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ABSTRACT 

3,4-(±)-Methylenedioxymethamphetamine (MDMA, ecstasy) is a widely 

abused amphetamine derivative.  The metabolism of MDMA is thought to be a 

necessary component of MDMA-induced neurotoxicity, as direct administration of 

MDMA into the central nervous system of rats failed to reproduce the hallmark 

serotonin deficits seen following systemic administration of MDMA.  Mechanistic 

questions remain regarding how MDMA elicits this neurotoxicity.  Work of this 

thesis was undertaken to examine how MDMA-induced neurotoxicity is affected 

by the activity of two polymorphic enzymes involved in the metabolism of MDMA, 

namely cytochrome P450 family member 2D6 (CYP2D6) and catechol-O-

methyltransferase (COMT), as well as the potential role microglia play in the 

facilitation of this neurotoxicity. 

 Inhibition of CYP2D1, the homolog of human CYP2D6 in the rat, resulted 

in an attenuation of serotonergic neurotoxicity following MDMA-administration.  In 

both a pharmacological model and a genetic model of CYP2D1 inhibition, 

serotonin deficits were alleviated when compared to normal-activity CYP2D1 

counterparts.   

 Inhibition of COMT, the primary detoxication enzyme in the MDMA 

pathway, resulted in potentiation of MDMA-induced neurotoxicity.  In a 

pharmacological model of COMT inhibition, rats displayed greater long-term 

serotonin deficits after COMT inhibition.  Mice devoid of COMT proved sensitive 
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to the lethal hyperthermic effects of MDMA, illustrating the importance of this 

enzyme in preventing the acute toxicity of MDMA. 

 Brain lesions often elicit a microglial response.  Microglia have the 

potential of both beneficial and deleterious actions in the brain.  Whether 

microglia are activated by nerve terminal degeneration produced by MDMA is an 

area of ongoing debate.  Systemically delivered MDMA produces a modest 

increase in the amount of microglial cells present in the parietal cortex of rats 

over a one-week period.  MDMA also increased the phagocytic activity of 

microglia in the cortex.   

 The studies described herein support the hypothesis that metabolism is 

critical in MDMA-induced neurotoxicity.  Furthermore, as both CYP2D6 and 

COMT are polymorphic in the human population, certain individuals are more at 

risk for severe serotonergic toxicity following MDMA administration.  Finally, while 

microglia are likely not the cause of MDMA-induced neurotoxicity, contributions 

of these cells cannot be dismissed. 
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CHAPTER 1 

INTRODUCTION 

1.1.  MDMA HISTORY AND USE 

 The year was 1912 and the place was Darmstadt, Germany.  The 

pharmaceutical company, Merck, was attempting to produce an antihemorrhagic 

agent known as hydrastinin.  A competitor, Bayer/Elberfeld, already held the 

patent for this drug, so in efforts to evade the standing patent, scientists at Merck 

were attempting to patent a novel synthetic method for hydrastinin or the 

methylated analog, methylhydrastinin.1  Methylhydrastinin proved to be equally 

efficacious as hydrastinin and patent number 274350 was granted to Merck in 

1914, retroactively beginning December 24, 1912.  Within the patent were listed 

a number of important intermediates, one such compound being given the name 

‘methylsafrylamin.’  The name has since changed, but this is the first known 

mention of MDMA. 

 Between 1912 and 1960, experiments examining MDMA were conducted 

only a handful of times.  The first pharmacological tests with MDMA, then called 

‘safryl-methyl-amin’, were performed by Merck’s Dr. Max Oberlin in 1927.  Dr. 

Oberlin noted that MDMA was structurally similar to ephetonine and adrenaline, 

and that MDMA was more toxic than ephetonine.1  MDMA was shelved until 

1952, when Merck’s Dr. Albert van Schoor performed an experiment in which he 

noted the death of flies after 30 minutes of exposure to MDMA.  In 1953-1954, 

researchers at the University of Michigan operating under funding from the U.S. 
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Army (Army Chemical Center Contract DA-18-108-CML-566) determined the 

LD50 values in various species of eight compounds structurally related to the 

hallucinogen, mescaline.2  One of these compounds, called 3,4-Methylenedioxy-

N,α-dimethyl-β-phenylethylamine in the study, was MDMA.  The LD50 values 

reported from this study are given in Table 1.1.  Another interesting finding from 

this study was that the N-demethylated MDMA metabolite, MDA (termed 3,4-

methylenedioxy-α-methyl-β-phenylethylamine in the study) proved to be the most 

acutely toxic of all the mescaline analogs tested. 

 MDMA would also be used by the military in the classified MK-ULTRA 

program that ran through the 1950’s into the 1960’s.3  The military was trying to 

determine if MDMA might be used as a weapon or as an agent that would allow 

for greater information extraction during interrogations.  Apparently, MDMA 

showed little use as a weapon or interrogation agent because the military ceased 

its research on MDMA and the MK-ULTRA program in 1973. 

Drug 
Tested 

Species and Route of 
Administration 

LD50 in mg/kg of 
HCl salt 

LD50 in mmol/kg 
of base  

Mouse (ip) 97 0.42 
Rat (ip) 49 0.21 

Guinea pig (ip) 98 0.43 
Dog (iv) 14 0.06 

MDMA 

Non-human primate (iv) 22 0.09 
Mouse (ip) 68 0.32 

Rat (ip) 27 0.13 
Guinea pig (ip) 28 0.13 

Dog (iv) 7 0.03 
MDA 

Non-human primate (iv) 6 0.03 
Table 1.1:  LD50 values of MDMA and MDA.2 
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 Perhaps the most notorious researcher of phenylethylamines, including 

MDMA, and an individual that brought recognition of MDMA to a greater 

audience in society, was Alexander Shulgin.  Dr. Shulgin noted in a publication 

from 1978 that while the testing of psychotomimetic drugs in animals is 

important, “the ultimate purpose of research in this area is to alleviate human 

illness and to provide for human needs.”4  He was adamant that as these drugs 

were ultimately going to be used in man that the risk and benefit analysis of such  

therapeutics must also be made using humans as the model species.  Dr. 

Shulgin seemed frustrated that approval to test psychotomimetics in humans was 

nearly impossible to obtain due to the widely held notion that these agents held 

little value and high risk, and that defaulting to animal models held a degree of 

hypocrisy, as exploratory studies in these models still relied upon human 

assessment to determine pharmacological effects and potency of the drugs.  A 

number of psychologists and researchers agreed with Dr. Shulgin as MDMA was 

subsequently found to foster communication and increase empathy in therapeutic 

counseling sessions.3  A number of reports began to emerge about the 

therapeutic benefits of MDMA, and continue to surface.5-9   

 The Drug Enforcement Agency (DEA) became involved with MDMA 

around the same time the psychology field was becoming interested with MDMA.  

Despite protests from a number of physicians, the DEA classified MDMA as a 

Schedule I drug in 1985.10  Media coverage of the scheduling proceedings of 

MDMA were robust and ultimately led to a drastic increase in both demand and 
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use of MDMA.  A number of toxicological assessments of MDMA also began in 

earnest following these scheduling proceedings.  The resounding conclusion 

from these studies was that MDMA is capable of potentiating dysregulation of the 

serotonergic system in humans and a number of animal models. 

 MDMA is among the most abused illicit substances worldwide.  MDMA is 

reported to induce an easily controlled altered state of consciousness marked by 

a state of euphoria and feelings of closeness to others.11  These effects led to 

MDMA being classified as an “entactogen” or “empathogen” which roughly 

translates as a class of psychoactive compounds that are capable of producing 

feelings of empathy in the user.12  These feelings of euphora and empathy 

explain the allure of the drug and why demand for MDMA is relatively high.  The 

National Institute on Drug Abuse (NIDA) releases an annual survey known as 

Monitoring the Future (MTF) that aims to estimate the usage trends of a variety 

of drugs over time.  In the 2012 survey, it was estimated that 7.2 percent of 12th 

grade students had used MDMA at least once in their lifetime, and 3.8 percent 

had used MDMA at least once in the last year.13  Furthermore, data from the 

MTF survey indicate that MDMA is among the easiest of the illicit drugs to obtain, 

and the perceived harmfulness of MDMA is well below that for other drugs, such 

as LSD, cocaine, heroin, and methamphetamine. 

 The mechanisms underlying MDMA-mediated toxicities are poorly 

understood, and to complicate matters, MDMA is often taken in combination with 

other drugs.14,15  This polydrug use may occur willfully.  However, individuals 
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using clandestine MDMA tablets may be subjecting themselves unknowingly to a 

number of compounds simultaneously.  Analysis of MDMA tablets collected in 

2012 reveals that of pills marketed as MDMA, only 30% contained MDMA alone, 

50% contained zero MDMA, and 20% contained MDMA combined with various 

other psychoactive compounds such as caffeine, methamphetamine, 

methylenedioxypyrovalerone, MDA, and various piperazine derivatives 

(examples of MDMA structurally related compounds are illustrated in Figure 

1.1).16  A number of these compounds are also capable of causing neurotoxicity, 

so co-administration of these compounds with MDMA may result in amplification 

of neurotoxic effects.  Indeed, studies performed in animals demonstrate that co-

administration of MDMA with methamphetamine exacerbates both the 

hyperthermic response and monoamine depletion compared with treatment with 

MDMA alone.17  MDMA given concurrently with caffeine also augmented the 

hyperthermic response of MDMA.18  The mechanisms underlying MDMA-induced 

neurotoxicity are complex, and the confounding factor of polydrug use 

complicates both the mechanistic complexity as well as overall drug toxicity. 

1.2. MDMA DOSAGE AND SPECIES SCALING 

    1.2.1. Route of Administration and Dosages 

 MDMA is most often administered orally in humans.  Tablets of MDMA 

vary widely with respect to the amount of MDMA present, ranging between 0 mg 

to 245 mg per pill.19  Furthermore, it is not uncommon for individuals to take 

multiple doses of MDMA over the course of a single MDMA “session.” One study  
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Figure 1.1. Phenylethylamine Derivatives 
 
 Chemical structures of phenylethylamines structurally related to MDMA.  
Endogenous monoamine neurotransmitters shown include the 
phenylethylamines, dopamine and norepinephrine.  Serotonin is shown for 
comparison. 
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estimated that there were approximately 6.7 million MDMA “sessions” per year in 

the United Kingdom alone around the turn of the 21st century.20  Sampling of 18-

30 year olds in the general population indicates between 5-15% of these 

individuals have used MDMA at least once in their lifetime.  However, amongst 

rave attendees this number skyrockets to between 80-96%.21  Raves are parties 

that typically last all evening, and are characterized by excessive visual and 

auditory stimuli, crowded conditions, and masses of dancing individuals.  These 

parties are compelling events to attend for MDMA users because they allow the 

experience of these stimuli in the altered state of consciousness provided by 

MDMA in the company of a large contingent of like-minded individuals.  

Experiments with MDMA in animal models have utilized many different 

dosing paradigms.  In the most extensively studied model, the rat, MDMA has 

been administered orally, subcutaneously, intraperitoneally, intraveneously, and 

intracranially.22-24  The importance of route of administration is illustrated by the 

differing LD50 values obtained for MDMA in rat depending on which 

administrative route is employed (49 mg/kg intraperitoneal versus 160 mg/kg 

oral)25 as well as different plasma concentrations of MDMA reached after 2 

mg/kg or 10 mg/kg doses of MDMA were administered either orally, 

intraperitoneally, or subcutaneously.23  Experiments in non-human primates, 

which replicate the serotonergic dysregulation seen in humans, typically employ 

either oral or subcutaneous dosing paradigms.26  In both the rat and primate 

models, MDMA delivered parenterally appears to exacerbate the toxicy, as 
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evidenced by potentiation of long-term serotonergic deficits26, or by decreasing 

LD50 values.27  

 In a controlled laboratory study, plasma concentrations in humans have 

been shown to reach a mean Cmax of 0.203 mg/L after oral administration of a 

single dose of 100 mg MDMA28 and up to 0.84 mg/L in an individual after 

attending a rave.29  Concentrations of MDMA found in the urine of humans range 

between 5.8 and 20.3 mg/L after an oral dose of 1 mg/kg MDMA and between 

7.0 and 54.7 mg/L after a 1.6 mg/kg oral dose of MDMA.30  In a squirrel monkey 

model, a single dose of 7.4 mg/kg MDMA produced a plasma Cmax of 1.23 mg/L if 

given via a subcutaneous route and 0.77 mg/L if given via an oral route.31  In a 

rat model, 10 mg/kg of the S-enantiomer of MDMA, which produces more potent 

behavioral effects but has a shorter half-life than the R-enantiomer32, delivered 

subcutaneously yielded a plasma Cmax of 0.196 mg/L in male Sprague-Dawley 

rats, 0.168 mg/L in female Sprague-Dawley rats, and 0.506 mg/L in female Dark 

Agouti rats.33  However, a more recent study determined that a 10 mg/kg dose of 

racemic MDMA yielded plasma Cmax values of 2.26 mg/L (ip), 1.13 mg/L (sc), and 

0.97 mg/L (po) in male Sprague-Dawley rats.23 

The dose and route of administration of MDMA determines a variety of 

pharmacokinetic parameters and the toxicity profile.23,26,31  This has led to a 

debate over the optimal dosing paradigm to utilize during in vivo experimentation 

with MDMA.  Results of such investigations have also led to discussions of 

interspecies scaling and their validity in MDMA research. 
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    1.2.2. Interspecies Scaling Considerations 

 Interspecies scaling is a technique by which pharmacokinetic properties of 

a drug are estimated in humans by using data obtained in other species.  In the 

case of MDMA, arguments on both sides of the validity of the species scaling 

debate have been made.  McCann and Ricaurte (2001) have suggested that the 

equation: Dosehuman = Doseanimal(Weighthuman/Weightanimal)0.7 can be accurately 

used to determine the equivalent dose of MDMA in the human when an X mg/kg 

dose is administered to another species.34  Using a 250 g rat as an example, if a 

20 mg/kg dose of MDMA is selected, it would be considered equivalent to a 5.6 

mg/kg dose in humans.  In a study performed via survey from Winstock et al 

(2001), over half of respondents admitting MDMA use reported maximum tablets 

consumed in a single session to be 5 or more.35  As tablets of MDMA typically 

contain between 75 and 100 mg of MDMA20, 5 tablets of MDMA containing 75 

mg each, consumed by a 70 kg individual, yields a dosage of ~5.4 mg/kg.  So, if 

the aforementioned equation is used to compare the 20 mg/kg dose typically 

used in rats to the situation described above in the human condition, the 20 

mg/kg dose in rat is justifiable. 

Scaling estimates tend to over- or under-estimate a variety of 

pharmacokinetic properties36, however, and with MDMA the situation is 

confoundied by the complexity of MDMA-induced toxicity.  De la Torre and Farré 

(2004) note that enzymes of different species exhibit different kinetic parameters, 

and MDMA-mediated inhibition of these enzymes also varies from species to 
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species, limiting the efficacy of allometric scaling with regards to MDMA, the 

neurotoxicity of which is dependent upon metabolic activation.37  Indeed, simple 

allometric scaling by body weight is considered inappropriate in the case of 

MDMA, both due to the dependence of metabolism in MDMA-induced toxicity 

and to potential species differences in MDMA pharmacokinetics.38  However, it 

should be noted that MDMA-induced hyperthermia, serotonergic dysfunction, and 

cardiovascular changes are consistent across most species investigated.39 

 This debate has led to the proposal of an alternative scaling method 

known as “effect scaling.”40,41  Effect scaling essentially means that the lowest 

dose that produces a pharmacological response in a particular species is 

considered the threshold dose for that species.  All subsequent dosing 

paradigms then use these threshold doses in their calculations.  Baumann et al 

(2007) reviewed the literature and found that threshold doses of MDMA, for 

parameters such as monoamine release, prolactin and glucocorticoid secretion, 

and drug discrimination were all nearly identical in the rat (1-3 mg/kg, ip) and 

human (1.5 mg/kg, po).41  The eventual conclusion of this review was that 

allometric scaling between rats and humans with respect to MDMA dose was 

completely unwarranted.   

The debate over whether or not species scaling should be employed with 

regards to MDMA administration is an important one, especially for those who 

aim to ultimately utilize MDMA as an adjunct to psychotherapy.42  However, the 

aim of our laboratory is to determine mechanisms by which MDMA might be 
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neurotoxic, and to assess how perturbations of enzymes involved in the 

metabolism of MDMA may mediate its neurotoxicity.  Due to the fact that a 20 

mg/kg dose in rat seems to be the point at which neurotoxicity is achieved41,43,44, 

our studies in rat utilize this dosing regimen.  Furthermore, MDMA dose-plasma 

concentration curves are similar between humans and rats at doses below 2.5 

mg/kg, but thereafter begin to diverge, with humans showing much greater 

increases in plasma concentration with only small increases in dose 

administered.45  Therefore, the 20 mg/kg dose of MDMA administered to rats 

found in the majority of studies in this thesis essentially represents a large, single 

dose of MDMA in the human situation. 

1.3. PHARMACOLOGY OF MDMA 

    1.3.1. Mechanism of Action 

 Administration of MDMA results in the release of a number of monoamine 

neurotransmitters in various regions of the brain.46  Among the neurotransmitters 

released are serotonin (5-HT)47,48, dopamine (DA)47,48, and norepinephrine 

(NE).49  As might be expected, release of these neurotransmitters coincides with 

areas heavily innervated with nerve terminals such as the frontal and parietal 

cortex, caudate, nucleus accumbens, and the hippocampus.  MDMA-induced 5-

HT release was shown to be independent of calcium in vitro, by continued 

release of 5-HT from primary cultures of dorsal raphe neurons, both in the 

presence of calcium channel blockers and in media devoid of calcium.50  

Furthermore, this 5-HT release was not dependent upon the neurotransmitter 
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being vesicularized, as cells undergoing a vesicular 5-HT depletion protocol 

showed no attenuation of MDMA-induced 5-HT release.50  These findings are 

contrary to those of Crespi et al (1997) who found that synaptosomes prepared 

from hippocampus of Sprague-Dawley rats showed partial, but significant, 

dependence on calcium to elicit MDMA-induced 5-HT release.51  Taken together, 

the data suggest that MDMA does not solely cause release of monoamines 

through the exocytosis of vesicular stores of neurotransmitters, as is the case 

when neurons respond to physiologically relevant electrical stimuli.  Rather, it 

indicates that MDMA causes release of a cytoplasmic pool of neurotransmitter 

likely through reversal of function of monoamine reuptake transporters, such as 

the 5-HT reuptake transporter (SERT).52 

 MDMA is proposed to gain entry into monoaminergic nerve terminals both 

via uptake through SLC6 neurotransmitter transporter family members, such as 

the norepinephrine reuptake transporter (NET) and SERT53, but also possibly by 

simple diffusion.54  Once inside the neuron, MDMA elicits a wide range of effects, 

most seemingly geared towards increasing the efflux of monoamine 

neurotransmitters, and increasing the time in which these neurotransmitters may 

act upon their target receptors.  MDMA increases the amount of cytoplasmic 5-

HT by inducing vesicular efflux via decreasing the ΔpH between the vesicle 

lumen and cytoplasm at high concentrations of MDMA, or by preventing 5-HT 

uptake into storage vesicles via inhibition of VMAT2 at lower concentrations of 

MDMA.55  Indeed, MDMA is capable of inhibiting the vesicular monoamine 



 32 

transporter 2-mediated uptake of cytoplasmic monoamines at concentrations 

much less than those required to promote efflux of neurotransmitter from these 

synaptic vesicles.56  These actions increase the cytoplasmic pool of free 

neurotransmitter available for efflux into the synaptic cleft through reversal of 

SERT function, which putatively occurs through a mechanism involving 

amphetamine-mediated increases in intracellular sodium, promoting efflux rather 

than uptake of neurotransmitters.57  MDMA also inhibits monoamine oxidase A 

(MAOA) and, to a lesser extent, monoamine oxidase B (MAOB), which interferes 

with the catabolism of monoamines and affords these neurotransmitters more 

time to act upon their target receptors.58  Administration of MDMA first promotes 

the release of neurotransmitter and then permits these monoamines greater 

synaptic exposure by preventing their reuptake via SLC6 transport proteins and 

inhibiting their catabolism. 

 5-HT, DA, and NE have all been released following the administration of 

MDMA.46  The greatest effects seem to be seen in the serotonergic system, 

where MDMA (3 mg/kg or 9 mg/kg, sc) produces a substantial increase in 

extracellular 5-HT within 30 minutes of administration.59  Pretreatment with 

inhibitors of the SERT protein suppresses this increase in extracellular 5-HT.60  

MDMA also releases DA, but this effect is enhanced by 5-HT release, as 

pretreatment with the SERT inhibitor, fluoxetine, decreases the amount of 

extracellular DA detected following MDMA administration.60,61  Moreover, if 

neuronal electrical impulses are blocked with tetrodotoxin, MDMA-induced DA 
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release is somewhat attenuated, suggesting input from other neuronal types is 

involved in MDMA-induced DA release.47  This serotonergic regulation of DA 

release appears to be modulated by 5-HT2A and 5-HT2C receptors, as 

antagonism of these receptors leads to this decrease in dopamine release47, and 

stimulation of these receptors leads to elevations in dopamine release.62  

Microdialysis studies investigating NE release following MDMA administration are 

lacking, but MDMA has proven capable of inducing NE release in vitro.49  MDMA 

exhibits the highest affinity for the NET transporter when compared against the 

dopamine reuptake transporter (DAT) and SERT transporters53 and, in the 

hippocampus, inhibition of the NET protein diminished the release of DAA from 

noradrenergic terminals.63  Furthermore, plasma concentrations of NE increased 

in humans following MDMA (125 mg, po) treatment.64  MDMA-induced NE 

release also seems to include input from the serotonergic system, as 

pretreatment with the SERT inhibitor, citalopram, alleviated NE-mediated 

cardiovascular effects, such as heart rate and blood pressure in humans given 

MDMA (1.5 mg/kg, po).65   

    1.3.2. Physiological and Psychological Acute Effects of MDMA 

 Human participants in MDMA studies have reported a wide variety of 

subjective effects after MDMA consumption that include somatic (bruxism, 

fatigue, temperature changes, accelerated heartbeat, sweaty palms, and dry 

mouth), emotional (affection, peacefulness, euphoria, and decreased 

defensiveness), cognitive (confused thought, memory trouble, and increased 
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alertness), sexual (increased arousal and decreased sexual desire) perception-

based (visual, auditory, or tactile effects, and hallucinations), sleep, and appetite 

effects.66  Although such effects appear contradictory, they vary from study to 

study and individual to individual.  However, the hallmark effects of MDMA use, 

euphoria and affection, were consistently among the most frequently reported 

effects from participants in over 10 studies as reviewed by Baylen and 

Rosenberg (2006).66  The measurable physiological effects of MDMA include 

ataxia, increased body temperature, and cardiovascular effects such as 

increased heart rate and blood pressure.67-69  The physical effects of MDMA are 

far less varied than the subjective effects, with subjects consistently showing 

increases in heart rate, blood pressure, and temperature following administration 

of MDMA.         

 Both the short-term physiological and psychological effects of MDMA can 

be attributed to the acute release of monoamine neurotransmitters.  A variety of 

inhibitors directed against neuronal transporters and receptors have been able to 

discern which neurotransmitters are responsible for the various effects of MDMA.  

Pretreatment with citalopram (40 mg, iv), a selective serotonin reuptake inhibitor 

(SSRI), in human volunteers prior to administration of MDMA (1.5 mg/kg, po) 

abolished the majority of the acute psychological effects of MDMA.70  This is not 

surprising, as SERT is critical in the mechanism of action of MDMA71, and 

inhibition of this protein should limit overall MDMA efficacy.  Subjective effects, 

such as elevated mood, thought disturbances, and perceptual alterations, were 
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diminished following citalopram pretreatment, as were cardiovascular effects, 

such as blood pressure and heart rate.  Blockade of 5-HT2 receptors also 

diminished some of the effects of MDMA.72  MDMA interacts with 5-HT2 

receptors73, an effect common with hallucinogens, which could account for the 

altered perception sometimes associated with MDMA use.74  Indeed, 

pretreatment with the 5-HT2 antagonist, ketanserin (50 mg, po), diminished 

MDMA-induced altered perception effects while not significantly changing 

elevated mood effects.72  Blood pressure and heart rate were also reduced in the 

combination treatment group of MDMA and ketanserin, although ketanserin 

alone reduced these measures when compared against placebo.  Thus, both the 

physiological and psychological effects of MDMA (especially mood) depend upon 

the carrier-mediated release of 5-HT.71 

 The collective data in the literature implicates 5-HT as being the crucial 

neurotransmitter involved in eliciting the effects of MDMA; however, both DA and 

NE contribute to the complexity of the MDMA experience.  In a study where 

human volunteers were pretreated with a D2 receptor antagonist, haloperidol (1.4 

mg, iv), MDMA produced an altered state of being, devoid of the characteristic 

sense of euphoria.75  This implicates the dopaminergic system as a crucial 

mediator of the positive psychological effects of MDMA such as euphoria, 

affection, and self-confidence.  However, cardiovascular effects were unchanged 

with pretreatment of haloperidol, suggesting that the physiological effects of 

MDMA are not DA-mediated.  Furthermore, the use of the nonselective DAT/NET 
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inhibitor, methylphenidate, in primates was unable to reverse the MDMA-induced 

deficits in a learned-task assay.76  Pretreatment of humans with the NET 

inhibitor, reboxitine (8 mg, po), decreased levels of circulating NE, blood 

pressure, and some, but not all, of the psychostimulant properties of MDMA.77  

When MDMA was given after blockade of α1 and β adrenergic receptors, 

reductions in blood pressure and body temperature were noted, with no 

significant effect on subjective psychological effects, illustrating that NE is critical 

in the physiological effects elicited by MDMA.78 

    1.3.3. MDMA Metabolism 

 MDMA metabolism is an area of great interest since metabolism differs 

between species and metabolism of MDMA is a crucial mediator of MDMA-

induced neurotoxicity, as direct injection of MDMA into the brain fails to 

recapitulate the neurotoxicity observed following peripheral administration.79,80  

There are two major initial routes of MDMA metabolism: N-demethylation and O-

demethylenation (Figure 1.2).37,81  N-demethylation of MDMA yields 3,4-

methylenedioxyamphetamine (MDA).  This is a minor metabolic step in humans, 

achieving only 8-9% of the plasma concentrations of the parent MDMA.81  In the 

rat, however, this is a major metabolic pathway, and concentrations of MDA 

found in the brain increase in a dose-dependant fashion.33  In the mouse, which 

displays an uncharacteristic dopaminergic toxicity when administered MDMA, 

43% of a 10 mg/kg dose of MDMA was recovered as parent compound in the 

urine within 24 hours, whereas only 16% of the identical dose was recovered as 
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MDMA in rat.82  The enzymes that catalyze the N-demethylation also differ 

between species.  In humans, there is no high-affinity hepatic enzyme that 

catalyzes N-demethylation, but cytochrome P450 family members 2B6, 1A2, and 

3A4 may all be capable of low-affinity N-demethylation.83  In the rat, this reaction 

is carried out by CYP1A2 and CYP2D1.84  Subsequent to N-demethylation, 

MDMA and MDA undergo parallel metabolic paths (Figure 1.2).37 

 O-Demethylenation of MDMA yields the catechol, N-methyl-α-

methyldopamine (N-me-α-MeDA, sometimes referred to as 

dihydroxymethamphetamine or HHMA) and α-methyldopamine (α-MeDA, also 

referred to as dihydroxyamphetamine or HHA) from MDA.  This reaction is 

catalyzed in humans preferentially by CYP2D6, followed by the lower affinity 

reactions catalyzed by the enzymes CYP1A2 and CYP3A4.83  Rats do not 

display a true homolog of the human enzyme CYP2D6, but the ortholog CYP2D1 

appears to be the high affinity enzyme catalyzing O-demethylenation of MDMA 

and MDA.85  The CYP2B family also appears to contribute to O-demethylenation 

in rat, though at lower affinity than that of CYP2D6.  The catechols formed from 

these reactions are now at a crossroads where benign, readily-excretable 

metabolites may be formed or reactive oxygen species (ROS)-inducing 

compounds and putative neurotoxic metabolites could be formed.   

 A variety of phase II hepatic enzymes are capable of catalyzing reactions 

using N-me-α-MeDA or α-MeDA as substrates.  During a urinary analysis,  
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Figure 1.2. Metabolism of MDMA 

 MDMA is N-demethylated by cytochrome P450 family members in rats 
(listed in red) or humans (listed in black) to form MDA (1), though this is a minor 
metabolic step in humans.  MDMA and MDA undergo similar biotransformation 
thereafter.  O-demethylenation is carried out by various cytochrome P450 
enzymes (preferentially by CYP2D family members in both rats and humans) to 
yield the catechols, N-me-α-MeDA (2) or α-MeDA (3).  These catechols are 
substrates for a variety of phase II hepatic enzymes (SULT, UDPGT, COMT) that 
form sulfonyl-, glucuronyl-, or methyl-metabolites.  Biotransformation via COMT 
appears to be the preferential route30, yielding 4-hydroxy-3-methoxy-
methamphetamine (HMMA) (4) and 4-hydroxy-3-methoxy-amphetamine (HMA) 
(5) from MDMA and MDA, respectively.  These methylated metabolites can be  
further metabolized via SULT and UDPGT enzymes, yielding a variety of 
sulfonated or glucuronylated metabolites that are excreted via urine.30  However, 
N-me-α-MeDA and α-MeDA can also oxidize to form quinone species which can 
ultimately lead to formation of thioether conjugates (6 and 7) which are putative 
neurotoxicants. 
 
Abbreviations: CYP, cytochrome P450; COMT, catechol-O-methyltransferase; 
SULT, sulfotransferase; UDPGT, uridine diphosphate glucuronyltransferase 
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Schwaninger et al (2011) detected a number of methylated-, sulfonated-, or 

glucuronidated-metabolites of N-me-α-MeDA and, to a lesser  

extent, α-MeDA in humans given either 1 mg/kg or 1.6 mg/kg MDMA.30 

Sulfation of either the catechols or hydroxy-methoxy metabolites of MDMA 

represented the high-affinity conjugation reaction, with 2-10 times greater 

efficiency than the glucuronidation reactions.86  Of the sulfonation reactions, the 

substrate displaying the lowest Km and highest Vmax was HMMA.  Indeed, the 

methylated metabolites of MDMA, HMMA and HMA are recovered as a 

significant proportion of total MDMA in both rats and humans, illustrating the 

substantial role COMT plays in the metabolism of MDMA.30,82  The majority of the 

dose of MDMA is recovered in the urine as parent compound or either 

glucuronyl- or sulfonyl-conjugates within 24 hours after administration.30  

Furthermore, maximum plasma concentrations of MDMA and HMMA were 

roughly equivalent in humans given 1.4 mg/kg MDMA (po, ~190 µg/L), 

supporting the notion that the major metabolic pathway in humans is O-

demethylenation via CYP2D6 followed by O-methylation via COMT.87     

 The fraction of the catechol metabolites that does not undergo conjugation 

via one of the phase II hepatic enzymes is susceptible to auto-oxidation, or 

potentially enzymatic oxidation by enzymes such as cyclooxygenase to yield the 

corresponding ortho-quinone (Figure 1.3).88  This is the initial reaction that has 

the potential to increase the ROS burden induced by MDMA.  Quinones are 

electrophiles and are susceptible to nucleophilic  
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Figure 1.3. Oxidation of N-me-α-MeDA and ROS Generation 
 
 MDMA is O-demethylenated to yield the catechol compound, N-me-α-
MeDA (1).  Failing conjugation via phase II hepatic enzymes, the catechol may 
oxidize to a semi-quinone intermediate (2) followed by full quinone formation (3).  
This semi-quinone to quinone reaction is reversible, providing a means by which 
MDMA metabolites may redox cycle to increase ROS species burden.  The 
ortho-quinone species (3) is an electrophile, and is susceptible to nucleophilic 
attack by glutathione to yield 5-(GSH)-N-me-α-MeDA (4).  This thioether 
metabolite can also undergo oxidation, eventually yielding a GSH-conjugated 
ortho-quinone species (6) that can also redox cycle through its semi-quinone 
intermediate (5).  The GSH-conjugated ortho-quinone can alternatively accept 
another molecule of glutathione, yielding 2,5-bis-(GSH)-N-me-α-MeDA (7).  Not 
shown in this figure are N-acetylcysteine conjugated N-me-α-MeDA metabolites, 
which share a similar capability to redox cycle. 
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attack by the body’s favored anti-oxidant, glutathione.89 The thioether metabolites 

are also capable of redox cycling through a semi-quinone radical, further  

increasing the ROS burden of these compounds.89  Failing conjugation with 

glutathione, the quinone species may form covalent adducts with a variety of 

cellular proteins through addition to cysteine residues within those proteins.90 

 Thioether metabolites have been found in the dialysate of rat CNS as well 

as human urine in individuals peripherally administered MDMA.  A single dose of 

MDMA (20 mg/kg, sc) in rat was sufficient to detect 5-(GSH)-N-me-α-MeDA, 5-

(NAC)-N-me-α-MeDA, 2,5-bis-(GSH)-N-me-α-MeDA, and 2,5-bis-(GSH)-N-me-α-

MeDA in striatal dialysate of adult male Sprague-Dawley rats (range of 25-50 

pmol/10 µL of dialysate at peak concentrations).91  Detection of N-acetylcysteine 

(NAC)-conjugates in urine of human volunteers administered MDMA (1.5 mg/kg, 

po) has also been reported.92   

The majority of MDMA metabolism is thought to occur in the liver93, but 

CYP2D6, COMT, and γ-GT are all present in the brain94-96.  In a study comparing 

plasma concentrations of HMMA and MDA against brain tissue concentrations of 

these metabolites in the rat, the brain was found to have a higher proportion of 

MDA to HMMA than that of the plasma.97  This indicates that the brain is likely 

capable of facilitating MDMA metabolism, even if it is at a reduced capacity 

compared to hepatic metabolism.  No study to date has attempted to detect 

MDMA metabolites in the brain of animals administered MDMA intracranially. 
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1.4. POLYMORPHISMS OF ENZYMES INVOLVED IN MDMA METABOLISM 

    1.4.1. CYP2D6 Polymorphisms 

 Cytochrome P450 2D6 is highly polymorphic in the human population, with 

over 80 allelic variants identified.98  CYP2D6 comprises only 2-5% of all hepatic 

CYP isozymes, but it is involved in the metabolism of an estimated 25% of all 

marketed drugs, and many of those are psychoactive, such as antidepressants, 

antipsychotics, and opiods.99  CYP2D6 is located on chromosome 22 in humans, 

in an area known as the CYP2D cluster.100  CYP2D6 is the only reported full-

length functional gene in the 2D family in humans.  There are reported to be 7 

normal or increased activity alleles (eg. *1 and *2), 11 reduced activity alleles 

(eg. *10 and *17), 26 non-functional alleles (eg. *4 and *5), and a multitude of 

functionally undetermined alleles (eg. *22 and *39).99  There are also individuals 

who inherit copy number variants of these alleles which yield a variety of enzyme 

activities in vivo.  Copy number variants are denoted as the allele genotype by 

the number of copies of the gene (eg. *1xN, where 13≥N≥2). 

 The phenotypes arising from the variety of genotypes have been 

described as poor-metabolizers (those individuals carrying two non-functional 

alleles, PM), intermediate-metabolizers (IM), extensive metabolizers (EM), and 

ultra-rapid-metabolizers (those individuals carrying copy number variants of 

normal or increased activity alleles, UM).101  There are ethnic differences in 

CYP2D6 allele frequencies102 (some of the most common are listed in Table 1.2), 

but in the Caucasian population, phenotypic frequencies are estimated at 5-10% 
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UM, 65-80% EM, 10-15% IM, and 5-10% PM.103  It appears that, generally, poor 

metabolizer phenotypes are most common in Caucasians, followed by Africans = 

Hispanics, and least common in Asian populations.104 

 CYP2D6 polymorphisms are a serious concern, as the prevalence of 

functionally distinct allele variants has serious implications in achieving adequate 

dosages of drug or preventing adverse drug reactions.105  Drugs that are 

bioactivated by CYP2D6, such as encainide, are less effective in PM phenotypes 

than EM phenotypes, and require larger doses to have adequate effect in PM.  In 

contrast, drugs that rely on CYP2D6 for clearance, such as propafenone, 

accumulate in PM phenotypes, and the risk of adverse drug reactions increases 

in these individuals.  The polymorphic nature of CYP2D6 is widely appreciated, 

but genotyping is still rarely performed in clinical settings. 

 CYP2D6 is the high-affinity enzyme that catalyzes the first 

biotransformation reactions of MDMA in humans.81  The fact that CYP2D6 is 

CYP2D6 Allele Functionality Caucasian % African % Asian % 
*1 Functional 30 – 40 28 – 50 20 – 40 
*2 Functional 20 – 35 10 – 80 9 – 20 

*35 Functional 4 – 6 ----- ----- 
*3 Non-functional 1 – 4 0 – 0.5 0.8 – 1 
*4 Non-functional 12 – 23 2 – 7 0.5 – 3 
*5 Non-functional 1.5 – 7 0.5 – 6 4 – 6 
*6 Non-functional 0 5 – 1 0 ----- 

*4xN Non-functional 0.1 – 0.5 0.9 ----- 
*9 Reduced 0 – 3 0 3 

*10 Reduced 2 – 8 3 – 8 40 – 70 
*17 Reduced 0.1 – 0.3 10 – 30 0.5 
*41 Reduced 8 ----- ----- 

*1xN Increased 0.2 – 1 2 – 5 0.5 
*2xN Increased 0.5 – 1.5 1.5 – 2.5 0 – 1 

Table 1.2: Ethnic allele frequencies of common CYP2D6 variants.102 
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polymorphic in the human population is a major concern for MDMA-induced 

toxicity, as certain individuals are likely at greater risk of these toxicities based on 

their genotype.  Metabolism of MDMA is a necessary prerequisite for MDMA-

induced neurotoxicity37,106, since direct injection of MDMA into the CNS of 

rodents fails to produce neurotoxic markers seen after peripheral administration 

of MDMA.79,80  In the Dark Agouti rat, a genetic rodent model of CYP2D 

deficiency, MDMA-induced serotonergic deficits are partially alleviated when 

compared to Sprague-Dawley rats, a model of CYP2D extensive metabolizer 

phenotype (Figure 3.3).  However, Dark Agouti rats are more susceptible to 

lethality after a single dose of MDMA, presumably due to greater plasma 

concentrations of parent MDMA.107  These findings indicate that CYP2D6 

deficiency affords some protection against long-term MDMA neurotoxicity, further 

implicating a crucial role for metabolism in MDMA-induced neurotoxicity, whilst 

augmenting certain acute effects of MDMA.      

The data from humans regarding CYP2D6 genotype influence on MDMA 

pharmacology and toxicity have been less profound.  In humans given 1.4 mg/kg 

MDMA (po), the only notable effect of CYP2D6 deficiency (1 functional allele) 

was increased plasma concentrations of HMMA.87  This study found that 

physiologic factors, such as blood pressure and heart rate, as well as subjective 

effects, including dizziness, anxiety, and depression, were not significantly 

different between IM and EM at the dose examined.  This is likely due to the fact 

that despite CYP2D6 being the high-affinity enzyme catalyzing O-
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demethylenation, other cytochrome enzymes, including CYP1A2, CYP2B6, and 

CYP3A4 are capable of facilitating this reaction.52  Furthermore, MDMA is a 

mechanism-based inhibitor of CYP2D6, and causes a nearly complete inhibition 

of hepatic CYP2D6 as quickly as 2 hours after administration of MDMA, and 

persisting up to 10 days thereafter.108  This has the effect of functionally reverting 

all users of MDMA to the poor metabolizer phenotype after the first dose of 

MDMA. 

The polymorphic nature of CYP2D6 in the human population as well as 

indications that CYP2D6 plays a crucial role in MDMA-induced neurotoxicity led 

us to further examine this enzyme as it relates to MDMA-mediated neurotoxicity.  

Chapter 3 explores the neurotoxic profile of MDMA after pharmacological CYP2D 

inhibition or in a genetic model of CYP2D deficiency.  We sought to determine if 

CYP2D ultra-rapid metabolizer phenotypes are at greater risk of MDMA-

mediated neurotoxicity.  

    1.4.2. COMT Polymorphisms 

 Catechol-O-methyltransferase (COMT) is a ubiquitous enzyme that is 

found in two forms: a soluble form (S-COMT) and a membrane-bound form (MB-

COMT).109  These two enzymes arise from the same gene, located on 

chromosome 22, but have unique tissue distribution and substrate affinities.110  

S-Adenosylmethionine (SAM) is used as a cofactor by this enzyme to methylate 

hydroxyl moieties of catechols, such as DA or NE.  In humans, the membrane 

bound form predominates in brain, specifically neurons, microglia, and 
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ependymal cells, and has a higher affinity for catecholaminergic 

neurotransmitters.111  The soluble form is found in greater amounts in peripheral 

tissues, including the liver, kidneys, heart, and intestines, with the greatest 

concentrations being found in the liver.109  The soluble form is thought to play a 

larger role in the detoxication of xenobiotics, whereas the membrane-bound form 

catabolizes endogenous catecholamines.  It is interesting to note that distribution 

profiles of the COMT isoforms differ between species.109  

 The Comt gene has a number of identified polymorphisms, but many lie 

within introns or in untranslated regions and most are of unknown function.112  

The most studied and well-characterized polymorphism of COMT is a missense 

adenosine to guanine single nucleotide polymorphism in exon 4 of the gene, 

causing a valine to methionine substitution at amino acid position 108 of S-

COMT or 158 of MB-COMT protein (Val108/158Met).  MB-COMT with a 

methionine at position 158 is less thermostable than the valine counterpart, and 

has a diminished activity at 37°C.113  COMT with methionine in position 108/158 

has roughly 25% of the activity of COMT with valine in this position.114  

Interestingly, humans are the only species with this polymorphism identified to 

date.112 

 The val108/158met polymorphism is not equally distributed across ethnic 

populations.  Caucasians have a much higher frequency (~50%) of the 

methionine-coding allele than any other ethnic group.115  This leads to an easily 

distinguishable trimodal COMT activity distribution among Caucasians, where 
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high activity (Val/Val alleles), intermediate (Val/Met alleles) and low activity 

(Met/Met alleles) individuals exist in a roughly 1:2:1 pattern.116  African and Asian 

populations showed far less incidence of the lower-activity met158 allele, where 

the approximate frequency of this allele hovered around 20%.115   

Gender may also be an important factor influencing the activity of COMT.  

COMT activity is decreased in post-mortem brain tissue from females compared 

with male counterparts.113  17β-Estradiol treatment decreased COMT mRNA 

expression, protein expression, and enzymatic activity in a human breast 

carcinoma cell line.117  Indeed, estrogen response elements have been identified 

in the transcriptional promotor regions for both S-COMT and MB-COMT.118  

Furthermore, 17β-estradiol treatment in cells devoid of estrogen receptors (ER) 

or in ER-positive cells co-treated with an ER antagonist had no effect on COMT 

protein expression or activity.117  Regulation by estrogens helps explain the lower 

basal activity of COMT in females.  With respect to the val108/158met 

polymorphim, however, there is little evidence supporting any significant gender 

differences in allelic frequencies.119 

The val108/158met COMT polymorphism has implications in a variety of 

disease states. COMT plays a major role in regulation of the dopaminergic 

system by termination of DA signaling through methylation of hydroxyl moieties 

of DA.  Individuals carrying the Met158 allele exhibit decreased dopaminergic 

receptors in certain areas of the brain, due to a greater amount of DA being 

present in the brains of these individuals.120  Due to the fact that changes of the 



 50 

dopaminergic system play a major role in the development in psychiatric 

diseases121, and that this COMT polymorphism so clearly alters the dopaminergic 

system, many analyses have been performed to determine if a link exists 

between this COMT polymorphism and a variety of disease states, including 

schizophrenia, Parkinson’s disease, and breast cancer.122-124  Findings from 

these studies have been controversial, with no consensus reached regarding an 

association of the val108/158met COMT polymorphism in any of the diseases 

investigated (for review, see Witte and Flöel 2012).121 

The pharmacology of MDMA in humans is altered by the val108/158met 

polymorphism.  After administration of 1.5 mg/kg MDMA (po) in human 

volunteers, the amount of 5-(NAC)-N-me-α-MeDA recovered in the urine of 

individuals of the low activity COMT phenotype (met/met alleles) was double that 

of the high-activity phenotype (val/val alleles).92  This indicates that kinetic 

parameters of MDMA metabolism are altered by this COMT polymorphism.  

Physiological and psychological measurements are also affected by COMT 

phenotype.  Elevated blood pressure reported in individuals of the high activity 

COMT phenotype, whereas higher responses were observed in dizziness and 

anxiety scores in individuals of the low activity COMT phenotype.87  Very few 

studies have investigated the effects of COMT genotype on MDMA 

pharmacology in humans, with greater attention focused on CYP2D6 

polymorphisms and effects thereof on human MDMA pharmacology. 
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COMT inhibition studies in animal and in vitro models of MDMA 

intoxication reveal that COMT deficiency exacerbates the toxic potential of 

MDMA.  Adult male Wistar rats pretreated with a COMT inhibitor (entacapone, 30 

mg/kg, ip) 30 minutes prior to administration of MDMA (7.5 mg/kg, ip) 

experienced a significant depletion of 5-HT one week after administration, such a 

response not being observed when rats were treated with this dose of MDMA 

alone.125  N-me-α-MeDA is more toxic than either MDA or MDMA in human liver 

epithelial cells.126  CYP2D6-transfected human liver epithelial cells co-incubated 

with 10µM of a COMT inhibitor and either 2, 3, or 4mM MDMA displayed greater 

cytotoxicity than MDMA alone.  These findings indicate that COMT inhibition or 

deficiency potentiates MDMA-induced toxic effects, likely by facilitating an 

increase in catechol-metabolite formation.93   

N-me-α-MeDA is capable of inhibiting COMT, thereby preventing its 

conversion to 3-methoxy-4-hydroxy-methamphetamine (HMMA).  Human liver 

cytosol incubated with 0.025, 0.125, or 0.25 mM N-me-α-MeDA exhibited a 

reduced capacity to catalyze the reaction yielding methoxytyramine from 3-

hydroxytyramine, in a dose-dependent manner.127  This was not a result of 

mechanism-based inhibition (as with MDMA’s inhibition of CYP2D6), but rather a 

non-competitive inhibition.  Thus, in instances of high concentrations of N-me-α-

MeDA, activity of COMT may be inhibited regardless of COMT genotype, again 

promoting the formation of the putatively neurotoxic thioether metabolites of 

MDMA. 
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Chapter 4 examines the role of COMT in MDMA-induced neurotoxicity.  

COMT is polymorphic in the human population, with a distribution of 1:2:1 of low 

activity phenotypes to intermediate activity phenotypes to high activity 

phenotypes in Caucasian populations.112  COMT deficiency likely yields a greater 

pool of catechols during MDMA metabolism and , thus, promotes greater 

concentrations of neurotoxic thioether metabolites.  We investigated whether low-

activity COMT phenotype would increase the severity of MDMA-induced toxicity. 

1.5. MECHANISMS OF MDMA-INDUCED TOXICITY 

    1.5.1. General Comments on Neurotoxicity 

 The National Institutes of Health (NIH) state that neurotoxicity occurs 

when exposure to natural or man-made toxic substances alters the normal 

activity of the nervous system.  The brain is perhaps the least understood 

physiological system, containing intricate networks that regulate many complex 

operations such as memory, fine motor control, and a wide spectrum of 

emotions.  The study of neurotoxicants not only provides information about the 

neurotoxicants themselves, but also aids in our understanding of the principles of 

CNS functioning, a prime example being the case of 1-methyl-4-phenyl-1,2,5,6-

tetrahydropyridine (MPTP).  In the late 1970’s, a young patient in California was 

injecting what he thought was 1-methyl-4-phenyl-4-propionoxy-piperidine, a 

“synthetic heroin” of sorts.128  An improper synthesis yielded a product that was 

heavily laden with the contaminant, MPTP.  The patient exhibited signs of 

Parkinson’s Disease (PD), and ultimately perished 2 years later.  Examination of 
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the brain of this individual revealed marked destruction of neurons in the 

substantia nigra, extraneuronal melanin, astrocytic response, and a single 

eosinophillic body that may have been representative of a Lewy body.128,129  The 

discovery of MPTP’s neurotoxic potential afforded researchers a tool to 

investigate the pathogenesis of PD that has greatly assisted in the elucidation of 

various mechanisms underlying PD130,131 and potential therapeutic targets.132,133 

 Cell death is often considered a prerequisite of neurotoxicity, but this is not 

necessarily true.  The International Programme on Chemical Safety (IPCS) 

differentiates neurotoxicity into two categories: structural and functional.134  

Structural neurotoxicity refers to neuroanatomical changes occurring at any level 

of the CNS, whereas functional neurotoxicity refers to adverse changes in 

somatic/autonomic, sensory, motor or cognitive function.  There exist a number 

of compounds that functionally alter cells of the CNS in the absence of any 

detectable cell loss, such as certain metals, like aluminium135, pesticides136, and 

even commercially available drugs, such as methylphenidate.137  The 

neurotoxicity of MDMA has also been called into question, based initially on the 

finding that MDMA caused no death of serotonergic neuron cell bodies in the 

dorsal raphe nucleus.138,139   

 Whether or not MDMA should be considered neurotoxic is an area of 

heated debate.  Neurotoxicity is a difficult phenomenon to determine due to the 

complexity of the CNS, but a few hallmarks of neurotoxicity have been proposed, 

namely cell death, silver staining, and gliosis.140-142  MDMA does cause axonal 
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degeneration of serotonergic neurons, as revealed by silver staining43 and by 

fluoro-jade B staining.143  However, such findings are only observed after high 

doses of MDMA that may not be relevant in the human situation.41  Glial cell 

hypertrophy after MDMA administration is more ambiguous, with one report 

claiming an increase in GFAP immunoreactivity following MDMA144 and others 

seeing no increases in GFAP expression.145,146 

Another proposed marker of neurotoxicity is that of proteolytic cleavage 

products of the cytoskeletal constituent, spectrin, and microtubule-associated tau 

protein.147,148  During the course of programmed cell death, proteases, such as 

caspase 3 and calpain, cleave substrates to propagate signal transduction that 

ultimately leads to cell death.  Caspase 3, which is associated with apoptotic cell 

death, and calpain, which is associated with necrosis and, to a lesser extent, 

apoptosis, accept both spectrin and tau as substrates, creating different 

protease-specific cleavage products.149  An increase in tau cleavage products 

was seen in the cortex and hippocampus of Sprague-Dawley rats given 40 mg/kg 

MDMA (ip), although the authors concede this neurotoxicity was less profound 

than that observed for methamphetamine.148  The same study found that spectrin 

cleavage products were largely absent in the cortex and hippocampus of MDMA-

treated rats.  However, in PC12 cells treated with 50 µM MDMA for 24 hours, an 

increase in spectrin break-down products specific to both calpain and caspase 3 

was observed.150  These results indicate that MDMA is capable of inducing 

activation of cell death proteases.  
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A final contention of MDMA’s classification as a neurotoxic compound 

comes by virtue of comparison against SSRI’s and 5,7-dihyrdroxytryptamine (5,7-

DHT) with respect to actions at SERT.  SSRI’s inhibit the SERT protein, which is 

one of the main targets of MDMA, seemingly by reducing available SERT binding 

sites151 without inducing a loss of SERT protein expression152, and SSRI’s are 

not considered neurotoxicants.  5,7-DHT, on the other hand, decreases SERT 

binding sites concomitant with a drastic decrease in SERT protein expression146, 

and 5,7-DHT is considered the gold standard serotonergic neurotoxicant.  The 

SSRI’s fluoxentine (114 mg/kg, po) and sertraline (286 mg/kg, po) were found to 

produce similar serotonergic morphological changes as MDMA (4 x 20 mg/kg, sc, 

at 2 hour intervals) without MDMA’s characteristic long-term 5-HT depletion153, 

although it should be noted that 5-HT was only assayed at 18 hours post-

treatment.  The authors concluded that morphological changes in the 

serotonergic system were not a consequence of 5-HT depletion, although they 

conceded that the morphological changes produced by MDMA were of longer 

duration than that of the SSRI’s.  When MDMA (7.5 mg/kg x 3, ip, at 2 hour 

intervals) was compared to 5,7-DHT (150 µg, icv), similar depletions in 5-HT 

were seen in the cortex of rats 3 days and 2 weeks post drug administration.154  

However, 5,7-DHT produced elevations in GFAP expression and reduction in 

SERT expression that were not observed following MDMA treatment.  SERT 

binding was still inhibited two weeks following MDMA treatment; an effect the 

authors could not explain by decreases in SERT protein expression or by altered 
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SERT trafficking.154  MDMA shares characteristics of both classified 

neurotoxicants (5,7-DHT) and non-neurotoxicants (SSRI’s), regarding actions at 

SERT, so the debate cannot be settled by these comparisons alone.  

What constitutes neurotoxicity remains a matter of debate, but what is 

beyond argument are the profound effects MDMA administration has on the 

serotonergic system.  Early investigations of MDMA revealed that administration 

of a single dose of 10 mg/kg decreased 5-HT content in rat brain for at least one 

week following MDMA treatment.155,156  The severity of these deficits was dose-

dependent, and deficits increased when multiple-administration dosing 

paradigms were employed.43,157  One study employing squirrel monkeys found 

that MDMA administered at 5 mg/kg twice a day for four days (po) caused a 

drastic decrease in immunoreactive 5-HT fibers in regions of the cortex 2 weeks 

after the final MDMA dose.158  The amount of fibers positively stained for 5-HT 

partially recovered, but was still clearly below control levels 7 years after MDMA 

administration.    

Deficits in 5-HT concentrations are not the only notable alterations of the 

serotonergic system affected by MDMA.  Activity of the rate-limiting enzyme in 

the biosynthesis of 5-HT, tryptophan hydroxylase (TPH), was inhibited after 

MDMA administration.156,159  The initial decrease (3 hours post-treatment) in TPH 

activity is reversible by incubation in a dithiothreitol-based oxygen scavenging 

environment, indicating that initial TPH inhibition may be due to oxidation of 

sulfhydryl sites of TPH.160  However, tissue collected 18 hours after a multiple-
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dose MDMA regimen could not be restored by this treatment, indicating that such 

a dosing regimen of MDMA may cause serotonergic neurotoxicity.160   

Uptake of radiolabeled 5-HT by rat synaptosomes was also decreased by 

MDMA administration.156,161  MDMA treatment decreased the number of 

[3H]paroxetine-labeled 5-HT uptake sites in higher brain regions (serotonergic 

terminals) while sparing both raphe nucleus sites (serotonergic cell bodies) as 

well as catacholaminergic (DA and NE) uptake sites.162  These uptake sites were 

the monoamine reuptake transport sites, and many studies have now 

investigated MDMA’s effects on these transporters, yielding contradictory data 

and interpretations.  SERT binding sites are reduced in rats, non-human 

primates, and humans following MDMA administration.154,163,164  This site-

mediated inhibition of SERT persists for at least two weeks in animal 

models154,165, but may ultimately recover as humans abstaining from MDMA use 

show greater SERT site availability over time as consumption of MDMA 

decreases.166  Whether or not reductions in SERT binding sites are due to 

decreases in SERT protein expression are contested, with some groups 

reporting decreases in expression167,168, and others observing no change in 

SERT protein expression.154,169  Antibodies directed against the SERT protein 

are notoriously poor, and improper validation of SERT antibody efficacy may 

explain some of the conflicting results.168  Additionally, recent studies 

investigating SERT protein expression were conducted in different rat brain 

regions, the hippocampus168 and striatum169, suggesting there may be some 
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regional differences in MDMA-induced SERT modulation, though these studies 

also give conflicting reports of whether SERT mRNA in the raphe nucleus 

decreases following MDMA administration.  An alternative explanation of 

decreased SERT sites is that of internalization of SERT from the plasma 

membrane.  Again, controversy exists in the literature, with one group finding no 

evidence of altered SERT localization in vivo154 whereas a second group found 

significant internalization of SERT in vitro.169  Finally, it is suggested that because 

monoaminergic transporter expression can be altered with no concomitant 

decrease in neuron concentration, that use of SERT might be a poor index of 

serotonergic neurotoxicity.168,170 

Evidence supports claims that MDMA causes neurodegeneration or that it 

does not.  Baumann and colleagues have described three possible models of the 

effects of MDMA on the serotonergic system: neuroadaptive, neurotoxic, and 

mixed.171  The neuroadaptive model is characterized by reduction of 5-HT 

concentrations, whilst sparing serotonergic neurons, whereas the neurotoxic 

model is characterized by some fraction of serotonergic terminals being 

destroyed while surviving terminals remain physiologically normal.  The mixed 

model represents a combination of a neuroadaptive and neurotoxic response, 

where some serotonergic nerve terminals are destroyed, and the remaining 

terminals possess reduced 5-HT biosynthetic capabilities.  The effects seen after 

high-dose MDMA fit the neuroadaptive model most closely, due to 5-HT 

administration following MDMA reversing serotonergic deficits and a lack of 
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gliosis following MDMA treatment.171  However, sufficient evidence exists 

supporting a neurotoxic component of MDMA as well (for review, see Carvalho et 

al 2012).172   

Determining the neurotoxic potential of MDMA to the living human brain is 

challenging.  However, the advent of positron emission tomography, single 

photon emission computed tomography, and proton magnetic resonance 

spectroscopy, have allowed for studies granting insights into neuroanatomical 

and neurophysiological changes that take place following MDMA administration.  

Positron emission tomography and single photon emission computed 

tomography studies suggest that SERT binding is decreased in cortical brain 

areas following MDMA administration, a result that appears to be reversible over 

time with MDMA abstinence.173,174  Proton magnetic resonance spectroscopy is 

less sensitive, and thus far suggests that only high doses of MDMA produce 

detectable reductions of N-acetylaspartate, decrements of which is a marker for 

non-specific neuronal degeneration.173  Finally, short-term memory deficits in 

MDMA users are well-documented175-177, indicating that MDMA use has 

detrimental effects on cognitive function.  Overall, the amount of uncertainty 

surrounding MDMA neurotoxicity or neuroadaptation and the mechanisms 

thereof demand further study and characterization. 

    1.5.2. Hyperthermia 

 Cases of MDMA intoxication ultimately leading to death have been 

reported.178-180  Milroy (2011) reviewed a number of fatal MDMA intoxication 
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cases between 1992 and 2008, and found that the common causes of death 

stated in these cases were hyperpyrexia/hyperthermia, cardiac arrhythmia, H2O 

intoxication, and liver failure.181  Of 77 total cases, 13 were found where death 

was attributable to MDMA alone, and the range of MDMA plasma concentrations 

detected in these individuals was remarkably wide (0.478 – 53.9 mg/L, mean = 

8.43 mg/L, median = 3.49 mg/L).181  The lower end of this range is not far 

removed from the mean plasma MDMA concentration of 0.31 mg/L reported from 

a study of 27 rave attendees in Australia.29  Furthermore, in 5 of these individuals 

MDMA concentrations in plasma reached above 0.5 mg/L (range 0.51 – 0.84 

mg/L).  MDMA intoxication is capable of producing significant body temperature 

increases, often in excess of 40°C.182  In a controlled laboratory setting, humans 

given 2.0 mg/kg MDMA (po) experienced a significant increase in core body 

temperature in both an 18°C and 30°C environment.68  MDMA-induced 

hyperthermia is also likely the cause of a number of additional, potentially fatal, 

acute toxicities associated with MDMA use, namely rhabdomyolysis, 

disseminated intravenous coagulation, and renal failure.48 

 One of the more interesting phenomena regarding MDMA’s disruption of 

thermoregulation is that it is dependent upon the ambient temperature.  MDMA 

produces marked hyperthermia at ambient temperatures above 26°C, variable 

core temperature responses between ambient temperatures of 18 - 24°C, and 

significant hypothermia at temperatures below 18°C in both the rat183-185 and non-

human primates.186  In humans, the data suggestes that, contrary to rats and 
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non-human primates, MDMA produces a hyperthermic response at both low 

ambient temperature (18°C) and elevated ambient temperature (30°C).187  

Hyperthermia appears to be a contributing factor to the long-term 

neurotransmitter deficits seen after MDMA administration, because serotonergic 

depletions were not detected in rats when MDMA-induced hyperthermia was 

attenuated either by decreasing the ambient temperature184 or pharmacologically 

via clomethiazole administration.188  Other markers of neurotoxicity, namely the 

astroglial heat-shock protein 27 and TPH, were only elevated in the brains of rats 

when MDMA-induced hyperthermia was achieved.189  Finally, the exacerbation of 

MDMA-induced hyperthermia at higher ambient temperatures is of extraordinary 

concern, as temperatures in the rat brain were often greater than 41°C after a 

single 9 mg/kg (sc) MDMA administration at an ambient temperature of 29°C, 

leading to death in the majority of these animals.190    

MDMA administration produces an acute hyperthermic response in 

mice191,192, rats193,194, and non-human primates195,196 at ambient temperatures of 

at least 22°C.  MDMA produces its most prominent effects on the serotonergic 

system in rats, non-human primates, and humans, and there is evidence that 5-

HT is at least partially responsible for the hyperthermic response following 

MDMA, although this also remains contentious.  Other 5-HT release-inducing 

agents, p-chloroamphetamine and fenfluramine, were also capable of producing 

hyperthermia.197  Furthermore, inhibition of certain 5-HT receptors with the 

antagonist MDL 11,939 (2A) or mirtazepine (2A, 2C, 3) attenuated the 
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hyperthermic response of MDMA.194,198  In contrast, a non-selective antagonist of 

5-HT1/2 receptors (methysergide), a specific antagonist of 5-HT2A receptors 

(ritanserin), and a SERT inhibitor (fluoxetine) were unable to attenuate MDMA-

induced hyperthermia, and it has been suggested that the hyperthermia-sparing 

effects of MDL 11,939 may be due to its action at other receptor types, such as 

its antagonism of α1-adrenoreceptors.48  Importantly, microdialysis studies 

revealed that treatment of rats with the SERT inhibitor, fluoxetine, 5 minutes prior 

to and 55 minutes after MDMA (15 mg/kg, ip) abolished increases in extracellular 

release of 5-HT from neurons in the hippocampus while having no effect on the 

hyperthermic response of MDMA.48  Evidence indicating that the serotonergic 

system does play a role in the thermoregulatory actions of MDMA includes the 

finding that the 5-HT2A agonist, 1-(2,5-dimethoxy-4-iodophenyl)-2-aminopropane, 

is capable of causing hyperthermia in rats dependent upon the ambient 

temperature.199  This is likely due to the fact that the affinity of 5-HT for its 

receptors is not constant and actually increases for 5-HT2A at higher 

temperatures in the rat.200 

 Relative to 5-HT, DA appears to play a more critical role in the central 

hyperthermic response to MDMA.  DA has five recognized receptor subtypes, but 

only D1 and D2 have been shown to modulate thermogenesis in any significant 

degree.201  The D1 receptor is involved in MDMA-induced hyperthermia, as 

inhibition of D1 receptors by SCH 23390 abolished the hyperthermic response.48  

The same study revealed that D2 receptors are not likely to be involved in the 
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hyperthermic response, as cotreatment with the D2 antagonist, remoxipride, was 

unable to prevent MDMA-induced hyperthermia.  However, these roles appear to 

be reversed at low ambient temperature (15°C), where D2 receptor antagonism, 

but not D1 receptor antagonism, prevented the hypothermic response MDMA 

produced at this ambient temperature.202  Interestingly, most studies have shown 

that DA actually induces a hypothermic response when injected centrally203, so it 

is curious that antagonism of the D1 receptor would prevent MDMA-induced 

hyperthermia.  

The noradrenergic system has also been implicated in thermoregulatory 

dysfunction attributable to MDMA, especially in sites peripheral to the brain. 

Intravenous (iv) infusions of NE (4 µg/kg/min) are sufficient to elicit an increase in 

core body temperature in the rat.204  Plasma concentrations of NE are 

significantly increased in rat following MDMA administration (20 mg/kg, sc), an 

effect that positively correlates with core body temperature in these animals.205  

Moreover, this hyperthermic effect was exacerbated by pretreatment of these 

rats with (±)-2,3-dichloro-α-methylbenzylamine, an inhibitor of 

phenylethanolamine-N-methyltransferase, which converts NE to epinephrine.205  

α1 and β3 adrenergic receptors may mediate much of the hyperthermic response 

attributable to MDMA, as blockage of these receptors by prazosin and 

SR59230A, respectively, attenuated MDMA-induced hyperthermia in rats.206  α1 

Adrenergic receptors mediate an increase in body temperatures mainly by 

promoting vasoconstriction207, thereby eliminating a major route of heat 
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dissipation in the rat208 and explaining why rat tail temperature remains largely 

unchanged after MDMA administration, despite an elevation in core body 

temperature.202 β3 receptors promote an increase in thermogenesis mainly by 

increasing oxygen consumption of mitochondria in brown adipose tissue (BAT) 

and skeletal muscle through the activation of uncoupling proteins (UCP).209  

However, there also appears to be a synergistic relationship between α1 and β3 

receptors regarding thermogenesis, as an α1 agonist was unable to produce an 

elevation in BAT temperature alone, but paired with a β3 agonist, was able to 

produce a temperature increase well above that of the β3 agonist alone.210 

Uncoupling proteins are the ultimate players activated by adrenergic 

receptor stimulation in thermogenesis.  These aptly named proteins serve to 

uncouple mitochondrial oxygen consumption from ATP biosynthesis, instead 

releasing the accumulated energy as heat.209  The energy accumulated in the 

electron transport chain, by maintaining a proton gradient across the inner 

mitochondrial membrane, is usually used by ATP synthase to couple proton 

passage across the inner mitochondrial membrane to the phosphorylation of 

ADP to ATP.  However, if α1 and β3 receptors are stimulated by NE, a signaling 

cascade is initiated that ultimately activates UCP’s, which facilitate proton 

passage across the mitochondrial membrane uncoupled from any kind of energy-

demanding biological process, so the free energy of the proton passage is 

instead released as heat.  Mice deficient in UCP3 (the uncoupling protein found 

in skeletal muscle) were afforded protection from the hyperthermia induced by 



 65 

MDMA.211  Rats experienced potentiation of the hyperthermic response to MDMA 

in conditions of increased UCP3 expression, or by increasing NE content by 

inhibition of its conversion to epinephrine via treatment with (±)-2,3-dichloro-α-

methylbenzylamine.205  The major sites of heat generation in mammals are BAT, 

sometimes referred to as non-shivering facultative thermogenesis, and skeletal 

muscle, termed shivering facultative thermogenesis, as it is caused by rapid 

contraction of skeletal muscle.209  Adult humans have very little BAT, however, 

and as MDMA often incites a hyperthermic response in humans without causing 

shivering, a heretofore unknown BAT-independent thermogenesis mechanism 

may exist in humans.209  

Overall, the hyperthermic response elicited by MDMA is a complex 

phenomenon, orchestrated centrally by stimulation of postsynaptic 5-HT, D1 and 

D2 recepteors, and peripherally by stimulation of α1 and β3 adrenergic receptors 

and activation of UCP’s.  However, the interplay between these pathways is not 

yet completely understood.  What is appreciated is that hyperthermia plays a 

major role in the acute and long-term toxicity of MDMA, as limiting the 

hyperthermic response in animal models also limits the detection of neurotoxic 

markers such as 5-HT depletions, gliosis proteins, and TPH deficits.184,189  

Clinically, the dangers of MDMA-induced hyperthermia are also recognized, as 

hyperthermia was often noted in individuals suffering fatal MDMA intoxication.182  

Treatment of admitted MDMA-intoxicated individuals often involves attempts at 

lowering body temperature either physically with ice or pharmacologically with 
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agents such as dantrolene.212  MDMA-induced hyperthermia can prove fatal in 

both humans and animals and is, thus, a serious concern with regards to MDMA 

toxicity. 

Hyperthermia is likely the most deleterious acute effect of MDMA 

administration.  Chapter 4 illustrates the severity of MDMA-induced hyperthermia 

with respect to mortality.  In an animal model possessing a reduced capacity to 

terminate NE signaling, and, therefore, stimulation of peripheral adrenergic 

receptors, MDMA produced hyperthermia that ultimately resulted in death.  

    1.5.3. Oxidative Stress 

 Mechanisms underlying MDMA toxicity are large in scope and complex, 

but one recurring theme is the formation of reactive oxygen species (ROS) and 

subsequent cellular oxidative stress.  Oxidative stress occurs when an imbalance 

exists in the redox state of a cell, and has been implicated in a number of 

different neurodegenerative diseases.213  Neurons and astrocytes demand a 

great deal of oxygen and glucose to function.  Athough the brain accounts for 

only ~2% of human body weight, it levies roughly 20% of the body’s total 

consumption of oxygen.214  During the process of mitochondrial respiration, a 

function that generates energy (ATP) in most eukaryotic cells, oxygen is reduced 

to water, but there is also the possibility that superoxide (O2
−) will be formed, as 

O2 is reduced a single electron at a time.215  Superoxide is the main precursor to 

a number of different ROS.215  The term ROS encompasses both oxygen 

radicals, such as superoxide and hydroxyl radical (O2
−, OH), and species that 
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are easily converted to oxygen radicals, such as hydrogen peroxide, ozone, and 

singlet oxygen (H2O2, O3, 1O2).213  ROS have a number of intracellular targets, 

including DNA, RNA, proteins, and lipids.  Altering the function of any of these 

biomolecules invites the consequence of cellular death.  Cellular antioxidant 

defense systems limiting oxidative stress are especially important in the brain, as 

neurons use a proportionally great amount of oxygen, have an extremely long life 

span, and use nitric oxide (which can react with ROS to create reactive nitrogen 

species) as a signaling molecule.213 

ROS can originate from a variety of different sources.  Mitochondria in the 

CNS are able to create superoxide during the course of oxidative 

phosphorylation (electron transport chain).  Complex I (NADH dehydrogenase) of 

the electron transport chain appears to be the major contributor to superoxide 

formation in the human brain.216  Monoamine oxidase (MAO) is an enzyme 

located on the outer membrane of mitochondria, and has two isoforms: MAOA 

and MAOB.  MAOA predominates in noradrenergic neurons, and preferentially 

catabolizes NE and 5-HT, whereas MAOB is of higher expression in serotonergic 

neurons and glial cells, and preferentially catabolizes phenylethylamine and 

benylamine.217  Both isoforms can oxidize DA.218  During the oxidative 

deamination of monoamine neurotransmitters, MAO facilitates a reaction that 

produces H2O2 and an aldehyde.  The aldehyde is typically metabolized by 

aldehyde dehydrogenase (ALDH), but could potentially contribute to oxidative 

stress if the aldehyde is not further transformed.217  H2O2 is less reactive than 
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other ROS, but in the presence of metal ions, such as Fe2+ or Cu+, it has the 

potential to form the highly reactive hydroxyl radical (OH) through the Fenton 

reaction.  NADPH oxidases (NOX) are complexes formed at the plasma 

membrane of neurons and glial cells that facilitate the transport of an electron 

from cytoplasmic NADPH that is then coupled to molecular oxygen to form 

superoxide.219  Xanthine oxidase (XO) is another enzyme located in neurons that 

oxidizes a variety of substrates and, in the process, is responsible for the 

formation of both H2O2 and O2
−. 213  A schematic of the formation of selected 

ROS is given in Figure 1.4. 

One interesting note about ROS, especially pertaining to their role in 

neurodegenerative diseases, is that the normal aging process appears to 

increase the oxidative burden suffered by cells of the CNS.220  Mitochondrial 

DNA begins to accumulate mutations as we age, which can depress 

mitochondrial function and serve to increase ROS production.220  Enhancing 

antioxidant defense systems in mice, which augments catalase activity in the 

mitochondria, significantly increased the longevity of these animals, suggesting 

that oxidative stress increases with aging.221  If older individuals are already 

predisposed to oxidative damage via a greater imbalance in ROS production to 

antioxidant defense, it may help to explain why MDMA appears to have greater 

deleterious effects in older animals.222-224 

MDMA itself causes an increase in free radical formation in the brain.  

MDMA (40 mg/kg, sc) increases the amount of lipid peroxidation as measured by  
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Figure 1.4. Examples of ROS Generation 
 
 A number of reactions occur intracellularly which produce reactive oxygen 
species.  During mitochondrial respiration (1), molecular oxygen undergoes 
stepwise single electron reductions to eventually yield 2 molecules of water.  If 
electrons are leaked during this process, superoxide can be formed.  (2) depicts 
the reduction of ferric iron to ferrous iron by superoxide, which is the first step in 
the Haber-Weiss reaction.  The second step in the Haber-Weiss reaction is the 
Fenton reaction (3) where ferrous iron is oxidized to ferric iron in a reaction 
producing hydroxide and hydroxyl radical from hydrogen peroxide.  (4) displays 
the net reaction that occurs in the Haber-Weiss reaction.  Certain enzymatic 
reactions in the brain also produce ROS (5-7).  NADPH oxidase (NOX) is found 
in both neurons and glial cells and produces superoxide by facilitating the 
transfer of an electron from NADPH to molecular oxygen (5).  Xanthine oxidase 
(XO) has a number of substrates, (6) shows one such reaction where XO 
catalyzes the formation of uric acid and hydrogen peroxide from xanthine, water, 
and molecular oxygen.  Monoamine oxidase (MAO) catabolizes monoamine 
neurotransmitters, such as dopamine (DA) to form 3,4-dihydroxyphenylacetic 
acid (DOPAC), by oxidative deamination (7).  This reaction yields an aldehyde 
(not shown) and hydrogen peroxide. 
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thiobarbituric acid reactive substances in the frontal cortex, striatum, and 

hippocampus.225  Moreover, peripheral injection of MDMA (15 mg/kg, ip) to rats 

caused an increase in the formation of 2,3-dihydroxybenzoic acid in the brain 

from centrally-delivered salicylic acid226, a reaction which only occurs in the 

presence of ROS.227  These free radicals appear to be generated in serotonergic 

neurons, since the formation of 2,3-dihydroxybenzoic acid from salicylic acid is 

not detected if serotonergic neurons are first ablated via fenfluramine 

treatment.226  Free radical concentrations are increased by elevated 

temperatures produced by the hyperthermic response elicited by MDMA.  When 

clomethiazole was used to inhibit the hyperthermic response, MDMA treatment 

(15 mg/kg, ip) did not elevate levels of ROS production.228  However, when rats 

were maintained at a higher temperature with a homeothermic blanket, 

clomethiazole treatment could not prevent MDMA-induced increases in ROS.228  

Finally, the use of the free radical spin trap reagent, α-phenyl-N-tertiary-butyl 

nitrone, has been employed to provide further evidence that ROS play a role in 

MDMA-induced neurotoxicity.  Scavenging of free radicals by injection of α-

phenyl-N-tertiary-butyl nitrone before MDMA administration attenuated 5-HT 

deficits and loss of SERT binding sites observed after MDMA administration 

alone.229,230 

Attempts to uncover mechanisms that explain MDMA-induced oxidative 

stress have been plentiful.  The enzymes that have garnered the most attention 

with respect to MDMA-induced increases in ROS are the monoamine oxidases, 
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MAOA and MAOB.  Pretreatment of rats with the MAOB selective inhibitor, 

selegiline, 30 minutes before initiation of a binge dosing MDMA regimen (10 

mg/kg x 4, ip, at 2 hour intervals), reduced markers of oxidative stress, including 

lipid peroxidation, protein carbonylation, and mitochondrial DNA deletions.231  

These effects were seen without selegiline having any effect on the MDMA-

induced hyperthermic response.  Furthermore, small interfering RNA (siRNA) 

directed against MAOB delivered intracerebroventricularly (icv) attenuated 5-HT 

deficits observed in rats administered MDMA, again suggesting that MAOB 

activity contributes to MDMA-induced neurotoxicity.232  MAOA, on the other hand, 

contributes little to ROS production elicited by MDMA, and may actually serve a 

mild protective role, as inhibition of MAOA by clorgyline had no effect on any of 

the oxidative stress markers examined after binge MDMA administration to rats 

(10 mg/kg x 4, ip, at 2 hour intervals), but  increased the hyperthermic response 

and mortality in these rats.233  MDMA also directly inhibits both MAO enzymes in 

rat brain homogenates, showing a more potent inhibition of the MAOA subtype.58 

MDMA might also directly affect components of the mitochondrial electron 

transport chain to promote ROS generation.  Mitochondria are constantly 

exposed to ROS both by virtue of oxidative phosphorylation mitochondria 

facilitate, and by the actions of MAO on the outer mitochondrial membrane.  Rat 

liver mitochondria labeled with biotin-N-maleimide, as a probe to sense 

oxidatively-modified proteins, revealed that MDMA treatment (10 mg/kg x 2, po, 

at a 24 hour interval) modified a number of different mitochondrial proteins 
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including ATP synthase, ALDH2, and NADH-ubiquinone oxidoreductase 

(mitochondrial complex I).234  These protein modifications could lead to 

mitochondrial dysfunction, which would promote the production of ROS, and 

eventually lead to cell death.  MDMA was also capable of inhibiting mitochondrial 

complex I activity in mouse striatum, which the authors suggested could be the 

cause of free radicals contributing to MDMA-induced neurotoxicity in mice.235 

It is likely that the oxidative stress produced by MDMA comes not from a 

solitary source, but rather from a multitude of sources.  Cyclooxegenase (COX) 

has been implicated in the formation of ROS following amphetamine 

administration.  In mice, MDA-mediated DNA oxidation was greatest in areas 

with the highest basal levels of COX1.236  Moreover, COX1 KO mice 

administered MDMA (10 mg/kg x 4, ip, at 2 hour intervals) showed partial 

protection against dopaminergic terminal degeneration as compared to wild-type 

mice.237  The authors posit that COX1 catalyzes the formation of amphetamine 

radicals that subsequently facilitate the formation of ROS, that then contribute to 

increased toxicity via oxidative stress.   

Microglia have also been implicated in MDMA-mediated oxidative stress, 

through the release of IL-1β, and subsequent transcription of pro-oxidant genes, 

like NOX and COX2, through NF-κB activation.  Pretreatment of rats with 

minocycline before MDMA administration (12.5 mg/kg, ip) afforded partial 

protection from SERT binding site deficits in the cortex, but not in the 

hypothalamus.238  Minocycline prevented an MDMA-mediated increase in 
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microglial cells and IL-1β release in the cortex, but did not prevent IL-1β release 

in the hypothalamus, explaining the lack of protection against serotonergic 

toxicity in this brain region.   

Several MDMA metabolites are catechols, and are capable of being 

oxidized into quinone species.89,239  These quinone species may then enter into 

redox cycles and produce ROS through the formation of their semi-quinone 

radicals.  A number of contributing factors have now been identified regarding 

MDMA-induced increases in physiological ROS burden, which is undoubtedly 

involved in MDMA-induced neurotoxicity irrespective of the source. 

    1.5.4. Dopamine and its Role in MDMA-Induced Neurotoxicity 

 DA has long been considered to contribute to MDMA-induced 

neurotoxicity.  Early studies noted that when the DA precursor, L-DOPA, was 

administered to rats 30 minutes before MDMA treatment, serotonergic deficits 

were greater than those seen when MDMA was given alone.240  Additionally, the 

use of a variety of agents aimed at either depleting DA pools (α-methyl-p-tyrosine 

or reserpine) or inhibiting DAT action (GBR 12909) prior to MDMA treatment (20 

mg/kg, sc) prevented the development of both serotonergic deficits and TPH 

activity deficits elicited by MDMA in the striatum, hippocampus, and cortex of 

rats.241  Finally, this phenomenon of protection by neurotransmitter depletion 

seems to be specific to DA, as no protection to serotonergic neurons was 

afforded when the tryptophan hydroxylase inhibitor, p-chlorophenylalanine, was 
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given before MDMA, indicating that depletion of 5-HT stores before MDMA 

administration has little effect on MDMA-induced neurotoxicity.242 

The mechanism by which DA contributes to MDMA-induced neurotoxicity 

may be as follows: (1) MDMA elicits a release of both 5-HT and DA243, (2) MDMA 

facilitates uptake of extracellular DA into serotonergic terminals via SERT244, (3) 

MAOB located in serotonergic terminals catalyzes the oxidative deamination of 

DA within the serotonergic terminal225, (4) H2O2 formed as a byproduct from 

oxidative deamination promotes oxidative stress and ultimately leads to the 

degeneration of the serotonergic terminal.245  MAOB has a much higher affinity 

for DA than it does for 5-HT218, and this preferential deamination in a neuron not 

accustomed to DA catabolism provides a feasible means by which excessive 

H2O2 could be produced ultimately leading to neurodegeneration.  Indeed, MAOB 

inhibition prior to MDMA administration prevented markers of neurodegeneration 

of serotonergic nerve terminals.225,231  However, this view is not without 

contention, as pretreatment of rats with desipramine prevented MDMA-induced 

release of DA in the hippocampus without preventing 5-HT deficits one week 

after MDMA administration.63  It is possible that DA’s contribution to MDMA-

mediated neurotoxicity is region-specific, with areas heavily innervated with DA 

fibers, such as the striatum, suffering proportionally more DA-dependant 

neurotoxicity than areas more sparsely populated with DA terminals, such as the 

hippocampus, where other mechanisms of MDMA-induced neurotoxicity may 

predominate. 
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    1.5.5. Gliosis  

 Gliosis is a response to injury undertaken by the CNS following an insult.  

Gliosis remains largely unchanged no matter the type of insult the CNS 

experiences.246  As such, in cases where neurotoxicity or neurodegeneration are 

likely to occur, such as that following amphetamine-derivative intoxication, the 

use of gliosis markers have been proposed to be an acceptable measure of 

neurotoxicity.142,247  Astrocytes and microglia are found throughout the brain and 

carry out a number of important functions, such as regulating fluid movement 

between neuronal intracellular and extracellular space, limiting extracellular 

glutamate, and maintaining the blood brain barrier in the case of astrocytes248, 

and cellular debris removal, stem cell migration fidelity, and cellular defense in 

the case of microglia.249  Under normal circumstances, these glial cells aid in 

maintaining neuronal homeostasis, but after insult, they can enter into a state of 

gliosis aimed at reestablishing the status quo, but sometimes propagating 

neurotoxicity.249,250 

 Astrocytes and microglia work in concert to create an environment where 

neurotoxicity can be exacerbated.  One major function of astrocytes is the uptake 

of glutamate, via the excitatory amino acid transporter 2, to prevent 

excitotoxicity.250  In certain cases of neurodegeneration, the expression of this 

transporter can decrease, which promotes excitotoxicity.251  Furthermore, 

reactive astrocytes have been shown to release factors that directly cause 

neurotoxicity, such as lipocalin 2.250  Finally, astrocytes can promote the release 
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of pro-inflammatory cytokines, such as when ATP release from astrocytes 

induces microglial-mediated IL-1β release.252  Microglia are the resident 

macrophages of the CNS, and, as such, are the cells tasked with immune 

defense of the CNS.  These cells have a variety of molecular assault substances 

at their disposal, and in cases of microglial overactivation, or microgliosis, the 

release of these factors can be a detriment to neurons of the CNS.  In addition to  

IL-1β, microglia can also release the pro-inflammatory molecules IL-6 and 

TNFα.253  Microglia can also release superoxide, via the actions of NOX, and NO, 

via iNOS, to increase oxidative stress in the CNS.249,253  Thus, these usually 

beneficial glial cells can, under certain conditions, actually contribute to 

neurotoxicity. 

 Astrocytes are the most abundant glial cells in the brain, and in reactive 

gliosis these cells undergo proliferation and hypertrophy, and an upregulation of 

the intermediate filament, glial fibrillary acidic protein, GFAP.254  Thus, many 

studies investigating amphetamine toxicity use gliosis as an index of 

neurotoxicity, and select GFAP as the gliosis marker.  Most studies investigating 

MDMA neurotoxicity in rat found no significant GFAP upregulation145,146,255, and 

those few studies that did detect MDMA-mediated GFAP elevations found them 

only in the hippocampus.144,256  It should be noted that GFAP elevations following 

MDMA administration to mice are detected more readily.257-259  However, it has 

been argued that it may be microglia, and not astrocytes, that are the cells that 

respond to CNS insult with the greatest alacrity.260,261  One could infer, then, that 
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microglia would be a better index to assess the neurotoxic potential of substituted 

amphetamines such as MDMA.   

 The data is more supportive of MDMA inducing microgliosis as opposed to 

astrogliosis.  Thus, a number of microglial markers, including IL-1β 

concentrations, [3H]-PK11195 binding sites, and OX-42 staining, were elevated in 

the hypothalamus and cortex of rats following a single dose of MDMA (12.5 

mg/kg, ip) in the absence of increases in GFAP expression.262  Icv injection of the 

microglial factor IL-1β concurrent with peripheral MDMA administration (7 mg/kg, 

ip) increases both the acute hyperthermic response to MDMA and the long-term 

markers of serotonergic neurotoxicity.263  The use of minocycline, a drug which 

inhibits many mitochondrial functions, including mature IL-1β production, as well 

as NOX and iNOS activation264, has also provided evidence that microglia 

become active after MDMA treatment, and may contribute to MDMA-induced 

neurotoxicity.  When MDMA (12.5 mg/kg, ip) was administered to rats during a 

minocycline treatment course, evidence of microglial activation was attenuated 

and SERT binding site depletions were averted in the cortex.238  Interestingly, 

minocycline prevented increases in OX-42 staining (microglial activation) in the 

hypothalamus 24 hours after MDMA administration, but was unable to prevent 

NF-κB elevations, IL-1β elevations, or loss of SERT binding sites in this region of 

the brain.238  Less attention has been afforded a role of glial cell involvement in 

MDMA-induced neurotoxicity than factors such as hyperthermia and oxidative 
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stress, but the data that is present suggests that glia, and especially microglia, 

may very well contribute to MDMA-mediated neurotoxicity. 

 The lack of consensus regarding the involvement of microglia in MDMA-

mediated neurotoxicity led us to examine the microglial response over time 

following MDMA treatment.  The majority of studies examined the astrocytic 

response to MDMA, and those few investigating the microglial response are 

limited in the time frame examined following MDMA administration.  Work 

detailed in Chapter 5 aimed to determine if MDMA causes an elevation in 

microglial occupancy and activation in brain regions known to degenerate after 

MDMA administration.   

    1.5.6. Quinone Thioether Considerations 

 Metabolism is considered to be a necessary component of MDMA-induced 

neurotoxicity, as direct injection of MDMA into the rodent brain fails to 

recapitulate the monoaminergic deficits seen following peripheral MDMA 

administration.79,80  Metabolism of MDMA produces a variety of quinone species, 

the detection of which has been shown in both the rat CNS91 and human urine.92  

The ability of the thioether metabolites of MDMA, the GSH- and NAC-conjugated 

N-me-α-MeDA and α-MeDA species, to elicit a toxic response is well-

documented.265-269  

Quinones are highly-toxic compounds that damage cells in a variety of 

ways, including redox cycling to produce ROS, but also by promoting 

mitochondrial dysfunction, microglial activation, and cellular damage through 
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protein or DNA alkylation.270  Quinone species of N-me-α-MeDA and α-MeDA 

readily conjugate with GSH, indicating these species conjugate cysteine 

residues.  Although quinones can adduct residues other than cysteine271,272, the 

cysteine sulfhydryl appears to be preferred, at least in the case of dopamine 

quinone (DAQ).90,273  Cysteine residues are often found in the active sites of 

proteins, as is the case with parkin, TPH, and DAT, all of which contain DA 

adducted cysteine residues after incubation with DAQ.274-277  Protein alkylation 

can lead to dysfunction of the protein, thereby increasing cellular stress.  In the 

context of neurotoxicity, or neurodegenerative disease, quinone species of DA 

garner the lion’s share of investigation.  However, other thioether-electrophile 

conjugates, such as NAC-benzoquinone, are capable of adduction to proteins 

such as cytochrome c271, in this case preventing the biological function of 

cytochrome c in the initiation of apoptosis.   

Quinones generate ROS by redox cycling via their semiquinone 

intermediates.278  N-me-α-MeDA and α-MeDA quinones and the thioether 

conjugates of these metabolites are capable of redox cycling89,239, during which, 

O2
− and H2O2 are formed (Figure 1.4).278  ROS-mediated toxicity of N-me-α-

MeDA, 5-(GSH)-N-me-α-MeDA, 5-(NAC)-N-me-α-MeDA, and 2,5-bis-(NAC)-N-

me-α-MeDA were roughly equivalent, but much greater than the toxicity noted for 

DA or similar thioether dopamine conjugates.89  The authors of this study failed to 

detect any toxicity mediated by protein alkylation, however, so they concluded 

that contribution of the MDMA thioether metabolites was likely mediated through 
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generation of ROS through semiquinone intermediates.  Oxidative stress 

markers are elevated after MDMA treatment, and the propensity of quinones to 

redox cycle provides one mechanism by which MDMA can induce an increase in 

ROS production.  

Evidence suggests a few specific cellular targets of DAQ’s, including 

mitochondria, microglia, and the ubiquitin-proteosome system, that, when 

perturbed, promote cell death.  Enzymes of the electron transport chain in 

mitochondria are inhibited by ROS279, which could be generated via quinone 

redox cycling, but more directly, DAQ’s promote opening of the mitochondrial 

permeability transition pore (PTP).280  The PTP is a protein channel in the inner 

mitochondrial membrane that, when open, allows for the passage of solutes and 

proteins across the usually impermeable inner mitochondrial membrane, which 

leads to osmotic swelling and promotion of cell death.281  Mitochondria are 

potentially activated by quinones, as incubation of cultured microglia with DAQ 

caused activation of the microglia.282  Microarray analysis revealed that genes 

attributable to protective effects of microglia, such as caveolin 2 (endocytosis), 

P2X (neuronal communication), and sestrin 1 (antioxidant response) were 

downregulated, while genes contributing to the promotion of deleterious actions, 

such as inflammation and pro-oxidant production, were upregulated.282  

Quinones are formed during the metabolism of MDMA and may potentially 

activate microglia in reactions analogous to DAQ’s.  Finally, the ubiquitin-

proteosome system of the rat mesencephalic dopaminergic cell line, N27, is 
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inhibited by DAQ’s in a dose- and time-dependent manner.283  The ultimate result 

of this inhibition was the initiation of cellular apoptosis, though it should be noted 

that DAQ was a less potent inducer of apoptosis that the classic proteosome 

inhibitor, MG132, and the apoptosis response of DAQ, but not that of MG132, 

was prevented by co-treatment with NAC.283 

Quinones promote deleterious effects in cells via a broad spectrum of 

mechanisms.  DAQ’s seem to be the model quinone species in most studies 

investigating neurotoxicity or neurodegeneration, and the evidence that these 

species promote cellular death is convincing.  The fact that quinone species are 

produced during the metabolism of MDMA and that these species are neurotoxic 

in vitro, warrants further investigation with respect to the involvement of the 

quinones and quinone thioether metabolites of MDMA in MDMA-induced 

neurotoxicity.  Preliminary investigations into the neurotoxic potential of certain 

thioether MDMA metabolties are detailed in Appendix A.  

1.6. DISSERTATION AIMS 

 MDMA has been and continues to be one of the most widely abused illicit 

substances worldwide.284  A number of studies have investigated mechanisms 

underlying MDMA-induced neurotoxicity, but a unifying model describing this 

toxicity remains elusive.  Metabolism of MDMA appears to be a necessary 

component of MDMA-induced neurotoxicity, as direct administration of MDMA 

into the rodent CNS fails to produce markers of neurotoxity seen after peripheral 

administration of an accepted neurotoxic regimen of MDMA.79,80  Furthermore, 
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inhibition of certain enzymes involved in the metabolism of MDMA alters the 

neurotoxic profile of MDMA, suggesting that metabolism of MDMA is involved in 

the neurotoxicity thereof.125,126  Essentially, the experiments undertaken in this 

thesis were designed to determine whether genotype affects MDMA-induced 

neurotoxicity, and whether microglia are involved in the progression of this 

neurotoxicity. 

 Characterizing the neurotoxic potential of MDMA in humans presents a 

substantial problem.  MDMA primarily affects the serotonergic system in humans, 

and 5-HT regulates functions of a more subtle nature (e.g. mood, cognition) than 

those regulated by dopamine (e.g. movement).  It is, therefore, more difficult to 

assess the long-term neurotoxic consequences of putative serotonergic 

neurotoxicants, such as MDMA, where the most acceptable measure to assess 

brain damage is by conducting standardized cognition tests, than it is to assess 

the neurotoxicity of putative dopaminergic neurotoxicants, such as MPTP, where 

brain damage can be readily assessed by observing effects such as tremor and 

postural instability.  Psychological tests measuring cognition must assume that 

the only difference between individuals is drug use, but humans are extremely 

complex beings, with potentially thousands of confounding factors to complicate 

the elucidation of any definitive cause of observed cognitive deficiency.  

Furthermore, such cognition studies have, to date, not accounted for the 

genotype of the individuals being tested.  We conducted the experiments 
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described herein to determine MDMA’s neurotoxic effects in a model of CYP2D 

poor metabolizer phenotype and a model of COMT low activity phenotype. 

Work investigating the role of the CYP 2D family in MDMA-induced 

neurotoxicity is examined in Chapter 3.  CYP2D6 in humans, or the ortholog 2D1 

in rats, catalyzes the high-affinity O-demethylenation of MDMA or MDA, yielding 

the catechols N-me-α-MeDA or α-MeDA, respectively (Figure 1.2).37  This 

enzyme is polymorphic in the human population and four discernable 

phenotypes, ultra-rapid-, extensive-, intermediate-, and poor-metabolizers, have 

been described.102  The inference could be drawn that each of these phenotypes 

carries a distinct risk of long-term MDMA toxicity due to differential metabolism of 

the parent compound.  Use of both a pharmacological and genetic model of CYP 

2D inhibition/deficiency shows that decreasing CYP 2D activity attenuates 

MDMA-induced serotonergic deficits (Chapter 3). 

 Chapter 4 considers the role of COMT in the metabolism of MDMA, and 

how inhibition of COMT affects MDMA-induced neurotoxicity.  COMT is the 

preferential phase II metabolic step that transforms the catechol metabolites of 

MDMA or MDA into more readily-excretable hydroxy-methoxy metabolites 

(Figure 1.2).81  Polymorphisms have been described for COMT in the human 

population, with the most common being the val108/158met polymorphism which 

gives a distribution of 1:2:1 of a high:intermediate:low activity COMT phenotype 

in the Caucasian population.112  As COMT deficiency likely produces a larger 

pool of catechol metabolites, the potential to form a greater amount of quinone 
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species exists in cases of low COMT activity.  A pharmacological model of 

COMT inhibition in the rat shows that decreasing COMT activity potentiates long-

term MDMA-mediated serotonergic deficits.  A genetic model of COMT 

deficiency in the mouse reveals that acute toxicity of MDMA is enhanced 

(Chapter 4). 

Finally, in Chapter 5 the contributions of microglia to observed MDMA 

neurotoxicity is examined.  This is an area of debate in the literature, with 

proponents either supporting or denouncing the involvement of these cells in 

MDMA-induced neurotoxicity.  Microglia serve as the macrophages of the CNS, 

and, as such, are armed to combat against infection and chemical insult.  

Reactive chemicals produced by microglia can also be deleterious to the cells (ie 

neurons) that the microglia usually protect.  Microglial involvement in states of 

prolonged neuroinflammation and neurodegenerative diseases has become an 

area of increased study in the last two decades.  Microglial activation is a 

phenomenon that can be investigated via positron emission tomography, 

however no such study investigating glial activation in human MDMA users 

exists.  As we do not have access to human MDMA users, rats treated with 

MDMA were assessed for glial activation to determine if these cells might 

contribute to MDMA-mediated neurotoxicity.  Work described in Chapter 5 

reveals that there is a modest, but significant, increase in microglial occupancy in 

the parietal cortex of rats treated peripherally with MDMA.  Further work in this 
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area is necessary to determine if the microglial cells are, in fact, activated and 

releasing compounds that might be detrimental to neuronal health. 



 87 

CHAPTER 2 

MATERIALS AND METHODS 

2.1. MATERIALS 

    2.1.1. Chemicals and Reagents 

 3,4-(±)-MDMA hydrochloride was obtained through either Sigma Aldrich 

(St. Louis, MO, for all rat studies) or NIDA’s Drug Supply Program (Bethesda, 

MD, for COMT KO mouse studies).  5-HT, 5-hydroxyindoleacetic acid (5-HIAA), 

DA, 3,4-dihydroxyphenylacetic acid (DOPAC), NE, caffeic acid, quinine, NADPH, 

Ro 41-0960, SAM, protocatechuic acid (PCA), vanillic acid (VA), and HPLC 

solvents were all purchased from Sigma Aldrich (St. Louis, MO).  7-methoxy-4-

(aminomethyl)-coumarin (MAMC) and 7-hydroxy-4-(aminomethyl)-coumarin 

(HAMC) were procured from BD Biosciences (San Jose, CA).  DiI-Ac-LDL was 

obtained from Biomedical Technologies, Inc (Stoughton, MA).  Antibodies 

directed against ionized calcium-binding adapter molecule 1 (Iba1) were 

purchased from Wako Chemicals USA, Inc (Richmond, VA).  The MACH4™ 

antibody detection system was a product of BioCare Medical (Concord, CA).  All 

other chemicals were obtained from Sigma Aldrich (St. Louis, MO), Thermo 

Fisher Scientific (Waltham, MA), or VWR International (Radnor, PA) unless 

otherwise stated and were of the highest chemical grade commercially available.  

N-me-α-MeDA was synthesized by the Chemical Synthesis Facility at the 

University of Arizona (Tucson, AZ).  Thioether metabolites of MDMA were 
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synthesized by the Bioanalysis and Analytical Services Group at the Institut 

Hospital del Mar d'Investigacions Mèdiques (IMIM, Barcelona, Spain). 

    2.1.2. Animals and Drug Administration 

        2.1.2.1. CYP2D1 Investigations in Rat Models 

 Female Sprague-Dawley or Dark Agouti rats (~200 g) were obtained from 

Harlan Laboratories (Houston, TX) and allowed one week to acclimate to the 

AHSC facility environs (Tucson, AZ) before initiation of experiments.  Animals 

were group housed (3 per cage) on a 12hr light/dark cycle held at 21 ± 2°C 

where food and water were provided ad libitum.  For pharmalogical inhibition of 

CYP2D1, Sprague-Dawley rats were treated with quinine (40 mg/kg, ip) 1 hour 

prior to treatment with MDMA (20 mg/kg, sc, dissolved in 0.9% saline).  Control 

animals received injections of 0.9% saline (sc).  In a genetic model of CYP2D1 

deficiency, Dark Agouti rats served as a “poor-metabolizer” phenotype, and 

neurotransmitter deficits after MDMA administration (20 mg/kg, sc) were 

compared against Sprague-Dawley rats (“extensive-metabolizer” phenotype) 

receiving identical doses of MDMA. 

        2.1.2.2. Transgenic hCYP2D6 Mice 

      These mice were a generous gift from the laboratory of Dr. Frank 

Gonzalez (NIH, Bethesda, MD).  WT mice were purchased from Harlan 

Laboratories (Houston, TX).  The background of these humanized CYP2D6 mice 

was the FVB/N strain.  Mice were group housed (3-4 per cage) on a 12 hour 

light/dark cycle held at 21 ± 2°C where food and water were provided ad libitum.  
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Mice were administered MDMA at 30 mg/kg (sc) three times at 3-hour intervals.  

Control animals received 3 injections of 0.9% saline at 3-hour intervals.   

        2.1.2.3. Pharmacological Inhibition of COMT in Rat 

 Male Sprague-Dawley rats (~250 g) were purchased from Harlan 

Laboratories (Houston, TX).  Rats were group-housed (3 per cage) and kept on a 

12hr light/dark cycle maintained at 21 ± 2°C where food and water were provided 

ad libitum.  Rats were allowed to acclimate to surroundings for 1 week prior to 

initiation of any experiments.  Animals were pre-treated with Ro 41-0960 (40 

mg/kg, ip) dissolved in 60%:40% DMSO:saline 1.5 hours before administration of 

MDMA (20 mg/kg, sc).  

        2.1.2.4. COMT KO Mice 

 Three breeding pairs of these mice were a generous gift from the 

laboratories of Dr. Joseph Gogos and Dr. Maria Karayiorgou at Columbia 

University (New York, NY).  The background of these knockout animals was the 

C57Bl/6 strain.  Mice were bred at the AHSC facility to obtain sufficient numbers 

of animals to conduct experiments.  Additional WT animals were ordered from 

Harlan Laboratories (Houston, TX).  Animals were allowed to reach 2.5 months 

of age before initiating experiments.  After determining gender and genotype, 

mice received either 0.9% saline (sc) or MDMA (15 mg/kg x 2, 15 mg/kg x 3, 30 

mg/kg x 1, or 30 mg/kg x 3, sc) injections. 
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        2.1.2.5. Intracranial Drug Administration 

 Male Sprague-Dawley rats (~150 g) were purchased from Harlan 

Laboratories (Houston, TX).  Rats were initially group housed (3 per cage) and 

maintained on a 12 hour light/dark cycle held at 21 ± 2°C where food and water 

were provided ad libitum.  Animals were allowed to acclimate to their 

surroundings for 1 week before initiation of experiments.  Following acclimation, 

animals were handled daily for one week in order to minimize distress during and 

after surgical procedures.  After cannula implantation, rats were allowed a 7-day 

recovery period before infusion of drug into the CNS.  Thioether metabolites of 

MDMA (including 5-(GSH)-N-me-α-MeDA and 5-(NAC)-N-me-α-MeDA) were 

dissolved in aCSF immediately prior to infusion into the CNS of freely moving 

rats at a rate of 1 µL/min.  Thioether concentrations infused ranged from 25 – 

600 nmols and rats were infused either a single time or 4 times at 12-hour 

intervals.  Procedures were approved by the Institutional Animal Care and Use 

Committee (IACUC) at the University of Arizona and were carried out in 

accordance with the Guide for the Care and Use of Laboratory Animals (National 

Academies Press).   

2.2. METHODS 

    2.2.1. Verification of CYP2D1 Inhibition by Quinine 

 Adult female Sprague-Dawley rats (~250 g) were dosed with either quinine 

(40 mg/kg, 80 mg/kg, or 120 mg/kg, sc) or saline and euthanized 1 hour later.  

Livers were removed, finely minced, and rinsed with ice cold PBS.  Liver (750 
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mg) was homogenized in 7.5 mL of an ice-cold and freshly-prepared Tris-HCl 

buffer (50 mM Tris-HCl, 1 mM EDTA, 154 mM KCl, 1 mM PMSF, 12 µM 

leupeptin, and 1.5 µM pepstatin A, pH 7.4).  Supernatant was collected from liver 

preparations and centrifuged at 10,000xg for 30 minutes at 4°C.  Supernatant 

was collected once more and centrifuged at 100,000xg for 70 minutes at 4°C.  

The resulting pellet was resuspended in an ice-cold pyrophosphate buffer (100 

mM sodium pyrophosphate, 0.1 mM EDTA, pH 7.4).  This solution was 

centrifuged at 100,000xg for 70 minutes at 4°C.  Resulting pellet was 

resuspended in an ice-cold potassium phosphate buffer (10 mM KPO4, 1 mM 

EDTA, 20% glycerol, pH 7.4).  Protein concentrations were determined by the 

Pierce BCA Protein Assay following manufacturer recommendations (Thermo 

Scientific, Waltham, MA).   

 Assay for verification of CYP2D1 inhibition by quinine was adapted from 

Fonsart et al.285  Reaction buffer consisted of 0.1 M KPO4, 5 mM MgCl2, 1 mg/mL 

BSA, and 250 µM NADPH (pH 7.4).  Microsomal preparations (0.5 mg) were 

added to enough reaction buffer to achieve a volume of 960 µL per reaction.  

This solution was then pre-incubated at 37°C for 5 minutes before addition of 40 

µL of a 1 mM solution of MAMC (in 5% DMSO) was added to initiate the reaction.  

Reaction was allowed to incubate at 37°C for 5, 15, or 30 minutes and was 

ultimately terminated by addition of 125 µL of ice-cold 35% perchloric acid.  

Tubes were centrifuged at 16,000xg for 12 minutes at 4°C and the supernatant 

was collected.  Formation of the O-demethylated HAMC from MAMC was 
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measured by fluorospectrophotometry using an excitation wavelength of 405 nm 

and an emission wavelength of 460 nm on a SpectraMax M2 System Microplate 

Reader (Molecular Devices, Sunnyvale, CA).  Concentrations of HAMC achieved 

were determined by comparison of reaction supernatants to a standard curve of 

HAMC. 

    2.2.2. Verification of COMT Inhibition by Ro 41-0960 

 Adult male Sprague-Dawley rats were treated with either Ro 41-0960 (40 

mg/kg, sc) or vehicle (60:40 DMSO:saline) and euthanized 1.5 hours later. Livers 

were removed, finely minced, and rinsed with ice cold PBS.  Liver (750 mg) was 

homogenized in 7.5 mL of an ice-cold and freshly-prepared Tris-HCl buffer (50 

mM Tris-HCl, 1 mM EDTA, 154 mM KCl, 1 mM PMSF, 12 µM leupeptin, and 1.5 

µM pepstatin A, pH 7.4).  Supernatant was collected from liver preparations and 

centrifuged at 10,000xg for 30 minutes at 4°C.  Supernatant was collected once 

more and centrifuged at 100,000xg for 70 minutes at 4°C.  The supernatant 

resulting from this centrifugation was used as the cytosolic preparation (soluble 

form of COMT) and the pellet was further processed as the microsomal 

preparation (membrane-bound form of COMT).  The pellet was resuspended in 

an ice-cold pyrophosphate buffer (100 mM sodium pyrophosphate, 0.1 mM 

EDTA, pH 7.4).  This solution was centrifuged at 100,000xg for 70 minutes at 

4°C.  The resulting pellet was resuspended in an ice-cold potassium phosphate 

buffer (10 mM KPO4, 1 mM EDTA, 20% glycerol, pH 7.4).  Protein concentrations 
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were determined by the Pierce BCA Protein Assay following manufacturer 

recommendations (Thermo Scientific, Waltham, MA). 

 Assay for verification of COMT inhibition by Ro 41-0960 was adapted from 

Kadowaki et al.286  Reaction buffer consisted of 50 mM Tris-HCl, 4 mM MgCl2, 

and 2 mM PCA (pH 7.4).  Cytosolic preparations (750 µg) or microsomal 

preparations (1 mg) were added to enough reaction buffer to obtain a volume of 

480 µL per reaction.  Reaction tubes were pre-incubated at 37°C for 5 minutes 

before the addition of 20 µL of a 5 mM stock solution of SAM to initiate the 

reaction.  Reaction tubes were incubated at 37°C for 30 minutes before 

terminating the reaction by addition of 500 µL of ice-cold 0.5 M perchloric acid.  A 

portion (300 µL) of the neutralized reaction was placed in a new tube and 75 µL 

of 0.5 M Tris-HCl (pH 7.4) and 75 µL of NaOH were added to neutralize the acid.  

This 450 µL aliquot was centrifuged at 16,000xg for 7 minutes at 4°C.  The 

resulting supernatant was filtered and analyzed for PCA and VA content via 

HPLC. 

 Samples were analyzed on a Shimadzu 10A system coupled to a 

Shimadzu 10Avp UVvis detector (Shimadzu Scientific Instruments, Columbia, 

MD).  Reaction mix (50 µL) was injected onto a C-18, 4.6x80 mm, 3 µm pore 

column (Thermo Scientific Dionex, Sunnyvale, CA).  Mobile phase consisted of 

20% methanol adjusted to pH 2.5 with phosphoric acid.  Flow rate was 0.5 

mL/min.  Absorbance was read at 260 nm.  Concentrations of PCA and VA were 
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determined by comparing AUC values of reation mixtures to those of PCA and 

VA calibration standards. 

    2.2.3. Genotyping COMT Mice 

 Genomic DNA was isolated from tail clippings using a standard Proteinase 

K digestion followed by high salt concentration/ethanol DNA precipitation.  

Genotyping was performed using the following primers:  COMT F: ACC ATG 

GAG ATT AAC CCT GAC TAC G; COMT R: GTG TGT CTG GAA GGT AGC 

GGT C; Neomycin F: CTT GGG TGG AGA GGC TAT TC; Neomycin R: AGG 

TGA GAT GAC AGG AGA TC.  The Neomycin resistance gene was included in 

the modified COMT gene vector and presence of this amplicon indicated deletion 

of functional COMT.  Absence of the COMT amplicon and presence of the Neo 

amplicon indicated COMT-/- mice and both amplicons indicated COMT+/- mice. 

    2.2.4. Brain Microdissecstion 

 Rats were euthanized via CO2 asphyxiation followed by decapitation.  

Brains were removed and immediately placed upon a cold plate.  Regions of 

interest (frontal cortex, striatum, and hippocampus) were dissected free of 

surrounding tissue and frozen in liquid nitrogen.  Tissue samples were weighed 

and then sonicated in 10 volumes of an ice-cold perchloric acid buffer (0.1 M 

perchloric acid, 134 µM EDTA, and 263 µM sodium octane-sulfonic acid) using a 

ultrasonic homogenizer (Cole-Parmer, Chicago, IL) at setting 4.  Samples were 

then centrifuged at 16,000xg for 20 minutes at 4°C.  Supernatants were collected 
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and filtered through 0.45 µm syringe-tip filters before analysis of neurotransmitter 

content by HPLC-ECD. 

    2.2.5. HPLC-ECD Analysis for Neurotransmitter Concentration 

 Neurotransmitter concentrations from tissue homogenates were 

determined by high-pressure liquid chromatography (HPLC) coupled to an 

electrochemical detector (ECD).  The HPLC system used was a Shimadzu 

10ADvp system (Shimadzu Scientific Instruments, Columbia, MD) equipped with 

an ESA C-18, 4.6x80 mm, 3 µm pore size column (Thermo Scientific Dionex, 

Sunnyvale, CA) coupled to an ESA Model 5600A CoulArray system (Thermo 

Scientific Dionex, Sunnyvale, CA).  Mobile phase consisted of 35 mM citric acid, 

54 mM sodium acetate, 324 µM sodium-1-octanesulfonic acid, 171 µM EDTA, 

3% (v/v) methanol, 3% (v/v) acetonitrile, pH 4.0.  Flow rate was 0.8 mL/min.  

Electrode potentials were set at +50, +150, +300, and +450 mV.  Tissue 

preparations (50 µL) were injected and peak areas were compared to a standard 

curve of DA, DOPAC, 5-HT, and 5-HIAA to obtain neurotransmitter 

concentrations.  Caffeic acid was used in all preparations as an internal standard. 

    2.2.6. Measuring Core Body Temperature 

 Animals were anesthetized using isoflurane (5% in air to induce 

anesthesia and 1.5% for maintenance).  The abdomen was shaved and wiped 

with alternating iodine and alcohol scrubs.  An incision was made to expose the 

peritoneal cavity and a data logger (SubCue Dataloggers, Calgary, AB, Canada) 

was implanted intraperitoneally.  Probes were programmed to record 
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temperature at three-minute intervals.  The peritoneal cavity was sealed using 

non-absorbable sutures. 

    2.2.7. Plasma Norepinephrine Preparation 

 Naïve or MDMA-treated (30 mg/kg, sc) mice were anesthetized with 

isoflurane (5% induction, 3% maintenance) 45 minutes after dosing and whole 

blood was collected from the ventricle of the heart using a syringe containing 10 

uL of 100 USP heparin.  Whole blood was centrifuged at 3,000xg for 20 minutes 

at 4°C.  Plasma supernatant was collected and stored at -80°C until analysis by 

HPLC-ECD. 

 For catecholamine extraction, plasma (100 µL) was added to an 

Eppendorf tube containing 30 mg of aluminum oxide (Wako Chemical USA, 

Richmond, VA), and 20 ng of an internal standard dihydroxybenzylamine 

hydrobromide, in 1.1 mL of 1.36 M Tris buffer containing 9 mM EDTA (pH 8.6).  

Tubes were shaken by hand for 10 minutes before centrifugation at 1,000xg for 1 

minute.  Supernatant was discarded and the alumina pellet was washed with 1 

mL of water.  Tube was centrifuged at 1,000xg for 1 minute to pellet alumina.  

Alumina was washed and centrifuged twice more.  The alumina pellets were 

transferred to a filter cup (UFC30GV00, Millipore, Billerica, MA) in 500 µL water 

and centrifuged at 5,000xg for 10 minutes at 4°C.  Water was discarded and 

alumina was immersed in 200 µL of 2% (v/v) acetic acid in 100 µM EDTA for 10 

minutes.  After 10 minutes, the filter tube containing the alumina was centrifuged 



 97 

at 5,000xg for 10 minutes at 4°C.  The resulting filtrate was analyzed by HPLC-

ECD. 

    2.2.8. HPLC-ECD Measurement of Plasma Norepinephrine 

 Plasma NE concentrations were measured using a Shimadzu 10ADvp 

system (Shimadzu Scientific Instruments, Columbia, MD) with an Eicom P3-CA-

PC precolumn in-line before an Eicom CA-5ODS, 2.1x150 mm separation 

column (Eicom, San Diego, CA).  HPLC was coupled to an Eicom ECD-700 

electrochemical detector (Eicom, CA).  Mobile phase consisted of 75.9 mM 

NaH2PO4, 12.1 mM Na2HPO4, 2.8 mM sodium-1-octanesulfonic acid, 134 µM 

EDTA, and 12% (v/v) methanol, pH 6.0.  Flow rate was 0.18 mL/min.  The 

working electrode was set at +450 mV.  Plasma preparations (50 µL) were 

injected and the NE peak areas were compared against a standard curve to yield 

NE concentrations. 

    2.2.9. Immunohistochemistry 

 Adult male Sprague-Dawley rats were treated with either MDMA (20 

mg/kg, sc) or 0.9% saline.  At various timepoints after dosing, rats were 

administered pentobarbital (100 mg/kg, ip) and transcardially perfused with PBS 

followed by 4% paraformaldehyde.  Brains were removed and placed in 4% 

paraformaldehyde for post-fixing overnight.  Brains were then rinsed with water 

and stored in 70% ethanol and submitted to the University of Arizona Histology 

Core for paraffin embedding and slide preparation.  The region investigated was 

the parietal cortex (5.0 mm from the tip of the frontal cortex). 
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 Tissue sections were deparaffinized in xylene and rehydrated in ethanol.  

Antigen retrieval was achieved using citrate buffer (10 mM citric acid, 0.05% v/v 

Tween 20, pH 6.0) at 100°C for 6 minutes.  Endogenous peroxidase activity was 

blocked by immersing slides in 0.3% v/v H2O2 in methanol for 20 minutes.  

Sections were incubated in a 1:1,000 dilution of Iba1 antibody for 2 hours at room 

temperature and then overnight at 4°C.  Antibody binding was detected using the 

MACH4™ detection system (BioCare Medical, Concord, CA) following 

manufacturer recommendations.  Color development was achieved by immersion 

in a DAB solution (2.5 g Nickel (II) sulfate and 20 mg DAB in 100 mL 0.175 M 

sodium acetate) for 15 minutes.  Slides were imaged with a Leica DM4000B 

microscope equipped with a DFC450 camera (Leica Microsystems, Buffalo 

Grove, IL). 

    2.2.10. Iba1 Quantitation 

Stained samples were imaged using an Olympus IMT-2 microscope 

(Olympus America Inc, Center Valley, PA) and a Hamamatsu Orca-100 camera 

(Hamamatsu Corp, Bridgewater ,NJ).  The digital images were analyzed with 

SimplePCI ver 6.5 software (HamamatsuCorp, Sewickley, PA) using a calibration 

file matched to the magnification used (20X). 

Images were digitally captured in a systematic fashion and an intensity 

threshold was set to select all the stained cells and processes in the field.  To 

discriminate cell bodies from ramifications, a second step removed all 

thresholded objects smaller than 1 µm2, as well as any objects that touched the 
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edge of the image.  The software then measured the area of the remaining 

thresholded objects.  Twelve images were captured per animal and the average 

of the twelve images was considered the stained area from a single animal. 

    2.2.11. Functional Microglia Assay 

 Adult male Sprague-Dawley rats were treated with either MDMA (20 

mg/kg, sc) or 0.9% saline.  At various time points after drug administration, rats 

were euthanized via CO2 asphyxiation followed by decapitation.  Brains were 

immediately removed and placed on a cold-plate.  Tissue samples (2.0 x 1.0 

mm) were isolated by microdissection.  Biopsies were incubated for 24 h in 

chemically defined N2 medium287 (1:1 DMEM:Ham’s F12, 14.3 mM NaHCO3, 15 

mM HEPES, 2.5 mg/L insulin, 25 mg/L transferrin, 6.28 µg/L progesterone, 16.1 

mg/L putrescine, 30 nM SeO2, 40 mg/L penicillin, 8 mg/L ampicillin, and 90 mg/L 

streptomycin) with 10% FBS at 37°C.  Samples were then stained with 1-1’-

dioctadecyl-1,3,3,3’,3’-tetramethylindocarbocyanine perchlorate (Dil-ac-LDL, 10 

µg/mL in N2 media) for 6 hours and fixed in 3% formaldehyde in PBS.  

Visualization of Dil-ac-LDL positive microglia was achieved by examining fixed 

tissue via fluorescence microscopy.   

 Quantification of DiI-ac-LDL was achieved by fluorescence 

spectrophotometry (Spectramax Gemini XPS, Molecular Devices, Sunnyvale, 

CA).  DiI-ac-LDL stained tissue (15 mg) from either MDMA- or saline-treated rats 

was washed in PBS and subsequently sonicated in 500 µL of 3% formaldehyde 

in PBS.  Samples were read at an excitation wavelength of 514 nm and an 
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emission wavelength of 550 nm.  Relative fluorescence units were compared to 

those of a calibration standard curve of DiI-ac-LDL. 

    2.2.12. Surgical Implantation of Injector Cannula 

 Adult male Sprague-Dawley rats were anesthetized using a ketamine-

based anesthetic cocktail (33.3 mg/mL ketamine, 10.7 mg/mL xylazine, and 1.3 

mg/mL acepromazine – 1 mL/kg, im).  Heads were fixed in place on a stereotaxic 

apparatus and a guide cannula (Plastics One, Roanoke, VA) was affixed to the 

skull using dental cement, following coordinates from bregma: -0.8 mm A-P, +1.5 

mm M-L, 4.0 mm D-V for the lateral ventricle or -0.8 mm A-P, +2.5 mm M-L, 5.5 

mm D-V for the striatum.288  A dummy cannula was inserted through the guide 

cannula to keep the CNS isolated from the external environment.  Animals were 

singly-housed from this point and allowed a 7 day recovery period before 

initiation of further experiments. 

    2.2.13. Infusion of Drug into the CNS 

 Dummy cannulas were removed from the guide cannula and injector 

probes (Plastics One, Roanoke, VA) connected to PE-50 tubing in-line of a 1 

µL/min pump (Razel Scientific Instruments, St. Albans, VT) were inserted in their 

place.  aCSF (147 mM NaCl, 4 mM KCl, 1.2 mM CaCl2, and 1.2 mM MgSO4) or 

5-(GSH)-N-me-α-MeDA (various concentrations, in aCSF) or 5-(NAC)-N-me-α-

MeDA (various concentrations, in aCSF) were infused into either the ventricle or 

striatum of a freely-moving rat at a rate of 1 µL/min.  After cessation of infusion, 

the injector probe was left in the guide cannula for an additional 5 minutes with 
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the pump turned off.  Injector probes were then removed and replaced with 

dummy cannulas.   

    2.2.14. Statistics 

 Results from experiments were analyzed either by one-way ANOVA 

(studies with only one strain/genotype) followed by Bonferroni post hoc tests to 

compare different groups or by two-way ANOVA (studies with multiple 

strains/genotypes or timepoints) followed by Bonferroni post hoc tests to 

compare different groups.  All analyses were performed using GraphPad Prism 5 

software (La Jolla, CA).  
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CHAPTER 3 
 

EFFECTS OF CYTOCHROME P450 2D ENZYME INHIBITION OR 
DEFICIENCY ON 3,4-(±)-METHYLENEDIOXYMETHAMPHETAMINE-INDUCED 

NEUROTOXICITY 
 

3.1. INTRODUCTION AND RATIONALE 

 Work described in this chapter was performed jointly by Dr. Gladys Erives 

and Joseph Herndon.  The intention was to further develop this project with 

additional studies detailed in Appendix A.  Certain components of this project 

may also be found in the dissertation of Dr. Gladys Erives, but as we both 

contributed equally to the experiments, and the work lays the foundation to 

further studies, I feel it is appropriate to include these studies in the present 

dissertation. 

 MDMA is extensively metabolized in both humans and rats.30,37,82  MDMA 

is capable of undergoing N-demethylation to form MDA in a reaction catalyzed by 

members of the cytochrome P450 enzyme family, including 2D6, 1A2, 2B6, and 

3A4, but this reaction has been shown to have a greatly reduced velocity in 

humans when compared to O-demethylenation.83  Both MDMA and MDA follow 

parallel metabolic steps, first yielding either N-me-α-MeDA or α-MeDA (Figure 

1.2) in an O-demethylenation reaction catalyzed by cytochrome P450 family 

members.81  CYP2D6 is the only high-affinity O-demethylenation component in 

MDMA metabolism in humans, although this enzyme is also low capacity.83  

Contribution order for the low-affinity MDMA O-demethylenation cytochrome 
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P450 enzymes in humans was determined to be 1A2 > 2B6 > 3A4.83  In rats, the 

only high-affinity MDMA O-demethylenation reaction is catalyzed by the human 

CYP2D6 ortholog, CYP2D1.85   

 MDMA metabolism is considered a necessary component of MDMA-

induced neurotoxicity.  Direct injection of MDMA into the rodent CNS has failed to 

produce similar evidence of neurotoxicity as is apparent when MDMA is injected 

peripherally.79,80,139  Furthermore, studies investigating the effects of metabolism 

perturbations on MDMA-mediated neurotoxicity have revealed that markers of 

neurotoxicity are altered upon inhibition of enzymes critical in MDMA 

metabolism.125,126  This has serious implications for individual susceptibility to the 

toxic effects of MDMA, as CYP2D6, the high-affinity MDMA O-demethylenation 

enzyme is polymorphic in the human population.98 

 It is hypothesiszed that MDMA metabolites are responsible for the ultimate 

neurotoxicity seen following peripheral injection of MDMA.  The catechol 

metabolites of MDMA, namely N-me-α-MeDA and α-MeDA, are unstable species 

and are quickly biotransformed into a number of different methylated, sulfonated, 

or glucuronidated compounds in reactions catalyzed by phase II hepatic 

enzymes.30  However, in the absence of such conjugation reactions, the catechol 

metabolites of MDMA may oxidize to redox-active and electrophilic quinone 

metabolites.81,88  These quinone species are susceptible to nucleophilic attack by 

glutathione, causing the formation of the first of the thioether metabolites of 

MDMA, 5-(GSH)-N-me-α-MeDA or 5-(GSH)-α-MeDA.  A number of thioether 
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metabolites may arise from 5-(GSH)-N-me-α-MeDA or 5-(GSH)-α-MeDA via the 

mercapturic acid pathway, including 5-(NAC)-N-me-α-MeDA or 5-(NAC)-α-MeDA, 

in addition to the doubly-conjugated 2,5-bis-(GSH)-N-me-α-MeDA, 2,5-bis-

(NAC)-N-me-α-MeDA, 2,5-bis-(GSH)-α-MeDA, and 2,5-bis-(NAC)-α-MeDA.  A 

number of these thioether metabolites have been identified in the rodent CNS 

following peripheral administration of MDMA91, as well as being identified in 

human urine following MDMA administration.92 

 The toxicity of the thioether metabolites of MDMA has been established in 

a variety of model systems.  Icv administration of 5-(GSH)-α-MeDA into rats 

produced serotonergic deficits comparable to those seen following a peripheral 

dose of MDMA.106  5-(NAC)-N-me-α-MeDA injected intrastriatally in rats also 

produced serotonergic depletions similar to those seen following peripheral 

MDMA administration.267  5-(GSH)-α-MeDA and 2,5-bis-(GSH)-α-MeDA were 

both shown to be potent toxicants in primary renal proximal tubular cells isolated 

from either rat or humans.266  Finally, in rat cortical neuronal cultures, 5-(GSH)-α-

MeDA proved to be more toxic than N-me-α-MeDA, α-MeDA, or MDMA.268   

 The studies described herein were designed to determine whether 

inhibition or deficiency of CYP2D1 affects MDMA-induced neurotoxicity.  In the 

human population, 4 discernable phenotypes have been described with regards 

to CYP2D6 activity: ultra-rapid-, extensive-, intermediate-, and poor-metabolizer 

phenotypes.101  Ultra-rapid CYP2D6 metabolizers likely form more of the 

catechol MDMA metabolites, N-me-α-MeDA and α-MeDA, thus increasing the 
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fraction from which quinones and thioether MDMA metabolites may be formed.  

Indeed, a study performed in humans revealed individuals carrying two functional 

alleles had greater mean plasma concentrations of the MDMA metabolite, 

HMMA, than individuals with only one functional allele.87  Thus, the hypothesis 

being tested is CYP2D1 inhibition or deficiency alleviates MDMA-induced 

neurotoxicity.  In these studies, quinine was used as a pharmacological inhibitor 

of CYP2D1289 and the female Dark Agouti rat served as a model of the CYP2D 

poor-metabolizer phenotype.290  
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3.2. RESULTS 

    3.2.1. Verification of CYP2D1 Inhibition by Quinine 

 Quinine was selected as an inhibitor of CYP2D1 in Sprague-Dawley rats 

and verification of its efficacy was assessed using microsomes prepared from 

rats treated either with quinine or saline.  Formation of HAMC, the O-

demethylation product of MAMC, was monitored in incubations of prepared 

microsomes as a measure of CYP2D1 activity as described in Materials and 

Methods.  Rats treated with quinine showed dose-dependent inhibition of 

CYP2D1.  In a 15 minute incubation, microsomes prepared from rats receiving 

40 mg/kg quinine displayed 38% reduction in CYP2D1 activity.  This reduction 

was 76% and 85% in microsomes prepared from rats treated with 80 mg/kg and 

120 mg/kg quinine, respectively (Figure 3.1).  ANOVA analysis reveals a 

statistically significant difference between groups (p < 0.001) and Bonferroni post 

hoc tests show that all three quinine doses are significantly different than control 

and both the 80 mg/kg and 120 mg/kg groups differ significantly from the 40 

mg/kg group. 

    3.2.2. Quinine Pre-Treatment Attenuates MDMA-Mediated Neurotoxicity 

 Rats were administered either saline, MDMA (20 mg/kg, sc), quinine (40 

mg/kg, ip), or quinine followed 1 hour later by MDMA.  Quinine pretreatment 

attenuated serotonergic deficits seen in the MDMA treated rats.  5-HT 

concentrations seen in control animals were 3.49 ± 0.28 pmol/mg tissue in the 

cortex, 3.05 ± 0.68 pmol/mg tissue in the striatum, and 1.74 ± 0.84 pmol/mg 
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tissue in the hippocampus.  5-HT concentrations measured from animals treated 

with MDMA were 1.18 ± 0.26 pmol/mg tissue in the cortex (66% reduction from 

control), 1.24 ± 0.28 pmol/mg tissue in the striatum (59% reduction from control), 

and 0.80 ± 0.31 pmol/mg tissue in the hippocampus (54% reduction from 

control).  In rats pretreated with quinine followed by MDMA, 5-HT concentrations 

were 1.93 ± 0.45 pmol/mg tissue in the cortex (44% reduction from control), 1.73 

± 0.40 pmol/mg tissue in the striatum (43% reduction from control), and 0.85 ± 

0.14 pmol/mg tissue in hippocampus (51% reduction from control).  Quinine 

pretreatment, via inhibition of CYP2D1, alleviated MDMA-mediated serotonergic 

deficits by 33% in the cortex, 27% in the striatum, and 5% in the hippocampus 

(Figure 3.2).  ANOVA analysis reveals a statistically significant difference 

between groups (p < 0.001) in each of the brain regions examined.  Bonferroni 

post hoc tests show that both the MDMA and quinine + MDMA groups are 

significantly different than saline treated rats with the exception of the quinine + 

MDMA group in the hippocampus.  Differences in 5-HT concentrations between 

MDMA treated rats and quinine + MDMA treated rats also reached statistical 

significance in the cortex and striatum, but not in the hippocampus. 

    3.2.3. Attenuation of MDMA-Induced Neurotoxicity in a Genetic Model of 

    CYP2D1 Deficiency 

 Female Dark Agouti rats were used as a genetic model of the CYP2D 

poor-metabolizer phenotype, as it is well established that these rats are deficient 

in CYP2D1 activity.290  Female Sprague-Dawley rats were used as a genetic 
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model of the CYP2D extensive-metabolizer phenotype.  When an equivalent 

dose of MDMA (20 mg/kg, sc) was administered to these animals, Dark Agouti 

rats showed an attenuation of serotonergic deficits when compared to Sprague-

Dawley rats, almost perfectly recapitulating values seen in the pharmacological 

CYP2D inhibition study (Figure 3.3).  Cortical 5-HT concentration of saline 

controls was measured at 3.49 ± 0.28 pmol/mg tissue for Sprague-Dawley rats 

and 3.14 ± 0.99 pmol/mg tissue for Dark Agouti rats.  Cortical 5-HT 

concentrations decreased after MDMA treatment by 66% in Sprague-Dawley rats 

(1.18 ± 0.26 pmol/mg tissue) and by 44% in Dark Agouti rats (1.74 ± 0.38 

pmol/mg tissue).  Striatal 5-HT concentration of control rats was 3.05 ± 0.68 

pmol/mg tissue in Sprague-Dawley rats and 2.72 ± 0.51 pmol/mg tissue in Dark 

Agouti rats.  These values decreased after MDMA treatment by 59% in Sprague-

Dawley rats (1.24 ± 0.38 pmol/mg tissue) and 40% in Dark Agouti rats (1.64 ± 

0.53 pmol/mg tissue).  Hippocampal 5-HT concentration of control rats was 1.74 

± 0.84 pmol/mg tissue in Sprague-Dawley rats and 1.65 ± 0.40 pmol/mg tissue in 

Dark Agouti rats.  These values decreased following MDMA treatment by 54% in 

Sprague-Dawley rats (0.80 ± 0.31 pmol/mg tissue) and by 30% in Dark Agouti 

rats (1.15 ± 0.15 pmol/mg tissue). 

 These values are remarkably similar to those observed after 

pharmacological inhibition of CYP2D1 in the cortex and striatum.  Cortical 5-HT 

deficits were attenuated by 33% in both the pharmacological and genetic model 

of CYP2D1 inhibition/deficiency.  Striatal 5-HT deficits were attenuated by 27% in 
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the pharmacological model and by 33% in the genetic model.  Interestingly, the 

magnitude of serotonergic depletion abatement in the hippocampus was far 

greater in the genetic model of CYP2D1 deficiency, 44%, than in the 

pharmacological model of CYP2D1 inhibition, 5%.  Two-way ANOVA analysis 

revealed the most significant source of variation in the genetic model of CYP2D1 

inhibition derives from MDMA treatment (p < 0.001) in all brain regions, the only 

other source of significant variation was the combined interaction of rat strain and 

treatment in the cortex (p = 0.028).  Bonferroni post hoc tests reveal that all 

MDMA treated groups differed from saline treated groups of the same rat strain, 

with the exception of the Dark Agouti strain in the hippocampus.  However, no 

significant differences were noted in 5-HT concentrations between MDMA treated 

Sprague-Dawley rats and MDMA treated Dark Agouti rats in any brain region 

examined.  
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Figure 3.1. Quinine Inhibits Hepatic CYP2D1  

 Rats received an intraperitoneal injection (40 mg/kg) of quinine or saline, 
and microsomes were prepared from livers of these animals.  CYP2D1 activity 
was measured by monitoring formation of HAMC from MAMC.  Open circles 
represent data of rats dosed with saline, and closed symbols represent data from 
increasing doses of quinine (squares, 40 mg/kg; diamonds, 80 mg/kg; triangles, 
120 mg/kg).  Each symbol represents the value obtained from a single 
microsomal preparation (average of duplicate fluorospectrophotometer readings) 
and mean of groups is displayed as a horizontal bar.  *p < 0.05 compared to 
saline control group.  †p < 0.05 compared to the quinine 40 mg/kg group.
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Figure 3.2. Pharmacological Inhibition of CYP2D1 Attenuates MDMA- 
         Induced Neurotoxicity 
 
 Graphs depict serotonin concentrations in various brain regions as percent 
of saline controls after treatment with MDMA (closed circles), quinine (open 
squares), or quinine + MDMA (closed squares).  Each symbol represents the 
value obtained from a single animal and mean of groups is displayed as a 
horizontal bar.  *p < 0.05 compared to saline control group.  †p < 0.05 compared 
to the MDMA treated group. 
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Figure 3.3. MDMA-Mediated Depletions in Serotonin are Attenuated in 
         a Genetic Model of CYP2D1 Deficiency 
 
 Graphs depict serotonin concentrations in various brain regions as percent 
of saline controls of either Sprague-Dawley (circles) or Dark Agouti (squares) rats 
after MDMA administration (20 mg/kg, sc).  Each symbol represents the value 
obtained from a single animal and mean of groups is displayed as a horizontal 
bar.  *p < 0.05 compared to saline control group of identical rat strain.   
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3.3. DISCUSSION 
 
 MDMA-mediated neurotoxicity may be diminished by inhibition or 

deficiency of CYP2D1 in rat models.  Statistical significance was only reached in 

the cortex of a pharmacological model of CYP2D deficiency.  However, partial 

abatement of serotonergic deficits following MDMA treatment were observed in 

both pharmacological (Figure 3.2) and genetic models (Figure 3.3) of CYP2D1 

deficiency.  Complete protection from MDMA-induced serotonergic deficits was 

not observed most-likely because several low-affinity cytochrome P450 enzymes, 

such as CYP2B or CYP3A2, are capable of catalyzing the O-demethylenation 

reaction in the absence of CYP2D1 producing N-me-α-MeDA and α-MeDA from 

MDMA or MDA, respectively.285  However, the fact that serotonergic depletion 

was diminished in models of CYP2D1 inhibition or deficiency is consistent with 

the hypothesis that metabolism is required for MDMA-mediated neurotoxicity.  

Furthermore, these findings suggest that individuals of the CYP2D6 ultra-rapid-

metabolizer phenotype are likely more susceptible to the long-term adverse 

effects of MDMA. 

 Of particular interest was the finding that the attenuation of MDMA-

mediated neurotoxicity was strikingly similar between the genetic and 

pharmacological models.  It has been estimated that the CYP2D family of 

cytochrome P450’s contribute roughly 30% to the in vivo oral clearance of 

MDMA.291  This number coincides with the abatement of 5-HT deficits observed 

in our studies (27-33% in the cortex and striatum).  Interestingly, findings in the 
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hippocampus were slightly different between the pharmacological and genetic 

models.  It has been postulated that the hippocampus might be a particularly 

susceptible region of the brain to the neurotoxic effects of MDMA, as evidenced 

by cognitive deficits indicative of hippocampal dysfunction292, poor serotonergic 

reinnervation158, and elevated GFAP expression.144  This increased sensitivity of 

the hippocampus may explain why little protection from serotonergic toxicity was 

seen in this region following pharmacological inhibition of CYP2D1 in Sprague-

Dawley rats.  However, the disparity observed in the 5-HT percentage change 

between CYP2D-uninhibited or CYP2D-inhibited rats administered MDMA in the 

pharmacological model (54% reduction vs. 51% reduction) and the 

corresponding groups in the genetic model (54% reduction vs. 30% reduction), is 

a phenomenon that currently defies explanation. 

 MDMA inhibits its own metabolism.  Indeed, CYP2D6 extensive-

metabolizer phenotypes effectively revert to poor-metabolizer phenotypes after 

the first administration of MDMA.293  This is due to the formation of a metabolic 

intermediate complex, where a metabolite of MDMA formed by the actions of 

CYP2D6 covalently modifies the enzyme’s active site, thereby preventing further 

metabolism of MDMA by that enzyme.293  It has been estimated that it may take 

a period of 280 hours, or roughly 12 days, without MDMA dosing to recover the 

activity of this mechanistically-inhibited CYP2D6 enzyme.37   

 The importance of CYP2D6 in the metabolism of MDMA has recently been 

questioned.  Beyond equivocation is the fact that MDMA is a substrate with high 
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affinity for the CYP2D6 enzyme.83,294  However, because MDMA is a mechanism-

based inhibitor of CYP2D6293, CYP2D6 clearance of MDMA by O-

demethylenation decreases with increasing concentrations of MDMA294, and 

nonlinear kinetics are observed following multiple doses of MDMA.295  These 

findings have led to skepticism regarding the importance of CYP2D6 in MDMA-

induced neurotoxicity.  Results from our studies performed in rats reveal that 

long-term depletions in 5-HT can be altered when CYP2D1 is inhibited, though 

statistical significance was only achieved in the cortex is rats pretreated with 

quinine.  However, plasma concentrations of O-demethylenated metabolites of 

MDMA were diminished in humans carrying reduced activity CYP2D6 

alleles.87,296  These results indicate that the ultra-rapid CYP2D6 metabolizer-

phenotype may carry greater risk of MDMA-induced neurotoxicity due to greater 

formation of MDMA metabolites. 

 It is possible that deficiency in only one cytochrome P450 enzyme is 

insufficient to attenuate MDMA-induced neurotoxicity.  A study performed in 

human liver epithelial cells indicates that inhibition of CYP2D6 affored protection 

from MDMA-mediated cytotoxicity, though no such protection was seen following 

inhibition of either CYP3A4 or CYP1A2.126  However, no study has yet inhibited 

multiple P450 enzymes to determine whether pan-inhibition of P450 enzymes 

would abolish MDMA-induced serotonergic neurotoxicity.  CYP2D6 itself is 

inhibited by MDMA, essentially meaning that after the first dose of MDMA, all 

users adopt the poor metabolizer phenotype.108  This may be a mechanism by 
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which a low dose MDMA regimen attenuates subsequent high dose MDMA 

neurotoxicity.167  Additional studies would need to be conducted to determine 

whether complete abolishment of MDMA O-demethylenation, via inhibition of 

multiple cytochrome P450 enzymes, would subsequently abolish MDMA-

mediated neurotoxicity.        

MDMA produces differential neurotoxic profiles in mice (dopaminergic 

neurotoxicity) and rats (serotonergic neurotoxicity)297, an effect that may be due 

to differences in MDMA metabolism between the two species.  Interestingly, the 

largest difference in the metabolism of MDMA between mice and rats is the 

apparent O-demethylenation deficiency of mice, as evidenced by the percentage 

of dose recovery for parent MDMA in mouse urine (~43%) being nearly triple the 

value noticed for rats (~16%) over a 24 hour period.82  Indeed, CYP2D activity in 

at least three strains of mice was shown to be far below CYP2D activity in the 

Wistar rat.290  A humanized CYP2D6 mouse model was administered MDMA to 

determine whether mice carrying the human isoform of CYP2D6 would display 

serotonergic, as opposed to or in addition to dopaminergic, neurotoxicity (data 

not shown).  Unfortunately, data from these animals were indistinguishable from 

WT mice, calling into question the validity of the hCYP2D6 mouse model. 

A number of metabolites of MDMA have been implicated as 

neurotoxicants, especially the thioether and quinone species derived from N-me-

α-MeDA and α-MeDA.89,106,265,266,269,298  MDMA-induced neurotoxicity is complex, 

with many factors likely contributing to the development of serotonergic nerve 
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terminal degeneration.  As centrally-administered MDMA fails to recapitulate the 

serotonergic deficits seen following peripheral administration of MDMA79,80, it is 

likely that metabolites of MDMA play a critical role in MDMA-mediated 

neurotoxicity.  CYP2D6 is the preferential enzyme capable of catalyzing the O-

demethylenation of MDMA in humans.  Inhibition or deficiency of the rat ortholog, 

CYP2D1, caused an abatement of serotonergic neurotoxicity produced by 

MDMA, presumably by limiting the formation of MDMA metabolites (Appendix A).  

It is, therefore, our contention that the CYP2D6 ultra-rapid metabolizer phenotype 

likely predisposes individuals to a greater severity of long-term serotonergic 

neurotoxicity produced by MDMA. 
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                                                       CHAPTER 4 

 
EFFECTS OF CATECHOL-O-METHYLTRANSFERASE INHIBITION OR 

DEFICIENCY ON 3,4-(±)-METHYLENEDIOXYMETHAMPHETAMINE-INDUCED 
NEUROTOXICITY 

 
4.1. INTRODUCTION AND RATIONALE 

 Having established that inhibition of the phase I enzyme, CYP2D6, alters 

the neurotoxic profile of MDMA, studies were designed to determine if similar 

neurotoxicity changes would be seen following inhibition of the phase II enzyme, 

COMT.  The role of metabolism in MDMA-induced neurotoxicity has been 

investigated by using pharmacological and genetic models of phase I and phase 

II enzyme inhibition/deficiency of those enzymes involved in the metabolism of 

MDMA.126,299,300  These studies corroborate our findings that inhibition/deficiency 

of CYP2D6 (or the rat homolog, 2D1) attenuates MDMA-induced serotonergic 

neurotoxicity.  The data also indicate that inhibition of COMT potentiates 

neurotoxicity.  As both CYP2D6 and COMT are polymorphically expressed, the 

possibility exists that an individual carrying a CYP2D6 ultra-rapid-metabolizer 

phenotype whilst simultaneously exhibiting impaired COMT function would be 

more susceptible to MDMA-induced neurotoxicity than an individual without such 

polymorphisms.  Indeed, the effects of polymorphisms in these genes on MDMA 

kinetics and cognitive function in humans is clearly recognized.175,296,301  Such 

studies have emphasized the effects of CYP2D6/CYP2D1 on MDMA-induced 

neurotoxicity, whereas substantially less information is available on the effects of 
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COMT inhibition on MDMA toxicity.  Multiple single nucleotide polymorphisms of 

COMT occur in humans (for review, see Tammimäki and Männistö 2010), the 

best-described being Val108/158Met.  This polymorphism bears a protein that 

has significantly reduced catalytic activity in human postmortem tissue.113  Since 

COMT converts the MDMA metabolite, N-Me-α-MeDA, to the more stable 

HMMA81, deficiencies in COMT activity could ultimately lead to greater formation 

of the thioether metabolites postulated to contribute to MDMA-induced 

neurotoxicity (Figure 1.2).  

 Another important role of COMT is the termination of catecholamine 

neurotransmitter signaling, via the formation of inactive, methylated catechol 

metabolites.303  Individuals with a low activity COMT phenotype could, therefore, 

be prone to experiencing a greater duration or augmentation of the 

pharmacological effects of MDMA due to prolonged neurotransmitter release.  

One such concern is the potentiation of arguably the most detrimental acute 

effect of MDMA, hyperthermia (for review, see Mills et al 2004).209  The 

sympathetic nervous system is a critical player in thermogenesis, and 

neurotransmitters such as NE, that play a role in thermogenesis, are released in 

greater quantities following MDMA administration.304  Coupled with the fact that 

COMT serves to inactivate NE, a low activity COMT phenotype individual could 

face severe risk of augmented hyperthermia. 

While pharmacological models of COMT inhibition have shown a 

potentiation of MDMA-induced neurotoxicity, no genetic models of COMT 
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deficiency have yet been employed.  The work detailed in this chapter was 

undertaken to compare the effects of pharmacological and genetic 

pharmacological inhibition/deletion of COMT on MDMA-induced neurotoxicity 

and hyperthermia.



 121 

4.2. RESULTS 

4.2.1. Ro 41-0960 Inhibits COMT in Cytosolic and Microsomal Fractions            

          of Rat Liver 

 PCA is a substrate for COMT, the latter catalyzing a reaction that yields 

VA.  Analysis of VA formation revealed significant differences between rats 

dosed with Ro 41-0960 and those dosed with vehicle control (Figure 4.1).  

Cytosolic liver fractions prepared from rats dosed with 40 mg/kg (ip) Ro 41-0960 

exhibit approximately 10% of the COMT activity (0.017 ng/min/µg protein) 

measured in vehicle-treated rats (0.166 ng/min/µg protein).  The membrane-

bound form of COMT proved less efficient in this experimental reaction, as 

microsomes prepared from vehicle-treated rats formed VA at a rate of 0.006 

ng/min/µg protein, only ~4% of the rate seen in cytosolic fractions.  Formation of 

VA in the microsomal fractions prepared from Ro 41-0960 treated rats were 

below the detection limits of the method. 

    4.2.2. Pharmacological Inhibition of COMT in Rat Potentiates MDMA- 

    Induced Neurotoxicity 

 Rats pretreated with Ro 41-0960 followed by MDMA (20 mg/kg, sc) 

administration experienced a greater depletion of 5-HT in areas of the brain 

heavily innervated with serotonergic nerve terminals (figure 4.2).  In the frontal 

cortex, neurotransmitter analysis revealed that those animals pretreated with Ro 

41-0960 prior to MDMA (40mg/kg, ip) had ~40% less 5-HT than those animals 

pretreated with vehicle followed by MDMA.  Similar findings were discovered in 
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the striatal (~45% reduction) and hippocampal (~65% reduction) regions of the 

brain.  Significance was reached in the cortex and striatum, though not in the 

hippocampus when compared against vehicle + MDMA treated animals.  These 

results are consistent with prior studies.126  A similar trend was noticed with 

respect to the 5-HT metabolite, 5-HIAA (data not shown).  Thus, animals 

receiving Ro 41-0960 pretreatment exhibited a 20, 33, and 40% reduction in 5-

HIAA in the cortex, striatum, and hippocampus, respectively.  DA and DOPAC 

levels remained unchanged in the striatum across treatment groups (data not 

shown). 

    4.2.3. MDMA-Induced Neurotoxicity is Potentiated in a Genetic Model  

    of COMT Depletion 

 Generally, both COMT+/- and COMT-/- mice dosed with MDMA were more 

sensitive to MDMA-induced neurotoxicity than their WT counterparts (Figures 4.3 

through 4.6), with few exceptions.  Neurotransmitter analysis of the striatum of 

female COMT+/- mice dosed with MDMA (30 mg/kg x 3, sc, at 3 hour intervals) 

revealed a 65% decrease in dopamine content compared with female COMT+/- 

dosed with saline.  In WT female counterparts, this deficit was 35%.  Male 

COMT+/- mice administered MDMA (30 mg/kg x 3, sc, at 3 hour intervals) 

exhibited a striatal dopamine deficit of 35% compared to male COMT+/- mice 

receiving saline.  In WT males, this deficit was approximately 45%. 

 DOPAC levels in the COMT+/- mice followed a similar pattern to that of 

dopamine (Figure 4.4).  COMT+/- mice showed slightly elevated levels of basal 
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DOPAC concentrations in the striatum (9.05 ± 0.37 pmol/mg tissue in females and 

7.79 ± 0.13 pmol/mg tissue in males) compared to WT counterparts (7.00 ± 0.31 

pmol/mg tissue in females and 6.25 ± 0.22 pmol/mg tissue in males).  Female 

COMT+/- mice administered MDMA (30 mg/kg x 3, sc, at 3 hour intervals) 

displayed a 53% decrease in DOPAC levels compared to saline treated 

heterozygotes, whereas in WT females this deficit was only 20%.  Male COMT+/- 

mice treated with MDMA exhibited a 20% decrease in striatal DOPAC as 

compared to COMT+/- saline controls, but in WT males this deficit reached 30%. 

5-HT concentrations remained largely unchanged in WT and COMT+/- 

mice in both regions of the brain that were assessed.  Only in female COMT+/- 

mice did 5-HT concentrations decrease more than 10% (11% in cortex and 13% 

in striatum) following MDMA administration, but none of the experimental groups 

reached statistical significance.  It was our intention to deliver the same dose of 

MDMA to COMT-/- mice as we had used in the WT and COMT+/- mice.  However, 

the COMT-/- mice were far more sensitive to the acute toxicity of MDMA that 

either the WT or the COMT+/- animals, which necessitated the use of a number of 

different dosing paradigms.  MDMA administered to female COMT-/- mice was 

lethal in 3 of 5 animals dosed at 30 mg/kg x 1, and lethal in 5 of 9 animals dosed 

at 15 mg/kg x 3.  However, all females survived the 15 mg/kg x 2 dosing regimen.  

Male COMT-/- mice were even more susceptible to acute MDMA toxicity, a dose 

of 30 mg/kg x 1 being lethal in 9 of 10 animals, and lethal in 16 of 19 animals 
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dosed at 15 mg/kg x 2.  Males have previously been shown to be more sensitive 

to the acute toxicity of MDMA.285,305 

Female COMT-/- mice dosed with MDMA at 15 mg/kg x 3 at 3 hour 

intervals (sc) exhibited a 50% decrease in DA content compared to  

COMT-/- females treated with saline (Figure 4.3).  Female WT mice administered 

the identical dose of MDMA exhibited a 15% decrease in DA compared against 

their saline counterparts.  Female COMT-/- mice dosed with MDMA at 15 mg/kg x 

2 at a 6 hour interval displayed a 26% decrease in striatal DA content compared 

to their saline counterparts.  Female WT mice administered MDMA at 15 mg/kg x 

2 at a 6 hour interval showed no DA deficits relative to their WT saline 

counterparts.  Male COMT-/- mice dosed with MDMA at 15mg/kg x 2 at a 6 hour 

interval showed only a 5% decrease in striatal DA content, whereas WT mice 

receiving an identical dose of MDMA exhibited no deficits in DA concentrations 

(Figure 4.3).  The only male COMT-/- mouse surviving the single 30 mg/kg MDMA 

administration displayed an 80% decrease in striatal DA content compared to 

saline controls, whereas this dose proved insufficient to cause any DA depletion in 

WT mice. 

Basal levels of DOPAC in the striatum were significantly elevated in 

COMT-/- animals (17.75 ± 0.48 pmol/mg tissue in females and 17.17 ± 0.48 

pmol/mg tissue in males) compared to their WT counterparts (7.00 ± 0.31 

pmol/mg tissue in females and 6.25 ± 0.22 pmol/mg tissue in males, Figure 4.4).  

Female COMT-/- mice demonstrated a 33% decrease in striatal DOPAC following 
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a 15 mg/kg x 3 MDMA dosing regimen and a 15% decrease on the 15 mg/kg x 2 

dosing regimen.  These deficits were 36% and 9% in WT females, respectively.  

Male COMT-/- mice exhibited a 13% DOPAC reduction on the 15mg/kg x 2 

MDMA dosing regimen (Figure 4.4).  The lone surviving COMT-/- male given a 

single dose of MDMA at 30mg/kg experienced a 67% reduction in DOPAC.  

These deficits in male WT mice reached 0% and 13%, respectively.  

5-HT concentrations in both the frontal cortex and striatum was largely 

unaffected by all MDMA regimens in all three mouse genotypes (Figures 4.5 and 

4.6).  COMT-/- animals experienced only slight reductions in 5-HT, with no 

significant differences noted between any MDMA dose tested and saline treated 

animals of appropriate genotype.  Significant differences were observed between 

absolute 5-HT concentrations in WT and COMT-/- males treated with 15mg/kg 

MDMA x 2 at 6 hour intervals and between WT and COMT+/- females treated with 

30 mg/kg MDMA x 3 at 3 hour intervals. 

    4.2.4. Hyperthermia in COMT-/- Mice Treated with MDMA  

  COMT-/- mice exhibited an increase in core body temperature following a 

single dose of MDMA (30 mg/kg, sc, Figure 4.7).  Basal temperatures in all 

animals averaged 36.56 ± 0.10°C.  Average peak body temperature in the male 

COMT-/- mice reached 40.18 ± 0.27°C.  Female COMT-/- mice reached an 

average peak body temperature of 38.84 ± 0.88°C.  WT animals displayed no 

marked temperature elevations.  All male COMT-/- mice exhibited a similar 

temperature pattern; initially a state of hyperthermia that persisted for 
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approximately 3 hours which subsequently transitioned rapidly into a state of 

hypothermia until death approximately 6 hours after MDMA administration.  

Female COMT-/- mice displayed a more varied temperature response.  Two of 

the female COMT-/- mice displayed no temperature changes following MDMA 

administration, whereas the remaining three females responded in much the 

same fashion as the males – an initial state of hyperthermia followed by 

hypothermia and, eventually, death. 

    4.2.5. Increased Plasma Norepinephrine in COMT-/- Mice Treated with 

    MDMA 

 NE plasma concentrations in COMT-/- mice were greater than those in 

WT mice for both genders (Figure 4.8).  However, the percentage increase of 

plasma NE 45 minutes after MDMA administration was similar in WT and  

COMT-/- mice.  In COMT-/- females, a single dose of 30 mg/kg MDMA produced 

a 181% increase in plasma NE (2.59 ± 0.35 ng/100µL plasma to 4.68 ± 1.57 

ng/100µL plasma).  The increase in NE concentrations in WT female mice was 

275% (0.83 ± 0.21 ng/100µL plasma to 2.29 ± 0.28 ng/100µL plasma).  A single 

dose of MDMA (30 mg/kg, sc) caused a 265% increase in plasma NE (1.77 ± 

0.26 ng/100µL plasma to 4.49 ± 0.49 ng/100µL plasma) in male COMT-/- mice, 

and a 237% increase (0.80 ± 0.35 ng/100µL plasma to 1.90 ± 0.73 ng/100µL 

plasma) in WT males. 
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Figure 4.1. Ro 41-0960 Inhibits Hepatic COMT 

 Rats received an intraperitoneal injection (40 mg/kg) of Ro 41-0960 (open 
symbols) or vehicle (closed symbols) and 1.5 hours later, cytosolic (squares) or 
microsomal (circles) fractions were prepared from livers of these animals.  COMT 
activity was assayed by measuring conversion of protocatechuic acid to vanillic 
acid.  Each symbol represents a single preparation (average of two HPLC 
injections) and the mean of groups is displayed as a horizontal bar.  *p < 0.05 
compared to appropriate vehicle-treated group. 
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Figure 4.2. Pharmacological Inhibition of COMT Potentiates MDMA-Induced  
         Neurotoxicity 
 
 Rats received an intraperitoneal injection of Ro 41-0960 (40 mg/kg) 1.5 
hours before a neurotoxic dose of MDMA (20 mg/kg).  Serotonin content of given 
brain regions was determined as outlined in Materials and Methods.  Ro 41-0960 
pretreatment (black circles) caused greater serotonergic deficits in the frontal 
cortex, striatum, and hippocampus than vehicle + MDMA treated rats (open 
circles) or MDMA treated rats (grey circles).  Each symbol represents the value 
obtained from a single animal.  The mean of each group is displayed as a 
horizontal bar.  *p < 0.05 compared to the vehicle + MDMA group in the identical 
brain region. 
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Figure 4.3. Effects of COMT Genotype and MDMA Treatment on Striatal  
         Dopamine Concentration 
 
 Mice were treated with one of a number of dosing paradigms described in 
section 4.2.3.  Data obtained from males are shown on the upper graph and data 
obtained from females are shown on the lower graph.  Each symbol represents 
the value obtained from a single animal.  The mean of each group is displayed as 
a horizontal bar.  *p < 0.05 compared to the saline treated group of identical 
genotype.  †p < 0.05 compared to the WT group of identical dosing paradigm.
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Figure 4.4. Effects of COMT Genotype and MDMA Treatment on Striatal  
         DOPAC Concentration 
 
 Mice were treated with one of a number of dosing paradigms described in 
section 4.2.3.  Data obtained from males are shown on the upper graph and data 
obtained from females are shown on the lower graph.  Each symbol represents 
the value obtained from a single animal.  The mean of each group is displayed as 
a horizontal bar.  *p < 0.05 compared to the saline treated group of identical 
genotype.  †p < 0.05 compared to the WT group of identical dosing paradigm. 
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Figure 4.5. Effects of COMT Genotype and MDMA Treatment on Striatal 
         Serotonin Concentration 
 
 Mice were treated with one of a number of dosing paradigms described in 
section 4.2.3.  Data obtained from males are shown on the upper graph and data 
obtained from females are shown on the lower graph.  Each symbol represents 
the value obtained from a single animal.  The mean of each group is displayed as 
a horizontal bar.  *p < 0.05 compared to the saline treated group of identical 
genotype.  †p < 0.05 compared to the WT group of identical dosing paradigm.
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Figure 4.6. Effects of COMT Genotype and MDMA Treatment on Cortical 
         Serotonin Concentration 
 
 Mice were treated with one of a number of dosing paradigms described in 
section 4.2.3.  Data obtained from males are shown on the upper graph and data 
obtained from females are shown on the lower graph.  Each symbol represents 
the value obtained from a single animal.  The mean of each group is displayed as 
a horizontal bar.  *p < 0.05 compared to the saline treated group of identical 
genotype.  †p < 0.05 compared to the WT group of identical dosing paradigm.
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Figure 4.7. MDMA Causes Hyperthermia Followed by Hypothermia in  

        COMT-/- Mice 
         
 Mice were given a single injection of MDMA (30 mg/kg, sc) and core 
temperature was measured via a peritoneally implanted temperature probe.  
Each point represents the average of 3-5 mice at any given time point.  The 
dashed line represents the time of MDMA administration. *p < 0.05 between the 
COMT-/- males and WT males.  †p < 0.05 between the COMT-/- males and 
COMT-/- females.  No other points of significance were found between any of the 
other groups. 
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Figure 4.8. Plasma Norepinephrine Concentration Elevations after MDMA  
         Administration in WT and COMT-/- Mice 
 
 Mice were given a single injection of MDMA (30 mg/kg, sc) and plasma 
norepinephrine levels were assayed as described in Materials and Methods. 
Each symbol represents the value obtained from a single animal.  The mean of 
each group is displayed as a horizontal bar. *p < 0.05 compared to the saline 
treated group of identical genotype.  †p < 0.05 compared to the WT MDMA 
treatment group.
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4.3. DISCUSSION 
 

MDMA, when administered systemically, produces serotonergic deficits in 

rats and non-human primates, in addition to producing dopaminergic deficits in 

mice.297,306  Moreover, studies have revealed that MDMA administered directly to 

the brain fails to recapitulate the neurotoxicity seen following systemic 

administration.79,80  A number of studies have subsequently investigated the effect 

of perturbations in MDMA metabolism on MDMA-induced neurotoxicity.126,307,308  

Work of this chapter was designed to further elaborate the role of COMT in 

MDMA-induced neurotoxicity.   

 COMT catalyzes a reaction that yields methoxy-metabolites from the 

catechol substrates, N-Me-α-MeDA and α-MeDA.  These methoxy-metabolites 

are readily excreted, and unlike the catechol precursors, are unable to form the 

GSH- or NAC- conjugates previously shown to be capable of causing 

neurotoxicity.106,265,269  As such, COMT likely serves as a detoxication enzyme 

during the metabolism of MDMA.126  This has significant implications with respect 

to individual susceptibility to MDMA, since the COMT gene exhibits a number of 

polymorphisms in humans.112  Polymorphisms that decrease COMT activity 

appear to have a negative influence on the cognitive effects of MDMA.175,301  Our 

own data from both pharmacological (Figure 4.2) and genetic models (Figures 4.3 

through 4.6) of COMT deficiency reveal that decreased COMT activity potentiates 

MDMA-induced neurotoxicity.  Individuals with lower COMT activity are therefore 
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likely to be more susceptible to MDMA-induced neurotoxicity than individuals with 

intermediate or high COMT activity. 

Mice lacking a functional COMT protein experience severe acute 

hyperthermia following doses of MDMA below the neurotoxic threshold (30mg/kg, 

sc, Figure 4.7).  Hyperthermia has long been debated as a necessary component 

of MDMA-induced neurotoxicity, at least in the rat.  Thus, when MDMA is 

administered to rats (20 mg/kg) maintained at an ambient temperature of 10°C, 

not only is MDMA-induced hyperthermia abolished, but the animals display a 

hypothermic response.183  Furthermore, when MDMA-induced hyperthermia is 

inhibited pharmacologically, by compounds such as clomethiazole, depletions in 

5-HT are attenuated.188  Remarkably, although a single dose of MDMA (30 mg/kg) 

failed to produce hyperthermia or striatal dopamine depletion in WT C57Bl/6 mice, 

it caused marked hyperthermia and death in 80% of COMT-/- mice tested (Figure 

4.7). 

 MDMA-induced hyperthermia is a mechanistically-complex phenomenon, 

requiring both central and peripheral components.  NE is a critical component of 

MDMA-induced hyperthermia, and is capable of raising body temperature in rats 

when infused intravenously.309  NE is thought to mediate a rise in body 

temperature via the activation of adrenoreceptors, both by vasoconstriction to 

prevent heat dissipation, and by indirectly activating the thermogenic 

mitochondrial UCP’s in brown adipose tissue and skeletal muscle.209  COMT-/- 

mice exhibit elevated basal levels of circulating NE compared to WT animals 
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(Figure 4.8), and after MDMA administration, NE concentrations are almost 

double those of WT animals treated with MDMA.  These findings are likely due to 

the fact that NE is a substrate of COMT, which catalyzes the formation of 

normetanephrine, thereby terminating the biological activity of NE.303  COMT-/- 

animals are incapable of terminating NE signaling by COMT, likely allowing 

circulating NE concentrations sufficient to cause lethal hyperthermia.  

These data support the contention that MDMA-induced neurotoxicity can 

be manipulated by modulating the metabolism of MDMA.  Consequently, inhibition 

of COMT, which has the ability to decrease levels of the reactive intermediary 

catechol (N-Me-α-MeDA and α-MeDA) metabolites of MDMA, potentiates 

neurodegeneration.  These findings have significant implications for humans, 

since individuals carrying the low activity variant of the COMT protein will likely be 

at elevated risk for toxicity following MDMA administration. 
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                                                      CHAPTER 5 

 
CONTRIBUTION OF MICROGLIA IN MDMA-INDUCED NEUROTOXICITY 

5.1. INTRODUCTION AND RATIONALE 

 In Chapters 3 and 4, the metabolism of MDMA was implicated as a critical 

component of MDMA-induced neurotoxicity, but results from these studies allow 

only indirect insights into the mechanisms underlying this neurotoxicity.  Based 

on the idea that microglial activation is an acceptable measure of amphetamine-

mediated neurotoxicity258, and that another substituted-amphetamine derivative, 

methamphetamine produces significant microglial activation310,311, studies in 

Chaper 5 were designed to investigate the effect of MDMA administration on 

microglia.  Results from such studies should gauge the feasibility of microglial 

involvement in MDMA-induced neurotoxicity.     

 Methamphetamine is a phenylethylamine derivative that shares structural 

similarities with MDMA.  Methamphetamine’s neurotoxic potential is also well 

documented.172  One factor identified that likely contributes to 

methamphetamine-induced neurotoxicity is the activation of microglia.312-314  

Furthermore, use of microglial activation as a marker for amphetamine 

neurotoxicity has been suggested.258  Unlike methamphetamine, administration 

of which unequivocally causes microglial activation, MDMA’s capacity to cause 

microglial activation is disputed.  Thus, although some studies find that MDMA 

causes microglial activation258,262, others fail to show microglial activation 

following MDMA administration.145,315 
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 Unchecked or excessive microglial activation can potentiate 

neurodegeneration.316  In attempts to determine the degree of microglial 

activation, an ex vivo, functional assay was employed.  Biopsies of rat parietal 

cortex, an area of the brain previously reported to show a significant degree of 

degenerating neurons following MDMA administration143, were grown in a media 

selective for glial cell growth, and incubated in the presence of the 

phagocytizable fluorescent probe, 1-1’-dioctadecyl-1,3,3,3’,3’-

tetramethylindocarbocyanine perchlorate (DiI-ac-LDL).  Uptake and retention of 

this probe gives a measure of phagocytically active microglia.  Activation of 

microglia was investigated over a timecourse after MDMA or saline 

administration.   

We subsequently endeavored to investigate the degree of microglial 

occupancy in the parietal cortex.  Ionized calcium binding adaptor molecule 1 

(Iba1) is an antigen that allows for selective immunohistochemical staining of 

microglia.  A timecourse was employed to determine if a single, neurotoxic dose 

of MDMA has any temporal effects with respect to increases in microglial 

number, recruitment, or hypertrophy, or changes in morphology. 
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5.2. RESULTS 

    5.2.1. MDMA Effects on Microglial Activation 

 Biopses were harvested from a region of the brain where MDMA is known 

to induce neuronal degeneration via positive staining with Fluoro-Jade B 

(adapted from rat brain atlas, Paxinos and Watson 1998288, Figure 5.1).  

Fluorescence microscopy images (100X magnification) taken of glial cell cultures 

are shown in Figure 5.2.  Background fluorescence is seen in cultures taken from 

both MDMA and saline treated rats.  Punctate staining is representative of DiI-ac-

LDL phagocytized by microglia.   

In order to obtain a quantitative measure of DiI-ac-LDL phagocytized by 

microglia, and thereby obtain a measure of phagocytically active microglia, we 

compared concentrations of DiI-ac-LDL retained after washing, from incubations 

of equivalent cortical biopsy masses of MDMA or saline treated animals (Figure 

5.3).  24 hours after drug administration there was a 2.22-fold induction of DiI-ac-

LDL signal and at 72 hours after MDMA there was a 5.53-fold induction of DiI-ac-

LDL signal.  An increase of 2.34-fold was observed when the average 

concentration of DiI-ac-LDL from biopsies of MDMA treated rats was compared 

against the mean value from biopsies of all saline treated rats.  Two-way ANOVA 

analysis revealed that drug treatment effect (p < 0.001) was more significant than 

either the effect of time (p = 0.971) or the combined drug & time effect (p = 

0.098).  Bonferroni post hoc tests show that only the elevations in stained area at 

the 24 and 72 hour timepoints were significant (p < 0.05). 
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    5.2.2. MDMA Effects on Microglial Occupancy and Morphology 

 Microglia increase in size and adopt a more “ameboid-like” morphology 

when they become phagocytically active.317,318  Using light microscopy, we 

attempted to determine whether any obvious changes in either microglial size or 

microglial morphology were evident after a peripheral neurotoxic dose of MDMA. 

No striking differences were noted in the size, or morphology, of microglia 

between MDMA or saline treated rats 12 or 72 hours after administration (Figure 

5.4).  These timepoints were selected for representative images as these proved 

to be the timepoints of greatest microglial occupancy. 

 To determine whether an increase in the number of microglia present in 

the parietal cortex occurs over time after MDMA administration, lower 

magnification images (100X) were taken (Figure 5.5).  It was not initially apparent 

that a greater number of microglia cells occupied the parietal cortex after MDMA 

administration at any of the timepoints investigated.  Therefore, to obtain a 

quantitative measure of microglial occupancy in the parietal cortex, we developed 

software to distinguish Iba1 stained areas from background in microscopic 

images at 200X magnification.  MDMA caused an increase in stained area (µm2) 

in the parietal cortex for all timepoints investigated, reaching statistical 

significance at the 12 and 72 hour timepoints (Figure 5.6).  Thus, 12 hours after 

drug administration, MDMA treated rats showed a 2.04-fold increase in µm2/field 

compared to saline controls, and at 72 hours after drug administration, the 

increase was 1.90-fold.  There was a 1.73 fold increase in µm2/field when the 
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mean of all fields from MDMA treated rats were compared against the mean of all 

fields from saline treated rats. 

 There exists a biphasic increase in microglial occupancy after MDMA 

administration, with peak values reached at 12 and 72 hours after dosing.  Two-

way ANOVA analysis revealed that drug treatment effect (p < 0.001) was more 

significant than either the effect of time (p = 0.093) or the combined drug & time 

effect (p = 0.472).  Bonferroni post hoc tests show that only the elevations in 

stained area at the 12 and 72 hour timepoints were significant (p < 0.05). 
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Figure 5.1. Region of the Brain Stained for Microglial Marker Iba1 

 Fields of the parietal cortex were captured in the region bordered by the 
red bars, though images from both hemispheres were used.  Inset displays a 
mid-sagital section with a line depicting the approximate location (anterior-
posterior) of the coronal section.  Image was adapted from the rat brain atlas of 
Paxinos and Watson.288
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Figure 5.2. Rats Treated with MDMA Show a Greater Number of  
         Phagocytically-Active Microglia 
 
 Representative images of cortical biopsy cultures from rats treated either 
with saline (A, C, E, and G) or MDMA (B, D, F, and H) after incubation with the 
phagocytizable fluorescent probe, DiI-ac-LDL.  Biopsies were taken at 24 hours 
(A and B), 48 hours (C and D), 72 hours (E and F), or 1 week (G and H) post 
treatment.  Punctate fluorescent staining is indicative of endocytized DiI-ac-LDL.  
Image magnification is 100X and scale bars in the lower right corner of each 
image delineate 100µm.  Microscope settings were held constant for all captured 
images. 
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Figure 5.3. Increase in Microglial Phagocytic Activity after MDMA 
 
 Closed circles represent those animals treated with MDMA (20 mg/kg) and 
open circles represent those animals treated with saline.  Each point represents 
the mean ± SEM of 2 to 4 animals.  The data for each animal was the mean of 
two separate fluorospectrophotometer readings.  *p < 0.05 as compared to saline 
treated animals of the identical timepoint. 
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Figure 5.4. MDMA Causes No Discernable Change in Size or Morphology of  
                   Microglia 
 
 Representative images of the parietal cortex at 400X magnification were 
captured by light microscopy.  A: Saline treated rat 12 hours post-administration.  
B: MDMA treated rat 12 hours post-administration.  C: Saline treated rat 72 
hours post-administration.  D: MDMA treated rat 72 hours post-administration.  
Scale bar in lower right corner of each image delineates 50µm.  Microscope 
settings were held constant for all captured images. 
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Figure 5.5. Visual Examination Insufficient to Determine Microglial Cell  
         Increase after MDMA Administration 
 
 Representative images of the parietal cortex at 100X magnification were 
captured by light microscopy.  Cortical sections were examined at 12 hours (A 
and B), 24 hours (C and D), 48 hours (E and F), 72 hours (G and H) or 1 week (I 
and J) after saline (A, C, E, G, and I) or MDMA (B, D, F, H, and J) 
administration.  Scale bar in lower right corner of each image delineates 100µm.  
Microscope settings were held constant across all captured images. 
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Figure 5.6. MDMA Causes a Biphasic Increase in Positive Iba1 Staining 
         Over a 1 Week Time Course 
 
 Closed circles represent those animals treated with MDMA (20 mg/kg) and 
open circles represent those animals treated with saline.  Each point represents 
the mean ± SEM of 4 animals.  The data for each animal was the mean of 
stained area from 12 fields.  *p < 0.05 as compared to saline treated animals of 
the identical timepoint.
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5.3. DISCUSSION 
 
 Reactive gliosis is known to contribute to neuronal degeneration.319,320  In 

their active state, microglia release a number of substances, such as pro-

inflammatory cytokines, ROS and nitric oxide, and various proteases that are 

either directly or indirectly capable of causing neuronal degeneration.253  

Elevations in both pro-inflammatory cytokines321,322 and ROS/RNS234,323,324 occur 

following MDMA treatment, illustrating a feasible contribution of these microglia-

associated agents in MDMA-induced neurotoxicity.  What remains equivocal is 

whether any substantial microglial changes are elicited by MDMA administration 

and, if so, whether these changes contribute to MDMA-induced neurotoxicity.   

We show that peripheral MDMA administration produces a significant 

increase in stained microglial area in the parietal cortex.  This timecourse study 

reveals a biphasic response, where an initial peak in microglial occupancy is 

reached at 12 hours after MDMA administration, before decreasing toward 

control values at 24 and 48 hours after dosing.  A second increase in microglial 

occupancy was observed at 72 hours before finally subsiding towards control 

again at 1 week post-treatment.  This biphasic phenomenon might be explained 

by the pharmacologic actions of MDMA first inducing neurotransmitter release 

and subsequent physiological consequences that incite an initial microglial 

response that subsides as MDMA is eliminated.  Hyperthermia is likely the most 

important physiologic event, since little microglial activation occurred in mice 

given methamphetamine when hyperthermia was not achieved.325  Later, as 
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nerve terminals begin to degenerate between 1 and 3 days326, a secondary 

microglial response to this neuronal damage is observed.  This biphasic 

response was not seen in a timecourse study performed in mice, where MDMA 

administration caused an increase in active microglia in the caudate putamen, 

but not the nucleus accumbens, that reached peak values 1 day after 

administration and returned to control levels by 3 days.327  However, in another 

study of acute methamphetamine exposure, a significant increase in active 

microglia was observed 72 hours following administration.325  

A functional assay aimed at determining phagocytically active microglial 

status reveals that MDMA incites a slight increase in microglial activation.  

Findings from this study mirror those of Iba1 increases with respect to time of 

most profound microglial effects.  The increase in phagocytic activity at 24 hours 

may be may be a consequence of a number of MDMA-mediated effects.  MDMA 

incites a release of glutamate328, which is a neurotransmitter that activates 

microglia329, although MDMA-induced glutamate release appears to be restricted 

to the hippocampus.328  MDMA may also facilitate imbalance in extracellular 

potassium concentrations via synaptic resting postassium channel blockade330, 

such ion imbalances also cause microglial activation.331  Finally, MDMA 

administration produces hyperthermia, a condition that could augment microglial 

activation.332  Increases in phagocytic activity seen at 72 hours, on the other 

hand, are likely a consequence of axotomy observed days after MDMA 

administration.326 
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Microglial activation seems to play a larger role in methamphetamine-

induced neurotoxicity than in MDMA-induced neurtotoxicity, perhaps due to DA 

involvement in the eventual activation of microglia.333  Methamphetamine 

produces greater effects on both dopamine release and reuptake than does 

MDMA49, which may account for the observed difference in microglial response 

between these phenylethylamine derivatives.  However, MDMA does stimulate 

DA release and, furthermore, thioether metabolites of MDMA have been shown 

to stimulate uptake of DA via SERT into serotonergic cells.244  This is one 

mechanism by which MDMA administration could lead to the activation of 

microglial cells. 

One factor of note in methamphetamine-induced neurotoxicity is the 

formation of DAQ’s.  Incubation of DAQ’s with cultured murine microglial cells 

proved sufficient to activate these cells.282  Furthermore, dopaminergic cell 

membranes modified with DAQ’s were also shown capable of activating cultured 

microglia that can subsequently damage dopaminergic cells.334  The MDMA 

metabolite, N-me-α-MeDA, can oxidize to a quinone species, and is then capable 

of conjugation with glutathione.81  These thioether metabolites are capable of 

redox cycling between quinone and thioether-conjugated states89, and 

accumulate in the rat brain following systemic MDMA administration.91  These 

findings provide another means by which MDMA administration might ultimately 

lead to microglial activation.   
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We share the sentiment that microglia are likely not the primary cause of 

the nerve terminal degeneration following amphetamine insult.312  However, their 

potential contribution to the progression of nerve terminal degeneration should 

not be discounted.  The data in Chapter 5 reveal a modest, but significant 

increase in microglial occupancy in the parietal cortex of adult, male Sprague-

Dawley rats with maximal values noted at 12- and 72-hours following a single 

MDMA administration.  This finding parallels that of the functional assay 

employed, showing maximal microglial phagocytic activity 24- and 72-hours post 

MDMA treatment.  Further studies are warranted to assess chemical factors 

released by these cells following MDMA administration.  Results in Chapter 5 

reveal that MDMA produces a modest, and transient increase in microglial 

occupancy, with no readily-apparent morphological changes, despite a transient 

increase in phagocytic activity.  The increases in microglial occupancy and 

phagocytic activity described herein suggests that microglia, although likely not 

the sole cause of MDMA-mediated neurotoxicity, feasibly contribute to MDMA-

induced neurotoxicity. 
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CHAPTER 6 
 

CONCLUDING REMARKS 
 

6.1. SUMMARY 

 Work described in this dissertation suggests that metabolism of MDMA is 

a crucial component of MDMA-induced neurotoxicity, and implicate microglia as 

a feasible contributing factor in this neurotoxicity.  Studies investigating the role 

of CYP2D enzymes in MDMA-induced neurotoxicity reveal that inhibition or 

deficiency of CYP2D1, the ortholog of human CYP2D6 in rats, attenuates long-

term serotonergic deficits in rats following MDMA administration.  COMT plays a 

major detoxication role in MDMA-induced neurotoxicity, as inhibition of this 

enzyme potentiates long-term serotonergic deficits in rats following MDMA 

administration.  Furthermore, the acute toxicity of MDMA is augmented in a 

genetic mouse model of COMT deficiency, as evidenced by an increased 

sensitivity to MDMA-induced hyperthermia and subsequent mortality in these 

animals.  Finally, studies investigating the microglial response to MDMA reveal 

that both microglial occupancy and phagocytic activity increase in areas of the 

brain known to undergo MDMA-induced serotonergic terminal degeneration. 

 MDMA is extensively metabolized and MDMA metabolites have been 

identified in the plasma and urine of both rats82,335 and humans.30,87  The 

metabolites of greatest concentration tend to be phase II conjugation derivatives 

of N-me-α-MeDA, illustrating the major contributions of both cytochrome P450 

enzymes in the O-demethylenation of MDMA and phase II enzymes, such as 
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COMT, in the conjugation reactions using the catechol metabolites of MDMA as 

substrates.  Relatively few studies have investigated the disposition of the 

thioether metabolites of MDMA, despite the appreciated neurotoxicity of these 

metabolites.79,80,139,336  Nonetheless, thioether MDMA metabolites have been 

identified in the urine of humans92, and accumulate in the brain following multiple 

MDMA doses in rats.91   

Despite the volume of studies investigating the neurotoxicity of MDMA, 

precise mechanisms describing this neurotoxicity remain ambiguous.  It is widely 

appreciated that metabolism of MDMA is necessary for MDMA-induced 

neurotoxicity, as multiple reports reveal that direct administration of MDMA 

intracranially fails to produce the markers of neurotoxicity observed following 

peripherial administration of neurotoxic doses of MDMA.  Furthermore, a number 

of MDMA metabolites have been implicated as toxicants in a variety of organ 

systems.89,266,337,338  Studies described in chapters 3 and 4 of this dissertation 

were designed to determine how deficiencies in CYP2D6 and COMT, two 

polymorphic enzymes in the human population, altered the neurotoxic profile of 

MDMA. 

Inhibition or deficiency of CYP2D1 in rats attenuated serotonergic deficits 

following peripheral MDMA administration.  We modeled the human CYP2D6 

poor-metabolizer phenotype both with quinine, a pharmacological inhibitor of 

CYP2D1, and with female Dark Agouti rats, a genetic model of CYP2D1 

deficiency.  CYP2D enzymes catalyze the high-affinity O-demethylenation of 
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MDMA and MDA, yielding N-me-α-MeDA and α-MeDA, respectively.294  These 

catechols are highly volatile and can either be acted upon by hepatic phase II 

conjugation enzymes or oxidize to reactive quinone species that may 

subsequently conjugate with glutathione, giving rise to putative neurotoxicant 

thioether MDMA metabolites.  Results from our studies indicate that inhibition of 

the initial CYP2D1-mediated O-demethylenation may offer partial protection 

against MDMA-mediated long-term serotonergic depletion, although statistical 

significance was only achieved in one instance.  The trend, however, was 

towards abatement of 5-HT deficits, and the percent protection was similar 

between both CYP2D poor metabolizer models employed.  Complete protection 

was not observed, likely owing to the fact that several low-affinity CYP enzymes, 

such as 1A2, 2B6, and 3A4, can facilitate MDMA O-demethylenation in the 

absence of CYP2D6/2D1.294  The attenuation of serotonergic deficits was 

strikingly similar between the pharmacological model and genetic model of 

CYP2D1 inibition/deficiency.  These results support the notion that MDMA 

metabolism is necessary for MDMA-induced neurotoxicity, but further study is 

required to determine contributions of the various MDMA metabolites. 

Inhibition or deficiency of COMT affected both the acute and long-term 

toxicities associated with MDMA.  The most common and well-characterized 

polymorphism of COMT in the human population is that producing the 

val108/158met enzyme variant, where methionine at position 108 of soluble 

COMT or 158 of membrane-bound COMT produces an enzyme with only ~25% 
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of the activity of COMT with valine at these positions.113  COMT catalyzes a 

reaction yielding HMMA from N-me-α-MeDA, thereby preventing the potential 

oxidation of N-me-α-MeDA to quinones and subsequent formation of the 

thioether MDMA metabolites.  COMT contribution to MDMA metabolism is 

significant, as roughly 12% of an MDMA dose administered in rats was recovered 

as derivatives of 4-hydroxy-3-methoxy- MDMA metabolites82, and roughly 15% of 

the MDMA dose administered in humans was recovered as COMT-transformed 

metabolites.30  Results from our studies reveal that inhibition of COMT 

potentiated MDMA-mediated long-term serotonergic depletions.  By inhibiting 

COMT, a greater number of N-me-α-MeDA and α-MeDA molecules likely oxidize 

to their corresponding quinones, and greater concentrations of the thioether 

metabolites are likely formed as a consequence.  Additional studies validating 

this claim are required.   

A genetic mouse model with no COMT activity experienced a more severe 

MDMA-mediated hyperthermia when compared to wild-type mice, and MDMA-

induced mortality in these COMT-/- mice was drastically elevated.  Plasma NE 

concentrations were elevated following MDMA treatment, and these levels were 

greatest in COMT-/- mice.  COMT catabolizes NE303, and inhibition of COMT 

affords NE prolonged exposure to target receptors, such as α1 and β3 

adrenergic receptors.  Thus, COMT deficiency promotes thermogenesis209 and, 

at least in part, explains the enhanced hyperthermia experienced by these mice 

following MDMA administration.   
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Microglia showed a modest, but significant, increase in both occupancy 

and phagocytic activation in the cortex of rats.  Microglia are the resident 

macrophages of the CNS and are typically found in a “surveillance state” acting 

to maintain homeostasis in the brain.339  Under certain conditions, microglia can 

become hyperactivated and release a number of cytotoxic compounds, including 

ROS/RNS, pro-inflammatory cytokines, and proteases.253  Many amphetamines 

activate microglia, suggesting microglial activation could be used as a specific 

marker of amphetamine neurotoxicity.258  However, investigations into the effects 

of MDMA on microglial activation and the consequences thereof are remarkably 

sparse and have produced ambiguous results.  Data in Chapter 6 reveals that 

microglial occupancy in the parietal cortex, an area of the brain known to 

degenerate after MDMA administration in rat143, increases in a biphasic manner 

following a single 20 mg/kg administration of MDMA.  An initial peak in microglial 

occupancy is observed 12 hours post treatment, likely due to MDMA-induced 

disruption of neuronal homeostasis, and a second peak is witnessed 72 hours 

post treatment, which coincides with the time frame of nerve terminal 

degeneration following MDMA administration in rats.326  Furthermore, microglial 

phagocytic activity was shown to increase significantly 24- and 72-hours post 

MDMA administration, correlating with time of maximal microglial occupancy.  

These results indicate microglia feasibly contribute to MDMA-induced 

neurotoxicity, although studies further detailing activation status and microglial-

released compounds after MDMA are required. 
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6.2. FUTURE DIRECTIONS 

 The studies detailed in Chapters 3 and 4 of this dissertation rely on 

monitoring neurotransmitter concentrations as a measure of neurodegeneration.  

The use of HPLC coupled to electrochemical detection allows for rapid 

assessment of neurotransmitter concentrations in specific areas of the brain.  

Early investigations of MDMA-induced neurotoxicity utilized 

immunohistochemical methods to assess toxicity, with 5-HT as the target antigen 

used to assess MDMA-mediated neurotransmitter deficits.138,158  These 

“readouts” from both the HPLC-EC and immunohistochemical approaches are 

similar in that both assess neurodegeneration by determining neurotransmitter 

deficits as indirect measures of nerve terminal degeneration. The validity of these 

approaches in assessing neurotoxicity has been questioned, despite the large 

number of published studies that use neurotransmitter deficits as a marker of 

MDMA neurotoxicity, based on evidence that MDMA inhibits TPH, which is the 

rate-limiting enzyme in the biosynthesis of 5-HT.168  Therefore, MDMA might 

produce long-term 5-HT deficits due to enzyme inhibition rather than nerve 

terminal degeneration. 

 Reductions in SERT binding sites have therefore been used as alternate 

measures of MDMA-mediated neurotoxicity.  Thus, if nerve terminals are 

degraded after MDMA administration, then available SERT binding sites should 

also decrease.  However, MDMA alters SERT gene expression, and might also 

affect internalization of SERT protein from the plasma membrane, which could 
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subsequently account for decreased SERT binding sites in membrane 

preparations.168  Indeed, some studies were unable to detect any differences in 

SERT protein expression between rats treated with MDMA or rats treated with 

saline.154,169  In contrast, other studies have revealed statistically significant 

reductions in SERT protein expression after MDMA, and that poorly validated 

SERT antibodies may account for the discrepancy between studies.168  Perhaps 

the use of neurotransmitter assays, or SERT binding or expression assays, 

should be supported with more sensitive indicators of neurotoxicity, such as 

histochemical analysis of silver staining, or morphological changes. 

 Histochemical analyses used to measure MDMA-mediated neurotoxicity 

include stains selective for degenerating neurons, or morphological changes 

indicative of cell death.  Large doses of MDMA (80 mg/kg x 4) produce silver-

positive, or argyrophilic, deposits in the cortex and striatum of rat, indicative of 

degenerating neurons.43  A second study revealed that MDMA (25 mg/kg x 4) 

was capable of causing argyrophilic deposits in the parietal cortex, and that these 

deposits increased in a dose-dependent fashion.340  Additionally, Fluoro-Jade B-

positive staining, indicative of degenerating nerve terminals, axons, or cell 

bodies, was observed in a number of regions of rat brain, including the parietal 

cortex, insular cortex, and thalamus from animals treated with MDMA (20 

mg/kg).143  Finally, investigating the morphology of neurons and nerve terminals 

in animals treated with MDMA may help to assess MDMA-induced neurotoxicity.  

Unfortunately, very few studies have employed electron microscopy to evaluate 
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any parameters of neurodegeneration following MDMA.  One such study, in 

mice, revealed ubiquitin-positive inclusions and clustering of heat-shock protein 

70 in the nucleus near chromatin filaments, both indicators of neuronal damage 

that extends to neuronal cell bodies.341 

Histochemical analyses of neurotoxicity are generally considered a more 

direct measure of neurotoxicity, but are more time consuming to conduct.  As 

neurochemical deficits almost always coincide with these histological markers of 

neurotoxicity, and neurochemical analyses can be performed more rapidly, 

neurotransmitter deficits have become the favored assay to assess MDMA-

induced neurotoxicity.93  This is evidenced by the number of studies that employ 

neurochemical analyses when assessing MDMA-mediated neurotoxicity, 

although such findings could be augmented and reinforced by including more 

direct histochemical assays of neurotoxicity.  

Results from the studies detailed in Chapters 3 and 4 of this dissertation 

support the notion that metabolism of MDMA is necessary to elicit MDMA-

mediated neurotoxicity.  The thioether MDMA metabolites, in particular, are likely 

crucial contributors to MDMA-induced serotonergic neurotoxicity.  Several of 

these thioether metabolites have been identified in the brains of Sprague-Dawley 

rats following peripheral MDMA administration.91,267  However, although we 

suspect decreased concentrations of these thioether MDMA metabolites reach 

the CNS in CYP2D1 deficient (ie Dark Agouti) rats, no studies have empirically 

shown this to be the case.   
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Using microdialysis, it would be valuable to determine concentrations of 5-

(GSH)-N-me-α-MeDA, 2,5-bis-(GSH)-N-me-α-MeDA, 5-(NAC)-N-me-α-MeDA, 

2,5-bis-(NAC)-N-me-α-MeDA, and the corresponding thioether derivatives of α-

MeDA in the brains of both Sprague-Dawley and Dark Agouti rats following 

peripheral administration of MDMA.  If concentrations of these metabolites are 

decreased in Dark Agouti rats, then the contribution of these metabolites in 

MDMA-induced neurotoxicity would be substantiated.  Using concentrations 

determined in the aforementioned study, one could then centrally deliver relevant 

concentrations of these thioether metabolites directly into the brains of both 

Sprague-Dawley and Dark Agouti rats and compare the obtained neurotoxicity 

profiles.  Results from these studies would offer order of neurotoxic potency of 

the thioether MDMA metabolites, and yield insights into the mechanism by which 

Dark Agouti rats show attenuation of MDMA-induced neurotoxicity. 

 Similar to the study proposed above, microdialysis could also be 

employed to measure the concentrations of thioether MDMA metabolites in the 

brains of either pharmacologically-compromised COMT rats or COMT-/- mice.  A 

finding that concentrations of thioether metabolites are greater in COMT-

compromised animals would support the hypotheses that metabolism of MDMA 

is necessary for MDMA-induced neurotoxicity and that thioehter MDMA 

metabolites are the ultimate neurotoxic species. 

 Microglial investigations detailed in Chapter 5 provide data supporting the 

claim that microglia contribute to MDMA-induced neurotoxicity.  However, further 
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studies are required to yield a more thorough characterization of the microglial 

response following MDMA administration.  Cultured microglia might be incubated 

with MDMA, MDA, or a variety of the metabolites thereof, with the intention of 

determining which microglia-derived factors are released upon challenge these 

compounds.  In addition, other regions of the brain should be investigated with 

respect to MDMA-induced microglial activation, to determine if any regional 

differences exist.  Finally, with bacterial-derived lipopolysaccharide as a positive 

control, MDMA or selected metabolites should be delivered icv in rats with the 

aim of characterizing the resulting microglial response in brain regions heavily 

innervated with serotonergic terminals.  These studies would aid in 

understanding the overall contributions of microglia in MDMA-mediated 

neurotoxicity. 
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APPENDIX A 
 

INTRACEREBROVENTRICULAR ADMINISTRATION OF THIOETHER MDMA 
METABOLITES IN RAT  

 
A.1. INTRODUCTION AND RATIONALE 

 Work detailed in Chapters 3 and 4 of this dissertation reveals that 

inhibition of enzymes involved in the metabolism of MDMA cause perturbations in 

the neurotoxic potential of peripherally administered MDMA, presumably by 

altering the concentrations of formed MDMA metabolites.  To corroborate these 

findings, we chose to investigate the neurotoxicity of the thioether MDMA 

metabolites derived from N-me-α-MeDA.  Intracranial administration of thioether 

MDMA metabolites derived from α-MeDA cause neurotoxicity akin to that seen 

following peripheral MDMA administration106,265,298, and the thioether MDMA 

metabolites derived from N-me-α-MeDA have been implicated as capable of 

causing in vivo neurotoxicity267, although relatively fewer studies exist using 

these metabolites.  As N-demethylation of MDMA to MDA is a minor path in 

humans81, and less work has been performed using thioether metabolites derived 

from N-me-α-MeDA, we sought to use the mono-conjugated 5-(GSH)-N-me-α-

MeDA and 5-(NAC)-N-me-α-MeDA in these studies. 

 Our initial experimental design included the intracranial administration of 

thioether MDMA metabolites in two rat strains: Sprague-Dawley (modeling a 

CYP2D6 extensive metabolizer phenotype) and Dark Agouti (modeling a 

CYP2D6 poor metabolizer phenotype).  When administered MDMA peripherally, 
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the Dark Agouti rat displays attenuated serotonergic deficits when compared to 

Sprague-Dawley rats (Chapter 3).  This difference may be attributable to the 

deficiency in O-demethylenation in Dark Agouti rats, leading to reduced formation 

of N-me-α-MeDA in this strain.  Fewer molecules of N-me-α-MeDA may diminish 

formation of 5-(GSH)-N-me-α-MeDA and 5-(NAC)-N-me-α-MeDA in Dark Agouti 

rats, potentially alleviating observed serotonergic depletion in these animals.  We 

sought to compare serotonergic deficits in these two strains of rat following 

intracranial administration of either 5-(GSH)-N-me-α-MeDA or 5-(NAC)-N-me-α-

MeDA.  However, results from these preliminary studies have not correlated with 

those reported in the literature. 
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A.2. RESULTS 

 The metabolites used in these studies were kindly provided to us from the 

Bioanalysis and Analytical Services Group at the Institut Hospital del Mar 

d'Investigacions Mèdiques (IMIM, Barcelona, Spain).  Identity of the metabolites 

was confirmed by NMR (Figures A.1 and A.2) and mass spectrometry (Figures 

A.3 and A.4).   

In the initial experiments, 5-(NAC)-N-me-α-MeDA was delivered 

intrastriatally with a dosing paradigm of 30 nmol x 4 at 12 hour intervals with a 

flow rate of 1 µL/min for 10 minutes based on previous work in our laboratory.298  

Serotonergic neurotoxicity was not statistically different from aCSF controls in the 

ipsilateral or contralateral striatum (8% and 3% reductions, respectively) nor in 

the cortex (13% reduction, Figure A.5).  5-HT concentrations actually increased 

by 9% in the hippocampus following intrastriatal 5-(NAC)-N-me-α-MeDA 

administration, but the difference was not significant. 

In a second experiment, a single, high-dose (150 nmol) intrastriatal 

administration of 5-(GSH)-N-me-α-MeDA or 5-(NAC)-N-me-α-MeDA was 

compared against aCSF-administered controls or a multiple, low-dose (30 nmol x 

4 at 12 hour intervals) intrastriatal thioether regimen.  Both low- and high-dose 5-

(GSH)-N-me-α-MeDA treated rats displayed 5-HT increases from 5-30% 

compared against aCSF controls one week after the final administration (Figure 

A.6).  5-(NAC)-N-me-α-MeDA treated animals followed a similar trend (-4-+45%, 

Figure A.7).  No significant differences were noted in any of the brain regions 
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tested.  Interestingly, the rats dosed with 5-(NAC)-N-me-α-MeDA showed 

seizure-like behavior during administration, whereas no similar overt visual cues 

were observed in either the aCSF or 5-(GSH)-N-me-α-MeDA treated rats. 

One concern voiced was that injection directly into brain parenchyma may 

be problematic in the sense that liquid being forced into tissue may cause 

backpressure, therefore overestimating the actual dose delivered.  The following 

experiments changed the site of delivery to the ventricles of the brain, so delivery 

was into a reservoir rather than brain tissue.  In the third experiment, 5-(NAC)-α-

MeDA (single dose of 50 nmol) or 5-(NAC)-N-me-α-MeDA (single dose of 125 

nmol) were delivered icv at a rate of 1 µL/min over 5 minutes.  5-HT 

concentrations were compared against rats administered 20 mg/kg (sc) MDMA.  

Rats administered thioether MDMA metabolites exhibited no statistically 

significant differences against peripherally-administered MDMA rats with respect 

to 5-HT concentrations in any examined region of the brain (-17% to +20%, 

Figure A.8).  It should be noted that the 5-HT concentrations obtained for the 

peripherally-administered MDMA group (cortex, 3.20 pmol/mg tissue; striatum, 

2.54 pmol/mg tissue; hippocampus, 1.85 pmol/mg tissue) were well above those 

that have been observed historically in our lab.  Seizure-like activity was 

observed in both thioether-treated rat groups. 

In a final experiment, a single dose of 600 nmol of 5-(NAC)-N-me-α-MeDA 

was delivered icv and 5-HT concentrations were compared against aCSF 

controls one week after drug administration.  Seizure-like behavior was readily 
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apparent during thioether administration, while no such behavior was noticed in 

aCSF-treated rats.  5-HT concentrations decreased by 3% in the cortex and by 

10% in the hippocampus (Figure A.9).  However, 5-HT concentrations were 

increased by 16% in the striatum.  None of the differences observed reached 

statistical significance. 
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Figure A.1. NMR Spectrum of 5-(GSH)-N-me-α-MeDA 

 Proton NMR spectrum of 5-(GSH)-N-me-α-MeDA is shown using DMSO 
as the solvent.  Regions of interest are enhanced for better resolution.  
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Figure A.2. NMR Spectrum of 5-(NAC)-N-me-α-MeDA 
  
 Proton NMR spectrum of 5-(NAC)-N-me-α-MeDA is shown using DMSO 
as the solvent.  Regions of interest are enhanced for better resolution. 
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Figure A.3. MSMS Spectrum of 5-(GSH)-N-me-α-MeDA 

 The calculated molecular weight of 5-(NAC)-N-me-α-MeDA is 486.18 
daltons.  An m/z value of 487.2 was identified by mass spectrometry.  
Fragmentation spectra are shown at collision energies of -20eV (top panel) and -
30eV (lower two panels).  The bottom panel is a higher magnification scan of the 
middle panel.  The loss of 129 daltons (ion of m/z = 358.2) corresponds with an 
expected loss of glutamate from 5-(GSH)-N-me-α-MeDA. 
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Figure A.4. MSMS Spectrum of 5-(NAC)-N-me-α-MeDA 

 The calculated molecular weight of 5-(NAC)-N-me-α-MeDA is 342.12 
daltons.  An m/z value of 342.9 was identified by mass spectrometry.  Shown is a 
fragmentation spectrum at a collision energy of 30eV.  The loss of 162 daltons 
(ion of m/z = 180.9) corresponds with an expected loss of N-acetylated cystein 
from 5-(NAC)-N-me-α-MeDA. 
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Figure A.5. No Serotonergic Deficit after Intrastriatal Administration of  
          5-(NAC)-N-me-α-MeDA 
 

Rats received multiple intrastriatal doses of either 5-(NAC)-N-me-α-MeDA 
(30nmol X 4 at 12 hour intervals) or equivalent volume of aCSF.  Serotonin 
concentrations were determined in the ipsilateral striatum (circles), contralateral 
striatum (squares), cortex (triangles), and hippocampus (diamonds) one week 
after the final drug administration.  Each symbol represents the value obtained 
from a single animal.  The mean of each group is displayed as a horizontal bar.  
No significant differences were noted between groups. 
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Figure A.6. No Serotonergic Deficit after Intrastriatal Administration of  
          5-(GSH)-N-me-α-MeDA 
 

Rats were placed in one of three dosing paradigms: a single, high-dose 
(150nmol) intrastriatal 5-(GSH)-N-me-α-MeDA administration (closed symbols), 
multiple intrastriatal doses of 5-(GSH)-N-me-α-MeDA (30 nmol x 4 at 12 hour 
intervals, grey symbols) or multiple aCSF administration (10 µL x 4 at 12 hour 
intervals, open symbols).  Serotonin concentrations were determined in the 
ipsilateral striatum (circles), contralateral striatum (squares), cortex (triangles), 
and hippocampus (diamonds) one week after the final drug administration.  Each 
symbol represents the value obtained from a single animal.  The mean of each 
group is displayed as a horizontal bar.  No significant differences were noted 
between groups. 
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Figure A.7. No Serotonergic Deficit after Intrastriatal Administration of  
          5-(NAC)-N-me-α-MeDA 
 

Rats were placed in one of three dosing paradigms: a single, high-dose 
(150 nmol) intrastriatal 5-(NAC)-N-me-α-MeDA administration (closed symbols), 
multiple intrastriatal doses of 5-(NAC)-N-me-α-MeDA (30 nmol x 4 at 12 hour 
intervals, grey symbols) or multiple aCSF administration (10 µL x 4 at 12 hour 
intervals, open symbols).  Serotonin concentrations were determined in the 
ipsilateral striatum (circles), contralateral striatum (squares), cortex (triangles), 
and hippocampus (diamonds) one week after the final drug administration.  Each 
symbol represents the value obtained from a single animal.  The mean of each 
group is displayed as a horizontal bar.  No significant differences were noted 
between groups. 
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Figure A.8. Comparison of Serotonin Concentrations after Subcutaneous 
          MDMA or Intracerebroventricular Thioether MDMA Metabolites 
 

Rats were placed into one of three dosing paradigms: subcutaneous 
MDMA (20 mg/kg, open symbols), icv 5-(NAC)-α-MeDA (50 nmol, closed 
symbols), or icv 5-(NAC)-N-me-α-MeDA (125 nmol, grey symbols).  Serotonin 
concentrations were measured one week after drug administration in the cortex 
(circles), striatum (squares), and hippocampus (triangles).  Each symbol 
represents the value obtained from a single animal.  The mean of each group is 
displayed as a horizontal bar.  No significant differences were noted between 
groups. 
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Figure A.9. No Serotonergic Deficit after High-Dose Intracerebroventricular 
          Administration of 5-(NAC)-N-me-α-MeDA 
 

Rats were treated with either 5-(NAC)-N-me-α-MeDA (600 nmol, icv, 
closed symbols) or equivalent volume of aCSF (icv, open symbols).  Serotonin 
concentrations were measured in the cortex (circles), striatum (squares), or 
hippocampus (triangles) one week after drug administration.  Each symbol 
represents the value obtained from a single animal.  The mean of each group is 
displayed as a horizontal bar.  No significant differences were noted between 
groups. 
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A.3. DISCUSSION 

 Thus far we have been unable to replicate neurotoxicity using thioether 

MDMA metabolites derived from N-me-α-MeDA.  The studies described herein 

were all performed in male Sprague-Dawley rats, a model of the CYP2D6 

extensive metabolizer phenotype.  Rats receiving 5-(NAC)-N-me-α-MeDA at any 

of the doses exceeding 30 nmol in these studies showed seizure-like behavior 

during administration and for at least 1 hour after administration.  These 

behaviors were not witnessed in aCSF-treated animals.  These overt signs make 

it likely that damage is occurring in the brain of 5-(NAC)-N-me-α-MeDA-treated 

animals, but the assays we are using to detect neurodegeneration do not capture 

signs of this damage.   

 Data collected from a number of laboratories suggests that thioether 

MDMA metabolites are capable of causing neurotoxicity.89,267,269  Furthermore, 

inhibition of enzymes involved in the metabolism of MDMA are capable of 

altering the neurotoxic effects of MDMA (Chapters 3 and 4), a finding that 

suggests the metabolites of MDMA contribute in some way to the observed 

neurotoxicity.  A number of factors may, in part, explain why we have not been 

able to produce neurotoxicity with these compounds.  MDA appears to be a more 

potent neurotoxicant than MDMA342, so it could be that the thioether MDMA 

metabolites derived from α-MeDA have a greater neurotoxic capacity than those 

derived from N-me-α-MeDA.  However, in the single experiment using 5-(NAC)-

α-MeDA, 50 nmol was insufficient to produce any observable serotonergic 
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deficits one week after drug administration (Figure A.8).  Another possibility is 

that the ambient temperature was too low to produce neurotoxicity.  Decreasing 

ambient temperature can prevent the hyperthermic response typical after 

neurotoxic doses of MDMA, and doing so also prevents long-term depletion of 

serotonin.184,185  It could be that the same is true of centrally-administered 

thioether MDMA metabolites.  Room temperature was not monitored during 

these experiments, and implanted temperature probes during the experiment 

depicted in Figure A.6 indicated that no hyperthermic or hypothermic response 

was elicited by either of the two doses of 5-(GSH)-N-me-α-MeDA or 5-(NAC)-N-

me-α-MeDA (data not shown).  Perhaps thioether drug administration without 

concurrent hyperthermia is insufficient to cause long-term serotonergic 

depletions.  Finally, some deficiency in the delivery apparatus could cause 

insufficient doses of drug to be delivered.  This is unlikely, as the apparatus was 

tested before initiation of experiments, and by the seizure-like behavior 

witnessed only in those animals receiving 5-(NAC)-N-me-α-MeDA.   

 Unfortunately, we were not able to extend our experiments into the Dark 

Agouti strain of rat to test the hypotheses that (1) Thioether MDMA metabolites 

derived from N-me-α-MeDA are sufficient to cause serotonergic neurotoxicity and 

(2) CYP2D1 deficient rats are less susceptible to MDMA-induced neurotoxicity 

due to reduced formation of thioether MDMA metabolites.  If central 

administration of thioether MDMA metabolites in Dark Agouti rats cause long-

term serotonergic deficits identical to those seen in Sprague-Dawley rats, 
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thioether MDMA metabolites would be implicated as neurotoxicants and reduced 

formation of thioether metabolites would be implicated as a mechanism by which 

Dark Agouti rats are more resistant to MDMA-mediated neurotoxicity.  

Compelling evidence exists suggesting that thioether MDMA metabolites are 

capable of causing neurotoxicity, so these studies deserve further investigation to 

determine which thioether MDMA metabolites are neurotoxic and if these are as 

deleterious in CYP2D1 deficient Dark Agouti rats.  
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