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S) 1. INTRODUCTION

(+)3,4-Methylenedioxymethamphetamine (MDMA) is a ring-substituted amphet-
amine analog that was originally synthesized by Merck in Darmstadt, Germany. It was
included as one of the several structurally related chemical compounds in a patent application
that was filed in 1912, and approved in 1914 (Merck, 2012). MDMA received little attention
for the next several decades. In 1953, the US Army Chemical Center funded a series of pre-
clinical studies of MDMA, conducted at the University of Michigan, in mice, rats, monkeys,
dogs, and guinea pigs (Hardman et al., 1973). Although it is sometimes stated that these stud-
ies were an effort to identify a potential “brainwashing” agent (Holland, 2001), these studies
actually appear to have been general toxicity studies identifying lethal dosages (LD50s) of a
variety of chemical agents (Hardman et al., 1973).

There are reports that MDMA was used by “New Age” thinkers in the 1960s, who
appreciated its ability to produce feelings of well-being and “connectedness” (McDowell
and Kleber, 1994; Watson and Beck, 1991). MDMA was introduced to psychologists in
Northern California in 1976, with therapists on the East Coast following suit, shortly
thereafter. In brief, therapists began employing MDMA as a psychotherapeutic adjunct
or “catalyst” to enhance and improve results of insight-oriented psychotherapy (Shul-
gin, 1980). Although the number of patients who were treated with MDMA-induced
psychotherapy is not known, its continued use in psychotherapeutic sessions took place
until such practice became illegal in 1985 (Beck, 1978).

Contemporaneous with MDMA’s use in psychotherapeutic circles was its use in rec-
reational settings. Despite its popularity as a recreational drug, MDMA did not receive
much attention from the federal government as a potential drug of abuse until 1985.
In particular, an aggressive marketing campaign by a particular MDMA distributor in
Texas made MDMA widely available, not only at dance venues, but at bars and conve-
nience stores (McDowell and Kleber, 2004).This practice came to the attention of Sena-
tor Lloyd Bentson, who petitioned the Drug Enforcement Administration (DEA). As a
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result of Senator Bentson’s efforts, MDMA was placed on Schedule I, and has remained
there, since July 1, 1985 (Lawn, 1985).

In its decision to place MDMA on Schedule I, the DEA raised concerns over increas-
ing recreational MDMA use, and that use of MDMA may pose a threat to public health,
since a close structural relative, 3,4-methylenedioxyamphetamine (MDA), had recently
been found to produce toxic effects on brain serotonin (5-HT)-containing neurons in
rodents (Ricaurte et al., 1985). In addition to concerns about substance abuse and neu-
rotoxicity, the DEA maintained that MDMA had no medical utility. This claim was chal-
lenged by a number of mental health specialists who believed that MDMA facilitated
psychotherapy (Greer, 1985; Greer and Tolbert, 1986).

Despite its newly illegal status, MDMA became popular on college campuses
and in large organized dance parties known as “raves”, in spite of emerging evidence that
MDMA, like MDA, was toxic toward brain 5-HT neurons in animals (Schmidt et al.,
1985; Stone et al., 1986; Commins et al., 1987).

Since the discovery of the 5-HT neurotoxic potential of MDMA in animals, there
has been significant research interest in its mechanisms of neurotoxicity, the parameters
necessary to produce neurotoxicity, and whether such neurotoxicity extends to humans
who use MDMA in recreational (or therapeutic) settings. Over 20012010, the Food
and Drug Administration in the United States has approved a limited number of human
MDMA studies to go forward. Government-sanctioned clinical research of MDMA in
Switzerland and other European countries has also been conducted.

This chapter, as suggested by its title, will focus on the effects of MDMA on the
human nervous system. To this end, we will begin by reviewing MDMA’s mechanisms
of action and its eftects on the sympathetic nervous system (SNS).The bulk of our dis-
cussion will focus on MDMA’s eftects on the central nervous system (CNS), including
its pharmacological and neurotoxic effects. Because a full understanding of MDMA
pharmacology and neurotoxicology in humans requires understanding of its effects in
preclinical models, these will be discussed as appropriate. Studies that have attempted to
identify functional consequences of MDMA in humans, as well as potential neuropsy-
chiatric sequelae of MDMA consumption, will be discussed. We will conclude with a
summary of the research directed at determining the eftects of MDMA on the human
nervous system, limitations of this research, and potential future directions for MDMA
studies in clinical populations.

> 2.1. MECHANISM OF ACTION

Like most amphetamine analogs, MDMA stimulates the CNS and the SNS, pri-
marily by releasing 5-HT, dopamine (DA), and norepinephrine (NE), and blocking their

inactivation via reuptake (Steele et al., 1994; Green et al., 2003). Key to these actions
is the interaction between MDMA and monoamine transporters. This is known from
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results of in vitro studies using nerve ending suspensions (synaptosomes) (Nichols et al.,
1982; Steele et al., 1987), transfected cells (Rudnick and Wall, 1992;Verrico et al., 2007)
and in vivo studies using microdialysis (Gudelsky and Yamamoto, 2008) and transgenic
animals (Fox et al., 2007). Of note, results from receptor binding studies suggest that
MDMA, in addition to its indirect monoamine-mediated actions, may also produce
direct effects on monoamine receptors, particularly 5-HT, receptors (Battaglia et al.,
1989a,b; Teitler et al., 1990; but see Sadzot et al., 1989). In this regard, it is important to
recall that MDMA, as typically used on the street and in most experimental and clinical
studies, consists of an equal mixture of S(+) and R (—) enantiomers, with the R (—) enan-
tiomer appearing to have the most prominent direct action on 5HT, receptors (Lyon
et al., 1986). Both MDMA enantiomers also appear to have the potential to inhibit
monoamine oxidase activity (Leonardi and Azmitia, 1994).

A major, as yet unanswered, question is whether the above mentioned effects of
MDMA on monoamine-containing neurons fully account for its spectrum of behavioral
effects. While it may well be that the subjective effects of MDMA are the end-product
of a mix and blend of effects of MDMA on pre- and postsynaptic elements of 5-HT,
DA, and NE neurons, a unique site or mechanism of action of MDMA has not been
excluded. Early binding studies identified a novel binding site for MDMA (Gehlert
et al., 1985). Although subsequent studies revealed that the binding site in question was
located on the glass-fiber filters used to carry out the binding assays, rather than in the
brain tissue under study (Wang et al., 1987; but see Zaczek et al., 1989).

That release of 5-HT and other monoamines may not be the sole mechanism by which
MDMA produces its behavioral effects is suggested by the observation that fluoxetine, which
blocks MDMA-induced 5-HT release (Schmidt et al, 1987), does not block MDMA's rein-
forcing subjective eftects in humans (McCann and Ricaurte, 1993; but see Lietchi et al.,
2000). Similar observations have been reported in animals (Piper et al., 2008). Of course, this
leaves open the possibility that DA and NE, acting alone or in concert with 5-HT, may medi-
ate MDMA’s behavioral effects (Liechti and Vollenweider, 2000, 2001). These considerations
notwithstanding a novel mechanism of action for MDMA are conceivable. Indeed, several
investigators have postulated that MDMA may be the prototype of a new drug class (Nichols
et al., 1986;Vollenweider et al., 1998).

> 2.2. PHARMACOLOGY

2.2.1. Absorption and Metabolism

MDMA is typically taken orally in the form of tablets, capsules, or pills. The dose gener-
ally ranges from 75 to 150 mg, although experienced users often take more (Parrott, 2005).
MDMA is well absorbed from the gastrointestinal tract and its onset of action is typi-
cally within 30min of ingestion even though the time to peak plasma concentrations is
approximately 2-3h (Kolbrich et al., 2008a,b; Mueller et al., 2009). The plasma half-life of
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MDMA in humans ranges from 6 to 9h (Chu et al., 1996; de la Torre et al., 2000; Kolbrich
et al., 2008a,b). Notably, MDMA has nonlinear pharmacokinetics (Chu et al., 1996; de la
Torre et al., 2000; Kolbrich et al., 2008a,b), with increases in plasma MDMA concentra-
tions exceeding those predicted by the increase in dose. Also of note is the fact that nonlin-
ear MDMA pharmacokinetics begins at plasma MDMA concentrations of approximately
125-150ng/ml (Mueller et al., 2009).This effectively renders every consumer who takes a
typical dose of MDMA a “poor metabolizer”, because the hepatic cytochrome P45 1soen-
zyme that metabolizes MDMA (CYP2D6) is inhibited and/or saturated at this relatively
low plasma MDMA concentration (125-150ng/ml) (Mueller et al., 2009).

In humans, the major route of degradative metabolism of MDMA involves ring
O-demethylenation, with formation of the catechol dihydroxymethamphetamine
(HHMA) (Meyer et al., 2008). HHMA is then O-methylated to form HMMA, and/or
N-demethylated to form HHA. In contrast to what is seen in rodents, only a small frac-
tion of MDMA is N-demethylated to MDA in humans. In particular, in rodents, approx-
imately 50% of MDMA is metabolized to MDA (Chu et al., 1996), whereas in humans,
<5% of MDMA is converted to MDA (de la Torre et al., 2004; Kolbrich et al., 2008a,b).
Unlike other MDMA metabolites, MDA is known to be pharmacologically active in
humans (Naranjo et al., 1967). In addition to O-demethylenation and N-demethylation,
other identified metabolic pathways of MDMA in vivo include deamination and conju-
gation (O-glucuronidation and O-sulfation) (Meyer et al., 2008).

2.2.2. Sympathomimetic Effects

Sympathomimetic eftects of MDMA include mydriasis, tachycardia, increased diastolic
and systolic blood pressure, and decreased appetite (Downing, 1986;Vollenweider et al.,
1998; Mas et al., 1999; Cami et al., 2000; Kolbich et al., 2008a,b). Effects on blood
pressure and heart rhythm are not always predictable or dose-related (see Vollenweider
et al., 1998; Hua et al., 2009). Interestingly, the beta-blocker, pindolol, prevents MDMA-
induced increases in heart rate but not increases in blood pressure (Hysek et al., 2010).
Cardiovascular complications occasionally include cardiac arrhythmias, hypertensive
crises, and stroke (hemorrhagic or ischemic) but these are relatively rare (Ricaurte and
McCann, 2005). Body temperature is also typically mildly elevated (see Parrot et al.,
2012) but significant, sometimes fatal, malignant hyperthermia can occur (Henry et al.,
1992), resulting in rhabdomyolysis and multiorgan failure. In these instances, uncoupling
or disruption of the balance between heat production and dissipation is suspected (Mills
et al.,2004). Recent findings in animals suggest that neuronal activity in the dorsomedial
hypothalamus, a brain region known to be involved in stress responses and thermoregu-
lation, is necessary for some of the sympathomimetic eftects of MDMA to occur (Rusy-
niak et al., 2008). MDMA-elicited increases in peripheral sympathetic discharge to the
cutaneous vascular bed undoubtedly also contribute to hyperthermia, by reducing heat
dissipation through the skin (Blessing et al., 2003).
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2.2.3. Subjective Behavioral Effects

Shulgin and Nichols (1978) were the first to report on the subjective eftects of MDMA.
They indicated that MDMA produced an alteration in consciousness with sensual and
emotional overtones. Other commonly reported behavioral effects of MDMA include
increased physical energy, subjective sense of closeness to others, heightened sensual
awareness, euphoria, loquaciousness, and empathy toward others (Downing, 1986;
Kolbrich et al., 2008a). These effects typically last several hours, and it is not uncommon
for MDMA consumers to use a “booster”” dose to recoup or prolong the above men-
tioned effects. The days after MDMA ingestion, users typically experience lack of energy,
dysphoria, and difficulty concentrating.

> 2.3. NEUROTOXICOLOGY

2.3.1. Animals
2.3.1.1. Serotonin Neurotoxicity
Over 1975-2000, an extensive body of data has accrued demonstrating that MDMA
has neurotoxic potential toward brain 5-HT neurons. Animals treated with MDMA
develop lasting depletions of brain of 5-HT, 5-hydroxyindoleacetic acid (5-HIAA),
tryptophan hydroxylase (TPH), the serotonin transporter (SERT), and the vesicu-

lar monoamine transporter-type 2 (see Steele et al., 1994; Gibb et al., 1994; Lew
et al., 1997; Green et al., 2003; Gudelsky and Yamamoto, 2003). Notably, these last-
ing neurochemical deficits in MDMA-treated animals are accompanied by morpho-
logic/structural signs of damage to 5-HT axons and axon terminals. For example,
Commins et al. (1987) found evidence of axon terminal degeneration using the silver
degeneration method of Fink and Heimer. Using more specific immunocytochemi-
cal methods, Molliver and colleagues demonstrated loss of 5-HT-immunoreactive
(IR) axons and axon terminals (O’Hearn et al., 1988; Wilson et al., 1989; Axt et al.,
1994). Importantly, at short survival times after MDMA administration (1-3 days), the
same investigators found numerous, markedly swollen 5-HT-IR axons, many of which
appeared fragmented (Axt et al., 1994; Molliver et al., 1990). These data, coupled with
tract-tracing results based on anterograde transport of tritiated proline from the raphe
to the forebrain (Callahan, 2001) and evidence of the “pruning” phenomenon after
MDMA exposure (Fischer et al, 1995), provide strong evidence that lasting seroto-
nergic neurochemical deficits produced by MDMA are the result of destruction of
5-HT axons and axon terminals. Indeed, virtually identical effects are produced by
5,7-dihydroxytryptamine (5,7-DHT), a well-documented 5-HT neurotoxin (Jonsson,
1980; Baumgarten and Lachenmay, 2004).

Thus, as used in this chapter, the term serotonin neurotoxicity refers to a lasting loss of
various chemical markers that are unique to 5-HT neurons (5-HT, 5-HIAA, TPH, and
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SERT) and are accompanied by anatomic evidence of structural damage to 5-HT axons.
The term makes no assumptions about reversibility of the neuronal injury or potential
functional consequences.

Serotonin neurotoxicity after MDMA has been shown to have broad species gener-
ality. In particular, MDMA-induced 5-HT neurotoxicity has been documented in rats,
guinea pigs, squirrel monkeys, cynomolgus monkeys, rhesus monkeys, and baboons (see
Steele et al., 1994; Gibb et al., 1994). In all these species, MDMA neurotoxicity is selec-
tive for 5-HT neurons. Noradrenergic neurons are invariably spared. DA neurons are
also typically unaffected except after unusually high dosages or when MDMA treatment
is carried out at a high ambient temperature (Commins et al., 1987;Yuan et al., 2002;
but see Sanchez et al., 2004). However, even under these conditions, the toxic effect of
MDMA on brain DA neurons is modest, except in the mouse. For reasons that have yet
to be elucidated, mice differ from all other animal species in which MDMA has been
tested in that the mouse incurs selective DA neural injury, with 5-HT neurons only
developing toxicity when the dosage of MDMA is inordinately high (Stone et al., 1987,
Logan et al., 1988).

A few investigators have questioned the 5-HT neurotoxic potential of MDMA
based on the observation that treatment with MDMA and structurally related drugs
(e.g. p-chloroamphetamine (PCA)) does not generally lead to a glial reaction (Row-
land et al., 1993; O’Callaghan and Miller, 1994; Pubill et al., 2003; Wang et al., 2004,
2005; Rothman et al., 2004; Thomas et al., 2004; but see Wilson et al., 1993; Aguirre
et al., 1999; Orio et al., 2004). However, when considering this line of reasoning, it is
important to recognize that established 5-HT neurotoxins (e.g. 5, 7-DHT) also fail to
consistently induce a glial reaction in brain regions distant from the site of intracerebral
toxin injection (see Hardin et al., 1994; Frankfurt and Azmitia, 1984; Rowland et al.,
1993; Bendotti et al., 1994; Straiko et al., 2007). Thus, in our view, rather than casting
doubt on the neurotoxic potential of MDMA and other substituted amphetamines (e.g.
PCA), these findings indicate that additional research is needed to more fully character-
ize the determinants, timing, nature, and role of astroglial and microglial responses to
neuron-selective lesions involving fine, relatively sparse, axonal projections (e.g. 5-HT
projections). Indeed, when much denser axonal projections are damaged by MDMA
(e.g. dopaminergic axonal projections to mouse striatum), both a glial reaction and posi-
tive silver staining response are consistently observed (O’Callaghan and Miller, 1994;
Thomas et al., 2004), and the neurotoxic potential of MDMA toward DA neurons in
the mouse goes unquestioned.

More recently, Rothman and colleagues questioned the 5-HT neurotoxic potential
of MDMA based on results obtained in Western blot studies revealing no reduction in
the abundance of a 70kDa band that was thought to correspond to the SERT protein
(Rothman et al., 2003, 2004; see also Wang et al., 2004, 2005). These investigators pos-
tulated that lasting serotonergic effects of MDMA represented neuroadapative changes
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(involving SERT trafficking), rather than damage to brain 5-HT neurons. To examine
this issue further, we studied the in vivo expression of the SERT protein and other 5-HT
neuronal markers (5-HT, 5-HIAA, and TPH) atter MDMA and related drugs, using the
established 5-HT neurotoxin, 5,7-DHT, as a positive control. Results indicated that the
70kD band in question did not correspond to the SERT protein, as it did not exhibit
the known relative regional distribution of brain SERT was resistant to 5,7-DHT treat-
ment, and was present in SERT-KO animals (Xie et al., 2006). In contrast, a more diftuse
band at approximately 63—68kD (which has the expected regional brain distribution
of the SERT, was markedly reduced after 5,7-DHT treatment and absent in SERT-KO
animals) was decreased after MDMA administration (Xie et al., 20006), indicating that the
SERT protein (like other 5-HT neuronal markers) is decreased after MDMA exposure.
Recently, these results have been confirmed by others (Bhide et al., 2009; Cunningham
et al., 2009; Biezonski and Meyer, 2010).

Still others have questioned the 5-HT neurotoxic potential of MDMA because
recovery of axonal 5-HT markers has been shown to occur over time (Battaglia et al.,
1991; Scanzello et al., 1993; Hatzidimitriou et al., 1999). However, with regard to recov-
ery, it is important to recall that MDMA neurotoxicity is limited to 5-HT axons and
axon terminals and that cell bodies in the brainstem raphe nuclei are invariably spared.
Sparing of 5-HT nerve cell bodies leaves open the possibility that, with time, regen-
erative sprouting can occur. Indeed, after 5, 7-DHT lesions that spare nerve cell bod-
les, regenerative sprouting of 5-HT axons has been demonstrated (Zhou and Azmitia,
1986; Frankfurt and Beaudet, 1987).Thus, the recovery observed after MDMA exposure
should not be taken to indicate that MDMA lacks neurotoxic potential toward 5-HT
axons and axon terminals. Rather, the recovery observed reflects a fundamental feature
of the MDMA lesion: namely, that it is restricted to axons and axon terminals and that,
by sparing 5-HT nerve cell bodies, leaves open the potential for future regenerative
sprouting. A key question in this regard is whether the regenerative sprouting that takes
place leads to the reestablishment of the original 5-HT innervations patterns. In nonhu-
man primates that have sustained severe 5-HT lesions, this does not appear to be the case
(Fischer et al, 1995; Hatzidimitriou et al., 1999).

2.3.1.2. Relevance of Animal Data to Humans
As discussed in detail elsewhere (Ricaurte et al., 2000; McCann and Ricaurte, 2007) and
as recently emphasized by Easton and Marsden (2006), determining the relevance of
5-HT neurotoxicity findings in animals to human MDMA users requires consideration
of a number of important factors including possible species differences in drug metabo-
lism, route and schedule of drug administration, and, perhaps most importantly, dosage.
Each of these factors is discussed, in turn, below:

Species differences in drug metabolism: 5-HT neurotoxic eftects of MDMA have been
demonstrated in rats, guinea pigs, squirrel monkeys, cynomolgus monkeys, rhesus
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monkeys, and baboons. The mouse is the only animal that is relatively resistant to
MDMA-induced 5-HT neurotoxicity but, curiously, develops DA neurotoxicity. As
there are marked differences in MDMA metabolism among these various species, it
seems unlikely that species differences in drug metabolism will render humans insensi-
tive to 5-HT neurotoxicity. Nevertheless, use of animal models in which the metabolism
of MDMA resembles that observed in humans seems advisable for future studies. As yet,
it is unclear if the neurotoxic eftects of MDMA are produced by the parent compound
or metabolites. Should the parent compound be the active toxic chemical species, the
importance of species difterences in MDMA metabolism for issues related to neurotox-
icity would be diminished.

Route of drug administration: It have shown that regardless of whether MDMA
1s administered orally or subcutaneously, it produces comparable 5-HT neurotoxic
eftects in the rat. Similar results have been obtained in rhesus monkeys (Kleven
et al., 1989; Slikker et al., 1988, 1989), although the oral route of administration
may afford modest degree of protection in the squirrel monkey (Ricaurte et al.,
1988c).

Dose: At first glance, doses of MDMA that produce 5-HT neurotoxicity in rats
(1020 mg/kg (Schmidt et al., 1985; Schmidt, 1987)) appear much higher than those
typically used by humans (approximately 1-2mg/kg). However, when comparing
doses across species, it is important to take into account differences in body size,
particularly when these are substantial (as is the case between a 0.20kg rat or a 1kg
squirrel monkey and a 70 kg human). This is because fundamental physiological
processes that govern drug responses are a function of body size, and these typically
occur faster in smaller animals. Accordingly, interspecies scaling principles dictate
that small animals generally require larger doses (on an mg/kg basis) than humans
to sustain the same drug effect. Indeed, by taking into account known relationships
between body size, physiological processes, and drug responses, allometric equa-
tions have been developed to allow for more accurate extrapolation of doses in
small laboratory animals to humans. For example, a commonly used allometric
equation is

0.67
Dhuman = animal( Whuman/ Wanimal)

where D, is the dose of drug in milligrams (mg), I, the weight in kilograms (kg),
and 0.67 is an empirically determined exponent. It is to be noted that the forego-
ing allometric equation incorporates various models for extrapolating animal data to
humans, and is widely used experimentally as well as the pharmaceutical industry and
the Food and Drug Administration (FDA). When applied to MDMA, this equation
indicates that a 10-20mg/kg dose, which is known to produce 5-HT neurotoxic
effects in a 0.2kg rat (Schmidt et al., 1985; Schmidt, 1987 also Preliminary results)
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translates to a 1.45-2.89 mg/kg dose in a 70kg human being. Notably, this is the
same dosage range of MDMA required to produce the psychoactive effect of interest
in human beings. Thus, the available animal data suggest that the margin of safety for
MDMA (with regard to 5-HT neurotoxicity) may be narrow. In other words, there is
reason to suspect that even single doses of MDMA may be associated with a signifi-
cant risk of brain 5-HT neurotoxicity in humans. However, despite the strengths of
the allometric approach, it is important to recognize that the method is not perfect,
and that it may yield estimates of doses in animals that are not exactly equivalent to
those in humans (or vice versa), for a variety of reasons including possible species
differences in absorption, metabolism, or elimination.

Mechanisms: The mechanism by which MDMA damages brain 5-HT neurons has
yet to be elucidated. An extensive series of pharmacological and toxicological stud-
ies has implicated endogenous brain DA and its oxidation products (see Gibb et al.,
1994). However, much of the data implicating brain DA in MDMA neurotoxicity
is confounded by drug effects on body temperature (Green et al., 2003), which
can strongly influence MDMA neurotoxicity. Moreover, brain DA does not appear
to be essential for the expression of MDMA neurotoxicity because even animals
with near-total depletions of brain DA develop MDMA-induced 5-HT neurotoxic
changes (Yuan et al., 2002). Recently, it was presented evidence that tyrosine, after
nonenzymatic conversion to d(thydr)o(xy)p(henyl)a(lanine) (DOPA) (then enzy-
matic conversion to DA), contributes to MDMA neurotoxicity, particularly in brain
regions receiving little or no dopaminergic innervation. However, this finding is at
seeming odds with the failure of reserpine to protect against MDMA neurotoxicity
(Hekmatpanah and Peroutka, 1990;Yuan et al., 2002), and recent unpublished obser-
vations in our laboratory that the DOPA decarboxylase inhibitor, NSD1015, does
not protect against MDMA-induced 5-HT neurotoxicity, if temperature changes
are controlled. In addition to DA-derived free radicals, glutamate (GLU)-mediated
reactive nitrogen species have been proposed to play a role in the neurotoxicity
of amphetamine-type stimulants. However, the mechanism by which reactive spe-
cies injure the 5-HT neuron is not entirely clear, nor is it certain that reactive
species are the cause (rather than the consequence) of neurotoxicity. Energy dys-
regulation, possibly secondary to inhibition of mitochondrial function, may also be
involved in the 5-HT neurotoxic action of MDMA. However, glucoprivation with
2-deoxy-D-glucose, a competitive inhibitor of glucose metabolism, fails to potenti-
ate MDMA-induced toxicity to brain 5-HT neurons (Yuan et al., 2002). Based on
the well-established neuroprotective effect of SERT inhibitors (Schmidt et al, 1987)
and the finding that inhibitors of Na®/H™ and/or Na*/Ca™" exchange potenti-
ate METH-induced neurotoxicity, we proposed that ionic dysregulation, possibly
secondary to prolonged transporter activation (known to be linked to ion flux),
may play a role in substituted amphetamine neurotoxicity (Callahan et al., 2001).
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However, more direct evidence in support of this hypothesis is needed. Finally, in
recent years, there has been growing interest in the possibility that metabolites of
MDMA play a role in the neurotoxic process.

2.3.2. Humans

Like animals, humans appear to be susceptible to MDMA-induced 5-HT neurotoxic-
ity. In particular, there are two validated measures of MDMA-induced 5-HT damage
in humans: (1) reductions in cerebrospinal fluid concentrations of 5-HIAA obtained at
a time point when acute pharmacological effects have dissipated (i.e. weeks to months)
after the last MDMA exposure and; (2) reductions in the SERT, as measured by PET,
weeks to months after MDMA exposure. Abstinent MDMA users, like MDMA-
treated animals, have been found to have reductions in both of these validated mark-
ers of MDMA-induced 5-HT neurotoxicity. In particular, squirrel monkeys treated
with oral or systemic neurotoxic dosages of MDMA develop selective reductions in a
variety of brain 5-HT neuronal markers including cerebrospinal fluid (CSF) 5-HIAA
(Ricaurte et al., 1988a, 1988b; Insel et al., 1989; Ricaurte et al., 1992a; Fischer et al, 1995;
Hatzidimitriou et al., 1999). Similar to MDMA-treated animals, abstinent MDMA
users have been found to have selective reductions in CSF 5-HIAA (McCann et al.,
1994, 1999a,b). While these findings are certainly consistent with the notion that
MDMA leads to 5-HT neurotoxic injury, CSF measures are indirect. As such, reduc-
tions in CSF reductions in 5-HIAA are not conclusive evidence of MDMA-induced
5-HT damage.

The advent of positron emission tomography (PET) and single photon emission
computed tomography (SPECT) methods has permitted direct visualization of neu-
ron-specific markers in living humans, including markers of brain 5-HT axons and
axon terminals (Huang et al., 2010).The first study validating molecular neuroimag-
ing methods for detecting MDMA-induced 5-HT neurotoxicity strategies employed
baboons treated with a known neurotoxic regimen of MDMA and PET scans with
the first-generation PET SERT ligand, [''C] McN5652. PET studies at 13, 19, and
40 days post-MDMA treatment revealed significant reductions in [''C] McN 5652
binding ranging from 44% in the pons to 89% in the occipital cortex. Subsequent
PET studies, 9 and 13 months later, revealed recovery in some regions, but persis-
tent reductions in neocortical regions more than a year after MDMA treatment.
This observation prompted parallel studies involving abstinent human MDMA users.
These studies revealed significant reductions in SERT binding potential (McCann
et al., 1998, 2005, 2008; Buchert et al., 2003, 2004, 2006, 2007; Thomasius et al.,
2006). Subsequent studies using the second generation PET SERT ligand, [''C]
DASB, have revealed similar results in most (McCann et al., 2005, 2008; Kish et al.,
2010b; Urban et al., 2012), but not all (Selvaraj et al., 2009) studies. In the one
negative PET SERT study in MDMA users (Selvaraj et al., 2009), the absence of
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significant differences between groups may, in part, have been related to lack of
power in the study design.

SPECT methods with the SERT ligand ['?*I] B-CIT have also been used to study
abstinent recreational MDMA users. Although reductions of SERT density in the hypo-
thalamus and midbrain of monkeys with documented 5-HT lesions is associated with
reductions in ['ZI]B-CIT measured by SPECT (Reneman et al., 2002), studies in absti-
nent MDMA users by the same group and others find persistent reductions of [']]
B-CIT in cortical, but not midbrain regions (Semple et al., 1999; Reneman et al., 2001).
These regional differences in ['2*[]B-CIT changes in human MDMA users (as compared
to the validated animal model), combined with the fact that ['2*I]-CIT binds to the
DAT, in addition to the SERT, may limit the utility of SPECT for detecting MDMA-
induced SERT reductions in humans.

To our knowledge, there are only two studies in which markers of brain 5-HT
integrity have been directly assessed in human MDMA users (Kish et al., 2000, 2010a).
These postmortem case studies found reductions in 5-HT, SERT, and TPH in deceased
MDMA users that had recently used the drug. Acknowledging its limitations (study size
and recency of drug use), these observations are consistent with the notion that MDMA
1s neurotoxic toward brain 5-HT neurons in humans.

> 2.4. LASTING CONSEQUENCES OF MDMA EXPOSURE

Given the known important role of brain 5-HT in a variety of behavioral functions
(Jacobs and Fornal, 2000; Henninger, 1995), and the considerable preclinical and clini-
cal data demonstrating that MDMA is neurotoxic toward brain 5-HT neurons reviewed
above, numerous research laboratories have made efforts to identify potential functional
consequences of MDMA-induced 5-HT damage. In 2009, the National Institute for
Health Research in the United Kingdom funded a Health Technology Assessment to
investigate the harmful health eftects of recreational MDMA use (Rogers et al., 2009).
This technology involved a systematic review of over 4000 publications that had been
published prior to that date, and addressed potential consequences of recreational MDMA
use. Although, since that time, more than 250 articles have been published on the acute
and long-term eftects of MDMA in humans, conclusions by Rogers and colleagues are
still valid.

MDMA has both acute and subacute effects on a variety of behaviors (presumably
related to its acute and downstream pharmacological effects). However, in the pres-
ent context, “consequences’ of MDMA refers to lasting (weeks to years) behavioral
changes seen in MDMA users, unless otherwise stated. In addition, it is important to
note that most recreational MDMA users have also been exposed to other illicit and licit
recreational substances, and these are used in uncontrolled circumstances. As such, the
strength and composition of MDMA is not generally verified and the role of exposure
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to other substances in behavioral changes found in MDMA users cannot be excluded.
Given these caveats, MDMA users, when compared to a variety of control groups, have
been found to have lasting alterations in cognitive function, sleep, neuroendocrine func-
tion, and pain modulation. These differences will be reviewed, in turn.

2.4.1. Cognitive Function

Numerous researchers have explored the possibility that MDMA leads to altered cogni-
tive processes, particularly in the area of memory function. A meta-analysis of findings
from these studies (Rogers et al., 2009) indicates that, compared to controls, MDMA
users have impaired memory on the six most commonly employed tests of imme-
diate and delayed memory, including the ray auditory verbal learning test (immediate
and delayed), the Rivermead behavioral test (prose recall, immediate, and delayed), and
digit span (forward and backwards) (Bolla et al., 1998; Croft et al., 2001; Reneman et al.,
2001; Reneman et al., 2006; Quednow et al., 2006; Lamers et al., 2006; de Win et al.,
2008; Morgan, 1999; Morgan et al., 2002; Curran and Verheyden, 2003; Dafters et al., 2004;
Gouzoulis-Mayfrank et al., 2000; Halpern et al., 2004; Wareing et al., 2004; McCardle
et al., 2004). Subsequent studies questioning the validity of earlier results (e.g. Halpern
et al., 2011), in fact, demonstrated significant effects despite a relative lack of power, as
recently noted by Parrot (2011). Consistent with the notion that alterations in cognitive
function in MDMA users are related to MDMA-induced neurotoxicity is the observation
that deficits appear to be related to both lifetime exposure of MDMA and intensity of
individual exposures (i.e. doses used) (Rogers et al., 2009; Parrott, 2011), both of which are
known to influence the development of neurotoxicity in preclinical studies.

2.4.2. Sleep

Two studies (Allen et al., 1993; McCann et al., 2009) have used formal polysomnographic
methods in abstinent MDMA users to assess the possibility that MDMA exposure leads
to alterations in normal sleep neurophysiology. Both studies suggest that MDMA leads
to chronic changes in sleep. In particular, MDMA users exhibit alterations in sleep archi-
tecture and circadian rhythms (Allen et al., 1993), and have an increased risk for obstruc-
tive sleep apnea (McCann et al., 2009). Given the importance of circadian rhythms and
sleep quality in a variety of daytime functions (e.g. alertness, cognitive function, and
endocrine function), these findings suggest that some of the behavioral differences that
have been observed in MDMA users could be related, in part, to alterations in sleep
timing, quality, or continuity.

2.4.3. Neuroendocrine Effects

Two studies have employed the neuroendocrine challenge method with 5-HT probes
to assess the possibility that MDMA exposure leads to altered 5-HT-mediated endo-
crine function in abstinent MDMA users (McCann et al., 1999b; Gerra et al., 1998). In
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the first study, the mixed 5-HT agonist and 5-HT releaser, m-chlorophenylpiperazine
(m-CPP), was administered to abstinent MDMA users and non-MDMA using controls.
MDMA users were found to have reduced cortisol and prolactin responses to m-CPP, in
addition to diminished behavioral responses. It was concluded that differential responses
to m-CPP in the two subject groups could be related to MDMA-induced neurotoxic-
ity, and alterations in 5-HT input on neuroendocrine function (McCann et al., 1999b).

In the second study, Gerra and colleagues conducted a longitudinal study in absti-
nent MDMA users at baseline (time 0), as well as 3 and 12months later. MDMA users
and controls were challenged with the 5-HT releaser, fenfluramine, which is known to
induce increases in both prolactin and cortisol. MDMA users were found to have persis-
tent reductions in fenfluramine-induced prolactin, but reversible reductions in cortisol
(i.e. reductions did not persist for the full 12-month period). Further, the extent of alter-
ations in prolactin responses at the 12-month time point was directly related to MDMA
exposure. Taken together, these observations were taken as evidence that MDMA can
lead to persistent alterations in 5-HT-mediated prolactin responses.

2.4.4. Pain

Several studies (McCann et al., 1994; O’Regan and Clow, 2004; McCann et al., 2011)
have explored the possibility that pain perception is altered in abstinent MDMA users,
given the known role of 5-HT in the modulation of pain (Yoshimura and Furue, 2006;
Lopez-Garcia, 2006). One study, conducted in MDMA users who had been abstinent, on
average, for 5months noted no differences in MDMA users’ response to an ischemic pain
task (McCann et al., 1994) when compared to control subjects. The second study found
reduced cold-pain tolerance in MDMA users who had been abstinent from MDMA for
only 3—4days (O’Regan and Clow, 2004). Most recently, MDMA users who had been
abstinent for weeks to months and matched non-MDMA-exposed controls were com-
pared on a variety of standardized pain measurements. Further, given increasing data that
MDMA users have alterations in sleep and the known influence of sleep disruption on pain
(Edwards et al., 2008; Tiede et al., 2010), the potential relationship between polysomno-
graphic sleep measures and pain outcomes were explored. Abstinent MDMA users were
found to have reduced pressure pain thresholds, increased cold-pain ratings, and increased
pain ratings during testing of diffuse noxious inhibitory control. Although numerous signif-
icant relationships between sleep and pain measures were identified, meditational modeling
indicted that altered pain perception in MDMA users was not related to changes in sleep.

2.4.5. Neuropsychiatric Effects/Complications

In addition to acute and subacute neuropsychiatric effects of MDMA, which are presum-
ably related to its pharmacological properties, there have also been numerous reports of
chronic psychiatric problems in MDMA users. Although beyond the scope of this chapter,
the most common psychiatric problems seen in MDMA users include depression, anxiety,
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phobias, psychotic symptoms, and somatization disorders (Parrott et al., 2000, 2001, 2002;
Maclnness et al., 2001; Bobes et al., 2002; McCardle et al., 2004; Dafters et al., 2004; Lieb
et al., 2002; Daumann et al., 2004; Sumnall and Cole, 2005; Karlsen et al., 2008). Although
most of the authors of these reports draw attention to the fact that MDMA users tend to
use “other drugs” in addition to MDMA, and that psychiatric problems may have drawn
people to use MDMA (rather than having been caused by them), several studies have
found a relationship between the extent of MDMA use and psychopathology (Parrott
et al., 2000, 2002; de Win et al., 2004). While not conclusive, this observation is consistent
with the notion that MDMA neurotoxicity could play a role in the psychiatric symptoms
experienced by some MDMA users.

3. CONCLUSIONS

MDMA is a ring-substituted amphetamine analog with reinforcing psychoac-
tive eftects, in addition to neurotoxic potential toward central 5-HT neurons. Its major
pharmacological eftects appear to be secondary to actions at brain monoaminergic
neurons, both as a potent monoamine releaser and as a reuptake inhibitor, although
MDMA also binds directly to several brain 5-HT receptor subtypes. The mechanisms
of MDMA-induced 5-HT neurotoxicity are not fully understood, but are known to
be exacerbated by increased temperature, attenuated by hypothermia, and blocked by
5-HT reuptake inhibitors. A growing body of data indicates that humans, like animals
treated with oral or systemic MDMA, are susceptible to MDMA-induced 5-HT neural
injury. It is not clear whether 5-HT neural injury, which is best described as a distal
axotomy of brain 5-HT neurons, is fully reversible in all brain regions. Studies in absti-
nent MDMA users have revealed deficits in a variety of behavioral functions known to
be modulated by brain 5-HT, although it has not been definitively demonstrated that
deficits are related to MDMA-induced 5-HT injury. Future research should be directed
toward determining the mechanism of action of MDMA neurotoxicity, defining the
parameters of MDMA use associated with neurotoxicity in humans, and determining
the functional consequences (and reversibility) of MDMA neurotoxicity in both ani-
mals and humans.

REFERENCES

Aguirre, N., Barrionuevo, M., Ramirez, M.J., Del Rio, J., Lasheras, B., 1999. Alpha-lipoic acid prevents
3,4-methylenedioxy-methamphetamine (MDMA)-induced neurotoxicity. Neuroreport 10 (17),
3675-3680.

Allen, R.P, McCann, U.D,, Ricaurte, G.A., 1993. Persistent effects of (+)3,4-methylenedioxymethamphet-
amine (MDMA, “ecstasy”) on human sleep. Sleep 16 (6), 560-564.

Axt, K., Mamounas, L., Molliver, M., 1994. Structural features of amphetamine neurotoxicity. In: Cho,A.K.,
Segal, D.S. (Eds.), Amphetamine and Its Analogs. Academic Press, San Diego, CA, pp. 315-370.

Battaglia, G.,Yeh, S.Y., De Souza, E.B., 1988a. MDMA-induced neurotoxicity: parameters of degeneration
and recovery of brain serotonin neurons. Pharmacol. Biochem. Behav. 29 (2), 269-274.


http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0015
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0015
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0015
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0020
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0020
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0025
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0025
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0040
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0040

Effects of MDMA on the Human Nervous System

489

Battaglia, G., Brooks, B.P, Kulsakdinun, C., De Souza, E.B., 1988b. Pharmacologic profile of MDMA
(3,4-methylenedioxymethamphetamine) at various brain recognition sites. Eur. J. Pharmacol. 149,
159-163.

Battaglia, G., Sharkey, J., Kuhar, M.J., De Souza, E.B., 1991. Neuroanatomic specificity and time course of
alterations in rat brain serotonergic pathways induced by MDMA (3,4-methylenedioxymethamphet-
amine): assessment using quantitative autoradiography. Synapse 8 (4), 249-260.

Baumgarten, H.G., Lachenmayer, L., 2004. Serotonin neurotoxins—past and present. Neurotox. Res. 6 (7-8),
589-614.

Beck, J., 1978.The public implications of MDMA use. In: Stillman, R.C.,Willette, R.E. (Eds.), The Psycho-
pharmacology of Hallucinogens. Pergamon Press, New York, pp. 74—83.

Bendotti, C., Baldessari, S., Pende, M., Tarizzo, G., Miari, A., Presti, M.L., Mennini, T., Samanin, R, 1994.
Does GFAP mRNA and mitochondrial benzodiazepine receptor binding detect serotonergic neuronal
degeneration in rat? Brain Res. Bull. 34, 389-394.

Bhide, N.S., Lipton, J.W., Cunningham, J.I., Yamamoto, B.K., Gudelsky, G.A., 2009. Repeated exposure to
MDMA provides neuroprotection against subsequent MDMA-induced serotonin depletion in brain.
Brain Res. 1286, 32—41.

Biezonski, D.K., Meyer, ].S., 2010. Eftects of 3,4-methylenedioxymethamphetamine (MDMA) on serotonin
transporter and vesicular monoamine transporter 2 protein and gene expression in rats: implications for
MDMA neurotoxicity. . Neurochem. 112 (4), 951-962.

Blessing, W.W., Seaman, B., Pedersen, N.P, Ootsuka, Y., 2003. Clozapine reverses hyperthermia and sym-
pathetically mediated cutaneous vasoconstriction induced by 3,4-methylenedioxymethamphetamine
(ecstasy) in rabbits and rats. J. Neurosci. 23 (15), 6385-6391.

Bobes, J., Saiz, PA., Gonzalez, M.P, Bascaran, M.T., Bousono, M., Ricaurte, G.A., McCann, U.D., 2002.
Use of MDMA and other illicit drugs by young adult males in northern Spain. A five-year study. Eur.
Addict. Res. 8, 147-154.

Bolla, K.I., McCann, U.D., Ricaurte, G.A., 1998. Memory impairment in abstinent MDMA (“Ecstasy”)
users. Neurology 51 (6), 1532-1537.

Buchert, R., Thomasius, R., Nebeling, B., Petersen, K., Obrocki, J., Jenicke, L., Wilke, E, Wartberg, L.,
Zapletalova, P, Clausen, M., 2003. Long-term eftects of “ecstasy” use on serotonin transporters of the
brain investigated by PET. J. Nucl. Med. 44 (3), 375-384.

Buchert, R., Thomasius, R., Wilke, E, Petersen, K., Nebeling, B., Obrocki, J., Schulze, O., Schmidt, U.,
Clausen, M., 2004. A voxel-based PET investigation of the long-term effects of “Ecstasy” consumption
on brain serotonin transporters. Am. J. Psychiatry 161 (7), 1181-1189.

Buchert, R., Thomasius, R., Petersen, K., Wilke, E, Obrocki, J., Nebeling, B., Wartberg, L., Zapletalova, P,
Clausen, M., 2006. Reversibility of ecstasy-induced reduction in serotonin transporter availability in
polydrug ecstasy users. Eur. J. Nucl. Med. Mol. Imaging 33 (2), 188—199.

Buchert, R., Thiele, E, Thomasius, R., Wilke, E, Petersen, K., Brenner, W., Mester, J., Spies, L., Clausen, M.,
2007. Ecstasy-induced reduction of the availability of the brain serotonin transporter as revealed by
[11C](+)McN5652-PET and the multi-linear reference tissue model: loss of transporters or artifact of
tracer kinetic modelling? J. Psychopharmacol. 21 (6), 628—634.

Callahan, B.T., Cord, B.J., Ricaurte, G.A., 2001. Long-term impairment of anterograde axonal transport
along fiber projections originating in the rostral raphe nuclei after treatment with fenfluramine or
methylenedioxy-methamphetamine. Synapse 40, 113—121.

Cami, J., Farré, M., Mas, M., Roset, PN., Poudevida, S., Mas, A., San, L., de la Torre, R., 2000. Human
pharmacology of 3,4-methylenedioxymethamphetamine (“ecstasy”): psychomotor performance and
subjective effects. J. Clin. Psychopharmacol. 20 (4), 455—-466.

Chu, T., Kumagai, Y., DiStefano, E.W., Cho, A.K., 1996. Disposition of methylenedioxymethamphetamine
and three metabolites in the brains of different rat strains and their possible roles in acute serotonin
depletion. Biochem. Pharmacol. 51 (6), 789-796.

Commins, D.L.,Vosmer, G.,Virus, R.,Woolverton, W., Schuster, C., Seiden, L., 1987. Biochemical and histo-
logical evidence that methylenedioxymethylamphetamine (MDMA) is toxic to neurons in the rat brain.
J. Pharmacol. Exp. Ther. 241, 338-345.

Croft, R.J., Mackay, A J., Mills, A.T., Gruzelier, ].G., 2001. The relative contributions of ecstasy and cannabis
to cognitive impairment. Psychopharmacology (Berl.) 153 (3), 373-379.


http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0045
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0045
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0045
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0055
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0055
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0055
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0065
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0065
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0070
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0070
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0075
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0075
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0075
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0080
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0080
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0080
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0085
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0085
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0085
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0100
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0100
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0100
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0105
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0105
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0105
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0110
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0110
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0120
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0120
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0120
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0125
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0125
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0125
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0130
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0130
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0130
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0135
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0135
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0135
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0135
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0140
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0140
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0140
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0145
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0145
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0145
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0150
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0150
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0150
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0155
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0155
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0155
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0160
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0160

490 Una D. McCann and George A. Ricaurte

Cunningham, J.I., Raudensky, J., Tonkiss, ].,Yamamoto, B.K.,2009. MDMA pretreatment leads to mild chronic
unpredictable stress-induced impairments in spatial learning. Behav. Neurosci. 123 (5), 1076-1084.
Curran, H.V,, Verheyden, S.L., 2003. Altered response to tryptophan supplementation after long-term
abstention from MDMA (ecstasy) is highly correlated with human memory function. Psychopharma-

cology (Berl.) 169 (1), 91-103.

Dafters, R.I., Hoshi, R., Talbot, A.C., 2004. Contribution of cannabis and MDMA (“ecstasy”) to cognitive
changes in long-term polydrug users. Psychopharmacology (Berl.) 173 (3—4), 405-410.

Daumann, J., Hensen, G., Thimm, B., Rezk, M., Till, B., Gouzoulis-Mayfrank, E., 2004. Self-reported psy-
chopathological symptoms in recreational ecstasy (MDMA) users are mainly associated with regular
cannabis use: further evidence from a combined cross-sectional/longitudinal investigation. Psychophar-
macology 173, 398—404.

de la Torre, R, Farré, M., Ortuiio, J., Mas, M., Brenneisen, R.., Roset, PN, Segura, J., Cami, J., 2000. Non-
linear pharmacokinetics of MDMA (‘ecstasy’) in humans. Br. J. Clin. Pharmacol. 49 (2), 104-109.

de la Torre, R., Farre, M., Roset, PN., Pizarro, N., Abanades, S., Segura, M., Segura, J., Cami, J., 2004.
Human pharmacology of MDMA: pharmacokinetics, metabolism, and disposition. Ther. Drug Monit.
26, 137-144.

de Win, M.M,, Jager, G., Booij, J., Reneman, L., Schilt, T., Lavini, C., Olabarriaga, S.D., den Heeten, G.J., van
den Brink, W., 2008. Sustained effects of ecstasy on the human brain: a prospective neuroimaging study
in novel users. Brain 131 (Pt 11),2936-2945.

Downing, J., 1986.The psychological and physiological eftects of MDMA on normal volunteers. J. Psycho-
active Drugs 18, 335-340.

Easton, N., Marsden, C.A., 2006. Ecstasy: are animal data consistent between species and can they translate
to humans? J. Psychopharmacol. 20 (2), 194-210.

Edwards, R.R.., Almeida, D.M., Klick, B., Haythornthwaite, J.A., Smith, M. T., 2008. Duration of sleep con-
tributes to next-day pain report in the general population. Pain 137, 202-207.

Fischer, C.A., Hatzidimitriou, G., Wlos, J., Katz, J.L., Ricaurte, G.A., 1995. Reorganization of ascending
5-HT axon projections in animals previously exposed to the recreational drug (+)3,4-methylenedioxy-
methamphetamine (MDMA, “ecstasy”). J. Neurosci. 15, 5476-5485.

Fox, M.A., Andrews, A.M., Wendland, J.R ., Lesch, K.P., Holmes, A., Murphy, D.L., 2007. A pharmacological
analysis of mice with a targeted disruption of the serotonin transporter. Psychopharmacology (Berl.)
195 (2), 147-166.

Frankfurt, M., Azmitia, E., 1984. Regeneration of serotonergic fibers in the rat hypothalamus following
unilateral 5,7-dihydroxytyptamine injection. Brain Res. 298, 273-282.

Frankfurt, M., Beaudet, A., 1987. Ultrastructural organization of regenerated serotonin axons in the dorso-
medial hypothalamus of the adult rat. J. Neurocytol. 16 (6), 799-809.

Gehlert, D.R., Schmidt, CJ., Wu, L., Lovenberg, W., 1985. Evidence for specific methylenedioxymetham-
phetamine (Ecstasy) binding sites in the rat brain. Eur. J. Pharmacol. 119, 135.

Gerra, G., Zaimovic, A., Giucastro, G., Maestri, D., Monica, C., Sartori, R., Caccavari, R., Delsignore, R.,
1998. Serotonergic function after ()3,4-methylene-dioxymethamphetamine (‘Ecstasy’) in humans. Int.
Clin. Psychopharmacol. 13 (1), 1-9.

Gibb, J.W., Hanson, G.R., Johnson, M., 1994. Neurochemical mechanisms of toxicity. In: Cho, A.K., Segal,
D.S. (Eds.), Amphetamine and Its Analogs. Academic Press, San Diego, CA, pp. 269-295.

Gouzoulis-Mayfrank, E., Daumann, J., Tuchtenhagen, E, Pelz, S., Becker, S., Kunert, H.J., Fimm, B., Sass, H.,
2000. Impaired cognitive performance in drug free users of recreational ecstasy (MDMA). J. Neurol.
Neurosurg. Psychiatry 68 (6), 719-725.

Green, A.R., Mechan, A.O., Elliott, .M., O’Shea, E., Colado, M.I., 2003. The pharmacology and clini-
cal pharmacology of 3,4-methylenedioxymethamphetamine (MDMA, “ecstasy”). Pharmacol. Rev. 55,
463-508.

Greer, G., 1985. Using MDMA in psychotherapy. Advances 2, 57-67.

Greer, G., Tolbert, R.., 1986. Subjective reports of the effects of MDMA in a clinical setting. J. Psychoactive
Drugs 18, 319-327.

Gudelsky, G.A., Yamamoto, B.K., 2003. Neuropharmacology and neurotoxicity of 3,4-methylenedioxy-
methamphetamine. Methods Mol. Med. 79, 55-73.


http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0165
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0165
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0170
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0170
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0170
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0175
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0175
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0180
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0180
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0180
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0180
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0185
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0185
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0190
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0190
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0190
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0195
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0195
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0195
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0200
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0200
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0205
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0205
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0210
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0210
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0215
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0215
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0215
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0220
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0220
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0220
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0225
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0225
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0230
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0230
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0235
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0235
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0240
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0240
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0240
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0245
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0245
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0250
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0250
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0250
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0255
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0255
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0255
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0260
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0265
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0265
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0275
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0275

Effects of MDMA on the Human Nervous System 491

Gudelsky, G.A.,Yamamoto, B.K.,2008.Actions of 3,4-methylenedioxymethamphetamine (MDMA) on cere-
bral dopaminergic, serotonergic and cholinergic neurons. Pharmacol. Biochem. Behav. 90 (2), 198-207.

Halpern, J.H., Pope Jr., H.G., Sherwood, A.R., Barry, S., Hudson, J.I., Yurgelun-Todd, D., 2004. Residual
neuropsychological effects of illicit 3,4-methylenedioxymethamphetamine (MDMA) in individuals
with minimal exposure to other drugs. Drug Alcohol Depend. 75 (2), 135-147.

Halpern, J.H., Sherwood, A.R., Hudson, J.I., Gruber, S., Kozin, D., Pope Jr, H.G., 2011. Residual neuro-
cognitive features of long-term ecstasy users with minimal exposure to other drugs. Addiction 106 (4),
777-786.

Hardin, H., Bernard, A., Rajas, E, Fevre-Montange, M.E, Derrington, E., Belin, M.E, Didier-Bazes, M.,
1994. Modifications of glial metabolism of glutamate after serotonergic neuron degeneration in the
hippocampus of the rat. Mol. Brain Res. 26, 1-8.

Hardman, H.E, Haavik, C.O., Seevers, M.H., 1973. Relationship of the structure of mescaline and seven
analogs to toxicity and behavior in five species of laboratory animals. Tox. Appl. Pharmacol. 25,299-309.

Hatzidimitriou, G., McCann, U.D., Ricaurte, G.A., 1999. Altered serotonin innervation patterns in the fore-
brain of monkeys treated with (*)3,4-methylenedioxymethamphetamine seven years previously: factors
influencing abnormal recovery. J. Neurosci. 19 (12), 5096-5107.

Hekmatpanah, C.R., Peroutka, S.J., 1990. 5-hydroxytryptamine uptake blockers attenuate the 5-ydroxytryp-
tamine-releasing effect of 3,4-methylenedioxymethamphetamine and related agents. Eur. J. Pharmacol.
177 (1-2), 95-98.

Henninger, G.R.., 1995. Indoleamines: the role of serotonin in clinical disorders. In: Bloom, EE., Kupfer, D.J.
(Eds.), Psychopharmacology: the Fourth Generation of Progress. Raven Press, New York.

Henry, J.A., Jeffreys, K.J., Dawling, S., 1992. Toxicity and deaths from 3, 4-methylenedioxymethamphet-
amine (“Ecstasy”). Lancet 340, 384-387.

Holland, J. (Ed.), 2001. Ecstasy, the Complete Guide: a Comprehensive Look at the Risks and Benefits of
MDMA. Park Street Press, p. 11.

Hua,Y.S., Liang, R, Liang, L., Huang, G.Z., 2009. Contraction band necrosis in two ecstasy abusers: a latent
lethal lesion associated with ecstasy. Am. J. Forensic Med. Pathol. 30 (3), 295-297.

Huang,Y., Zheng, M.Q., Gerdes, ].M., 2010. Development of effective PET and SPECT imaging agents for
the serotonin transporter: has a twenty-year journey reached its destination? Curr. Top. Med. Chem. 10
(15), 1499-1526.

Hysek, C.M.,Vollenweider, EX., Liechti, M.E., 2010. Effects of a beta-blocker on the cardiovascular response
to MDMA (Ecstasy). Emerg. Med. J. 27 (8), 586—589

Insel, T.R., Battaglia, G., Johannessen, J.N., Marra, S., De Souza, E.B., 1989. 3,4-methylenedioxymetham-
phetamine (“ecstasy”) selectively destroys brain serotonin terminals in rhesus monkeys. J. Pharmacol.
Exp. Ther. 249, 713-720.

Jacobs, B.L., Fornal, C.A., 1995. Serotonin and behavior. A general hypothesis. In: Bloom, EE., Kupfer, D.J.
(Eds.), Psychopharmacology: the Fourth Generation of Progress. Raven Press, New York.

Jonsson, G., 1980. Chemical neurotoxins as denervation tools in neurobiology. Annu. Rev. Neurosci. 3,
169-187.

Karlsen, S.N., Spigset, O., Slordal, L., 2008. The dark side of ecstasy: neuropsychiatric symptoms after expo-
sure to 3,4-methylenedioxymethamphetamine. Basic Clin. Pharmacol. Toxicol. 102 (1), 15-24.

Kish, S.J., Furukawa,Y., Ang, L.,Vorce, S.P., Kalasinsky, K.S., 2000. Striatal serotonin is depleted in brain of a
human MDMA (Ecstasy) user. Neurology 55 (2), 294-296.

Kish, S.J., Fitzmaurice, P.S., Chang, L.]J., Furukawa,Y., Tong, J., 2010a. Low striatal serotonin transporter
protein in a human polydrug MDMA (ecstasy) user: a case study. J. Psychopharmacol. 24 (2),
281-284.

Kish, S.J., Lerch, J., Furukawa,Y., Tong, J., McCluskey, T., Wilkins, D., Houle, S., Meyer, J., Mundo, E., Wilson,
A.A.,Rusjan, PM., Saint-Cyr, J.A., Guttman, M., Collins, D.L., Shapiro, C.,Warsh, ].J., Boileau, I., 2010b.
Decreased cerebral cortical serotonin transporter binding in ecstasy users: a positron emission tomogra-
phy/[(11)C]DASB and structural brain imaging study. Brain 133 (Pt 6), 1779-1797.

Kleven, M.S., Woolverton, W.L., Seiden, L.S., 1989. Evidence that both intragastric and subcutaneous
administration of methylenedioxymethylamphetamine (MDMA) produce serotonin neurotoxicity in
rhesus monkeys. Brain Res. 488 (1-2), 121-125.


http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0280
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0280
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0285
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0285
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0285
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0290
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0290
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0290
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0295
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0295
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0295
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0300
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0300
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0305
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0305
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0305
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0310
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0310
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0310
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0315
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0315
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0320
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0320
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0325
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0325
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0330
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0330
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0335
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0335
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0335
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref9335
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref9335
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0340
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0340
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0340
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0350
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0350
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0360
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0360
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0365
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0365
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0375
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0375
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0385
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0385
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0385
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0390
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0390
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0390
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0390
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0400
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0400
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0400

492 Una D. McCann and George A. Ricaurte

Kolbrich, E.A., Goodwin, R..S., Gorelick, D.A., Hayes, R_.J., Stein, E.A., Huestis, M.A., 2008a. Plasma phar-
macokinetics of 3,4-methylenedioxymethamphetamine after controlled oral administration to young
adults. Ther. Drug Monit. 30 (3), 320-332.

Kolbrich, E.A., Goodwin, R.S., Gorelick, D.A., Hayes, R.J., Stein, E.A., Huestis, M.A., 2008b. Physiologi-
cal and subjective responses to controlled oral 3,4-methylenedioxymethamphetamine administration.
J. Clin. Psychopharmacol. 28 (4), 432—440.

Lamers, C.T., Bechara, A., Rizzo, M., Ramackers, J.G., 2006. Cognitive function and mood in MDMA/
THC users, THC users and non-drug using controls. J. Psychopharmacol. 20 (2), 302-311.

Lawn, J.C., 1985. Schedules of controlled substances; temporary placement of 3,4-methylenedioxymeth-
amphetamine (MDMA). Fed. Regist. 50 (105), 23118-23120.

Leonardi, E.T., Azmitia, E.C., 1994. MDMA (ecstasy) inhibition of MAO type A and type B: comparisons
with fenfluramine and fluoxetine (Prozac). Neuropsychopharmacology 10 (4), 231-238.

Lew, R., Malberg, J.E., Ricaurte, G.A., Seiden, L.S., 1997. Evidence for and mechanism of action of neuro-
toxicity of amphetamine related compounds. In: Kostrzewa, R.M. (Ed.), Highly Selective Neurotoxins:
Basic and Clinical Applications. Humana Press, Totowa, NJ, pp. 235-268.

Lieb, R., Schuetz, C.G., Pfister, H., von Sydow, K., Wittchen, H., 2002. Mental disorders in ecstasy users: a
prospective-longitudinal investigation. Drug Alcohol Depend. 68, 195-207.

Liechti, M.E., Baumann, C., Gamma, A.,Vollenweider, EX., 2000. Acute psychological effects of 3,4-methy-
lenedioxymethamphetamine (MDMA, “Ecstasy”) are attenuated by the serotonin uptake inhibitor cita-
lopram. Neuropsychopharmacology 22 (5), 513-521.

Liechti, M.E. ,Vollenweider, EX., 2000. Acute psychological and physiological eftects of MDMA (“Ecstasy”)
after haloperidol pretreatment in healthy humans. Eur. Neuropsychopharmacol. 10 (4), 289—295.

Liechti, M.E.,Vollenweider, EX., 2001. Which neuroreceptors mediate the subjective eftects of MDMA in
humans? A summary of mechanistic studies. Hum. Psychopharmacol. 16 (8), 589-598.

Logan, B.J., Laverty, R., Sanderson, W.D., Yee, Y.B., 1988. Differences between rats and mice in MDMA
(methylenedioxymethylamphetamine) neurotoxicity. Eur. J. Pharmacol. 152 (3), 227-234.

Lopez-Garcia, J.A., 2006. Serotonergic modulation of spinal sensory circuits. Curr. Top. Med. Chem. 6,
1987-1996.

Lyon, R.A., Glennon, R.A., Titeler, M., 1986. 3,4-Methylenedioxymethamphetamine (MDMA): stereose-
lective interactions at brain 5-HT1 and 5-HT?2 receptors. Psychopharmacology (Berl.) 88 (4), 525-526.

Maclnnes, N., Handley, S.L., Harding, G.EA., 2001. Former chronic methylenedioxymethamphetamine
(MDMA or ecstasy) users report mild depressive symptoms. J. Psychopharmacol. 15, 181-186.

Mas, M., Farré, M., de la Torre, R, Roset, PN., Ortuno, J., Segura, J., Cami, J., 1999. Cardiovascular and
neuroendocrine effects and pharmacokinetics of 3,4-methylenedioxymethamphetamine in humans. J.
Pharmacol. Exp. Ther. 290 (1), 136-145.

McCann, U.D., Ricaurte, G.A., 1993. Reinforcing subjective effects of (+)3,4-methylenedioxymetham-
phetamine (“ecstasy”) may be separable from its neurotoxic actions: clinical evidence. J. Clin. Psycho-
pharmacol. 13 (3), 214-217.

McCann, U.D.,Ridenour,A., Shaham,Y., Ricaurte, G.A., 1994. Serotonin neurotoxicity after (+)3,4-methy-
lenedioxymethamphetamine (MDMA; “Ecstasy”): a controlled study in humans. Neuropsychopharma-
cology 10 (2), 129-138.

McCann, U.D,, Szabo, Z., Scheftel, U., Dannals, R.E, Ricaurte, G.A., 1998. Positron emission tomographic
evidence of toxic effect of MDMA (“Ecstasy”) on brain serotonin neurons in human beings. Lancet
352 (9138), 1433-1437.

McCann, U.D., Mertl, M., Eligulashvili, V., Ricaurte, G.A., 1999a. Cognitive performance in (£)3,4-methy-
lenedioxymethamphetamine (MDMA, “Ecstasy”) users: a controlled study. Psychopharmacology (Berl.)
143 (4), 417-425.

McCann, U.D., Eligulashvili,V., Mertl, M., Murphy, D.L., Ricaurte, G.A., 1999b. Altered neuroendocrine and
behavioral responses to m-chlorophenylpiperazine in 3,4-methylenedioxymethamphetamine (MDMA)
users. Psychopharmacology 147, 56—65.

McCann, U.D., Szabo, Z., Seckin, E., Rosenblatt, P., Mathews, W.B., Ravert, H.T., Dannals, R.E, Ricaurte,
G.A., 2005. Quantitative PET studies of the serotonin transporter in MDMA users and controls using
[11C]McN5652 and [11C]DASB. Neuropsychopharmacology 30 (9), 1741-1750.


http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0405
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0405
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0405
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0410
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0410
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0410
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0420
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0420
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0425
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0425
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0430
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0430
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0435
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0435
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0435
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0440
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0440
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0445
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0445
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0445
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0450
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0450
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0455
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0455
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0460
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0460
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0465
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0465
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0470
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0470
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0475
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0475
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0480
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0480
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0480
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0485
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0485
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0485
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0490
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0490
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0490
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0500
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0500
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0500
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0505
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0505
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0505
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0510
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0510
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0510
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0515
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0515
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0515

Effects of MDMA on the Human Nervous System 493

McCann, U.D., Ricaurte, G.A., 2007. Effects of (£)3,4-methylenedioxymethamphetamine (MDMA) on
sleep and circadian rhythms. Sci.World J. 7, 231-238.

McCann, U.D., Szabo, Z.,Vranesic, M., Palermo, M., Mathews, W.B., Ravert, H.T., Dannals, R_.E, Ricaurte,
G.A., 2008. Positron emission tomographic studies of brain dopamine and serotonin transporters in
abstinent (£)3,4-methylenedioxymethamphetamine (“ecstasy”) users: relationship to cognitive perfor-
mance. Psychopharmacology (Berl.) 200 (3), 439—450.

McCann, U.D., Sgambati, EP,, Schwartz, A.R.., Ricaurte, G.A., 2009. Sleep apnea in young abstinent recre-
ational MDMA (“ecstasy””) consumers. Neurology 73 (23),2011-2017.

McCann, U.D., Edwards, R.R.., Smith, M. T., Kelley, K., Wilson, M., Sgambati, E, Ricaurte, G.,2011. Altered
pain responses in abstinent (1)3,4-methylenedioxymethamphetamine (MDMA, “ecstasy”) users. Psy-
chopharmacology (Berl.) 217 (4), 475-484.

McCardle, K., Luebbers, S., Carter, J.D., Croft, R J., Stough, C., 2004. Chronic MDMA (ecstasy) use, cogni-
tion and mood. Psychopharmacology (Berl.) 173 (3—4), 434—439.

McDowell, D.M., Kleber, H.D., 2004. MDMA: its history and pharmacology. Psychiatr. Ann. 24 (3),
127-130.

McLane, M.W., McCann, U., Ricaurte, G., 2011. Identifying the serotonin transporter signal in Western blot
studies of the neurotoxic potential of MDMA and related drugs. Synapse 65 (12), 1368—1372.

Merck, 2012.Verfahren zur Darstellung von Alkyloxyaryl-, Dialkyloxyaryl—, und Alkylenedioxyarylamino-
propanen bzw. derenam Stickstoft monoalkylierten Derivaten, 1914. German Patent 274,350, filed Dec.
24,1912, issued May 16, 1914, and assigned to E. Merck in Darmstadt, Germany.

Meyer, MR, Peters, ET., Maurer, H.H., 2008. The role of human hepatic cytochrome P450 isozymes in
the metabolism of racemic 3,4-methylenedioxymethamphetamine and its enantiomers. Drug Metab.
Dispos. 36, 2345-2354.

Mills, E.M., Rusyniak, D.E., Sprague, ].E., 2004.The role of the sympathetic nervous system and uncoupling
proteins in the thermogenesis induced by 3,4-methylenedioxymethamphetamine. J. Mol. Med. (Berl.)
82 (12),787-799.

Molliver, ML.E., Berger, U.V,, Mamounas, L.A., Molliver, D.C., O’'Hearn, E., Wilson, M.A., 1990. Neurotox-
icity of MDMA and related compounds: anatomic studies. Ann. N.Y. Acad. Sci. 600, 649—-661 Discussion
661-664.

Morgan, M.J., 1999. Memory deficits associated with recreational use of “ecstasy” (MDMA). Psychophar-
macology (Berl.) 141 (1), 30-36.

Morgan, M.J., McFie, L., Fleetwood, H., Robinson, J.A., 2002. Ecstasy (MDMA): are the psychological
problems associated with its use reversed by prolonged abstinence? Psychopharmacology (Berl.) 159
(3),294-303.

Mueller, M., Kolbrich, E.A., Peters, ET., Maurer, H.H., McCann, U.D., Huestis, M.A., Ricaurte, G.A., 2009.
Direct comparison of (£)3,4-methylenedioxymethamphetamine (“ecstasy”) disposition and metabo-
lism in squirrel monkeys and humans. Ther. Drug Monit. 31 (3), 367-373.

Naranjo, C., Shulgin, A.T., Sargent, T., 1967. Evaluation of 3,4-methylenedioxyamphetamine (MDA) as an
adjunct to psychotherapy. Med. Pharmacol. Exp. Int. J. Exp. Med. 17 (4), 359-364.

Nichols, D.E., Lloyd, D.H., Hoffman, A.J., Nichols, M.B.,Yim, G.K., 1982. Effects of certain hallucinogenic
amphetamine analogues on the release of [3H]serotonin from rat brain synaptosomes. J. Med. Chem.
25 (5), 530-535.

Nichols, D.E., Hoffman, A.J., Oberlender, R.A., Jacob 3rd, P, Shulgin, A.T., 1986. Derivatives of
1-(1,3-benzodioxol-5-yl)-2-butanamine: representatives of a novel therapeutic class. J. Med. Chem. 29
(10),2009-2015.

O’Callaghan, J.P,, Miller, D.B., 1994. Neurotoxicity profiles of substituted amphetamines in the C57BL/6]
mouse. J. Pharmacol. Exp. Ther. 270, 741-751.

O’Hearn, E., Battaglia, G., De Souza, E.B., Kuhar, M.J., Molliver, M.E., 1988. Methylenedioxyamphet-
amine (MDA) and methylenedioxymethamphetamine (MDMA) cause selective ablation of serotoner-
gic axon terminals in forebrain: immunocytochemical evidence for neurotoxicity. J. Neurosci. 8 (8),
2788-2803.

O’Regan, M.C., Clow, A., 2004. Decreased pain tolerance and mood in recreational users of MDMA. Psy-
chopharmacology (Berl.) 173, 446—451.


http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0520
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0520
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0525
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0525
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0525
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0525
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0530
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0530
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0535
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0535
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0535
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0540
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0540
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0545
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0545
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0550
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0550
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0555
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0555
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0555
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0560
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0560
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0560
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0570
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0570
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0570
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0575
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0575
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0580
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0580
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0580
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0585
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0585
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0585
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0590
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0590
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0595
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0595
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0595
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0600
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0600
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0600
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0605
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0605
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0610
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0610
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0610
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0610
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0615
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0615

494 Una D. McCann and George A. Ricaurte

Orio, L., O’Shea, E., Sanchez,V., Pradillo, ].M., Escobedo, 1., Camarero, J., Moro, M.A., Green, A.R.., Colado,
M., 2004. 3,4-Methylenedioxymethamphetamine increases interleukin-1beta levels and activates
microglia in rat brain: studies on the relationship with acute hyperthermia and 5-HT depletion. J. Neu-
rochem. 89, 1445—1453.

Parrott, A.C., 2005. Chronic tolerance to recreational MDMA (3,4-methylenedioxymethamphetamine) or
ecstasy. J. Psychopharmacol. 19 (1), 71-83.

Parrott, A.C., 2011. Residual neurocognitive features of ecstasy use: a re-interpretation of Halpern et al.
(2011) consistent with serotonergic neurotoxicity. Addiction 106 (7), 1365-1368.

Parrott, A.C., 2012. MDMA and temperature: a review of the thermal eftects of ‘Ecstasy’ in humans. Drug
Alcohol Depend. 121 (1-2), 1-9.

Parrott, A.C., Sisk, E., Turner, J.J.D., 2000. Psychobiological problems in heavy ‘ecstasy’ (MDMA) polydrug
users. Drug Alcohol Depend. 60, 105-110.

Parrott, A.C., Milani, R.M., Parmar, R., Turner, J.D., 2001. Recreational ecstasy/ MDMA and other drug
users from the UK and Italy: psychiatric symptoms and psychobiological problems. Psychopharmacol-
ogy 159, 77-82.

Parrott, A.C., Buchanan, T., Scholey, A.B., Heffernan, T., Ling, J., Rodgers, J., 2002. Ecstasy/ MDMA attributed
problems reported by novice, moderate and heavy recreational users. Hum. Psychopharmacol. 17,309-312.

Piper, B.J., Fraiman, ].B., Owens, C.B., Ali, S.E, Meyer, ].S., 2008. Dissociation of the neurochemical and
behavioral toxicology of MDMA (‘Ecstasy’) by citalopram. Neuropsychopharmacology 33, 1192—-1205.

Pubill, D., Canudas, A.M., Pallas, M., Camins, A., Camarasa, J., Escubedo, E., 2003. Difterent glial response to
methamphetamine- and methylenedioxymethamphetamine-induced neurotoxicity. Naunyn—Schmie-
debergs Arch. Pharmacol. 367, 490—-499.

Quednow, B.B., Jessen, E, Kuhn, K.U., Maier, W., Daum, I., Wagner, M., 2006. Memory deficits in abstinent
MDMA (ecstasy) users: neuropsychological evidence of frontal dysfunction. J. Psychopharmacol. 20 (3),
373-384.

Reneman, L., Booij, J., Majoie, C.B., van den Brink, W., Den Heeten, G.J., 2001. Investigating the potential
neurotoxicity of ecstasy (MDMA): an imaging approach. Hum. Psychopharmacol. 16 (8), 579-588.
Reneman, L., Booij, J., Habraken, J.B., De Bruin, K., Hatzidimitriou, G., Den Heeten, G.J., Ricaurte, G.A.,
2002. Validity of [123I]beta-CIT SPECT in detecting MDMA-induced serotonergic neurotoxicity.

Synapse 46 (3), 199-205.

Reneman, L., de Win, M.M., van den Brink, W., Booij, J., den Heeten, G.J., 2006. Neuroimaging findings
with MDMA/ecstasy: technical aspects, conceptual issues and future prospects. J. Psychopharmacol. 20
(2), 164-175.

Ricaurte, G.A., Bryan, G., Strauss, L., Seiden, L., Schuster, C., 1985. Hallucinogenic amphetamine selectively
destroys brain serotonin nerve terminals. Science 229, 986—988.

Ricaurte, G.A., Forno, L.S., Wilson, M.A., DeLanney, L.E., Irwin, I., Molliver, M.E., Langston, ].W., 1988a.
(+)3,4-Methylenedioxymethamphetamine (MDMA) selectively damages central serotonergic neurons
in non-human primates. JAMA 260, 51-55.

Ricaurte, G.A., DeLanney, L.E., Irwin, L., Langston, J.W., 1988b. Toxic eftects of MDMA on central seroto-
nergic neurons in the primate: importance of route and frequency of drug administration. Brain Res.
446, 165-168.

Ricaurte, G.A., DeLanney, L.E., Wiener, S.G., Irwin, L., Langston, J.W., 1988¢. 5-Hydroxyindoleacetic acid
in cerebrospinal fluid reflects serotonergic damage induced by 3,4-methylenedioxymethamphetamine
in CNS of non-human primates. Brain Res. 474 (2), 359-363.

Ricaurte, G.A., Martello, A.L., Katz, J.L., Martello, M.B., 1992a. Lasting effects of (£)3,4-methylenedioxy-
methamphetamine on central serotonergic neurons in non-human primates: neurochemical observa-
tions. J. Pharmacol. Exp. Ther. 261, 616-622.

Ricaurte, G.A., McCann, U.D., 1992b. Neurotoxic amphetamine analogues: effects in monkeys and implica-
tions for humans. Ann. N.Y. Acad. Sci. 648, 371-382.

Ricaurte, G.A., Yuan, J., McCann, U.D., 2000. (+)3,4-Methylenedioxymethamphetamine (‘Ecstasy’)-
induced serotonin neurotoxicity: studies in animals. Neuropsychobiology 42 (1), 5-10.

Ricaurte, G.A., McCann, U.D., 2005. Recognition and management of complications of new recreational
drug use. Lancet 365 (9477),2137-2145.


http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0620
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0620
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0620
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0620
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0625
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0625
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0630
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0630
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0635
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0635
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0640
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0640
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0645
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0645
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0645
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0650
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0650
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0655
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0655
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0660
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0660
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0660
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0665
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0665
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0665
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0670
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0670
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0675
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0675
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0675
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0680
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0680
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0680
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0685
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0685
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0690
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0690
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0690
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0695
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0695
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0695
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0700
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0700
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0700
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0705
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0705
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0705
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0710
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0710
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0715
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0715
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0720
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0720

Effects of MDMA on the Human Nervous System 495

Rogers, G., Elston, J., Garside, R., Roome, C., Taylor, R., Younger, P., Zawada, A., Somerville, M., 2009.
The harmful health effects of recreational ecstasy: a systematic review of observational evidence. Health
Technol. Assess. 13 (6), iii—1v, ix—xii, 1-315.

Rothman, R.B., Jayanthi, S.,Wang, X., Dersch, C.M., Cadet, J.L., Prisinzano, T., Rice, K.C., Baumann, M.H.,
2003. High-dose fenfluramine administration decreases serotonin transporter binding, but not serotonin
transporter protein levels, in rat forebrain. Synapse 50 (3), 233-239.

Rothman, R.B., Jayanthi, S., Cadet, J.L., Wang, X., Dersch, C.M., Baumann, M.H., 2004. Substituted
amphetamines that produce long-term serotonin depletion in rat brain amphetamines that produce
long-term serotonin depletion in rat brain (“neurotoxicity”) do not decrease serotonin transporter
protein expression. Ann. N.Y. Acad. Sci. 1025, 151-161.

Rowland, N.E., Kalehua, A.N., Li, B.H., Semple-Rowland, S.L., Streit, W.J., 1993. Loss of serotonin uptake
sites and immunoreactivity in rat cortex after dexfenfluramine occur without parallel glial cell reaction.
Brain Res. 624, 35-43.

Rudnick, G., Wall, S.C., 1992. The molecular mechanism of “ecstasy” [3,4-methylenedioxy-methamphet-
amine (MDMA)]: serotonin transporters are targets for MDMA-induced serotonin release. Proc. Natl.
Acad. Sci. US.A 89 (5), 1817-1821.

Rusyniak, D.E., Zaretskaia, M.V., Zaretsky, D.V., DiMicco, J.A., 2008. Microinjection of muscimol into
the dorsomedial hypothalamus suppresses MDMA-evoked sympathetic and behavioral responses. Brain
Res. 1226, 116-123.

Sadzot, B., Baraban, J.M., Glennon, R.A., Lyon, R.A., Leonhardt, S., Jan, C.R., Titeler, M., 1989.
Hallucinogenic drug interactions at human brain 5-HT2 receptors: implications for treating
LSD-induced hallucinogenesis. Psychopharmacology (Berl.) 98 (4), 495-499.

Sanchez, V., O’Shea, E., Saadat, K.S., Elliott, .M., Colado, M.I., Green, A.R., 2004. Effect of repeated
(‘binge’) dosing of MDMA to rats housed at normal and high temperature on neurotoxic damage to
cerebral 5-HT and dopamine neurones. J. Psychopharmacol. 18 (3), 412—416.

Scanzello, C.R., Hatzidimitriou, G., Martello, A.L., Katz, J.L., Ricaurte, G.A., 1993. Serotonergic recovery
after (%)3,4-(methylenedioxy) methamphetamine injury: observations in rats. J. Pharmacol. Exp. Ther.
264 (3), 1484—1491.

Schmidt, C.J., 1987. Neurotoxicity of the psychedelic amphetamine, methylenedioxymethamphetamine. J.
Pharmacol. Exp. Ther. 240, 1-7.

Schmidt, C.J., Wu, L., Lovenberg, W., 1985. Methylenedioxymethamphetamine: a potentially neurotoxic
amphetamine analogue. Eur. J. Pharmacol. 124, 175-178.

Schmidt, CJ., Levin, J.A., Lovenberg, W., 1987. In vitro and in vivo neurochemical eftects of methylene-
dioxymethamphetamine on striatal monoaminergic systems in the rat brain. Biochem. Pharmacol. 36
(5), 747-755.

Selvaraj, S., Hoshi, R.., Bhagwagar, Z., Murthy, N.V,, Hinz, R ., Cowen, P., Curran, H.V., Grasby, P, 2009. Brain
serotonin transporter binding in former users of MDMA (‘ecstasy’). Br. J. Psychiatry 194 (4), 355-359.

Semple, D.M., Ebmeier, K.P,, Glabus, M.E, O’Carroll, R.E., Johnstone, E.C., 1999. Reduced in vivo binding
to the serotonin transporter in the cerebral cortex of MDMA (‘ecstasy’) users. Br. J. Psychiatry 175, 63—69.

Shulgin, A., 1980. History of MDMA. In: Peroutka, S. (Ed.), Ecstasy: the Clinical, Psychological and Neuro-
toxicological Effects of the Drug MDMA. Kluwer Academic Press, Norwell, MA.

Shulgin, A.T., Nichols, D.E., 1978. Characterization of three new psychotomimetics. In: Stillman, R.,
Willette, R. (Eds.), The Psychopharmacology of Hallucinogens. Pergamon Press, New York, pp.
74-83.

Slikker, W., Al, 1, S.E, Scallet, A.C., Frith, C.H., Newport, G.D., Bailey, J.R.., 1988. Neurochemical and neu-
rohistological alterations in the rat and monkey produced by orally administered methylenedioxymeth-
amphetamine (MDMA). Toxicol. Appl. Pharmacol. 94, 448B57.

Slikker Jr., W., Holson, R.R., Ali, S.E, Kolta, M.G., Paule, M.G., Scallet, A.C., McMillan, D.E., Bailey, J.R.,
Hong, J.S., Scalzo, EM., 1989. Behavioral and neurochemical effects of orally administered MDMA in
the rodent and nonhuman primate. Neurotoxicology 10 (3), 529-542.

Steele, T.D., Nichols, D.E., Yim, G.K., 1987. Stereochemical eftects of 3,4-methylenedioxymethamphet-
amine (MDMA) and related amphetamine derivatives on inhibition of uptake of [3H|monoamines into
synaptosomes from different regions of rat brain. Biochem. Pharmacol. 36 (14), 2297-2303.


http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0725
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0725
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0725
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0730
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0730
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0730
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0735
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0735
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0735
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0735
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0740
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0740
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0740
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0745
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0745
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0745
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0750
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0750
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0750
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0755
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0755
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0755
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0760
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0760
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0760
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0765
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0765
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0765
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0770
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0770
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0775
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0775
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0780
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0780
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0780
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0785
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0785
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0790
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0790
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0795
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0795
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0800
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0800
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0800
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0805
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0805
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0805
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0810
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0810
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0810
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0815
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0815
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0815

496 Una D. McCann and George A. Ricaurte

Steele, T.D., McCann, U.D., Ricaurte, G.A., 1994. 3,4-Methylenedioxymethamphetamine (MDMA,
“Ecstasy”): pharmacology and toxicology in animals and humans. Br. J. Addict. 89 (5), 539-551.

Stone, D.M., Stahl, D.S., Hanson, G.L., Gibb, J.W., 1986. The effects of 3,4-methylenedioxymethamphet-
amine (MDMA) and 3,4-methylenedioxyamphetamine on monoaminergic systems in the rat brain.
Eur. J. Pharmacol. 128, 41-48.

Stone, D.M., Hanson, G.R.., Gibb, ].W., 1987. Differences in the central serotonergic eftects of methylene-
dioxymethamphetamine (MDMA) in mice and rats. Neuropharmacology 26 (11), 1657-1661.

Straiko, M.M., Coolen, L.M., Zemlan, EP, Gudelsky, G.A., 2007. The effect of amphetamine analogs on
cleaved microtubule-associated protein-tau formation in the rat brain. Neuroscience 144 (1), 223-231.

Sumnall, H.R., Cole, J.C., 2005. Self-reported depressive symptomatology in community samples of poly-
substance misusers who report ecstasy use: a meta-analysis. J. Psychopharmacol. 19, 89-97.

Teitler, M., Leonhardt, S., Appel, N.M., De Souza, E.B., Glennon, R.A., 1990. Receptor pharmacology of
MDMA and related hallucinogens. Ann. N.Y. Acad. Sci. 600, 626—638.

Thomas, D.M., Dowgiert, J., Geddes, T.J., Francescutti-Verbeem, D., Liu, X., Kuhn, D.M., 2004. Microglial
activation is a pharmacologically specific marker for the neurotoxic amphetamines. Neurosci. Lett. 367,
349-354.

Thomasius, R., Zapletalova, P, Petersen, K., Buchert, R., Andresen, B.,Wartberg, L., Nebeling, B., Schmoldt,
A.,2006.Mood, cognition and serotonin transporter availability in current and former ecstasy (MDMA)
users: the longitudinal perspective. J. Psychopharmacol. 20 (2), 211-225.

Tiede, W., Magerl, W., Baumgartner, U., Durrer, B., Ehlert, U., Treede, R.D., 2010. Sleep restriction attenu-
ates amplitudes and attentional modulation of pain-related evoked potentials, but augments pain ratings
in healthy volunteers. Pain 148, 36—42.

Urban, N.B., Girgis, R.R., Talbot, PS., Kegeles, L.S., Xu, X., Frankle, W.G., Hart, C.L., Slifstein, M., Abi-
Dargham, A., Laruelle, M., 2012. Sustained recreational use of ecstasy is associated with altered pre- and
postsynaptic markers of serotonin transmission in neocortical areas: a PET study with [(11)C]DASB and
[(11)CIMDL 100907. Neuropsychopharmacology. http://dx.doi.org/10.1038/npp.2011.332 (Epub
ahead of print).

Verrico, C.D., Miller, G.M., Madras, B.K., 2007. MDMA (ecstasy) and human dopamine, norepinephrine,
and serotonin transporters: implications for MDMA-induced neurotoxicity and treatment. Psychophar-
macology (Berl.) 189 (4), 489-503.

Vollenweider, EX., Gamma, A., Liechti, M., Huber, T., 1998. Psychological and cardiovascular effects and
short-term sequelae of MDMA (“ecstasy””) in MDMA-naive healthy volunteers. Neuropsychopharma-
cology 19 (4), 241-251.

Wang, S.S., Ricaurte, G.A., Peroutka, S.J., 1987. [3H]|3,4-methylenedioxymethamphetamine (MDMA)
interactions with brain membranes and glass fiber filter paper. Eur. J. Pharmacol. 138 (3), 439—443.
Wang, X., Baumann, M.H., Xu,H.,Rothman, R.B.,2004. 3,4-methylenedioxymethamphetamine (MDMA)
administration to rats decreases brain tissue serotonin but not serotonin transporter protein and glial

fibrillary acidic protein. Synapse 53 (4), 240-248.

Wang, X., Baumann, M.H., Xu, H., Morales, M., Rothman, R.B., 2005. (+)-3,4-Methylenedioxymeth-
amphetamine administration to rats does not decrease levels of the serotonin transporter protein or
alter its distribution between endosomes and the plasma membrane. J. Pharmacol. Exp. Ther. 314 (3),
1002-1012.

Wareing, M., Fisk, J.E., Murphy, P., Montgomery, C., 2004.Verbal working memory deficits in current and
previous users of MDMA. Hum. Psychopharmacol. 19 (4), 225-234.

Watson, L., Beck, J., 1991. New age seekers: MDMA use as an adjunct to spiritual pursuit. J. Psychoactive
Drugs 23,261-270.

Wilson, M.A., Ricaurte, G.A., Molliver, M.E., 1989. Distinct morphologic classes of serotonergic axons in
primates exhibit differential vulnerability to the psychotropic drug 3,4-methylenedioxymethamphet-
amine. J. Neurosci. 28 (1), 121-137.

Wilson, M.A., Mamounas, L.A., Fasman, K.H., Axt, K.J., Molliver, M.E., 1993. Reactions of 5-HT neurons
to drugs of abuse: neurotoxicity and plasticity. NIDA Res. Monogr. 136, 155-187.

Xie, T., Tong, L., McLane, M.W., Hatzidimitriou, G.,Yuan, J., McCann, U., Ricaurte, G., 2006. Loss of sero-
tonin transporter protein after MDMA and other ring-substituted amphetamines. Neuropsychophar-
macology 12, 2639-2651 (Erratum in Neuropsychopharmacology (2008), 33 (3), pp. 712-713).


http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0820
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0820
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0825
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0825
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0825
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0830
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0830
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0835
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0835
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0840
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0840
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0845
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0845
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0850
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0850
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0850
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0855
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0855
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0855
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0860
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0860
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0860
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0870
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0870
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0870
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0875
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0875
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0875
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0880
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0880
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0885
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0885
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0885
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0890
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0890
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0890
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0890
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0900
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0900
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0905
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0905
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0915
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0915
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0915
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0920
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0920
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0925
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0925
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0925

Effects of MDMA on the Human Nervous System 497

Yoshimura, M., Furue, H., 2006. Mechanisms for the anti-nociceptive actions of the descending noradren-
ergic and serotonergic systems in the spinal cord. J. Pharmacol. Sci. 101, 107-117.

Yuan, J., Cord, B.J., McCann, U.D., Callahan, B.T., Ricaurte, G.A., 2002. Eftect of depleting vesicular and
cytoplasmic dopamine on methylenedioxymethamphetamine neurotoxicity. J. Neurochem. 80 (6),
960-969.

Zaczek, R, Hurt, S., Culp, S., De Souza, E.B., 1989. Characterization of brain interactions with methylene-
dioxyamphetamine and methylenedioxymethamphetamine. NIDA Res. Monogr. 94, 223-239.

Zhou, EC.,Azmitia, E.C., 1986. Induced homotypic sprouting of serotonergic fibers in hippocampus. II. An
immunocytochemistry study. Brain Res. 373 (1-2), 337-348.


http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0930
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0930
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0935
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0935
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0935
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0940
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0940
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0945
http://refhub.elsevier.com/B978-0-12-418679-8.00015-0/ref0945

