore, mechanisms 

resulting the disposition of these mercaptuates are important to identify.  

Although much is known about the renal physiology of the Oats and Oatps, little is 

known about the localization and function of these proteins in brain. Oat1 and Oat3 have been 

identified in human and rat brain, and cysteine conjugates are substrates for Oat1 (Sekine et al. 

2006; Sweet et al. 2002). The N-acetylcysteine conjugate of MeHg is a poor substrate for Oat3 
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but is effectively transported by Oat1 (Koh et al. 2002). The role of Oat1 in the transport and 

neurotoxicity of 5-(NACyl)-N-Me-α-MeDA, and the basis for the slow rate of elimination of 

these organic anions from rat brain is still unknown. However, the ability of these thioether 

metabolites to generate ROS and to arylate proteins, in combination with their ability to 

modulate the activity of proteins involved in the regulation of neurotransmitter transport (Jones 

et al. 2004), suggest they play an important role in the development of MDMA-mediated 

serotonergic. 

In the present study, we examined the effects of modulating the efflux of thioether 

metabolites. We utilized genetic models, the wild-type and Mrp1 knockout null mice (FVBx129 

Ola Mrp-/-) and Wistar and Mrp2-deficient TR- rats to study the contribution of Mrp1 and Mrp2 

in the development of MDMA-induced neurotoxicity. In addition, we utilized pharmacological 

inhibitors (MK571 and probenecid) of Mrp’s using female SD rats to evaluate the neurotoxicity 

of MDMA and to probe the contribution of Mrp transporters in MDMA neurotoxicity. The 

mercapturic acid metabolites of N-Me-α-MeDA persist in the brain following either systemic 

administration of MDMA (Jones et al. 2005; Chapter 3). Therefore, we utilized in vivo 

experiments using a relative potent pharmacological inhibitor of Oat1 (ellagic acid) in female SD 

rats (Whitley et al. 2005; Hong et al. 2007). We propose that decreases in the export of thioether 

metabolites of N-Me-α-MeDA may increase the long-term serotonergic neurotoxicity of 

MDMA. 
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5.2.  RESULTS 

GENETIC MODELS: 

5.2.1. Effect of MDMA on 5-HT and 5-HIAA concentration in brain tissue of male Wistar  

           and Mrp2-deficient TR- rats.  

 Administration of MDMA (20 mg/kg, s.c.) produced a substantial decrease in the 

concentration of 5-HT and its metabolite 5-HIAA in cortex, striatum and hippocampus 7 days 

after its administration to wild-type Wistar and Mrp2-deficient TR- rats (Figure 5.1). However, 

decreases in 5-HT and 5-HIAA concentrations were more prominent in Wistar-treated rats 

compared to Mrp2-deficient TR- treated rats in cortex (Figure 5.1A and 5.1B). MDMA caused 

significant decrease of 5-HT concentrations in cortex (67% vs 27%), striatum (68% vs 51%), and 

hippocampus (40% vs 30%) in wild-type Wistar rats and Mrp2-deficient TR- rats, respectively. 

In addition, MDMA caused decreases of 5-HIAA concentrations in cortex (69% vs 40%), 

striatum (62% vs 38), and hippocampus (75% vs 47%) in wild-type Wistar rats and Mrp2-

deficient TR- rats, respectively. 

5.2.2. Effect of MDMA on DA and DOPAC concentration in cortex, striatum and  

           hippocampus of male wild-type mice and Mrp1 (-/-) knockout mice 7 days after  

           MDMA administration.  

 Consistent with previous studies in mice (Reveron et al. 2005), multiple administration of 

MDMA (20 mg/kg, s.c) at 2 h intervals, for a total of four injections, produced a substantial 

decrease in the concentration of DA and its metabolites DOPAC in cortex, striatum and 

hippocampus 7 days after the last administration of MDMA in male wild-type and Mrp1 (-/-) 

knockout mice (Figure 5.2). MDMA administration caused significant depletion of DA 

concentrations in cortex (80% vs 86%), striatum (58% vs 80%) and hippocampus (33% vs 45%) 
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in male wild-type mice and Mrp1 (-/-) knockout mice, respectively (Figure 5.2A, 5.2C, and 

5.2E). In addition, MDMA caused significant depletion DOPAC concentration in cortex (42% vs 

65%), striatum (47% vs 80%), and hippocampus (31% vs 52%) in male wild-type mice and 

Mrp1 (-/-) knockout mice, respectively (Figure 5.2B, 5.2D and 5.2F). 

5.2.3. MDMA-mediated 5-HT depletion in cortex and striatum following sequential  

            dosing in Mrp1 (-/-) knockout mice. 

 Interestingly, Administration of MDMA (20 mg/kg, s.c.) at 2 h intervals for a total of 

four injections led to a significant decrease in 5-HT concentrations in cortex (34%), and striatum 

(33%) in Mrp1 (-/-) knockout mice (Figure 5.3A and 5.3B). However, MDMA administration 

had no effect on the 5-HT and 5-HIAA concentrations in cortex, striatum and hippocampus in 

wild-type mice (Table 5.1). 

PHARMACOLOGICAL MODELS 

5.2.4. Effect of MK571 pretreatment on 5-HT and 5-HIAA concentrations in cortex,  

            striatum, and hippocampus of MDMA-treated female SD rats.  

 In this study, MK571 a competitive Mrp1 inhibitor was administered intravenously either 

1 hr before MDMA (20 mg/kg, s.c.) or both 1h before and 1 hr after MDMA administration 

(Figure 5.4 and Figure 5.5, respectively). Vehicle control groups only received MK571 (20 

mg/kg, i.v.). Administration of MDMA (20 mg/kg, s.c.) again produced a substantial depletion in 

the concentration of 5-HT and 5-HIAA in brain tissue. However little or no significant difference 

was observed between treated MDMA groups and MK571 pretreated groups prior to MDMA 

(Figure 5.6). However little or no significant difference was observed between treated MDMA 

groups and MK571 pretreated groups prior to MDMA (Figure 5.4 and Figure 5.5). Thus, MDMA 

administration caused a significant decrease in 5-HT concentrations in cortex (66% vs 61%), 
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striatum (59% vs 55%), and hippocampus (54% vs 32) in MDMA-treated group and MK571 

pretreated group, respectively. In addition, MDMA administration caused a significant decrease 

in 5-HIAA concentrations in cortex (41% vs 40%), striatum (45% vs 38%), and hippocampus 

(52% vs 46) in MDMA-treated group and MK571-pretreated group, respectively (Figure 5.4). 

Consequently, MK571 pretreatment 1 h before and 1 h after MDMA administration produced a 

similar decrease of 5-HT concentrations in cortex (39% vs 61%), striatum (62% vs 55%), and 

hippocampus (65% vs 32) in MK571 pretreated group, and MK571 pretreated group 1h 

before/after MDMA, respectively. In addition, MDMA administration also caused decreases in 

5-HIAA concentrations in cortex (40% and 35%), striatum (38% and 26%) and hippocampus 

(46% and 49%) in MK571 pretreated group, and MK571 pretreated group 1h before/after 

MDMA, respectively (Figure 5.5). 

5.2.5. Effect of probenecid pretreatment on 5-HT and 5-HIAA concentrations in cortex, 

striatum and hippocampus of tissue of MDMA-treated female SD rats. 

 Probenecid (200 mg/kg, i.p.) a competititve inhibitor of organic anion transporters and 

Mrp’s (Hamilton et al. 2001; Ilias et al. 2002) was administered to rats 1 h prior to MDMA (20 

mg/kg, s.c.). Vehicle control groups only received probenecid (200 mg/kg, i.p.). Administration 

of MDMA (20 mg/kg, s.c.) again produced a substantial depletion in the concentrations of 5-HT 

and 5-HIAA. However little or no significant difference was observed between treated MDMA 

groups and probenecid pretreated groups prior to MDMA (Figure 5.6). Thus, MDMA 

administration caused a significant decrease in 5-HT concentrations in cortex (66% vs 49%), 

striatum (59% vs 40%), and hippocampus (54% vs 54%) in MDMA-treated group and 

probenecid pretreated group, respectively. Interestingly, probenecid in MDMA-treated group 

attenuated the depletion in the concentration of both 5-HT in cortex and striatum (Figure 5.6A 
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and 5.6E), and 5-HIAA in striatum (Figure 5.6F) than the MDMA-treated group. In addition, 

MDMA administration caused a significant decrease in 5-HIAA concentrations in cortex (41% 

vs 50%), striatum (45% vs 32%), and hippocampus (52% vs 39%) in MDMA-treated group and 

probenecid-pretreated group, respectively (Figure 5.6).  

5.2.6. Effect of ellagic acid pretreatment on 5-HT and 5-HIAA concentrations in cortex, 

striatum and hippocampus of tissue of MDMA-treated female SD rats.  

 Ellagic acid (EA) (200 mg/kg, i.p.) was administered once daily for 4 days. On day 4 the 

last dose was injected 1 h prior to MDMA (20 mg/kg, s.c.) administration. Vehicle control 

groups only received EA (200 mg/kg, i.p.). Administration of MDMA (20 mg/kg, s.c.) produced 

depletion in the concentrations of 5-HT and 5-HIAA. Following MDMA administration, EA 

pretreat group revealed significant attenuation in the decrease of 5-HT and 5-HIAA 

concentrations in cortex, striatum and hippocampus (Figure 5.7). Thus, MDMA administration 

caused a significant decrease in 5-HT concentrations in cortex (66% vs 51%), striatum (59% vs 

23%), and hippocampus (54% vs 30%) in MDMA-treated group and EA pretreated group, 

respectively. Interestingly, EA in MDMA-treated group attenuated the decrease in the 

concentrations of 5-HT (Figure 5.7), and 5-HIAA in hippocampus (Figure 5.7F) than the 

MDMA-treated group. In addition, MDMA administration caused a significant decrease in 5-

HIAA concentrations in cortex (41% vs 33%), striatum (45% vs 32%), and hippocampus (52% 

vs 35%) in MDMA-treated group and EA-pretreated group, respectively (Figure 5.7).  
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Figure 5.1. Effect of MDMA on 5-HT and 5-HIAA concentrations in (A, B) cortex,  (C, D)  
                    striatum and (E, F) hippocampus in male Wistar and Mrp2-deficient TR- rats.  
 
 5-HT and 5-HIAA concentrations were determined by HPLC-CEAS 7 days following 
administration of saline or MDMA (20 mg/kg, s.c.) as described under Material and Methods. 
Absolute values for 5-HT and 5-HIAA concentrations in control animals were: male wild-type 
Wistar rats cortex = 3.48 ± 0.26, and 2.34 ± 0. 13 pmol/mg tissue respectively; striatum = 2.72 ± 
0.19 and 2.73 ± 0.15 pmol/mg tissue respectively; hippocampus= 1.65 ± 0.02 and 3.10 ± 0.04 
pmol/mg tissue respectively; male Mrp2-deficient TR- rats cortex= 2.88 ± 0.09 and 2.36 ± 0.14 
pmol/mg tissue respectively, striatum = 2.78 ± 0.17 and 2.15 ± 0.17 pmol/mg tissue respectively, 
hippocampus= 1.10 ± 0.07 and 2.19 ± 0.17 pmol/mg tissue respectively. Data represent controls 
(black bars: Wistar rats, open bars: TR- rats), or MDMA-treated (hatched bars: Wistar rats, grey 
bars: TR- rats). The % decreases in 5-HT and 5-HIAA concentrations are expressed as the mean 
± S.E. (n = 4-5 in each group).  
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Figure 5.2. Effect of MDMA on DA and DOPAC concentration in (A, B) cortex, (C, D)  
                    striatum, and (E, F) hippocampus in male wild type mice and Mrp1 (-/-)  
                    knockout mice. 
 
 DA and DOPAC concentrations were determined by HPLC-CEAS 7 days following 
administration of saline or MDMA (20 mg/kg, s.c.) as described under Material and Methods. 
Absolute values for DA and DOPAC concentrations in control animals were: wild-type cortex = 
2.03 ± 0.04, and 3.02 ± 0.36 pmol/mg tissue, respectively; striatum = 45.15 ± 6.22 and 149.61 ± 
16.31 pmol/mg tissue, respectively; hippocampus = 0.84 ± 0.06 and 2.2 ± 0.66 pmol/mg tissue, 
respectively. . Absolute values for DA and DOPAC concentrations in Mrp1(-/-) cortex = 2.56 ± 
0.22, and 2.91.02 ± 0.29 pmol/mg tissue, respectively; striatum = 52.97 ± 4.96 and 160.87 ± 
15.29 pmol/mg tissue, respectively; hippocampus = 0.75 ± 0.05 and 1.12 ± 0.05 pmol/mg tissue, 
respectively.  Data represent controls (open bars: wild-type mice, black bars: Mrp1 (-/-) 
knockout mice), or MDMA-treated (grey bars: wild-type mice, hatched bars: knockout mice). 
The % decreases in 5-HT and 5-HIAA concentrations are expressed as the mean ± S.E. (n = 4 in 
each group).  
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Figure 5. 3. Effect of MDMA on 5-HT concentrations in  (A) cortex,  (B) striatum in male  
                    wild-type (wt) mice and Mrp1 knockout mice.  
 
Data represent controls (open bars:  wt mice, black bars: Mrp1 (-/-) knockout mice), or MDMA-
treated (grey bars: wt mice, hatch bars: knockout mice). The % decreases in 5-HT concentrations 
is expressed as the mean ± S.E. (n = 4 in each group). 
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Figure 5. 4. Effect of MK571 pretreatment on 5-HT and 5-HIAA concentrations in  
                MDMA-treated female SD rats.  
 
 5-HT and 5-HIAA concentrations were determined by HPLC-CEAS 7 days following 
saline, MK571 (20 mg/kg, i.v.), MDMA + MK571 or MDMA (20 mg/kg, s.c.) administration as 
described under Material and Methods. MK571 inhibitor was administered 1 h prior to MDMA. 
Absolute values for 5-HT and 5-HIAA concentrations in SD female control animals were: cortex 
= 3.49 ± 0.08, and 2.55 ± 0.2 pmol/mg tissue respectively; striatum = 3.05 ± 0.2 and 2.72 ± 0.06 
pmol/mg tissue respectively; hippocampus= 1.74 ± 0.25 and 3.48 ± 0.21 pmol/mg tissue 
respectively. Data represent controls Data represent control rats (open bars: SD saline, grey bars: 
vehicle (MK571), black bars: MK571), or MDMA-treated (grey-white bars: MDMA only, hatch 
bars: MK571+MDMA). The % decreases in 5-HT concentrations is expressed as the mean ± S.E. 
(n = 8-10 each group). 
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Figure 5.5. Effect of MK571 pre and post-treatment on 5-HT and 5-HIAA concentrations  
                   in MDMA-treated female SD rats.  
 
 5-HT and 5-HIAA concentrations were determined 7 days by HPLC-CEAS following 
saline, MK571 (20 mg/kg, i.v.), MDMA + MK571 or MDMA (20 mg/kg, s.c.) administration as 
described under Material and Methods. MK571 inhibitor was administered 1 h prior MDMA 
injection and 1 h following the adminstration. Absolute values for 5-HT and 5-HIAA 
concentrations in SD female control animals were: cortex = 3.35 ± 0.28, and 2.94 ± 0.11 
pmol/mg tissue respectively; striatum = 3.52 ± 0.2 and 2.55 ± 0.08 pmol/mg tissue respectively; 
hippocampus= 2.01 ± 0.2 and 3.34 ± 0.14 pmol/mg tissue respectively. Data represent control 
rats (open bars: SD saline, grey bars: vehicle (MK571), black bars: MK571), or MDMA-treated 
(grey-white bars: MDMA only, hatch bars: MK571 plus MDMA). The % decreases in 5-HT 
concentrations is expressed as the mean ± S.E. (n = 7-8 in each group for the pretreatment only; 
n= 4-5 each group in the pre- and post-treatment).  
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Figure 5.6. Effect of probenecid pretreatment on 5-HT and 5-HIAA concentrations  
                   in MDMA-treated female SD rats.  
 
 5-HT and 5-HIAA concentrations were determined 7 days by HPLC-CEAS following 
saline, probenecid (200 mg/kg, i.p.), MDMA + probenecid or MDMA (20 mg/kg, s.c.) 
administration as described under Material and Methods. Probenecid was administered 1 h prior 
MDMA administration. Absolute values for 5-HT and 5-HIAA concentrations in SD female 
control animals were: cortex = 3.79 ± 0.18, and 1.99 ± 0.7 pmol/mg tissue respectively; striatum 
= 3.25 ± 0.18 and 2.27 ± 0.13 pmol/mg tissue respectively; hippocampus= 2.0 ± 0.1 and 3.35 ± 
0.12 pmol/mg tissue respectively. Data represent control rats (open bars: SD saline, grey bars: 
vehicle (probenecid), black bars: probenecid), or MDMA-treated (grey-white bars: MDMA only, 
hatch bars: probenecid plus MDMA). The % decreases in 5-HT concentrations is expressed as 
the mean ± S.E. (n = 9-11 each group). 
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Figure 5.7. Effect of ellagic acid (EA) pretreatment on 5-HT and 5-HIAA concentrations  
                   in MDMA-treated female SD rats.  
 
 5-HT and 5-HIAA concentrations were determined 7 days by HPLC-CEAS following 
saline, ellagic acid (200 mg/kg, i.p.), MDMA + EA or MDMA (20 mg/kg, s.c.) administration as 
described under Material and Methods. EA was administered once daily for 4 days. On day 4 the 
last dose was injected 1 h prior to MDMA administration. Absolute values for 5-HT and 5-HIAA 
concentrations in SD female control animals were: cortex = 3.6 ± 0.23, and 2.6 ± 0.3 pmol/mg 
tissue respectively; striatum = 3.1 ± 0.26 and 2.91 ± 0.25 pmol/mg tissue respectively; 
hippocampus= 2.6 ± 0.2 and 3.33 ± 0.2 pmol/mg tissue respectively. Data represent control rats 
(open bars: SD saline, grey bars: vehicle (EA), black bars: EA), or MDMA-treated (grey-white 
bars: MDMA only, hatch bars: EA plus MDMA). The % decreases in 5-HT concentrations is 
expressed as the mean ± S.E. (n = 7-10 each group). 
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Table 5.1. Long-term effects on cortical, striatal and hippocampal monoamines and  
                  metabolites contents in male wild-type mice and Mrp1 knockout mice. 
 
 Cortical, striatal and hippocampal concentrations of 5-HT and 5-HIAA, 7 days after 
saline, or MDMA (20 mg/kg, s.c.; regimen total of 4 injection at 2 h intervals). Data are shown 
as mean ± SEM (n=4-5 each group) as pmol/mg tissue. *p < 0.05 for MDMA vs saline in the 
same group. 
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5.3.   DISCUSSION 
 

We have shown that MDMA-mediated neurotoxicity may be influenced by modulation of 

the efflux of the thioether metabolites both genetic (Mrp2 deficient TR- rats and Mrp1[-/-] 

knockout mice) and pharmacological models (MK571, probenecid and ellagic acid) of Mrp’s and 

Oat1. Quinone-thioether metabolites of N-Me-α-MeDA and α-MeDA may play an important 

role in MDMA-mediated neurotoxicity. The neurotoxic effects are dependent upon the ability of 

there systemically formed metabolites been transported across the BBB.  

There is evidence that these metabolites are indeed transported across the BBB (Bai et al., 

2001) and metabolized to their corresponding mercapturates in the brain (Miller et al. 1995). 

Furthermore, 5-(NACyl)-α-MeDA and 5-(NACyl)-N-Me-α-MeDA are potent serotonergic 

toxicants (Miller et al. 1997; Jones et al. 2005). In contrast to the GSH conjugates, the 

mercapturic acid metabolites of N-Me-α-MeDA (Chapter 3; Jones et al. 2005) and α-MeDA 

(Miller et al. 1995) are only slowly eliminated from the brain, and their persistence in brain 

following systemic administration of MDMA might have functional consequences. In addition, 

in vitro studies have shown that thioether metabolites of MDMA are inhibitors of human Mrp1 

and Mrp2 (Slot et al. 2008), and may thus be involved in the disposition of the 5-(GSyl)-N-Me-

α-MeDA and 2,5-bis-(GSyl)-N-Me-α-MeDA in vivo. Therefore, the disposition of these thioether 

metabolites and their mercaptuates are important to evaluate in vivo. 

 Variation in the Mpr1 transporters in mice produce quantitative change in the 

neurotoxicity of MDMA (Figure 5.2). At the BBB, several MRP-related proteins, including 

Mrp1, have been localized to the apical membrane of endothelial cells, as well as in astrocytes 

(Dallas et al. 2006). These Mrps may play a role in preventing the accumulation of neurotoxic 

thioether-metabolites of MDMA in the brain. Mrp1(-/-) knockout mice MDMA-treated revealed 
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a significant increase in the long-term depletion in DA concentrations compared to wild-type 

mice (figure 5.2). Interestingly, MDMA also induced significant 5-HT depletion Mrp1 (-/-) 

knockout mice, an effect not observed in wild-type MDMA-treated mice. These data suggest that 

Mrp1 in mice contribute to the neurotoxicity of MDMA and that Mrp1 plays a role modulating 

the disposition of thioether metabolites of MDMA. However, further studies are required to 

evaluate the specific function of Mrp1 in modulating the efflux of these metabolites.  

 In addition, oxidative stress and free radicals play an important role in MDMA-induced 

neurotoxicity in mice. In particular, long-term depletions in DA concentration are attenuated in 

transgenic mice overexpressing CuZn SOD (Cadet et al. 1995). Direct striatal administration of 

MDMA or N-Me-α-MeDA fails to reproduce the neurotoxicity seen in mice after peripheral 

administration.  N-Me-α-MeDA only produces long-term depletion of DA and DOPAC at very 

high doses (300 µg total dose) (Escobedo et al. 2005). Studies in mice also revealed that the main 

pathway of MDMA metabolism seems to be N-demethylation to form MDA, not O-

demethylenation to form N-Me-α-MeDA. Thus, levels of MDA in mice are ~200% higher than 

those of N-Me-α-MeDA (Escobedo et al., 2005).  

 To date, the major interest in Mrp1 has been its role in restricting the access of drugs and 

other xenobiotics, and limiting the transport of anticancer drugs where they are coupled to GSH 

(Wijnholds et al., 1997). Recent studies have shown that Mrp1 plays a role in modulating cell 

oxidative stress exporting oxidized GSH (Mueller et al., 2005). Since oxidative stress is a 

mechanism that can modulate Mrp1 efflux, decrease in Mrp1 efflux might have an effect in the 

detoxification capacity of the brain. Therefore, Mrp1 may modulate the neurotoxicity of MDMA 

affecting other systems such as the 5-HT neuronal cells.  
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In contrast to the effects of MDMA in Mrp1(-/-) knockout mice, the administration of 

MDMA to wild-type Wistar and Wistar TR- Mrp2 deficient rats produced a significant depletion 

of 5-HT and 5-HIAA. Although the neurotoxicity of MDMA in the serotonergic system is well 

established in the rat. MDMA-treated Wistar TR- Mrp2 deficient rats appeared less susceptible 

to neurotoxicity than their wild-type counterparts. The residency of the quinone-thioether 

metabolites of MDMA within the brain will be dependent upon efflux mediated by a 

combination of Mrp1, Mrp2 and Oat1. Because GSH itself is also a substrate for Mrp2, TR- rats 

lack biliary GSH export, and therefore exhibit higher hepatic GSH levels (~ 157% of the Wistar 

rat) (Paulusma et al.1999). Disruption of the Mrp2 transporter was expected to increase 

neurotoxicity since it may play a role in the efflux of thioether conjugates. However, our results 

revealed that TR- rats were in fact less susceptible to MDMA neurotoxicity. Marked 

upregulation of functional P-gp ocurrs in brain capillary endothelial cells of Mrp2-deficient TR- 

rats, indicating that P-gp compensates for the lack of Mrp2 in the BBB (Hoffmann and Loscher 

2007). However, no upregulation of Pgp was seen in the liver. Similar compensatory changes in 

transporter expression may also occur in the TR- rats. Analysis of such changes will be required 

to fully understand the function of Mrp2 in MDMA-mediated neurotoxicity in vivo. 

Female rats were pretreated with MK571, probenecid or ellagic acid, which are known 

inhibitors of Mrp1, Mrp’s (Mrp-1 to -6 and Oat1) and Oat1, respectively (Whitley et al. 2005). 

Previous in vitro studies using inside-out vesicles showed that thioether metabolites of MDMA 

inhibits the transport of Mrp1 and Mrp2 substrates (Slot et al. 2008).  In addition, GSH 

conjugates have been also detected in the bile of rats after systemic administration of MDMA 

(Bai et al. 2001) and Mrp2 may be the transporter responsible for this observation. Therefore, our 

studies were designed to study the potential role of these transporters in modulating the 
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neurotoxicity of quinone-thioether metabolites of MDMA in vivo. MK571 is a competitive 

pharmacological inhibitor of Mrp1 was used to inhibit the Mrp1 transporter in MDMA-treated 

rats. MK571is hypothesized to inhibit in vivo the efflux of GSH and GSH-conjugates from the 

brain. The data showed that a single dose of MDMA, after MK571 pretreatment did not 

potentiate the long-term depletion of 5-HT or 5-HIAA compared with MDMA-treated rats. In 

addition, after a pre- and post-treatment of MK571 results showed a modest increase in the 

depletion of 5-HT in striatum and cortex. The data suggest that Mrp1 may play a role in the 

neurotoxicity of MDMA, however, further studies are necessary to perform in order to 

understand the mechanism by which Mrp1 modulate MDMA-neurotoxicity. Probenecid 

pretreatment (200 mg/kg, i.p.) studies showed a significant 5-HT and 5-HIAA depletion in 

MDMA-treated rats, however, there is a decrease in the 5-HT depleted in cortex and striatum 

indicating a decrease in the neurotoxicity.  

Quinone-thioether metabolites formed in liver are transported into the blood circulation, 

then transported across the BBB to gain access to the brain. Since probenecid is a non selective 

inhibitor of several ABC-transporters of the subfamily MRP and OAT seems likely that 

probenecid may also inhibit the transporter responsible for the basolateral efflux of thioether 

metabolites of MDMA into the blood circulation, decreasing the availability of these metabolites 

to gain access into the brain. However, the hepatic transporter responsible for this hepatic 

transporter remains unknown. Together these results indicate that these transporters may play a 

role modulating the neurotoxicity of MDMA since changes were observed in Mrp’s pretreated 

rats.  

 We hypothesized that the Oat1 transporter may have a regulatory function of the 

mercapturic acid metabolites of N-Me-α-MeDA (Chapter 3) and α-MeDA (Miller et al. 1995) 
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since they are slowly eliminated from the brain. Because these metabolites are the most potent 

serotonergic neurotoxicants of the various N-Me-α-MeDA thioethers (Jones et al. 2005), their 

persistence in brain following systemic administration of MDMA will have functional 

consequences. Therefore, the disposition of these mercaptuates is important to study. 

Interestingly, our results showed that ellagic acid (EA) pretreatment showed a significant 

attenuation of depletion in 5-HT and 5-HIAA concentrations after MDMA-treatment compared 

with rats treated only with MDMA. Although in vitro studies have shown that EA is a potent 

inhibitor of the OAT family members hOAT1, rOat1, and hOAT4 (Whitley et al. 2005), EA, a 

polyphenolic compound found in a wide variety of fruits and nuts such as raspberries, 

pomegranate, walnuts, grapes, etc, has also been found to possess antioxidant (Sakthivel et al. 

2008; Priyadarsini et al. 2002), antimutagenic (Kaur et al. 1997), and anti-inflammatory 

(Ihantoa-Vormistro et al. 1997) properties. EA scavenge both oxygen and hydroxyl radicals and 

inhibit lipid peroxidation and 8-OhdG formation in vitro and in vivo (Cozzi et al. 1995). Since 

MDMA increases the formation of ROS in rat and mice brain (Colado et al. 1997; 2001; 1999b), 

it is then expected that EA pretreatment can prevent oxidative damage. In addition, EA has been 

shown to regulate intracellular GSH levels in brain tissue of mice by induction of γ-

glutamylcysteine synthetase (Carlsen et al. 2003). Therefore, additional experiments are 

necessary to address in order to study the role of Oat1 in the modulation of the neurotoxic 

thioether metabolites of MDMA. 
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CHAPTER 6 

CONCLUDING REMARKS 

6.1. SUMMARY 

 Our laboratory has provided substantial evidence that thioether metabolites of MDMA, 

including 5-(GSyl)-N-Me-α-MeDA, 2,5-bis-(GSyl)-N-Me-α-MeDA, 5-(NACyl)-N-Me-α-

MeDA, 2,5-bis-(NACyl)-N-Me-α-MeDA, and metabolites of α-MeDA , 5-(GSyl)-α-MeDA and 

2,5-bis-(GSyl)-α-MeDA are, (a) formed in vivo, (b) transported into the brain, (c) produce 

behavioral and neurotoxic effects similar to MDMA (Miller et al. 1997; Bai et al. 1999, 2001; 

Jones et al. 2004), and (d) accumulate into the brain after multiples administration of MDMA. 

 Although the selective serotonergic neurotoxicity of these metabolites has been 

demonstrated, the underlying mechanism involved in the neurotoxicity of these metabolites is 

still unknown. Therefore, studies described in this dissertation were designed to test the 

hypothesis that peripheral metabolism of MDMA and systemically formed thioether metabolites 

contribute to the neurotoxicity. Direct administration of MDMA or MDA into the brain fails to 

reproduce long-term neurotoxicity observed following peripheral administration suggesting that 

systemic metabolism is required to produce serotonergic neurotoxicity. In addition, conjugation 

to GSH lowers the oxidation potential of α-MeDA and N-Me-α-MeDA, suggesting that these 

quinone-thioether conjugates are biochemically reactive (Miller et al. 1995), and may play an 

important role in the development of MDMA-induced neurotoxicity. 5-(GSyl)-α-MeDA has 

been identified in brain (Miller et al. 1995) and acivicin, a γ-GT inhibitor, increases both the 

uptake of 5-(GSyl)-α-MeDA and the neurotoxicity of MDMA and MDA (Bai et al. 2001; Jones 

et al. 2005) suggesting that GSH transporters may contribute to the accumulation of these 

metabolites in brain. 
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  Because multiple dose administration of MDMA is typically used during rave parties, 

studies in Chapter 3 were designed to determine the effect of multiple doses of MDMA on the 

concentration of neurotoxic thioether metabolites, and acute 5-HT release, in rat brain. Peripheral 

administration of MDMA at 12 hr intervals for a total of four injections led to a significant 

accumulation of the N-Me-α-MeDA thieother metabolites in rat brain. In addition, acute release 

of 5-HT concentrations was attenuated after multiple doses of MDMA. More importantly, the 

accumulation of the mercapturic acid metabolites suggest that processes for their elimination 

become saturated under conditions that reflect typical MDMA usage. 

 MDMA is cleared mainly by hepatic metabolism. Thus, MDMA is N-demethylated to 

MDA, and both MDMA and MDA are O-demethylenated to N-Me-α-MeDA and α-MeDA 

respectively (de la Torre et al. 2004). The most important isoenzyme regulating the O-

demethylenation of MDMA and MDA appears to be CYP2D6 (30% metabolism) followed by 

CYP1A2, CYP2B6 and CYP3A4 (Tucker et al. 1994; Maurer et al. 2000, Kreth et al. 2000). 

Since systemically formed metabolites contribute to the neurotoxicity of MDMA, potential 

differences in the activity of enzymes involved in their formation and elimination will likely 

contribute to individual susceptibility to MDMA neurotoxicity. Thus, we examined the 

neurotoxic effects of MDMA in female DA rats, an animal model representative of the human 

PM phenotype of CYP2D6, and in female SD rats model, which represent the EM phenotype 

(Chapter 4). The experiments in the genetic model were then recapitulated pharmacologically, 

using quinine as an inhibitor of CYP2D1 in the female SD rat model. Data showed that MDMA-

mediated serotonergic neurotoxicity is attenuated in both genetic and pharmacological models of 

CYP2D1 deficiency. Thus, MDMA produces lower deficits in brain 5-HT and 5-HIAA 

concentrations in female DA rats. Moreover, this result was replicated when quinine was used to 
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inhibit CYP2D1. The data are consistent with the hypothesis that systemic metabolism of 

MDMA contributes to MDMA-induced serotonergic neurotoxicity and it may be via the 

generation of reactive metabolites (Monks et al. 2004; Jones et al. 2004). 

 As noted above, thioether metabolites of MDMA are, (i) formed in vivo, (ii) transported 

into the brain, (iii) produce behavioral and neurotoxic effects similar to MDMA, and (iv) 

accumulate into the brain after multiple administration of MDMA (Chapter 3). However,  the 

mechanisms regulating the concentration of these metabolites in the brain remain unknown. 

Therefore, in vivo studies using genetic and pharmacological models were designed to examine 

the contribution of various transporters in MDMA neurotoxicity (Chapter 5). In the genetic 

model of Mrp2-deficient (TR-) rats, showed less long-term depletion of 5-HT and 5-HIAA than 

their wild-type Wistar MDMA-treated counterpart. MDMA-treated Mrp1(-/-) knockout mice 

revealed a significant increase in long-term depletions of DA compared to wild-type mice. 

Interestingly, the data also showed that MDMA-induced significant 5-HT depletion in cortex and 

striatum of Mrp1 (-/-) knockout mice, an effect not observed in MDMA-treated wild-type mice. 

  We subsequently pretreated female SD rats with MK571, probenecid or ellagic acid 

inhibitors of Mrp1, Mrp’s (Mrp-1 to -6 and Oat1) and Oat1 (Whitley et al. 2005), respectively. 

The data revealed that MK571 pretreatment had no effect on MDMA-treated increases in the 

long-term depletion of 5-HT or 5-HIAA. In addition, probenecid pretreatment had no effect on 

MDMA-treated increases in the long-term depletion of 5-HT or 5-HIAA either. The data suggest 

that by regulating brain concentrations of the neurotoxic thioether metabolites of MDMA Mrp1 

may subsequently modulate the degree of neurotoxicity. Further studies are clearly necessary to 

delineate the precise mechanisms by which Mrp1 modulates MDMA-neurotoxicity. 
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Finally, we hypothesize that the Oat1 transporter may also regulate brain concentrations 

of the mercapturic acid metabolites of N-Me-α-MeDA (Chapter 3) and α-MeDA (Miller et al. 

1995). Because these metabolites are the most potent serotonergic neurotoxicants of the various 

N-Me-α-MeDA thioethers (Jones et al. 2005), their persistence in brain following systemic 

administration of MDMA will have functional consequences. Interestingly, our results showed 

that EA pretreated animals were less susceptible to MDMA-mediated depletions in 5-HT and 5-

HIAA concentrations. Although in vitro studies have shown that EA (a polyphenolic compound 

found in a wide variety of fruits and nuts such as raspberries, pomegranate, walnuts, grapes, etc) 

is also a potent inhibitor of the OAT family members hOAT1, rOat1, and hOAT4 (Whitley et al. 

2005). EA also possesses antioxidant (Priyadarsini et al., 2002) and anti-inflammatory (Ihantoa-

Vormistro et al. 1997) properties. Thus, EA can scavenge both oxygen and hydroxyl radicals and 

inhibit lipid peroxidation and 8-OhdG formation in vitro and in vivo (Cozzi et al. 1995; Takagi et 

al. 1995; Laranjinha et al. 1996; Iino et al. 2001). Since MDMA increases free radical formation 

in rat and mice brain (Colado et al. 2001), EA pretreatment might provide protection by 

preventing oxidative damage against neurotoxicity. Therefore, additional experiments need to be 

conducted in order to delineate the role of Oat1 in regulating brain concentrations of the 

neurotoxic thioether metabolites of MDMA. 
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6.2.   FUTURE DIRECTIONS 

 Results from this dissertation have provided insights into the role of quinone-thioether 

metabolites into the serotonergic neurotoxicity of MDMA and MDA. Although the studies have 

elaborated on our understanding of the contribution of systemic metabolism and the 

accumulation in the brain of thioether metabolites following peripheral administration of 

MDMA, further mechanistic studies are necessary to define the processes by which these exact 

neurotoxic metabolites gain access and egress from the brain. The initial step in the metabolism 

of MDMA includes CYP2D1 catalyzed demethylenation/demethylation to the catechol 

metabolites N-Me-α-MeDA/MDA/α-MeDA. These catechols subsequently undergo COMT-

catalyzed O-methylation. Further in-vivo evaluation of the contribution of this metabolic step 

using specific COMT inhibitors would be important to evaluate the importance of this step in 

limiting the fraction of the catechols that undergo oxidation and GSH conjugation. In addition, 

the use of CYP2D6 humanized mice would allow an evaluation of the contribution of CYP2D6 

in MDMA-mediated neurotoxicity. Such a study would provide valuable insights on the role of 

metabolism in determinating species dependent in response to MDMA. 

The residency of metabolites of N-Me-α-MeDA within the brain parenchyma depends 

upon a variety of factors including the activity of the mecapturic acid pathway, enzymes, and the 

export of the thioether metabolites, which may be mediated by different Mrp’s (GSyl-N-Me-α-

MeDA’s) and Oat1 (NACyl- N-Me-α-MeDA’s) transporters. Further mechanistic evaluation of 

the contribution of these particular transporters would be beneficial. Also having demonstrated 

the ability to accumulate the mercapturates within the striatum, the actual interaction of these 

metabolites with neuronal proteins should be determined. The finding that pretreatment of rats 

with EA was protective against MDMA-induced neurotoxicity warrants further investigation into 
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the precise mechanism by which EA provides protection. This would involve testing the role of 

its antioxidant properties with its ability to inhibit organic anion transport. It should be noted that 

other antioxidants, such as ascorbic acid, selenium and vitamine E, can all attenuate MDMA-

mediated neurotoxicity (Shankaran et al. 2001; Sanchez et al. 2003; Imam and Ali 2000; Johnson 

et al. 2002).  

The majority of the studies reported in this dissertation have been conducted in vivo, such 

studies should be complemented with cerebral microvessel endothelial cells isolated from the 

BBB, and in combination with radiolabeled N-Me-α-MeDA thioether conjugates as an in vitro 

model to examine the extent to which these metabolites interact with various transporters. The 

use of pharmacological probes in this model would also allow us to identify the relevant 

transporters (influx and/or efflux). It is also important to identify potential neuronal target 

proteins for these thioether conjugates within the brain, since changes in structure and/or 

function may follow adduct formation. 

In summary, this dissertation supports the hypothesis that peripheral metabolism is 

necessary for the development of MDMA-induced neurotoxicity. The mechanisms by which 

these novel neurotoxic metabolites induce neurotoxicity and their interaction with 5-HT nerve-

terminals deserve further investigation. 
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