Accepted Manuscript T

PROGRESS IN NEUROBIOLOGY

Title: Amphetamine-related drugs neurotoxicity in humans
and in experimental animals: Main mechanisms

Author: Rosario Moratalla Amit Khairnar Nicola Simola

Noelia Granado Jose Ruben Garcia-Montes Pier Francesca ——
Porceddu Yousef Tizabi Giulia Costa Micaela Morelli

PII: S0301-0082(15)00100-8

DOI: http://dx.doi.org/doi:10.1016/j.pneurobio.2015.09.011
Reference: PRONEU 1398

To appear in: Progress in Neurobiology

Received date: 25-2-2015

Revised date: 4-9-2015

Accepted date: 15-9-2015

Please cite this article as: Moratalla, R., Khairnar, A., Simola, N., Granado, N.,
Garcfa—Montes, J.R., Porceddu, P.F,, Tizabi, Y., Costa, G., Morelli, M.,Amphetamine-
related drugs neurotoxicity in humans and in experimental animals: Main mechanisms,
Progress in Neurobiology (2015), http://dx.doi.org/10.1016/j.pneurobio.2015.09.011

This is a PDF file of an unedited manuscript that has been accepted for publication.
As a service to our customers we are providing this early version of the manuscript.
The manuscript will undergo copyediting, typesetting, and review of the resulting proof
before it is published in its final form. Please note that during the production process
errors may be discovered which could affect the content, and all legal disclaimers that
apply to the journal pertain.


http://dx.doi.org/doi:10.1016/j.pneurobio.2015.09.011
http://dx.doi.org/10.1016/j.pneurobio.2015.09.011

*Highlights (for review)

We revise the neurotoxic effects of MDMA and METH in different animal species

The toxic effect of MDMA is species-specific and damages the serotonergic system in non-
human primates and rats, and the dopaminergic system in mice

The toxic effect of METH targets the dopaminergic system in all animal species studied
including humans

The nigrostriatal system is more vulnerable than the mesolimbic system
Within the striatum the striosomes are more vulnerable than the matrix
METH kills dopamine neurons as demonstrated by reduced silver-staining in rodents

METH reduces DAT binding sites and motor skills in human addicts.
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Abstract

Amphetamine-related drugs, such as 3,4-methylenedioxymethamphetamine (MDMA) and
methamphetamine (METH) are popular recreational psychostimulants. Several preclinical
studies have demonstrated that, besides having the potential for abuse, amphetamine-related
drugs may also elicit neurotoxic and neuroinflammatory effects. The neurotoxic potentials of
MDMA and METH to dopaminergic and serotonergic neurons have been clearly demonstrated
in both rodents and non-human primates. This review summarizes the species-specific cellular
and molecular mechanisms involved in MDMA and METH-mediated neurotoxic and
neuroinflammatory effects, along with the most important behavioral changes elicited by these
substances in experimental animals and humans. Emphasis is placed on the neuropsychological
and neurological consequences associated with the neuronal damage. Moreover, we point out the
gap in our knowledge and the need for developing appropriate therapeutic strategies to manage

the neurological problems associated with amphetamine-related drug abuse

Keywords: dopamine; ecstasy; methamphetamine; METH; 3,4-
methylenedioxymethamphetamine; MDMA; mouse; neurodegeneration; neuroinflammation

neurotoxicity; non-human primate; rat
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1.Dopamine neurotransmission and neuroinflammation

The primary brain targets for the damage induced by both 3,4-methylenedioxymethamphetamine
(MDMA) and methamphetamine (METH) are the striatum and the substantia nigra (SN). Thus,
dysregulation of nigro-striatal dopaminergic system is the major cause of motor impairments
induced by these drugs of abuse. Moreover, inflammatory effects of MDMA and METH play a
significant role in the eventual dopaminergic dysregulation and symptom manifestation by these
drugs. Hence, we will present a short overview on dopamine (DA) transmission and receptors and
the role of neuroinflammation in neurodegenerative diseases with particular focus on these two

drugs.

MDMA and METH may act as indirect DA agonists, producing their effects through DA receptors.
These receptors are coupled to heterotrimeric G proteins and are classified into two families: D;-
like (which includes D; and Ds receptors in mammals) and D,-like (which includes D,, D3 and D4
receptors) receptor families. Initially, these two families were defined functionally based on their
ability to modulate adenylyl cyclase (AC) activity and cAMP accumulation in cells, but later this
classification was confirmed by molecular cloning (Beaulieu and Gainetdinov, 2011). The D;-like
receptors are found exclusively post-synaptically and activate the G,y family of G proteins to
stimulate AC and cAMP production. The D;-like family are expressed both pre- and post-
synaptically and activate the Gy family of G proteins to inhibit AC and cAMP production
(Beaulieu and Gainetdinov, 2011). There exist two variants of D, receptors: D,-short (D,-S) and D,-
long (D,-L) (Giros et al., 1989; Monsma et al., 1989). The D,-S variant is expressed mostly pre-
synaptically and is involved in autoreceptor functions (e.g. control of DA release and regulation of
extrasynaptic DA levels), whereas D,-L is mainly a postsynaptic isoform (Usiello et al., 2000; De
Mei et al., 2009). In addition, D,-S potentiatesDA transporter (DAT) activity via the formation of
heteromeric protein—protein complexes with DAT localized in the dopaminergic terminals (Hadlock
et al., 2010). Interestingly, the distribution of DA receptors is similar in humans and rodents (Ares-

Santos et al., 2013).

The significance of DA receptors is reflected in the diverse action of DA in behavior and cognition,
voluntary movement, motivation, punishment and reward, attention, learning and working memory
(Granado et al., 2008a; Martin et al., 2008; Darmopil et al.,2009; Darvas and Palmiter, 2009; 2010;
Ortiz et al., 2010; Murer and Moratalla, 2011; Espadas et al., 2012; Ruiz-DeDiego et al, 2015a, b).
Moreover, DA receptors (e.g. Dj-like receptors) may mediate the interactions between

glutamatergic and dopaminergic systems (Rodrigues et al., 2007). Consistent with this broad
7
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spectrum ofactivities, there is a wide expression of DA receptors in the brain. Both D;-like and D,-
like receptor subtypes arepresent in all of the known DA projection fields in the CNS and
theirexpression generally overlaps in most brain areas. Moreover, D;-like and D, like receptors are
highly expressed in thestriatum, nucleus accumbens, olfactory bulb,amygdala, frontal cortex and
SNand, at lower levels, in the hippocampus and ventral tegmental area (VTA) (Moratalla et al.,
1996a; Beaulieu and Gainetdinov, 2011; Gangarossa et al., 2012). The striatum, one of the areas
most affected by MDMA and METH, is the site with the highest concentration of DA in the brain.
Although multiple DA receptor subtypes are present in the striatum, the D;-like and D;-like
receptors are the most abundant in this area. Interestingly, D;- and D,-containing projection neurons
are segregated in the striatum, as well as in the nucleus accumbens (Callier et al., 2003; Beaulieu
and Gainetdinov, 2011; Suarez et al., 2014). D; receptor is selectively expressed in striatal
projection neurons that form the direct projecting pathway to the SN, while D,-like receptors are
selectively expressed in the striatal projection neurons that form the indirect projecting pathway to
the SN by first projecting to the globus pallidus (Beaulieu and Gainetdinov, 2011; Suarez et al.,
2014).

Loss of neurons and neuroinflammation are two connected responses in neurodegenerative diseases.
Brain immunological response to insults such as infection, injury, toxic agents, or stress, is
primarily mediated by the glia cells that remove or inactivate potentially damaging agents or
damaged tissue. However, over-activation of this system, reflected in elevated levels of
immunological markers such as pro-inflammatory cytokines, can result in neuroinflammation,
leading to changes in brain structure and synaptic plasticity, and eventually neurodegeneration

(Hayley et al., 2005; Leonard, 2007; Patterson, 2014).

It is of importance to note that chronic stress may exacerbate the release of pro-inflammatory
cytokines such as tumor necrosis factor (TNF)-a, interleukin (IL)-1pB, and IL-6 that can precipitate,
or aggravate, neurological diseases like Alzheimer’s disease (Wuwongse et al., 2010), amyotrophic
lateral sclerosis, epilepsy, Huntington’s disease, multiple sclerosis, and Parkinson’s disease (PD)
(Hemmerle et al., 2012). Thus, drugs that prevent or counteract the detrimental consequences of
stress on inflammatory pathways may offer novel treatments for a variety of neurodegenerative

pathologies (Hurley and Tizabi, 2013).

As mentioned above, glial cells, particularly microglia, are the primary modulators of inflammation

in the CNS (Stoll and Jander, 1999; Block et al., 2007) as they constantly ‘‘survey’’ their

8
Page 9 of 82



environment and utilize their constitutively expressed surface receptors to trigger or amplify
responses to a given insult (Aloisi, 2001). Glial activation can quickly lead to the release of both
pro- and anti-inflammatory cytokines, where the final effect is dependent on the balance between

these opposing responses.

It is believed that a dysregulation, or breakdown, of the normal response triggered by any of the
stimuli mentioned above can cause inflammation to become persistent and harmful (Gao and Hong,
2008). For example, inflammation induced by lipopolysaccharide (a compound derived from
membrane of Gram-negativebacteria causing inflammatory-mediated damage) can result in long term
increase in TNF-a from brain microglia months after it has subsided in the periphery (Qin et al.,
2007). This increased pro-inflammatory response may result in a delayed and progressive loss in
dopaminergic neurons in the SN, similar to that seen in PD, strengthening the suggestion that

unregulated neuroinflammation could lead to neurodegeneration (Qin et al., 2007).

3,4-Methylenedioxymethamphetamine (MDMA; “ecstasy”)

2. History of MDMA
MDMA, also known as “ecstasy”, is a ring-substituted amphetamine that belongs to the
phenylisopropylamine class of substances, and has marked psychostimulant properties (Green et al.,

2003; Lyles and Cadet, 2003).

MDMA was first synthesized and patented around 1912 by Kollisch at the German pharmaceutical
company Merck. It was not tested pharmacologically at the time because it was only regarded as
being an intermediate in a new synthetic pathway for hemostatic substances (Freudenmann et al.,
2006). In 1953, a large toxicological study was performed at the University of Michigan, in the
USA, where MDMA was administered to five animal species. These results were published in 1973
by Hardman and colleagues, and indicated, for the first time, the half lethal dose of MDMA in each
species (Hardman et al., 1973). The next phase of research on MDMA began with the studies and
work by Alexander Shulgin. According to his autobiography and interviews, in 1977 Shulgin
introduced MDMA to Leo Zeff, a retired psychologist from Oakland (CA, USA), who was so
impressed by the effects of MDMA that he decided to come out of retirement, and began to
introduce MDMA to other psychotherapists across the USA (Benzenhofer and Passie, 2010). The
appeal of MDMA that has led to its use in psychotherapy is chiefly due to the particular profile of

9
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action of this substance, which includes amphetamine-like stimulant effects together with feelings
of increased emotional sensitivity and closeness to other individuals (Kirkpatrick et al., 2014).
Similar to other amphetamine-related drugs, MDMA induces a state of “high”, mainly characterized
by disinhibition in social relations, openness of spirit, increased empathy towards other people,
increased self-esteem and self-confidence, euphoria, increased vigilance, improvement of mood,
and abolition of fatigue (Downing, 1986; Greer and Tolbert, 1986; Kirkpatrick et al., 2014).
MDMA has been popular as a recreational drug since the mid 1980s, and is often consumed in

dance clubs because of its effects on mood and social relations (Hall and Henry, 2006).

3. General toxicity of MDMA

Although MDMA generally elicits “positive” effects, up to the 25% of MDMA users report having
had at least one adverse reaction to the substance (Davison and Parrott, 1997; Green et al., 2003;
Morton, 2005). Acute toxicity elicited by MDMA in humans and experimental animals includes
effects on the neuroendocrine and thermoregulatory systems, in particular induction of
hyperthermia, and on the cardiovascular system (Gordon et al., 1991; Vollenweider et al., 1998; de
la Torre et al., 2000). In this regard, it is worth mentioning that the typical environmental conditions
featuring dance clubs, where music is deafening and room temperatures are high due to crowding,
together with the fact that club-goers usually consume little water and considerable amounts of

ethanol, are crucial to amplifying MDMA -induced hyperthermia (Green et al., 2003).

Hyperthermia is a major clinical problem associated with the use of MDMA, and the issue of
MDMA-induced hyperthermia is complex, since the biological mechanisms involved in heat
production and progression to hyperthermia after exposure to the drug are not clearly understood. It
is feasible to hypothesize that the increased release of monoamines following MDMA
administration may stimulate receptors involved in thermoregulation (Shankaran and Gudelsky,
1999). This would suggest that DA could also be involved in MDMA-induced hyperthermia (Green
et al., 2003). Moreover, MDMA may induce vascular constriction by activating serotonin (5-HT) 5-
HT;g and 5-HT,s receptors (Gudelsky et al., 1986), thus interfering with the peripheral
thermoregulatory mechanisms of the body (Sprague et al., 2003).

MDMA affects neuroendocrine functioning by promoting the release of 5-HT and noradrenaline
(NA), in turn stimulating the activity of the hypothalamus—pituitary—adrenal axis (HPA), and
increasing the levels of cortisol (de la Torre et al., 2000; Harris et al., 2002; Farré et al., 2004). A

recent article by Parrott and colleagues (Parrot et al., 2014) has reviewed the results obtained in
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several earlier studies (Parrott et al., 2001, 2007, 2008), and reported that MDMA users experience
an 800% increase in the salivary levels of cortisol after clubbing, compared with pre-drug baseline.
Moreover, the same review reported that heavy MDMA users exhibited a 400% increase in hair
cortisol levels 3 months after drug discontinuation, compared with both light MDMA users and
non-users. In this regard, it is noteworthy that the HPA releases cortisol to cope with stressful
situations, and that cortisol reactivity and homeostasis can be impaired when the body is subjected
to repeated stressors. This impairment is reflected by deficits in core psychological functions,
including memory, cognition, sleep, and well-being (Parrott et al., 2014). Therefore, these effects on
cortisol may underlie some of the actions of MDMA as an acute metabolic stressor (Parrott, 2006,

2014).

MDMA consumed for recreational purposes produces transient and dose-dependent cardiovascular
effects, such as tachycardia and moderate increases in both systolic and diastolic blood pressure
(Vollenweider et al., 1998). It should also be mentioned that MDMA may exacerbate latent
cardiovascular problems, such as labile hypertonia, and that high or repeated doses of MDMA, such
as those that are often consumed during all-night dance sessions, may potentially lead to severe
hypertensive reactions and arrhythmias (Vollenweider et al., 1998). Remarkably, hypertension, in
combination with coagulopathy, might be potentially responsible for the cerebral insults induced by

MDMA, as suggested by a single case report (Vollenweider et al., 1998).

4. Neurotoxicity of MDMA

A number of reports have demonstrated that MDMA binds to all three presynaptic monoamine
transporters, although interspecies differences for this effect exist. In rats, MDMA has the highest
affinity for the 5-HT transporter (SERT), and lower affinities for the NA transporter (NET) and
DAT (Steele et al., 1987; Rudnick and Wall, 1992). Similar affinities were reported in mice,
although in this species MDMA seems to act as a dopaminergic neurotoxin, rather than a
serotonergic neurotoxin (Kindlundh-Hogberg et al., 2007). In humans, and at variance with that
observed in rodents, MDMA displays higher affinity for NET, and lower, but similar, affinities for
SERT and DAT (Verrico et al., 2007). However, the ability to release intracellular monoamines is
higher in SERT-expressing cells than in either DAT- or NET-expressing cells, and this may justify
the toxic effects of MDMA on SERT density observed in the human brain (Reneman et al., 2001a,
b). Once translocated to the cytoplasm, MDMA increases the extracellular levels of 5-HT, DA, and
NA in multiple brain regions (Gudelsky and Yamamoto, 2008). MDMA causes the dissipation of

the proton gradient between the vesicles and the cytosol that is necessary for the proper functioning
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of the vesicular monoamine transporter (VMAT)), inhibiting VMAT;-mediated influx and proper
storage of 5-HT, DA, and NA in the neuronal terminal (Rudnick and Wall, 1992; Cozzi et al.,
1999). This event is boosted by the blockade of the reuptake by presynaptic terminals, and by the
partial inhibition of the monoamine oxidase type B enzymes (MAO-B), located in the outer

membrane of the mitochondria of serotonergic neurons (Leonardi and Azmitia, 1994).

MDMA has attracted the attention of several researchers since besides having abuse potential it may
also elicit neurotoxic effects. The occurrence of neurotoxicity induced by MDMA has been
investigated in both humans and experimental animals, although the issue appears to be complex. In
fact the features of MDMA-induced neurotoxic damage seem to vary, depending on the gender and
strain of animals, which may influence the response to different dosing regimens and administration
routes of MDMA (Ricaurte et al., 1988b; Colado et al., 1995; Itzhak et al., 2003). The basis for the
interspecies variations in MDMA neurotoxicity is still unknown, but it has been suggested that
differences in MDMA disposition and metabolism by cytochrome P450 enzymes (CYP) may play a

key role in these variations (Green et al., 2012).

S. In vitro studies: cell cultures

Several studies have explored the effects of MDMA in cell cultures, primarily cortical neurons and
human neuroblastoma-derived SH-SYS5Y cells (table 1). Cortical neurons can be studied in serum-
free cultures and contain virtually no microglia and few astroglial cells (less than 10%, in respect to
the total population). These features allow for the evaluation of the specific effects of MDMA on
neurodegeneration, and the exclusion of the influence of neuroinflammatory mechanisms (Capela et

al., 2006a,b).

Using this model, Capela and coworkers (2006a,b) have established a relevant in vitro paradigm to
study MDMA-induced neurotoxicity, in which they were able to reproduce the apoptotic cell death
elicited by the drug in vivo. In that study, the cultures were treated with either MDMA or its
metabolites, and were incubated at normal temperature (36.5°C) or at hyperthermic temperature
(40°C) for 24 hours. The study revealed that MDMA-induced neurotoxicity in cortical neurons is
not only concentration- and time-dependent, but also aggravated by hyperthermic conditions.
Moreover, MDMA-induced neuronal death was found to follow an apoptotic pattern, which is at

least partially mediated by the direct stimulation of the 5-HT;4 receptor (Capela et al., 2006b).
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Human SH-SYSY cells are a tumor-derived cell line that has attracted the attention of scientists
involved in the study of neurological diseases affecting dopaminergic neurons (Presgraves et al.,
2004; Brown et al., 2006). When differentiated with retinoic acid, these cells express the features of
a dopaminergic phenotype, making them a suitable tool for evaluating the effects induced by
neurotoxins on dopaminergic neurons and the mechanisms involved (Presgraves et al., 2004; Brown
et al., 2006). A study from Ferreira and colleagues has analyzed the neurotoxic effect of MDMA
and its catechol metabolites a-methyldopamine (a-MeDA) and N-Me-a-MeDA on SH-SYS5Y cells
(Ferreira et al., 2013). This investigation found that these two metabolites of MDMA are neurotoxic
in a concentration- and time-dependent manner, similar to that previously observed for MDMA in
cortical neurons (Capela et al., 2006a). However, the same study also found that MDMA by itself
failed to induce a concentration- and time-dependent cell death, and that the neurotoxic effects of
MDMA metabolites in SH-SYSY cells appeared to be completely independent of caspase, which is
crucial for the activation of neuronal apoptotic pathways. In particular, a-MeDA and N-Me-a-
MeDA promoted cell rupture, a characteristic feature of necrosis. Additionally, these MDMA
metabolites promoted a significant mitochondrial dysfunction, as early as 24 hours after their
application. Finally, a recent study, has confirmed that the toxicity induced by the catechol
metabolites of MDMA is potentiated by hyperthermia, in line with earlier evidence (Barbosa et al.,
2014). Taken together, these in vitro experiments have contributed to the elucidation of the

mechanistic interactions of MDMA and its metabolites with cellular components.

6. In vivo studies in experimental animals

6.1.Mice

When administered to mice, MDMA decreases the concentrations of DA, 34-
dihydroxyphenylacetic acid (DOPAC), and homovanillic acid (HVA) in several brain regions.
Moreover, and most importantly, MDMA produces long-term degeneration of dopaminergic nerve
terminals (Brodkin et al., 1993; Colado et al., 2001; Izco et al., 2010; Costa et al., 2013) and a
decrease in tyrosine hydroxylase (TH), the rate-limiting enzyme for DA synthesis, in the striatum
(Green et al., 2003; Costa et al., 2013). A study by Granado and coworkers has provided significant
insight into the elucidation of the effects of MDMA on the nigrostriatal system of mice (Granado et
al., 2008b). The study demonstrated that MDMA induces a loss of TH and DAT fibers in the
striatum, but not the nucleus accumbens, indicating that the dopaminergic neurotoxicity of MDMA
targets the nigrostriatal system, while sparing the mesolimbic pathway (Fig. 1). Interestingly, the
same group observed that MDMA administration induces a significant decrease in TH-positive

neurons in the SN pars compacta (SNc), further supporting the toxic effect of MDMA on the
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nigrostriatal system, and that MDMA does not reduce the synthesis of TH, but rather damages
dopaminergic terminals, with an effect that appears more pronounced in the striosomal
compartment than in the matrix (Granado et al., 2008c). Taken together, these results are in line
with earlier evidence describing dopaminergic terminal loss in the mouse striatum following
MDMA administration (Fornai et al., 2004). Furthermore, and most notably, a similar pattern of
striosomal damage has been observed following the administration of 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) (Iravani et al., 2005). Since MPTP is a toxin known to induce PD in
humans and experimental animals, this would account for similarities between the effects of

MDMA and those of a dopaminergic neurotoxin.

Recent studies have provided further preclinical evidence that early exposure to MDMA may render
the dopaminergic neurons more vulnerable to the detrimental effects of later neurotoxic insults. The
neuroinflammatory and neurotoxic effects elicited by MPTP in both motor (SNc and striatum), and
non-motor (hippocampus and medial prefrontal cortex) brain areas have been shown to be more
marked in adult mice treated with MDMA during adolescence, compared with mice never exposed
to MDMA (Costa et al., 2013, 2014). Furthermore, these neurochemical changes were associated
with cognitive deficits, which were demonstrated by reduced performance in the novel object
recognition task, a behavioral test used to evaluate non-spatial short-term memory in rodents (Costa
et al., 2014). By contrast, oleoylethanolamide, an endocannabinoid that reduce L-DOPA-induced
dyskinesias (Gonzalez-Aparicio and Moratalla, 2014) also reduces cognitive deficits and TH-
induced by MDMA (Plaza-Zabala et al., 2010). Interestingly, these results are in line with earlier
evidence that demonstrates the existence of noxious interactions between MDMA and other
substances that act on the CNS such as ethanol (Izco et al., 2010; Ros-Simo et al., 2012) or caffeine
(Khairnar et al., 2010). A recent study revealed that the coadministration of DPCPX, an A receptor
antagonist, amplifies the effects of MDMA on both microglial and astroglial activation in the
striatum, suggesting that the A; receptor could be the adenosine receptor subtype most involved in

the exacerbation of MDMA-induced gliosis by caffeine (Khairnar et al., 2014).

An important point to consider when discussing the effects of MDMA on the mouse brain, is that
the majority of studies on this issue have employed racemic (£)-MDMA. However, evidence exists
that the effects of MDMA are stereospecific, as indicated by the finding that S(+)-MDMA induces
motor activation more efficiently than R(—)-MDMA (Young and Glennon, 2008). Moreover, it has
been reported that S(+)-MDMA elevates body temperature, while R(—)-MDMA does not
(Fantegrossi et al., 2003). A recent study by Frau and coworkers has specifically investigated the

14
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effects elicited by either MDMA enantiomer on body temperature and neuroinflammation in mice.
The results obtained have shown that S(+)-MDMA stimulates the activation of both microglia and
astroglia in the striatum, whereas R(—)-MDMA has no significant influence on glial activation (Frau
et al., 2013b). Moreover, the same study observed a positive correlation between the
neuroinflammatory effects and the elevation in body temperature stimulated by S(+)-MDMA. This
could suggest that a link may exist between hyperthermia and glial activation observed in response
to MDMA (Frau et al., 2013b). See table 1 for a summary of the protocols of the studies described

above.

6.2.Rats

Earlier studies in adult rats have reported that MDMA may damage serotonergic axons, terminals
and cell bodies in areas such as the hippocampus, hypothalamus, striatum, and neocortex (Commins
et al., 1987; Scallet et al., 1988). These results were later confirmed by other investigations and
extended to other brain areas such as the thalamus, septum, and amygdala (Adori et al., 2006;
Kovécs et al., 2007). Remarkably, the toxic effects of MDMA on markers of serotonergic viability
lasted for weeks, months, or even years, after drug discontinuation (Battaglia et al., 1987; Fischer et
al., 1995; Crawford et al., 2006). In addition to this, it has been shown that astrocyte hypertrophy,
leading to enhanced expression of glial fibrillary acidic protein (GFAP), can parallel the damage to
serotonergic fibers observed after single MDMA injection (Adori et al., 2006). Xie and coworkers
studied the in vivo expression of SERT after acute MDMA administration, and compared the effects
of MDMA with those of 35,7-dihydroxytryptamine (5,7-DHT), a well-known serotonergic
neurotoxin (Xie et al., 2006). Interestingly, this investigation observed that MDMA produced lasting
reductions in 5-HT, (5-hydroxyindoleacetic acid) 5-HIAA, and [3H]paroxetine-labeled SERT,
similar to that observed after the administration of 5,7-DHT, further indicating the ability of MDMA
to act as a serotonergic neurotoxin. However, it is noteworthy that studies that examined the effects
of prenatal or neonatal exposure of rats to doses of MDMA known to be neurotoxic in adult
animals, have demonstrated that these MDMA regimens produce little serotonergic neurotoxicity

(Meyer et al., 2004; Crawford et al., 2006).

The serotonergic system is implicated in sensation seeking, inhibitory control, impulsivity, anxiety,
regulation of mood, and aggression (Linnoila et al., 1983; Jacobs and Fornal, 1999; Winstanley et
al., 2004). Furthermore, reduced serotonergic activity is associated with heightened impulsivity and
enhanced sensation seeking (Linnoila et al., 1983), and lesions of the serotonergic neurons elicit

anxiolytic effects and increased impulsivity in rats (Harrison et al, 1997; Soderpalm and Svensson,
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1999). However, studies on the effects of MDMA-exposure in experimental models of anxiety have
produced conflicting data (Morley and McGregor, 2000; Piper, 2007). With regard to the long-
standing controversy on the role of 5-HT in the regulation of behavior in animal models of anxiety,
Green and McGregor have suggested that MDMA-induced 5-HT depletion might produce either
anxiolytic effects in rats with a high basal level of anxiety, or anxiogenic effects in rats with a low
basal level of anxiety (Green and McGregor, 2002; Winstanley et al., 2004). However, a recent
study by Cox and coworkers has refuted this speculation, by showing an anxiety-like behavior

following repeated administration of MDMA and/or abstinence from MDMA (Cox et al., 2014).

Besides these emotional effects, MDMA has been reported to induce learning deficits (Piper and
Meyer, 2004) and periadolescent MDMA exposure has been found to be associated with a
behavioral pattern reminiscent of impaired working memory and behavioral disinhibition (Piper et
al., 2005). At the same time, Meyer and coworkers observed that periadolescent exposure to
MDMA is associated with a significant reduction of SERT-immunoreactive fiber density in the
hippocampus (Meyer et al., 2008). See table 1 for a summary of the protocols of the studies

described above.

6.3.Non-human primates

Non-human primates appear to be very susceptible to the neurotoxic effects of MDMA. A dose-
dependent reduction in the content of 5-HT in several brain regions has been observed in squirrel
monkeys after the repeated administration of MDMA at moderate doses (Ricaurte et al., 1988a).
Another study where MDMA was administered at moderate doses reported significant decreases in
the levels of 5-HIAA in the cerebrospinal fluid (CSF), and of both 5-HT and 5-HIAA in the cerebral
cortex and striatum (Insel et al., 1989). In addition, a study on the long-term effects of exposure to
MDMA in squirrel monkeys has revealed altered patterns of 5-HT innervation in the brain that
persisted for up to 7 years after drug discontinuation. Interestingly, the severity of the changes
involving 5-HT transmission appeared to be region-dependent, as the decrease in 5-HT
immunoreactivity only appeared to be long-lasting in the hippocampal CA1 and CA?2 fields, dentate
gyrus, and subiculum (Hatzidimitriou et al. 1999). Importantly, the route of administration seems to
influence the degree of 5-HT depletion induced by MDMA in non-human primates, as oral
administration has been reported to be less toxic than subcutaneous injection (Ricaurte et al.,
1988b). In this regard, data have been obtained which show how repeated subcutaneous
administration of MDMA at a dose of 5 mg/kg produces a 86% depletion of 5-HT in the frontal
cortex, while the same dose of MDMA elicits a 42% depletion of cortical 5-HT when repeatedly
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administered orally (Ricaurte et al., 1988b). Furthermore, since it has been calculated that a single 5
mg/kg oral dose administered to non-human primates is equivalent to a 1.4 mg/kg dose
administered to a 70-kg human (McCann and Ricaurte, 2001), which corresponds to a medium
dose, these data may indicate a possible risk of brain serotonergic nerve terminal injuryin humans

who consume MDMA (Ricaurte et al., 1988b; McCann and Ricaurte, 2001).

Although several studies clearly demonstrate the neurotoxic effects of MDMA in non-human
primates, data on the behavioral and cognitive effects of MDMA in these animals are scarce. Some
studies have suggested that no changes in a repeated acquisition tasks (Frederick et al., 1998;
Winsauer et al., 2002) or in a battery of operant tasks (Frederick et al., 1995) occur in non-human
primates exposed to varying dosing regimens of MDMA. See table 1 for a summary of the

protocols of the studies described above.

7. Studies in humans
The evaluation of the long-term effects of MDMA, including neurotoxicity, in humans is complex,
since MDMA users frequently consume it in the context of poly-drug abuse, together with other

psychoactive substances, such as ethanol, cannabis, and cocaine (Schifano et al., 1998).

The use of amphetamine-related drugs in humans has been linked to the emergence of deficits in
cognitive and executive functions. However, in the case of MDMA users, it still remains to be
elucidated whether a relationship exists between these effects and the possible serotonergic or

dopaminergic toxicity induced by the drug.

Single photon emission computed tomography (SPECT), positron emission tomography (PET), and
functional magnetic resonance imaging (fMRI) studies have generally found reductions in SERT
binding in MDMA users (McCann et al., 2008; Kish et al., 2010; Urban et al., 2012) as well as in
abstinent subjects (Semple et al., 1999; Reneman et al., 2001a,b). With regard to this, it is
interesting to mention that some evidence has been collected that indicates SERT recovery in
subcortical regions and neocortex after prolonged MDMA abstinence (Buchert et al., 2006;
Benningfield and Cowan, 2013) suggesting that at least some MDMA-induced neurotoxicity could

be reversible.

A SPECT study performed by Reneman and coworkers in a cohort of MDMA-naive individuals,
and in moderate, heavy, and abstinent MDMA users, reported a dose-related decrease of SERT
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levels in heavy MDMA users, while the SERT levels in abstinent drug users was similar to that
detected in MDMA-naive individuals (Reneman et al., 2001b,c). Interestingly, a reduction in SERT
levels was seen in heavy MDMA users of both genders, although it reached statistical significance
in women, but not in men (Reneman et al., 2001b). These results indicate that heavy use of MDMA
may be associated with toxic effects on serotonergic neurons, and that women might be more
susceptible to these effects. Although these findings would suggest that at least some of the
MDMA-induced effects on serotonergic system may be reversible (Reneman et al., 2001c), a study
in former MDMA abusers has observed the presence of impairments in verbal memory even at 1
year after drug discontinuation (Reneman et al., 2001c). These latter data would suggest that, in
contrast to the effects on cortical serotonergic neurons, memory deficits induced by MDMA maybe
long-lasting. In this regard, it is also noteworthy that earlier findings demonstrated how MDMA
users exhibit significant deficits in a series of cognitive tasks and that these behavioral deficits are
associated with decreased levels of 5-HIAA in the CSF (McCann et al., 1999). In addition, recent
studies have observed that abstinent heavy MDMA users display hyperexcitability (Bauernfeind et
al., 2011) and chronic alterations in cortical 5-HT signalingcompared with drug-naive individuals in
both the primary and secondary visual cortex (Di Iorio et al., 2012). The hippocampus of heavy
MDMA users might be particularly vulnerable to the neurotoxic effects of MDMA (Gouzoulis-
Mayfrank et al., 2003; Daumann et al., 2005; Kish et al., 2010), and functional alteration in this area
evaluated by fMRI may predict incipient cognitive decline several years before the manifestation of
a measurable cognitive failure. Interestingly, Daumann and coworkers also found a heightened
parietal activation during working memory tasks after prolonged periods of either continued use or
abstinence fromMDMA (Daumann et al., 2004). Based on these findings, it was suggested that
altered cortical activation might appear before the manifestation of cognitive deficits and may

reflect the early stage of neuronal injury induced by MDMA (Daumann et al., 2004).

Besides possibly promoting memory deficits, the long-term damage produced by MDMA has been
suggested to be a potential causal factor in psychiatric disorders, such as anxiety, phobia, obsessive-
compulsive behavior, and psychosis (Flaum and Schultz, 1996; Parrott et al., 2001). However,
conflicting results have been obtained in clinical investigations on this issue. It is noteworthy that a
recent PET study that compared 49 moderate MDMA users with 50 non-users has reported a
significant reduction in SERT binding throughout all cerebral cortices and hippocampus (Kish et al.,
2010), which are brain areas involved in the regulation of mood. Moreover, the same cohort of
MDMA users, although not displaying overt behavioral abnormalities, reported subnormal mood

and exhibited modest, non-significant, deficits in some tests of attention and memory, which might
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potentially stem from the decrease in SERT binding sites (Kish et al., 2010). Although the
occurrence of psychotic disorders in MDMA users has not been as thoroughly studied as METH-
associated psychosis, alterations in hippocampal activity could potentially contribute to the
documented ability of MDMA to induce psychotomimetic effects (Nifosi et al., 2009; Potash et al.,
2009; Patel et al., 2011).

While several studies have suggested that MDMA may harm the serotonergic system in the human
brain, it is less clear whether MDMA may be toxic to human dopaminergic neurons. Over the years,
several clinical reports have found that patients diagnosed with neurodegenerative diseases, such as
PD, had a higher rate of exposure to amphetamine-related drugs at a young age, compared with the
general population (Parrott et al., 2004; Callaghan et al., 2010; Christine et al., 2010; Curtin et al.,
2015). Since several clinical studies recognize that PD has multiple origins, one hypothesis is that
amphetamine-related drugs may be part of the wide array of factors leading to the dopaminergic
neuron degeneration that causes the disease (Obeso et al., 2010). In this regard, it is noteworthy that
MDMA has significant affinity for DAT (Verrico et al., 2007) and promotes the release of DA in
multiple brain regions. Therefore, it is conceivable that prolonged exposure to MDMA, similar to
that proposed for other amphetamine-related drugs (Garwood et al., 2006), may damage the
dopaminergic neurons in the human SNc. Hence, it is conceivable that these damaged neurons
could die earlier, therefore depleting the reserve of neural cells necessary for normal neurological
functions, eventually ending up in the manifestation of PD (Garwood et al., 2006; Todd et al.,

2013).

8. Mechanisms of MDMA neurotoxicity

8.1.Biochemical mechanisms: Oxidative stress and excitotoxicity

Metabolism of MDMA results in the formation of reactive oxygen species (ROS), which ultimately
induce long-term neurotoxic effects. Interestingly, several studies have reported that the
intracerebroventricular (ICV) administration of MDMA does not induce neurotoxicity, even at
doses much higher than those having neurotoxic effects when administered peripherally (Paris et
al., 1992; Esteban et al., 2001; Escobedo et al., 2005). These latter findings indicate that MDMA
has to be systemically metabolized to produce its neurotoxic effects, and suggest that MDMA
metabolites are responsible for these effects, as suggested by studies in cell cultures (see above).
When MDMA is administered at low doses to rats, it is chiefly N-demethylated to form 3,4-

methylenedioxyamphetamine (MDA) (Easton et al., 2003), whereas in humans, O-demethylation to
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3,4-dihydroxymethamphetamine (HHMA) predominates after MDMA administration, irrespective
of the dose (De la Torre et al., 2004). MDA is metabolized to a-MeDA that can react either with
glutathione (GSH) to form 5-(GSH)-a-MeDA or with N-acetylcysteine (NAC) to form 5-(NAC)-o-
MeDA, and these compounds might be the main metabolites responsible for the neurotoxic effects
of MDMA observed in rats. Miller and colleagues reported that acute ICV administration of 5-
(GSH)-a-MeDA and 5-(NAC)-a-MeDA to male rats produced neurobehavioral changes similar to
those observed after systemic MDMA (Miller et al., 1996). In addition, 2,5-bis-(GSH)-a-MeDA
decreased the levels of 5-HT in the striatum, hippocampus, and cortex 7 days after its ICV
administration to rats (Miller et al., 1997). Further support for the involvement of metabolites in the
neurotoxic effects of MDMA comes from evidence that pretreatment of rats with acivicin, a
v-glutamyltranspeptidase inhibitor, which increases the brain uptake of 5-(GSH)-a-MeDA, was
associated with a more marked depletion of 5-HT and 5-HIAA by MDMA in the striatum,
hippocampus, and cortex (Bai et al., 2001). Similar findings on the role of metabolites in MDMA-
mediated neurotoxicity have also been observed by in vitro studies, where 5-(GSH)-a-MeDA,
showed higher toxicity to cultured cortical neurons than its parent compound, MDMA (Capela et

al., 2006a).

MDMA dose-dependently increases DA release and production of hydroxyl radicals in the mouse
striatum (Gorska et al., 2014a,b). ROS, together with reactive nitrogen species (RNS), and the
formation of neurotoxic MDMA metabolites, may all contribute to neurotoxicity by MDMA (Puerta
et al., 2010; Green et al., 2003). Moreover, DA and 5-HT are metabolized by MAO-B, inducing the
formation of superoxide (O;") and hydrogen peroxide (H,O,) (Capela et al., 2009). This suggests
that MAO-B is involved in the neurotoxic effects of MDMA, a hypothesis which is further
substantiated by the finding that the MAO-B inhibitorselegiline prevents serotonergic neurotoxicity
in MDMA -treated rats (Sprague and Nichols, 1995; Alves et al., 2007). Nitric oxide (NO) generated
from neuronal NO synthase (nNOS) also seems to be involved in MDMA -induced neurotoxicity, as
suggested by previous studies that have demonstrated how nNOS inhibitors provide significant
neuroprotection against long-term DA depletion in mice treated with MDMA (Colado et al., 2001).
Further support for the involvement of oxidative stress in MDMA-induced neurotoxicity comes
from studies showing that this effect of MDMA is amplified by either reduced levels or inactivation
of antioxidant enzymes, such as catalase, superoxide dismutase (SOD) and GSH peroxidase (Cadet
et al., 2001; Sanchez et al., 2003). In line with this, MDMA produces a less marked oxidative stress
and striatal depletion of both DA and 5-HT in transgenic mice overexpressing SOD than in wild-

type mice (Jayanthi et al., 1999). Furthermore, it is worth mentioning that treatment with
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antioxidant agents has been found to afford neuroprotection in MDMA-treated rats. In 1996,
Gudelsky first found that pretreatment with sodium ascorbate and cysteine prevented the depletion
of 5-HT observed after MDMA administration in rats (Gudelsky, 1996). Similar findings were
obtained by subsequent studies that found beneficial effects of a-lipoic acid (Aguirre et al., 1999)

and ascorbic acid (Shankaran et al., 2001) on MDMA-induced neurotoxicity.

Excitotoxicity includes a series of events, such as excessive glutamate (GLU) release and activation
of GLU receptors, culminating in the increase in intracellular calcium levels, generation of NO, and
activation of apoptotic pathways, ultimately resulting in cellular damage (Bruno et al., 1993;
Yamamoto et al., 2010). Importantly, glutamatergic dysfunction has been linked to the manifestation
of neurodegenerative disorders such as Alzheimer’s disease and PD. This, together with the ability
of amphetamine-related drugs to stimulate the release of GLU (Anneken et al., 2013; Shoblock et
al., 2003), suggests that this excitatory amino acid could play a role in the neurodegenerative

processes induced by these drugs (Lipton et al., 1994; Quinton et al., 2006).

However, limited evidence has been collected so far that supports a role of GLU in MDMA -induced
neurotoxicity. Earlier studies have reported that blockade of the N-methyl-D-aspartate (NMDA)
GLU receptor produces hypothermia and attenuates serotonergic nerve ending damage induced by
MDMA in rats (Finnegan et al., 1989; Farfel et al., 1992; Tao et al., 2014). Moreover, studies by
Colado and coworkers demonstrated that NMDA receptor antagonists are neuroprotective against
MDMA-induced neurotoxicity only at doses that produce hypothermia, and suggested that GLU is
not crucial for MDMA-induced neurotoxicity in both rats and mice (Colado et al., 1998, 2001). In
contrast, by performing in vitro studies with rat cortical neurons, Capela and coworkers found that
the NMDA receptor antagonist MK-801 partially prevented the toxic effects of MDMA in both
normothermic and hyperthermic conditions (Capela, 2006b). Taken together, these studies fail to
provide clear evidence of an involvement of GLU in the neurotoxic effects of MDMA, and further

studies on this issue appear warranted.

8.2.Neuroinflammation

Another relevant issue related to MDMA-induced neurotoxicity is that MDMA can trigger
inflammatory processes in those brain areas that exhibit dopaminergic and/or serotonergic terminal
degeneration, but not in brain areas where no modifications in either DA or 5-HT levels occur
(Yamamoto et al., 2010). Recent studies have demonstrated that glial activation participates in the

events that induce neuronal damage, since chronic neuroinflammation elevates the levels of glia-
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derived cytokines that exert neurotoxic effects on vulnerable dopaminergic neurons (Barcia et al.,
2011). This mechanism provides support for a causal relationship between MDMA-induced

neurotoxicity and neuroinflammation.

Several preclinical studies in rats and mice have demonstrated that MDMA elicits astroglial and
microglial activation in the mouse striatum (Granado et al., 2008b; Costa et al., 2013; Frau et al.,
2013b), as well as in the cortex (Herndon et al., 2014; Costa et al., 2014), and hippocampus (Costa
et al., 2014; Lopez-Rodriguez et al., 2014). Moreover, independent studies have shown that the
toxic and inflammatory effects of MDMA are exacerbated by its concurrent administration with
other psychoactive substances, such as caffeine or ethanol (Hernandez-Rabaza et al., 2010;
Khairnar et al., 2010; Frau et al., 2013a) and, at the same time, MDMA worsens neuroinflammation

produced by toxins inducing PD, such as MPTP (Costa et al., 2013).

8.3.Role of hyperthermia

The mechanism of MDMA-induced hyperthermia is complex, and appears to not only involve
serotonergic and dopaminergic systems, but also adrenergic transmission (Sprague et al., 1998).
Moreover, MDMA-induced hyperthermia could depend, at least in part, on the enhancement of
ROS production and release of cytokines, such as IL-18, IL-6, and TNF (Green et al., 2004; Capela
et al.,, 2009). Finally, as mentioned above, manifestation of hyperthermia in rats treated with
MDMA is greatly influenced by ambient temperature and housing conditions. MDMA
administration produces hypothermic response in rats housed at low ambient temperature, while the
drug can cause hyperthermic responses in rats housed at high ambient temperature (Green et al.,
2005). This can be explained by considering that MDMA interferes with heat-loss mechanisms, and
consequently higher ambient temperatures are more likely to impair the ability of the body to

dissipate the excessive heat.

Previous studies have demonstrated that several compounds that elicit protective effects on MDMA
neurotoxicity in rats, such as MK-801(Farfel et al., 1992), the 5-HT,a receptor antagonist
ketanserin, and the DA synthesis inhibitor a-methyl-p-tyrosine (Malberg et al., 1996), are also able
to lower body temperature. Interestingly, studies of these compounds found that when the core body
temperature of rats was kept elevated, the neuroprotective effect was lost. Furthermore,
pharmacological agents that amplify the hyperthermic effects of MDMA, such as caffeine, have
been reported to potentiate MDMA-induced serotonergic deficits (McNamara et al., 2006).

However, experiments with the 5-HT reuptake blocker fluoxetine have demonstrated that this drug
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can provide protection against MDMA-induced neurotoxicity without affecting the increase in body
temperature (Capela et al., 2009). Taken together, these findings indicate that while possibly playing
an important modulatory role, hyperthermia could not be an essential factor in MDMA -induced

neurotoxicity (Fig. 2).

8.4.Role of dopamine and of D; and D, dopamine receptors

As mentioned above, MDMA promotes the release of DA, therefore, the possibility may exist that
DA receptors play a role in MDMA-mediated neurotoxicity (Capela et al., 2009, Bisagno and
Cadet, 2014). In this regard, it is noteworthy that previous studies have demonstrated how
antagonists of DA receptors may be neuroprotective against neurotoxicity induced by amphetamine-
related drugs (Albers and Sonsalla, 1995). Granado and coworkers (Granado et al., 2014) studied
MDMA-induced neurotoxicity in DA D, or D4 receptor knock-out mice, and found that inactivation
of D; receptors attenuated MDMA-induced hyperthermia and prevented the striatal loss of DA and
its metabolites, DOPAC andHVA (Granado et al., 2014). In addition, D; receptor knockout mice
showed a reduction in the expression of GFAP, a marker for reactive astrogliosis (Aguirre et al.,
1999; Adori et al., 2006) in the striatum and a comcomittant attenuation of dopaminergic terminal
loss induced by MDMA. With regard to D, receptors, it is also worth mentioning that activation of
these receptorsinduces hyperthermia in mice (Zarrindast and Tabatabai, 1992). In contrast,

inactivation of D4 receptors was not able to counteract the neurotoxic effects induced by MDMA.

Earlier evidence has demonstrated that the inactivation of D, receptors decreases the DAT activity
in the striatum (Dickinson et al., 1999), and that D, receptor knock-out mice are protected from
MDMA-induced hyperthermia, striatal DA loss, and gliosis (Granado et al., 2011a). Antagonism or
inactivation of D, receptors provides neuroprotection, possibly by either reducing the cytosolic DA
content through DAT inhibition or attenuating hyperthermia, which is one of the mechanisms

implicated in MDMA neurotoxicity (Green, 2005, Capela et al., 2009).

Further support for a possible involvement of DA in the neurotoxic effects of MDMA comes from
pharmacological studies. In 1988, Stone and coworkers proposed that endogenous DA is important
for the development of long-term MDMA-induced neurotoxicity in rats (Stone et al., 1988). In line
with an important role of DA in MDMA neurotoxicity, bilateral lesions of the dopaminergic
terminals with 6-hydroxydopamine (6-OHDA) were reported to block MDMA-induced
serotonergic neurotoxicity in rats, while administration of the DA precursor 3,4-dihydroxy-I-

phenylalanine (L-DOPA) exacerbated this effect of MDMA (Schmidt et al., 1990). Later, in 1995,
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Yamamoto and colleagues demonstrated that MDMA indirectly elicits DA release by the activation

of 5-HT,, receptors subsequent to the release of 5-HT in rats.

Furthermore, DAT inhibitors, such as GBR12909 and mazindol, which prevent the increase in DA
levels and ultimately the generation of ROS, have been reported to attenuate serotonergic toxicity
by MDMA in rat (Stone et al., 1988). In addition, Benamar and coworkers performed combined
microdialysis and biotelemetry studies to determine the occurrence of parallel changes in the
extracellular levels of DA and body temperature after the administration of MDMA (Benamar et al.,
2008). They found that the hyperthermic response produced by MDMA is accompanied by an
increase in the levels of DA in the preoptic anterior hypothalamus, which was attenuated by the D,
antagonist SCH-23390 (Benamar et al., 2008). Finally, it is interesting to observe that previous
studies indicate that, at low ambient temperature, MDMA induces hypothermia (Gordon et al.,
1991; Dafters 1998), which is mediated by stimulation of the D, receptor (Faunt and Crocker, 1987;
Mechan et al., 2002). Conversely, at high ambient temperature, MDMA induces hyperthermia,
which stems from the stimulation of D; receptors (Mechan et al., 2002).Taken together, these data
indicate that both D; and D, DA receptors could play an important role in MDMA-induced

neurotoxicity.

Methamphetamine (METH)

9. History of METH

METH, a variant of amphetamine, was first synthesized by Nagayoshi Nagai in Japan in 1893 from
the precursor chemical ephedrine (Nagai and Kamiyama, 1988; Meredith et al., 2005). METH use
became prominent during World War II (1940s), when various governments began giving their
military personnel the drug to ward off fatigue and enhance endurance and alertness (Meredith et
al., 2005; McGuinness, 2006). Amphetamine itself was first synthesized by Lazar Edeleanu, a
Romanian chemist at the University of Berlin in 1887. However, it was not used clinically until
1920s, when Gordon Alles re-synthesized it for use in asthma, hay fever and colds (Alles, 1993;
Wolkoff, 1997; Sulzer et al., 2005).In 1932 an amphetamine-based inhaler (Benzedrine) was
marketed for the treatment of nasal congestion (McGuinness, 2006), and later amphetamines were
promoted as treatments for various ailments such as rhinitis and asthma (Derlet and Heischober,

1990; Alles, 1993; Wolkoff, 1997; Sulzer et al., 2005; McGuinness, 2006).

The first METH epidemic occurred in Japan where large quantities of over-the-counter METH pills
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were available after World War II (Wolkoff, 1997). The onset of epidemic in the USA was slower
due to prescription requirement. Nevertheless, the prevalence of amphetamine use in the 1950s was
high among civilians including groups such as college students, truck drivers, athletes, housewives,
and individuals performing monotonous jobs (Wolkoff, 1997; Donaldson and Goodchild, 2006).
Although amphetamine-based inhalers were banned by the Food and Drug Administration (FDA) in
late 1950s due to increases in their abuse (Roll et al., 2006), amphetamine itself and some of its
derivatives were promoted as therapeutic agents for hyperactivity, obesity, narcolepsy, and
depression. Abuse of METH gained popularity in the 1960s especially among individuals already
using other illicit drugs (Wolkoff, 1997). In the 1970s, the Controlled Substance Act and
classification of amphetamines as Schedule II drugs (i.e., drugs that have an accepted medical use
but also have a high potential for abuse and are available only by prescription) reduced the
diversion of pharmaceutical amphetamines in the USA (Wolkoff, 1997). However, despite these
efforts, the use of METH increased in the 1980s, due in large part to production of the drug from
the precursor chemical ephedrine in clandestine labs (Cunningham and Thielemeir, 1996). To
counter this problem, the federal government regulated the sale of pseudoephedrine commonly used
as cold medicine (Cunningham and Liu, 2003). Although this act temporarily reduced METH-
related problems (Cunningham and Liu, 2003; Cunningham et al., 2008), the void in supplies was
filled by foreign producers (Cunningham et al., 2008; Cunningham and Liu, 2008), where attempts
to bring that production under control have been problematic (NDIC, 2007). Nowadays, METH
abuse is a worldwide problem and concerted efforts by governments and enforcing agencies are
conducted to combat this epidemic (UNODC, 2014). In the USA, street-names for METH include

crystal, crank, ice, glass, go, meth, speed, and zoom.

10. General toxicity of METH

At low therapeutic doses, METH can cause an elevated mood and increase alertness, concentration,
and energy in fatigued individuals, while at higher doses it can induce psychosis, rhabdomyolysis (a
condition in which damaged skeletal muscle tissue breaks down rapidly and may lead to kidney

failure) and cerebral hemorrhage.

The side effects of METH can include anorexia, hyperactivity, dilated pupils, flushed skin,
excessive sweating, headache, irregular heartbeat, rapid breathing, high or low blood pressure, high
body temperature, diarrhea, constipation, blurred vision, dizziness, twitching, numbness, tremors,
dry skin, acne, pallor, dry mouth and "meth mouth", a condition where the addicts may lose their

teeth abnormally quickly (Winslow et al., 2007;National Geographic Channel, 2013; United
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StatesFDA, 2014). It is also important to note that METH may cross the placental barrier or may
appear in breast milk, as a consequence of which exposed infants can have a significantly smaller
head circumference and birth weight, as well as manifest neonatal withdrawal symptoms such as
agitation, vomiting and tachypnea (Winslow et al., 2007; Chomchai et al., 2010). METH may also
lead to complex psychological effects including euphoria, dysphoria, changes in libido, insomnia or
wakefulness, self-confidence, sociability, irritability, restlessness, grandiosity and repetitive and
obsessive behaviors as well as anxiety, depression, psychosis, suicide, and violent behaviors
(Westfall and Westfall, 2010; O'Connor, 2012;United StatesFDA, 2014). At extremely large
overdose METH may produce symptoms such as adrenergic storm, cardiogenic shock, brain bleed,
circulatory collapse, dangerously high body temperature, pulmonary hypertension and kidney
failure (Schep et al., 2010; Westfall and Westfall, 2010; O'Connor, 2012; United StatesFDA, 2014).
Death from METH poisoning is preceded by convulsions and coma (United StatesFDA, 2014).
METH withdrawal is also associated with a variety of conditions including anxiety, drug craving,
dysphoric mood, fatigue, increased appetite, increased or decreased movement, lack of motivation,
sleeplessness or sleepiness, and vivid or lucid dreams that may persist for 3-4 weeks (Shoptaw et
al., 2009). Curiously, the mental depression following METH withdrawal is more severe and lasts

longer than that of cocaine (Winslow et al., 2007).

11. Neurotoxicity of METH: selectivity for the dopaminergic system

METH is directly neurotoxic to dopaminergic neurons and hence its abuse may increase the risk of
developing PD by 2 to 3 fold (Callaghan 2010, 2012; Curtin et al., 2015). METH can also result in
neurotoxicity to other neurons including serotonergic (Krasnova and Cadet, 2009; Silva et al.,
2014), glutamatergic (Simdes et al., 2007; Miyazaki et al., 2013; Zhang et al., 2014), GABAergic
(Zhang et al., 2006; Mizoguchi and Yamada, 2011; Shen et al., 2013), as well as cholinergic
neurons (Lim et al., 2014). Serotonergic interactions of METH may be more related to its mood
altering effects (Silva et al., 2014), glutamatergic interactions of METH may be most relevant to its
addictive, memory impairments and psychotic-like effects related to glutamate receptors
distribution (Simdes et al., 2007; Grant et al., 2012; Miyazaki et al., 2013; Henley et al., 1989)
whereas METH GABAergic interactions may be most relevant to its cognitive dysfunctions and
anxiety-like symptoms observed during withdrawal (Mizoguchi and Yamada, 2011; Shen et al.,
2013). Striatal cholinergic effects of METH are believed to play a role in the motor impairments
induced by the drug (Lim et al., 2014). In addition, interactions of these neurotransmitter systems
with dopaminergic systems can also influence the final behavioral and neuronal effects of METH

(Miyazaki et al., 2013). However, in this review the primary focus will be on METH interaction
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with the dopaminergic system and its particular implications for PD.

12. In vitrostudies: cell cultures

A number of studies have employed various dopaminergic cell lines including the neuroblastoma-
derived SH-SYSY cells and pheochromocyotoma-derived PC12 cells to investigate the mechanism
of METH-induced neurotoxicity and evaluate novel neuroprotectants. Thus, earlier experiments
using PC12 cells showed that METH significantly increased formation of 3-nitrotyrosine (3-NT), a
biomarker of peroxynitrite, a reactive nitrogen species (RNS), and cellular toxicity. In the same
study, the authors reported that pretreatment with antioxidants such as selenium and melatonin
could completely protect against the formation of 3-NT Moreover, application of a selective
neuronal nitric oxide synthase (nNOS) inhibitor, 7-nitroindazole (7-NI), significantly protected
against the formation of 3-NT (Imam et al., 2001), also, in PD models ( Solis et al., 2015). Parallel
to these in-vitro studies, it was shown that METH caused striatal dopamine depletion and that same
agents were able to restore the dopamine level back to normal, suggesting that peroxynitrite plays a
major role in METH-induced dopaminergic neurotoxicity and that selective antioxidants and
peroxynitrite decomposition catalysts can protect against METH-induced neurotoxicity (Imam et
al., 2001). Later, using SH-SYSY cells, it was shown that METH enhances oxidative stress and
aberrant mitochondrial biogenesis in these cells and that vitamin E pretreatment can attenuate these
effects (Wu et al., 2007). Moreover, using the same cell lines, it was observed that HIV protein, Tat,
dramatically increases the toxicity of METH (Cai and Cadet, 2008). See table 2 for a summary of

the protocols of the studies described above.

More recently, it has been reported that melatonin can attenuate METH-induced disturbances in
mitochondrial dynamics and degeneration in neuroblastoma SH-SYSY cells (Parameyong et al.,
2013). Interestingly, caffeine inhibition of autophagy may increase METH-induced toxicity in these
cell lines (Pitaksalee et al., 2015). Moreover, it was shown that acutely, METH may inhibit voltage-
gated Ca®* channels, but chronically upregulates L-type channels, thus Ca**channel blockers may

be of therapeutic potential in METH-induced toxicity and dependence (Andres et al., 2015).

13. In vivo studies in experimental animals
As mentioned above, METH is a neurotoxic drug that causes deficits and alterations in central
dopaminergic pathways. Repeated administration of METH in rodents has been shown to cause

neurodegeneration of dopaminergic axon terminals in the striatum, reducing TH and DAT,
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accompanied by a reduction in TH activity as well asreductions in the levels of DA, DOPAC and
HVA, and decreased levels of VMAT,. These effects occur primarily in the striatum, but are also
seen in the cortex, thalamus, hypothalamus, and hippocampus (Ares-Santos et al., 2012; Granado et
al., 2010, 2011a; Guilarte et al., 2003; Krasnova and Cadet, 2009; Ricaurte et al., 1980). METH
induces neurotoxicity in a dose-dependent manner (Seiden and Sabol, 1996), as do other
amphetamine-derivatives like MDMA (Granado et al., 2008a 2008b). The loss of axonal DA can be
detected as early as 24 hours after exposure to a relatively high concentration of METH. Although
some partial recovery of striatal TH and DAT immunoreactivity may occur few days post-
treatment, the recovery is not complete and some of the losses persist for long periods (Granado et
al., 2011a; 2011b;Ares-Santos et al., 2012; 2014). Neurotoxic effects persist for more than seven
days and up to a month after METH exposure (Ares-Santos et al., 2012; O’Callaghan and Miller,
1994; Granado, et al., 2011b; Ares-Santos et al., 2014). In addition, there is partial recovery of
dopamine levels in the striatum (Ares-Santos et al., 2012; Granado et al., 2008a; Granado, 2011a),
strongly suggesting that the regrown terminals are functional. The mechanisms responsible for the
partial recovery are not known, but might involve compensatory sprouting and branching as has
been reported for regrowth following MPTP-induced damage (Bezard et al, 2006). DA terminal
recovery has also been described in rhesus monkeys and velvet monkeys, although in these species,
it appears to occur on a slower timescale than in mice. METH-induced dopaminergic damage
persists for more than 12 weeks in velvet monkeys and more than 3 years in rhesus monkeys
(Melega et al., 1997; Seiden and Sabol, 1996), demonstrating the persistence of METH-induced

brain damage.

The persistent loss of DA axons in the striatum has been correlated with DA cell body loss in the
SNc, demonstrated by rigorous stereological measurement of cell numbers with both TH and Nissl
staining. METH administration produces DA cell body loss in the SNpc, as indicated by
stereological counts in TH-stained SN sections from treated mice (Granado et al, 2011b, Ares-
Santos et al, 2012). The observed pattern of TH-stained neuron loss is very similar to the pattern of
Nissl-stained neuron loss, indicating that neuronal loss is specific to dopaminergic neurons. DA cell
body loss was confirmed with Fluoro-Jade, a general marker of neuronal degeneration that
fluoresces after administration of known dopaminergic toxins such as 6-OHDA and MPTP
(Schmued and Bowyer, 1997). Dopaminergic cell loss is further supported by measurements of the
markers of apoptosis and neuronal death (Sonsalla et al., 1996; Hirata and Cadet, 1997; Granado et

al., 2011a; 2011b; Ares-Santos et al., 2012).
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Interestingly, METH primarily affects the nigrostriatal pathway and spares the mesolimbic
dopaminergic pathway as TH levels in the nucleus accumbens, the terminal field of VTA, are not
affected by METH (Fig. 3) (Granado et al., 2010), paralleling the situation in PD (Hurtig et al.,
2000). It may be possible as well, that the strong fiber loss produced at early times brought dendritic
spine loss as seen in PD models (Suarez et al., 2014). Furthermore, within the striatum, it is the
striosomes rather than the matrix that are more vulnerable to the damaging effects of METH (Fig.
4) (Granado et al., 2010). Curiously, this pattern of degeneration is also observed following
administration of other neurotoxins such as MPTP, MDMA, quinolinic acid and other NMDA
receptor agonists, as well as in other neurodegenerative diseases including early Huntington’s
disease (Hedreen and Folstein, 1995) and ischemia/reperfusion injury (Burke and Baimbridge,
1993). The differential vulnerability of the striosomes may at least be partially due to the low levels
of superoxide dismutase(SOD), a known antioxidant enzyme, in this area compared to the matrix

(Medina et al., 1996).

In addition, it is now well recognized that stress can alter the neurotoxic effects of various
substances including those of METH. Surprisingly though, an original study by Miller and
O’Callaghan reported that restraint stress actually protected against neurotoxic effects of d-
amphetamines (d-AMP) (Miller and O’Callaghan, 1996). This effect of restraint stress, as suggested
by the authors is likely due to hypothermic actions of such a stressor, as adrenalectomy also
provided protection against d-AMP-induced striatal damage (Miller and O’Callaghan, 1996). In
general, however, stress is likely to exacerbate the damaging effects of toxic substances via
activation of the HPA axis (Jonhson et al., 2005). Indeed, recent studies have verified the
stimulating effects of METH on the HPA axis and have provided evidence of neuronal c-Fos
activation in specific brain regions by METH (Tomita et al., 2013). Interestingly, in the same study
in mice it was demonstrated that HPA activation by METH is correlated with METH-induced

hyperthermia (Tomita et al., 2013).

METH interaction with the HPA axis is likely to contribute to the psychological and psychiatric
symptoms, particularly depression, that is observed in adolescent and adult METH abusers (King et
al., 2010; Li et al., 2013). Thus, it is hypothesized that dysregulation of the HPA axis reflected
specifically in cortisol inability to suppress ACTH secretion is a major contributor to METH-
associated psychiatric symptoms (Li et al., 2013). It would be of significant interest to further

investigate the relationship between motor and psychiatric effects of METH in both genders as
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adolescent females appear to be more susceptible to the effects of METH than adolescent males

(King et al., 2010).

14. Studies in humans

METH has high popularity, attributed to its wide availability, relative low cost and long duration of
psychoactive effects.The neurotoxic effects of METH in humans are similar to those observed in
experimental animals. Neuroimaging (PET) studies in METH abusers have revealed reductions in
striatal DAT levels that are associated with motor slowing and memory impairment, this is observed
with brain PET studies in human abusers (Volkow et al., 2001a). Other reports of neurotoxic effects
of METH in human abusers indicate poor motor performance associated with DAT loss in the
caudate nucleus and putamen (Volkow et al., 2001a,b; McCann et al., 1998). Partial recovery of
dopaminergic markers in the striatum has also been reported in human METH-abusers after periods
of abstinence (Volkow et al., 2001a). Persistent DA terminal losses have been documented after 11
months (Volkow et al., 2001a) or 3 years of abstinence (McCann et al.,1998).Others studies with
magnetic resonance imaging (MRI) demonstrated enlarged striatal volumes in METH abusers who
recently abstained, while greater cumulative METH use or longer duration, was associated with

smaller striatal structures (Chang et al 2007).

There are evidences of neurodegenerative changes in SN of METH abusers. For example, a specific
decrease in pigmented neurons in SN of human METH abusers, similar to that seen in PD patients,
has been reported (Biittner and Weis,2006; Biittner, 2011). Moreover, the morphology of the SN (as
measured by transcranial sonography) in individuals with a history of stimulant abuse, including
METH, is abnormal, and is associated with reduced DA uptake in the striatum and increased risk
for development of PD (Todd et al., 2013). It is therefore not unreasonable to expect that METH
consumers may be more susceptible to neurodegenerative disorders such as PD (Granado et al.,

2013).

Recent epidemiological studies provided evidence that the risk for developing PD is almost doubled
in individuals with a history of METH use (Callaghan et al., 2010). These results have been
reproduced using a larger and more age-diverse group of patients (Callaghan et al., 2012), and
another recent study suggests the risk may be somewhat higher than previous estimates and
indicates differences in risk estimates between women and men (Curtin al., 2015). Use of METH
has also been associated with impaired executive and psychomotor function, as well as learning and

attention, underscored by alterations in basal ganglia and cortical circuits (Paulus et al., 2002;
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Chang et al., 2007).Although motor deficits have been reported in chronic METH abusers, these
deficits do not typically involve gross movements, but rather affect fine motor dexterity, e.g.

placing pegs in a pegboard (Caligiuri and Buitenhuys, 2005; Rusyniak et al., 2011).

15. Mechanisms of METH neurotoxicity

15.1.Biochemical mechanisms: Oxidative stress and excitotoxicity

The mechanisms responsible for the damage following METH administration are complex and may
involve various processes. In this regard, oxidative stress is believed to be a prominent factor as
METH inducesROS such as hydroxyl radicals and superoxides that lead to cellular toxicity (Cubells
et al., 1994; Toborek et al., 2013). METH, in addition to increasing DA release, impairs VMAT,;
function, hence increasing cytosolic DA oxidation (Hansen et al., 2002) and DA metabolism by
MAO-B, producing DOPAC and hydrogen peroxide (Cadet and Brannock, 1998; Olanow and
Tatton, 1999). Within the terminals, H>O; reacts with transition metal ions producing highly toxic
hydroxyl radicals (OH’) through the Fenton reaction. Moreover, cytosolic DA can produce
superoxide anion (O2") that in turn can also generate hydroxyl radicals, leading to lipid peroxidation
and activation of proteases that finally trigger the cell death cascade. Anion superoxide reacts with
NO producing highly toxic peroxynitrites (ONOO-) causing cellular damage to proteins, nucleic
acids and phospholipids by overwhelming the antioxidative enzymes (Cadet and Brannock, 1998).
ROS and RNS can also damage DNA structures causing loss of genetic information leading to
accelerated mitochondrial dysfunction by inhibition of complex II electron transport chain. This
mitochondrial dysfunction, in particular, mediates the long-term deficits in markers of striatal
dopaminergic terminals (Brown and Yamamoto, 2003; Brown et al., 2005). The DA-induced
oxidative stress after METH is consistent with the selective degeneration of DA terminals. Thus,
reducing cytosolic DA with alpha-methyl-para-tyrosine (a-MPT), that inhibits DA synthesis, one
can significantly reduce METH-induced damage (Ares-Santos et al., 2012; De Vito and Wagner,
1989; Fumagalli et al., 1998; Granado et al., 2011; Wagner et al., 1986). Conversely, increasing
cytosolic DAwith L-DOPA, reserpine or in VMAT), heterozygous mice, one can increase METH-
induced damage (Albers and Sonsalla, 1995; Ares-Santos et al., 2012; Fumagalli et al., 1999;
Granado et al, 2011). Noteworthy, these oxidative stress mechanisms induced by METH are also

shared by other amphetamine derivatives.

It is now well accepted that excess GLU, the most abundant excitatory neurotransmitter in the brain,

is responsible for excitotoxic damage which is primarily mediated through increase in Ca**influx.
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METH has been shown to be a potent releaser of GLU, resulting in activation of GLU receptors and
eventual neuronal damage (Yamamoto and Bankson, 2005). Indeed, blockade of NMDA receptors,
the major mediators of GLU excitotoxicity, by selective antagonists (e.g. MK-801) can attenuate
METH-induced neurotoxicity in cell cultures (e.g. in PC12 cells) (Uemura et al., 2003) as well as in
various brain regions (Battaglia et al., 2002; Bowyer et al., 2001; Chipana et al., 2008; Farfel et al.,
1992; Fuller et al., 1992; Golembiowska et al., 2003; Green et al., 1992; Ohmori et al., 1993;
Sonsalla et al., 1989, 1991; Weihmuller et al., 1992).

Interestingly chronic stress, suspected of enhancing METH-induced toxicity is believed to be acting
via further increase in GLUconcentrations and hence exacerbating damage to striatal DA terminals
(Quinton and Yamamoto, 2007; Tata and Yamamoto, 2008). This contention is supported by the
findings that corticosterone synthesis inhibitor (e.g. metyrapone), can attenuate stress-induced

enhanced GLU release and result in reduced METH neurotoxicity (Tata and Yamamoto, 2008).

METH interaction with astrocytes may also contribute to its excitotoxicity as astrocytes on their
own exhibit a form of excitability through increase in Ca**influx. Thus, it is hypothesized that
activation of GLU receptors, coupled to various intracellular signaling cascades, including
activation of PKC, Akt, cAMP/PKA/cAMP responsive element binding protein (CREB), and
mitogen-activated protein kinase (MAPK) and Janus kinase (JAK) pathways, can lead to eventual

METH-induced toxcity (Narita et al, 2006,Cisneros and Ghorpade, 2012).

Over-expression of a-synuclein may also play an important role in METH-induced death of
dopaminergic neurons (Jiang et al., 2014; Wang and Witt, 2014). Interestingly, oxidative stress, a
process implicated in neuronal toxicity may also result in generation of a-synuclein oligomers
(Norris et al., 2003). Alfa-synuclein is a protein that is intimately involved in maintaining the
supply of synaptic vesicles in presynaptic terminals and may also help regulate the release of DA
(Ronzitti et al., 2014). Alfa-synuclein is localized in the cytosol as well as in the inner membrane of
neuronal mitochondria where it may exert an inhibitory effect on complex I activity of
mitochondrial respiratory chain, predisposing some neurons to degeneration (Liu et al., 2009; Lam
et al., 2011; Gaugler et al., 2012). Indeed, a-synuclein knock-down in SH-SYS5Y cells or in rats can
protect against METH-induced toxicity (Chen et al., 2013; Tai et al., 2014). It is also of interest to
note that S-nitrosylating protein disulphide isomerase may mediate METH-induced a-synuclein
aggregation and that inhibition of this enzyme may offer a therapeutic potential (Wu et al., 2014).
Recently a role for insulin-like growth factor binding protein 5 in METH-induced apoptosis of

dopaminergic neurons was proposed (Qiao et al., 2014). In addition, altered energy metabolism and
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inflammatory processes (see below) have also been linked to METH-induced toxicity (Downey and

Loftis, 2014).

15.2.Neuroinflammation

Microglial activation can occur rapidly after METH administration. Thus, METH can trigger the
release of a number of pro-inflammatory cytokines that can lead to glial dysfunction as well as
neuronal death. Indeed, it has been shown that inhibition of microglial activation by minocycline
protects against the neurotoxic effects of amphetamine derivatives, including METH. METH
increases reactive microglia in the striatum, hippocampus, cortex, and SN, peaking one day after
administration. METH-induced microglial activation was also recently observed in indusium
griseum, considered to be an extension of the hippocampus (Carmena et al. 2015). Interestingly,

microglial activation occurs exclusively in DA-innervated areas (Ares-Santos et al, 2014).

METH also increases GFAP immunoreactivity in the striatum (Ares-Santos et al., 2013) and in
indusium griseum (Carmena et al. 2015). Reactive gliosis is considered a universal reaction to
injury in the CNS and is used as a sensitive marker of neuronal damage. Studies with other
amphetamine-related drugs, such as MDMA, and the neurotoxin 6-OHDA have found a similar
pattern of increase in GFAP (Ares-Santos et al., 2013). Of relevance is that astrocytes, in contrast to
microglia, can play a protective role by increasing the levels of GSH, and facilitating sprouting.
Thus, providing growth factors, guidance molecules and scaffolding for axonal regeneration (see

Ares-Santos et al., 2013 for more detail).

Given that suppression of neuroinflammation mediated by microglia activation may help prevent, or
reverse, neurodegenerative diseases, a number of drugs have been tested over the years that act on
different parts of the inflammatory pathways. Some drugs including nicotine, resveratrol, curcumin,
and ketamine as potential novel therapeutic agents in neurodegenerative diseases have been

suggested (Hurley and Tizabi, 2013).

15.3.Role of DA receptors: D; receptors in METH-induced neurotoxicity

The first studies to implicate striatal D;-like receptors in the neurotoxic effects of METH were
pharmacological studies using SCH-23390. This compound, an antagonist of Dj-like receptors
(Bourne, 2001), also has agonist effects at 5-HT ¢ and 5-HT,¢ receptors (Millan et al., 2001). When
SCH-23390 was administered with METH, TH loss and METH-induced toxicity decreased
(Bronstein and Hong, 1995). Sonsalla et al. first reported in 1986 that SCH-23390 effectively
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inhibited METH-induced depression of striatal TH activity in a dose-dependent manner and also
prevented the decrease in concentration of DA, DOPAC and HVA, in this area (Sonsalla et al.,
1986). These findings were confirmed by others showing prevention of METH-induced DA
depletion by SCH-23390 (O’Dell et al., 1993; Broening et al., 2005). Moreover, it was further
demonstrated that this compound also attenuated TH and DAT depletion in the striatum (Metzger et
al., 2000; Angulo et al., 2004; Xu et al., 2005) and inhibited the increases in GFAP, caspases 3 and
8, and mediators of the calcineurin/NFAT/FasL-dependent apoptotic cell death pathway (Jayanthi et
al., 2005; Krasnova and Cadet, 2009). However all these protective effects could be due to the
inespecific affects of SCH-23390 on 5-HT receptors as these receptors have been shown to protect
against MPTP intoxication (Bezard et al, 1996). At the molecular level, D;-like receptors blockade
decreasesDA-induced oxidation and cytotoxicity mediatedby the activation of extracellular-signal-
regulated kinase (ERK) and c-Jun N-terminal kinases (JNK) (Chen et al., 2004). In addition,SCH-
23390 completely blocked METH-induced expression of endoplasmic reticulum stress-related
proteins (ATF3, ATF4, CHOP/Gadd153, HSPs and caspase 12), inhibitedMETH-induced increase
in pro-survival genes in response to endoplasmic reticulum stress (includingBIP/GRP-78 and
P58IPK) and increased expression of the mitochondrial anti-apoptotic protein Bcl-2 in the striatum
(Beauvais et al., 2011). However, as SCH-23390 does not distinguish between D; andDs receptors
(Moratalla et al., 1996b) and, as mentioned above, interacs with 5-HT receptors (Kvernmo et al.,
2006), it was not clear exactly which receptor subtypes were involved in METH-induced
neurotoxicity. A study in D; receptor knockout mice specifically implicated the D; receptor in
METH-induced toxicity (Ares-Santos et al., 2012). Thus, D; receptor knockout mice were protected
against reductions in striatal TH and DAT expression (Fig. 5) and against loss of dopaminergic
neurons in the SNc following METH administration. In addition, D, receptor knockout mice did not
exhibit an increase in GFAP or in macrophage-1 antigen (Mac-1) expression in these areas.
However, under these conditions, the D; receptor knockoutmice treated with METH not only did
not develop hyperthermia, but had a hypothermic response instead (Ares-Santos et al., 2012). Other
studies with intrastriatal SCH-23390 injections supported the results obtained with the D; receptor
knockoutmice, implicating hypothermia as an important mechanism in prevention of METH

toxicity in such cases (Friend and Keefe, 2013).

In summary, D;-like receptors involvement in METH-induced toxicity is supported by the findings
that inactivation of these receptors provides neuroprotection against METH-induced toxicity.
Several mechanisms are postulated for this protection, including blockade of the hyperthermic

response, decreased DA content and turnover and redistribution of DA inside the terminal.
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Moreover, animals lacking D, receptors can store more DA in vesicles (Fig. 6). Because cytosolic
DA levels determine the severity of METH-induced toxicity (Guillot et al., 2008; Thomas et al.,
2008), the reduction in cytosolic DA in mice lacking D, receptor is a plausible mechanism for the

decrease in METH-induced dopaminergic damage (Fig. 6) (Ares-Santos et al., 2012).

15.4.Role of DA receptors: D, receptors in METH-induced neurotoxicity

The ability of D,-like receptors antagonists to prevent the long-term effects of METH has been
evaluated by several groups. Pharmacological agents that block D,-like receptors, can partially or
completely protect against METH-induced toxicity and can also prevent the hyperthermic response
(Albers and Sonsalla, 1995;Eisch and Marshall, 1998; Metzger et al., 2000). Thus, sulpiride, a D,-
like receptor antagonist, dose-dependently blocked METH-induced toxicity in mice, and eticlopride
and raclopride (other D,-like receptor antagonists) prevented METH-induced depletion of the
striatal DA content (O’Dell et al., 1993;Metzger et al., 2000). These drugs also prevented reductions
in DATimmunoreactivity (Albers and Sonsalla, 1995; Xu et al., 2005) and DAT activity following
METH administration (Metzger et al., 2000). In addition, eticlopride attenuated the decrease in
VMAT;, caused by METH treatment (Chu et al., 2010), while raclopride attenuated METH-induced
increases in GFAP in the striatum (Xu et al., 2005). Hence, pharmacological studies using D»-like
receptor antagonists indicate a role for D,-like receptors in METH-induced apoptosis of striatal
neurons (Xu et al., 2005) and other METH-induced toxicities. Moreover, unilateral striatal infusion
of sulpiride protects against DAT loss, implicating striatal D,-like receptors in METH-induced
neurotoxicity (Gross et al., 2011). However, D,-like receptors antagonists are not specific for the D,
receptor subtype as they may also block other D,-like receptors (e.g. D3 and Ds receptors).
Nevertheless, due to its presynaptic location and its role in regulating DA release, the D, receptor
subtype appears to be the most likely mediator of the neuroprotective effects of these antagonists.
Confirmation of this contention was provided with D, receptor knock-out animals. It was
demonstrated that genetic inactivation of D, receptors prevents: METH-induced reductions in
striatal DA levels, fiber loss as seen with TH and DATimmunoreactivity as well as micro- and
astrogliosis (Fig. 5). Moreover, inactivation of D, receptor prevented dopaminergic neuronal loss in
the SNc (Granado et al., 2011a). However, the absence of the D, receptor also blocked the
hyperthermic response to METH. Indeed, D, receptor knock-outmice exhibited a hypothermic
response, even at higher ambient temperature (29-30 °C) that is known to potentiate METH-
induced hyperthermic response (Granado et al., 2011a). The inability to separate neuroprotective
effects from attenuation of hyperthermia after inactivation of D, receptor does not completely rule

out a specific role for D, receptor in METH-induced neurotoxicity. Recent findings suggest that D,
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receptor inactivation does lead to neuroprotection that depends on factors other than an effect on
body temperature. For example, reserpine, which blocks hyperthermia, strongly potentiated METH-
induced neurotoxicity in wild-type mice indicating that hyperthermia is not essential for
neurotoxicity(Granado et al., 2011a). However, in D, receptor knock-outmice, not even
pretreatment with reserpine was able to abolish the neuroprotective effect of D, receptor
inactivation against the toxicity caused by METH, strongly suggesting that neuroprotection
conferred by D, receptor inactivation is not completely dependent on its effect on body
temperature(Granado et al., 2011a).This contention is further supported by the finding that the rectal
temperatures were very similar in reserpine-treated wild-type mice and in D, receptor knockoutmice
after METH injection, whereas the neurotoxic effects clearly differed between these two
experimental groups (Granado et al., 2011a). Other plausible hyperthermia-independent
mechanisms underlying the neuroprotection observed after D, receptor inactivation are provided by
the evidence that the activity of striatal DAT, which is crucial for METH-induced neurotoxicity
(Fumagalli et al., 1998;Manning-Bog et al., 2007; Afonso-Oramas et al., 2009), is reduced in the
absence of D, receptor (Dickinson et al. 1999). Thus, it is proposed that the decrease in DAT
activity produced by inactivation of the D, receptor blocks DA reuptake, resulting in lower intra-

cytosolic DA levels and hence, neuroprotection (Fig. 6) (Ares-Santos et al., 2013).

The above suggests that DA release and activation of DA D, receptor are critical for METH-
induced neurotoxicity. Furthermore, the neuroprotection against METH observed in the absence of
the D, receptor might depend, at least in part, on inhibition of the hyperthermic response produced

by METH as well as a decrease in vesicular DA levels.

Thus, inactivation of either the D; or D, receptor subtype may provide protection against the
neurotoxicity induced by METH, albeit by slightly different mechanisms. Although the protection
provided by D; or D, receptor inactivation is due primarily to decrease in cytosolic DA levels, the
mechanisms by which cytosolic DA are lowered in D; and D, receptor knockout mice may differ
(Fig. 6). In D;knockoutmice, the decrease in cytosolic DA can be mostly attributed to a high
proportion of vesicular DA (Fig. 6) (Ares-Santos et al. 2012). In contrast, in D, receptor knockout
mice, cytosolic DA is decreased by blocking DA reuptake and decreasing DAT activity (Fig. 6)
(Granado et al., 2011a). In addition, blockade of hyperthermia is also likely to play a role in the

neuroprotection observed in both genotypes.
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16. Conclusions and future directions

In summary, MDMA and METH are synthetic drugs whose consumption started at the beginning of
the twentieth century with therapeutic purposes for their sympathomimetic properties, but are now
popular illegal recreational drugs in many countries due to their psychostimulant effects. Their
augmented popularity is a cause of concern for health professionals and policy makers, as MDMA
and METH users can become highly addicted to these drugs and suffer undesirable consequences
including increased risk of developing PD. MDMA and METH effects are related to their structural
analogy to DA, and to their ability to release this neurotransmitter. The mechanisms responsible for
their neurotoxic actions are complex and may involve inflammation, oxidative stress, GLU, NO,
hyperthermia, mitochondrial dysfunction, gliosis, etc . The fact that DA receptors, in particular, D,
and D, subtypes, play an important role in initiation of the toxic effects of these drugs, offers a
window for therapeutic developments. Moreover, because of observations that the neurotoxicity
produced by MDMA and METH is similar in humans and rodents, animal models and in particular
knockout mice represent extremely useful tools for further elucidation of the molecular mechanisms
of these toxicities. New genetic technologies make it possible to identify new targets that may lead
to novel therapeutic strategies in prevention of the devastating neurotoxic effects of MDMA and

METH.

37
Page 38 of 82



References

Adori, C., And6, R.D., Kovics, G.G., Bagdy, G. 2006 Damage of serotonergic axons and
immunolocalization of Hsp27, Hsp72, and Hsp90 molecular chaperones after a single dose of
MDMA administration in dark agouti rat: temporal, spatial, and cellular patterns. J Comp. Neurol.
497, 251-269.

Afonso-Oramas, D., Cruz-Muros, 1., Alvarez de la Rosa, D., Abreu, P, Giraldez, T., Castro-
Hernédndez, J., Salas-Hernandez, J., Lanciego, J.L., Rodriguez, M., Gonzédlez-Hern4dndez, T. 2009
Dopamine transporter glycosylation correlates with the vulnerability of midbrain dopaminergic cells
in Parkinson's disease. Neurobiol. Dis. 36, 494-508.

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

Albers, D.S., Sonsalla, P.K. 1995 Methamphetamine-induced hyperthermia and dopaminergic
neurotoxicity in mice: pharmacological profile of protective and nonprotective agents. J Pharmacol
Exp Ther 275: 1104-14.

Alles, G.A. 1993 The comparative physiological actions of the DL-B-phenylisopropylamines. I.
Pressor effect and toxicity. J. Pharmacol. Exp. Ther. 47, 339-354.

Aloisi, F. 2001 Immune function of microglia. Glia 36, 165—179.

Alves, E., Summavielle, T., Alves, C.J., Gomes-da-Silva, J., Barata, J.C., Fernandes, E., de
Lourdes, Bastos, M., Tavares, M.A., Carvalho, F. 2007 Monoamine oxidase-B mediates ecstasy-
induced neurotoxic effects to adolescent rat brain mitochondria. J. Neurosci. 27, 10203-10210.

Andres, M.A., Cooke, .M., Bellinger, F.P., Berry, M.J., Zaporteza, M.M., Rueli, R.H., Barayuga,
S.M., Chang, L. 2015 Methamphetamine acutely inhibits voltage-gated calcium channels but
chronically up-regulates L-type channels.J Neurochem. doi: 10.1111/jnc.13104.

Angoa-Pérez, M., Kane, M.J., Briggs, D.I., Francescutti, D.M., Sykes, C.E., Shah, M.M., Thomas,
D.M., Kuhn, D.M. 2013 Mephedrone does not damage dopamine nerve endings of the striatum, but
enhances the neurotoxicity of methamphetamine, amphetamine, and MDMA. J Neurochem.
125:102-10.

Angulo, J.A., Angulo, N., Yu, J. 2004 Antagonists of the neurokinin-1 or dopamine D1 receptors
confer protection from methamphetamine on dopamine terminals of the mouse striatum. Ann. N 'Y
Acad. Sci. 1025, 171-180.

Anneken, J.H., Cunningham, J.I., Collins, S.A., Yamamoto, B.K., Gudelsky, G.A. 2013 MDMA
increases glutamate release and reduces parvalbumin-positive GABAergic cells in the dorsal
hippocampus of the rat: role of cyclooxygenase. J. Neuroimmune Pharmacology 8, 58—65.

38
Page 39 of 82



Ares-Santos, S., Granado, N., Oliva, 1., O'Shea, E., Martin, E.D., Colado, M.I., Moratalla, R. 2012
Dopamine D(1) receptor deletion strongly reduces neurotoxic effects of methamphetamine.
Neurobiol. Dis. 45, 810-820.

Ares-Santos, S., Granado, N., Moratalla, R. 2013 The role of dopamine receptors in the
neurotoxicity of methamphetamine. J. Intern. Med. 273, 437-453.

Ares-Santos, S., Granado, N., Espadas, I., Martinez-Murillo, R., Moratalla, R. 2014
Methamphetamine causes degeneration of dopamine cell bodies and terminals of the nigrostriatal
pathway evidenced by silver staining. Neuropsychopharmacology 39, 1066-1080.

Bai, F., Jones, D.C., Lau, S.S., Monks, T.J. 2001 Serotonergic neurotoxicity of 3.,4-(+/-)-
methylenedioxyamphetamine and  3,4-(4/-)-methylenedioxymethamphetamine  (Ecstasy) is
potentiated by inhibition of gamma-glutamyl transpeptidase. Chem. Res. Toxicol.14, 863—-870.

Barbosa, D.J., Capela, J.P., Silva, R., Ferreira, L.M., Branco, P.S., Fernandes, E., Bastos, M.L.,
Carvalho, F. 2014 "Ecstasy"-induced toxicity in SH-SYSY differentiated cells: role of hyperthermia
and metabolites. Arch. Toxicol. 88, 515-531.

Barcia, C., Ros, C.M., Annese, V., Gomez, A., Ros-Bernal, F., Aguado-Year, D., Martinez-Pagén,
M.E., de Pablos, V., Fernandez-Villalba, E., Herrero, M.T. 2011 IFN-y signaling, with the
synergistic contribution of TNF-o, mediates cell specific microglial and astroglial activation in
experimental models of Parkinson's disease. Cell. Death Dis. 2, e142.

Battaglia, G., Yeh, S.Y., O'Hearn, E., Molliver, M.E., Kuhar, M.J., De Souza, E.B. 1987 3,4-
Methylenedioxymethamphetamine and  3,4-methylenedioxyamphetamine destroy serotonin
terminals in rat brain: quantification of neurodegeneration by measurement of [3H]paroxetine-
labeled serotonin uptake sites. J. Pharmacol. Exp. Ther. 242, 911-916.

Battaglia, G., Fornai, F., Busceti, C.L., Aloisi, G., Cerrito, F., De Blasi, A., Melchiorri, D.,
Nicoletti, F. 2002. Selective blockade of mGluS metabotropic glutamate receptors is protective
against methamphetamine neurotoxicity. J. Neurosci. 22, 2135-2141.

Bauernfeind, A.L., Dietrich, M.S., Blackford, J.U., Charboneau, E.J., Lillevig, J.G., Cannistraci,
C.J., Woodward, N.D., Cao, A., Watkins, T., Di Iorio, C.R.,Cascio, C., Salomon, R.M., Cowan, R.L.
2011 Human Ecstasy use is associated with increased cortical excitability: an fMRI study.
Neuropsychopharmacology 36, 1127-1141.

Beaulieu, J., Gainetdinov, R.R. 2011 The physiology, signaling, and pharmacology of dopamine
receptors. Pharmacol. Rev. 63, 182-217.

Beauvais, G., Atwell, K., Jayanthi, S., Ladenheim, B., Cadet, J.L. 2011 Involvement of dopamine
receptors in binge methamphetamine-induced activation of endoplasmic reticulum and
mitochondrial stress pathways. PLoS One 6, €28946.

39

Page 40 of 82


http://www.ncbi.nlm.nih.gov/pubmed/23600399
http://www.ncbi.nlm.nih.gov/pubmed/23600399
http://www.ncbi.nlm.nih.gov/pubmed/23600399
http://www.ncbi.nlm.nih.gov/pubmed/24169803
http://www.ncbi.nlm.nih.gov/pubmed/24169803

Benamar, K., Geller, E.B., Adler, M.\W. 2008 A new brain area affected by 34
methylenedioxymethamphetamine: a microdialysis-biotelemetry study. Eur. J. Pharmacol. 596, 84—
88.

Benningfield, M.M., Cowan, R.L. 2013 Brain serotonin function in MDMA (ecstasy) users:
evidence for persisting neurotoxicity. Neuropsychopharmacology 38, 253-255.

Benzenhofer, U., Passie, T. 2010 Rediscovering MDMA (ecstasy): the role of the American chemist
Alexander T. Shulgin. Addiction 105, 1355-1361.

Bezard, E., Gerlach, 1., Moratalla, R., Gross, C.E., Jork, R. 2006 5-HT1A receptor agonist-mediated
protection from MPTP toxicity in mouse and macaque models of Parkinson's disease. Neurobiol
Dis. 23:77-86.

Bisagno V, Cadet J L, 2014 Methamphetamine and MDMA Neurotoxicity: Biochemical and
Molecular Mechanisms. Handbook of Neurotoxicity, DOI 10.1007/978-1-4614-5836-4_80.

Block, M.L., Zecca, L., Hong, J.S. 2007 Microglia-mediated neurotoxicity: uncovering the
molecular mechanisms. Nat. Rev. Neurosci. 8, 57-69.

Bourne, J.A. 2001 SCH 23390: the first selective dopamine D1-like receptor antagonist. CNS Drug
Rev. 7,399414.

Bowyer, J.F., Holson, R.R., Miller, D.B., O'Callaghan, J.P. 2001. Phenobarbital and dizocilpine can
block methamphetamine-induced neurotoxicity in mice by mechanisms that are independent of
thermoregulation. Brain Res. 919, 179-183.

Bowyer J.F., Robinson, B., Ali. S., Schmued, L.C. 2008 Neurotoxic-related changes in tyrosine
hydroxylase, microglia, myelin, and the blood-brain barrier in the caudate-putamen from acute
methamphetamine exposure. Synapse. 62:193-204.

Brodkin, J., Malyala, A., Nash, J.F. 1993 Effect of acute monoamine depletion on 3,4-
methylenedioxymethamphetamine-induced neurotoxicity. Pharmacol.Biochem.Behav. 45, 647-653.

Broening, H.W., Morford, L.L., Vorhees, C.V. 2005 Interactions of dopamine D1 and D2 receptor
antagonists with D-methamphetamine-induced hyperthermia and striatal dopamine and serotonin
reductions. Synapse 56, 84-93.

Bronstein, D.M., Hong, J.S. 1995 Effects of sulpiride and SCH 23390 on methamphetamine-
induced changes in body temperature and lethality. J. Pharmacol. Exp. Ther. 274, 943-950.

Brown, J.M., Yamamoto, B.K. 2003 Effects of amphetamines on mitochondrial function: role of
free radicals and oxidative stress. Pharmacol Ther 99: 45-53.

40

Page 41 of 82



Brown, J.M., Quinton, M.S., Yamamoto, B.K. 2005 Methamphetamineinduced inhibition of
mitochondrial complex II: roles of glutamate and peroxynitrite. J Neurochem 95: 429-36.

Brown, J.M., Gouty, S., Iyer, V., Rosenberger, J., Cox, B.M. 2006 Differential protection against
MPTP or methamphetamine toxicity in dopamine neurons by deletion of ppN/OFQ expression. J.
Neurochem. 98, 495-505.

Bruno, V., Scapagnini, U., Canonico PL. 1993 “Excitatory amino acids and neurotoxicity.”Funct.
Neurol. 8, 279-292.

Buchert, R., Thomasius, R., Petersen, K., Wilke, F., 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. Imaging33, 188-199.

Burke, R.E., Baimbridge, K.G. 1993 Relative loss of the striatal striosome compartment, defined by
calbindin-D28k immunostaining, following developmental hypoxic-ischemic injury. Neuroscience
56, 305-315.

Biittner, A., Weis, S. 2006 Neuropathological alterations in drug abusers: The involvement of
neurons, glial, and vascular systems. Forensic Sci Med Pathol. 2:115-26.

Biittner, A. 2011. Review: The neuropathology of drug abuse. Neuropathol Appl Neurobiol. 37:118-
34.

Cadet, J.L., Brannock, C. 1998 Free radicals and the pathobiology of brain dopamine systems.
Neurochem Int 32: 117-31.

Cadet, J.L., Thiriet, N., Jayanthi, S. 2001 Involvement of free radicals in MDMA-induced
neurotoxicity in mice. Ann Med Interne (Paris).152 Suppl 3, IS57-9.

Cai, N.S., Cadet, J.L. 2008 The combination of methamphetamine and of the HIV protein, Tat,
induces death of the human neuroblastoma cell line, SH-SYS5Y. Synapse. 62:551-2.

Caligiuri, M.P., Buitenhuys, C. 2005 Do preclinical findings of methamphetamine-induced motorcv
abnormalities translate to an observable clinical phenotype? Neuropsychopharmacology. 30:2125—
34.

Callaghan, R.C., Cunningham, J.K., Sajeev, G., Kish, S.J. 2010 Incidence of Parkinson’s disease
among hospital patients with methamphetamine-use disorders. Mov.Disord. 25, 2333-2339.

Callaghan, R. C., Cunningham, J. K., Sykes, J., Kish, S. J. 2012 Increased risk of Parkinson’s
disease in individuals hospitalized with conditions related to the use of methamphetamine or other
amphetamine-type drugs. Drug Alcohol Depend. 120, 35-40.

41

Page 42 of 82



Callier, S., Snapyan, M., Crom, S., Prou, D., Vincent, J-D., Vernier, P. 2003 Evolution and cell
biology of dopamine receptors in vertebrates. Biol. Cell 95, 489-502.

Capela, J.P., Meisel, A., Abreu, A.R., Branco, P.S., Ferreira, L.M., Lobo, A.M., Remiao, F., Bastos,
M.L., Carvalho, F. 2006a Neurotoxicity of Ecstasy metabolites in rat cortical neurons, and
influence of hyperthermia. J. Pharmacol. Exp. Ther. 316, 53-61.

Capela, J.P., Ruscher, K., Lautenschlager, M., Freyer, D., Dirnagl, U., Gaio, A.R., Bastos, M.L.,
Meisel, A., Carvalho, F. 2006b Ecstasy-induced cell death in cortical neuronal cultures is serotonin
2A-receptor dependent and potentiated under hyperthermia. Neuroscience 139, 1069-1081.

Capela, J.P., Carmo, H., Remiao, F., Bastos, M.L., Meisel, A., Carvalho, F. 2009 Molecular and
cellular mechanisms of ectasy-induced neurotoxicity: an overview. Mol. Neurobiol.39, 210-271.

Cappon, G.D., Pu, C., Vorhees, C.V. 2000 Time-course of methamphetamine-induced neurotoxicity
in rat caudate-putamen after single-dose treatment. Brain Res. 863: 106-11.

Carmena, A., Granado, N., Ares-Santos, S., Alberquilla, S., Tizabi, Y., Moratalla, R.
2015Methamphetamine-Induced Toxicity in Indusium Griseum of Mice is Associated with Astro-
and Microgliosis.Neurotox. Res. 27, 209-216

Chang, L., Alicata, D., Ernst, T., Volkow, N. 2007 Structural and metabolic brain changes in the
striatum associated with methamphetamine abuse. Addiction 102, 16-32.

Chen, J., Rusnak, M., Luedtke, R.R., Sidhu, A. 2004 D1 dopamine receptor mediates dopamine-
induced cytotoxicity via the ERK signal cascade. J. Biol. Chem. 279, 39317-39330.

Chen, L., Huang, E., Wang, H., Qiu, P., Liu, C. 2013 RNA interference targeting o-synuclein
attenuates methamphetamine-induced neurotoxicity in SH-SYS5Y cells.Brain Res. 1521, 59-67.

Chipana, C., Torres, 1., Camarasa, J., Pubill, D., Escubedo, E. 2008. Memantine protects against
amphetamine derivatives-induced neurotoxic damage in rodents. Neuropharmacology. 54, 1254—
1263.

Chomchai, C., Na Manorom, N., Watanarungsan, P., Yossuck, P., Chomchai, S. 2010
Methamphetamine abuse during pregnancy and its health impact on neonates born at Siriraj
Hospital, Bangkok, Thailand.". Southeast Asian J. Trop. Med. Public Health 35, 228-231.

Christine, C.W., Garwood, E.R., Schrock, L.E., Austin, D.E., McCulloch, C.E. 2010 Parkinsonism
in patients with a history of amphetamine exposure. Mov.Disord. 25, 228-231.

42

Page 43 of 82


http://www.ncbi.nlm.nih.gov/pubmed/25492248
http://www.ncbi.nlm.nih.gov/pubmed/25492248
http://www.ncbi.nlm.nih.gov/pubmed/23688541
http://www.ncbi.nlm.nih.gov/pubmed/23688541

Chu, P-W., Hadlock, G.C., Vieira-Brock, P., Stout, K., Hanson, G.R., Fleckenstein, A.E. 2010
Methamphetamine alters vesicular monoamine transporter-2 function and potassium-stimulated
dopamine release. J] Neurochem. 115, 325-332.

Cisneros, LE., Ghorpade, A. 2012 HIV-1, methamphetamine and astrocyte glutamate regulation:
combined excitotoxic implications for neuro-AIDS. Curr HIV Res. 10:392-406.

Colado, M., Williams, J., Green, A. 1995 The hyperthermic and neurotoxic effects of “ecstasy”
(MDMA) and 3,4 methylenedioxyamphetamine (MDA) in the dark agouti (DA) rat, a model of the
cyp2d6 poor metabolizer phenotype. Br. J. Pharmacol. 115, 1281-1289.

Colado, M.I., Granados, R., O’Shea, E., Esteban, B., Green, A.R. 1998 Role of hyperthermia in the
protective action of chlomethiazole against MDMA (“ecstasy”)-induced neurodegeneration,
comparison with the novel NMDA channel blocker AR-R15896AR. Br. J. Pharmacol. 124, 479—
484.

Colado, M.I., Camarero, J., Mechan, A.O., Sanchez, V., Esteban, B., Elliott, J.M., Green, A.R. 2001
A study of the mechanisms involved in the neurotoxic action of 34-
methylenedioxymethamphetamine (MDMA, 'ecstasy') on dopamine neurones in mouse brain. Br. J.
Pharmacol. 134, 1711-1723.

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

Costa, G., Frau, L., Wardas, J., Pinna, A., Plumitallo, A., Morelli, M. 2013 MPTP-induced
dopamine neuron degeneration and glia activation is potentiated in MDMA-pretreated mice.
Mov.Disord. 28, 1957-1965.

Costa, G., Simola, N., Morelli, M. 2014 MDMA administration during adolescence exacerbates
MPTP-induced cognitive impairment and neuroinflammation in the hippocampus and prefrontal
cortex. Psychopharmacology 231, 4007-4018.

Cox, B.M., Shah, M.M., Cichon, T., Tancer, M.E., Galloway, M.P., Thomas, D.M., Perrine, S.A.
2014 Behavioral and neurochemical effects of repeated MDMA administration during late
adolescence in the rat. Progr.Neuropsychopharmacol. Biol. Psychiatry 48, 229-235.

Cozzi, N.V., Sievert, M.K., Shulgin, A.T., Jacob, P. 3rd, Ruoho, A.E. 1999 Inhibition of plasma
membrane monoamine transporters by beta-ketoamphetamines. Eur. J. Pharmacol. 381, 63-9.

Crawford, C.A., Williams, M.T., Kohutek, J.L., Choi, FY., Yoshida, S.T., McDougall, S.A.,
Vorhees, C.V. 2006 Neonatal 3,4-methylenedioxymethamphetamine (MDMA) exposure alters
neuronal protein kinase A activity, serotonin and dopamine content, and [35S]GTPgammaS binding
in adult rats. Brain Res. 1077, 178-186.

43
Page 44 of 82



Cubells, J.E., Rayport, S., Rajendran, G., Sulzer, D. 1994 Methamphetamine neurotoxicity involves
vacuolation of endocytic organelles and dopamine-dependent intracellular oxidative stress. J
Neurosci.14, 2260-2271.

Cunningham, J.K., Liu, L.M. 2003 Impacts of federal ephedrine and pseudoephedrine regulations
on methamphetamine-related hospital admissions. Addiction 98, 1229-1237.

Cunningham, J.K., Liu, L.M. 2008 Impact of methamphetamine precursor legislation, a suppression
policy, on the demand for drug treatment. Social Science & Medicine 66, 1463-1473.

Cunningham, J.K., Liu, L.M., Muramoto, M. 2008 Methamphetamine suppression and route of
administration: precursor regulation impacts on snorting, smoking, swallowing and injecting.
Addiction 103, 1174-1186.

Cunningham, J.K., Thielemeir, M.A. 1996 Amphetamine-Related Emergency Admissions: Trends
and Regional Variations in California (1985-1994). Public Statistics Institute.

Curtin, K., Fleckenstein, A.E., Robison, R.J., Crookston, M.J., Smith, K.R., Hanson, G.R. 2015
Methamphetamine/amphetamine abuse and risk of Parkinson's disease in Utah: a population-based
assessment. Drug Alcohol Depend. 146, 30-38.

Dafters, R.I., Emily, L. 1998 Persistent loss of thermoregulation in the rat induced by 3,4-
methylenedioxymethamphetamine (MDMA or “ecstasy”) but not by fenfluramine.
Psychopharmacology 138, 207-212.

Darmopil, S., Martin, A.B., De Diego, LR., Ares, S., Moratalla, R. 2009 Genetic inactivation of
dopamine D1 but not D2 receptors inhibits L-DOPA-induced dyskinesia and histone activation.
Biol. Psychiatry 66, 603—-613.

Darvas, M., Palmiter, R.D. 2009 Restriction of dopamine signaling to the dorsolateral striatum is
sufficient for many cognitive behaviors. Proc. Natl. Acad. Sci. USA 106, 14664—14669.

Darvas, M., Palmiter, R.D. 2010 Restricting dopaminergic signaling to either dorsolateral or medial
striatum facilitates cognition. J Neurosci. 30, 1158-1165.

Daumann, J., Fischermann, T., Heekeren, K., Thron, A., Gouzoulis-Mayfrank, E. 2004 Neural
mechanisms of working memory in ecstasy (MDMA) users who continue or discontinue ecstasy
and amphetamine use: evidence from an 18-month longitudinal functional magnetic resonance
imaging study. Biol. Psychiatry 56, 349-355.

Daumann, J., Fischermann, T., Heekeren, K., Henke, K., Thron, A., Gouzoulis-Mayfrank, E. 2005
Memory-related hippocampal dysfunction in poly-drug ecstasy (3,4-
methylenedioxymethamphetamine) users. Psychopharmacology 180, 607-611.

44

Page 45 of 82



Davison, D., Parrott, A.C. 1997 Ecstasy (MDMA) in Recreational Users: Self-Reported
Psychological and Physiological Effects. Hum. Psychopharmacol. 12, 221-226.

De la Torre, R., Farré, M., Roset, PN., Lopez, C.H., Mas, M., Ortuiio, J., Menoyo, E., Pizarro, N.,
Segura, J., Cami, J. 2000 Pharmacology of MDMA in humans. Ann. N Y Acad. Sci. 914, 225-237.

De la Torre, R., Farré, M., Navarro, M., Pacifici, R., Zuccaro, P., Pichini, S. 2004 Clinical
pharmacokinetics of amfetamine and related substances monitoring in conventional and non-
conventional matrices.Clin.Pharmacokinet. 43, 157—185.

De Mei, C., Ramos, M., litaka, C., Borrelli, E. 2009 Getting specialized: presynaptic and
postsynaptic dopamine D2 receptors. Curr .Opin.Pharmacol. 9, 53-58.

Deng, X., Ladenheim, B., Jayanthi, S., Cadet, J.L. 2007 Methamphetamine administration causes
death of dopaminergic neurons in the mouse olfactory bulb. Biol Psychiatry. 61:1235-43.

Derlet, R.W., Heischober, B. 1990 Methamphetamine. Stimulant of the 1990s?West. J. Med. 153,
625-628.

De Vito, M.J., Wagner, G.C. 1989 Methamphetamine-induced neuronal damage: a possible role for
free radicals. Neuropharmacology 28: 1145-50.

Di Iorio, CR., Watkins, T.J., Dietrich, M.S., Cao, A., Blackford, J.U. 2012 Evidence for chronically
altered serotonin function in the cerebral cortex of female 3,4-methylenedioxymethamphetamine
polydrug users. Arch. Gen. Psychiatry 69, 399-409.

Dickinson, S.D., Sabeti, J., Larson, G.A., Giardina, K., Rubinstein, M., Kelly, M.A., Grandy, D.K.,
Low, M.J., Gerhardt, G.A., Zahniser, N.R. 1999 Dopamine D2 receptor-deficient mice exhibit
decreased dopamine transporter function but no changes in dopamine release in dorsal striatum. J.
Neurochem. 72, 148-156.

Donaldson, M., Goodchild, J.H. 2006 Oral health of the methamphetamine abuser. Am. J. Health-
Syst. Pharm. 63, 2078-2082.

Downey, L.A., Loftis, J.M. 2014 Altered energy production, lowered antioxidant potential, and
inflammatory processes mediate CNS damage associated with abuse of the psychostimulants
MDMA and methamphetamine. Eur. J. Pharmacol. 727, 125-129.

Downing, J. 1986. The psychological and physiological effects of MDMA on normal volunteers. J.
Psychoactive Drugs 18, 335-40.

Easton, N., Fry, J., O'Shea, E., Watkins, A., Kingston, S., Marsden, C.A. 2003 Synthesis, in vitro
formation, and behavioural effects of glutathione regioisomers of alpha-methyldopamine with
relevance to MDA and MDMA (ecstasy). Brain Res. 987, 144-154.

45
Page 46 of 82


http://www.ncbi.nlm.nih.gov/pubmed/24485894
http://www.ncbi.nlm.nih.gov/pubmed/24485894
http://www.ncbi.nlm.nih.gov/pubmed/24485894
http://www.ncbi.nlm.nih.gov/pubmed/24485894

Eisch, A.J., Marshall, J.F. 1998 Methamphetamine neurotoxicity: dissociation of striatal dopamine
terminal damage from parietal cortical cell body injury. Synapse 30, 433—445.

Escobedo, 1., O’Shea, E., Orio, L., Sanchez, V., Segura, M., de la Torre, R., Farre, M., Green, A.R.,
Colado, M.I. 2005 A comparative study on the acute and long-term effects of MDMA and 3.4-
dihydroxymethamphetamine (HHMA) on brain monoamine levels after i.p. or striatal
administration in mice. Br. J. Pharmacol. 144, 231-241.

Espadas, 1., Darmopil, S., Vergafio-Vera, E., Ortiz, O., Oliva, 1., Vicario-Abej6n, C.,Martin, E.D.,
Moratalla, R. 2012 L-DOPA-induced increase in TH-immunoreactive striatal neurons in
parkinsonian mice: insights into regulation and function. Neurobiol. Dis. 48, 271-281.

Esteban, B., O'Shea, E., Camarero, J., Sanchez, V., Green, A.R., Colado, M.I. 2001 3,4-
Methylenedioxymethamphetamine induces monoamine release, but not toxicity, when administered
centrally at a concentration occurring following a peripherally injected neurotoxic dose.
Psychopharmacology 154, 251-260.

Fantegrossi, W.E., Godlewski, T., Karabenick, R.L., Stephens, J.M., Ullrich, T., Rice, K.C., Woods,
J.H. 2003 Pharmacological characterization of the effects of 3,4-methylenedioxymethamphetamine
(“ecstasy”) and its enantiomers on lethality, core temperature, and locomotor activity in singly
housed and crowded mice. Psychopharmacology 166, 202-211.

Fantegrossi, W.E., Ciullo, J.R., Wakabayashi, K.T., De La Garza, R, 2nd, Traynor, J.R., Woods, J.H.
2008 A comparison of the physiological, behavioral, neurochemical and microglial effects of

methamphetamine and 3,4-methylenedioxymethamphetamine in the mouse. Neuroscience. 151:533-
43.

Farfel, G.M., Vosmer, G.L., Seiden, L.S. 1992 The antagonist MK- 801 protects against serotonin
depletions induced by methamphetamine 3,4-methylenedioxymethamphetamine and p-
chloroamphetamine. Brain Res. 595, 121-127.

Farfel, G.M., Seiden, L.S. 1995 Role of hypothermia in the mechanism of protection against
serotonergic toxicity. Il. Experiments with methamphetamine, p-chloroamphetamine, fenfluramine,
dizocilpine and dextromethorphan. J. Pharmacol. Exp. Ther. 272, 868—875.

Farré, M., de la Torre, R., Mathtina, B.O., Roset, P.N., Peir6, A.M., Torrens, M., Ortuiio, J., Pujadas,
M., Cami, J. 2004 Repeated doses administration of MDMA in humans: pharmacological effects
and pharmacokinetics. Psychopharmacology 173, 364-375.

Faunt, J.E., Crocker, A.D. 1987 The effects of selective dopamine receptor agonists and antagonists
on body temperature in rats. Eur. J. Pharmacol. 133, 243-247.

46
Page 47 of 82



Ferreira, P.S., Nogueira, T.B., Costa, V.M., Branco, P.S., Ferreira, L.M., Fernandes, E., Bastos,
M.L., Meisel, A., Carvalho, F., Capela, J.P. 2013 Neurotoxicity of “ecstasy” and its metabolites in
human dopaminergic differentiated SH-SYSY cells. Toxicol.Lett. 216, 159-170.

Finnegan, K.T., Skratt, J.J., Irwin, 1., Langston, J.W. 1989 The N-methyl-D-aspartate (NMDA)
receptor antagonist, dextrorphan, prevents the neurotoxic effects of 3,4-
methylenedioxymethamphetamine (MDMA) in rats. Neurosci.Lett. 105, 300-306.

Fischer, C., Hatzidimitriou, G., Wlos, J., Katz, J., Ricaurte, G. 1995 Reorganization of ascending 5-
HT axon projections in animals previously exposed to the recreational drug (+/-)3.4-
methylenedioxymethamphetamine (MDMA, "ecstasy"). J. Neurosci. 15, 5476-5485.

Flaum, M., Schultz, S.K. 1996 When does amphetamine-induced psychosis become schizophrenia?
Am. J. Psychiatry 153, 812-815.

Fornai, F., Lenzi, P., Frenzilli, G., Gesi, M., Ferrucci, M., Lazzeri, G., Biagioni, F., Nigro, M.,
Falleni, A., Giusiani, M., Pellegrini, A., Blandini, F., Ruggieri, S., Paparelli, A. 2004 DNA damage
and ubiquitinated neuronal inclusions in the substantia nigra and striatum of mice following MDMA
(ecstasy). Psychopharmacology 173, 353-363.

Frau, L., Simola, N., Morelli, M. 2013a Contribution of Caffeine to the Psychostimulant,
Neuroinflammatory and Neurotoxic Effects of Amphetamine-Related Drugs. J Caffeine Res. 3, 79-
84.

Frau, L., Simola, N., Plumitallo, A., Morelli, M. 2013b Microglial and astroglial activation by 3,4-
methylenedioxymethamphetamine (MDMA) in mice depends on S(+) enantiomer and is associated
with an increase in body temperature and motility. J. Neurochem. 124, 69-78.

Frederick, D.L., Ali, S.F., Slikker, W., Gillam, M.P., Allen, R.R., Paule, M.G. 1995 Behavioral and
neurochemical effects of chronic methylenedioxymethamphetamine (MDMA) treatment in rhesus
monkeys. Neurotoxicol.Teratol. 17, 531-543.

Frederick, D.L., Ali, S.F., Gillam, M.P., Gossett, J., Slikker, W., Paule, M.G. 1998 Acute effects of
fexfenfluramine (D-FEN) and methylenedioxymethamphetamine (MDMA) before and after short-
course, high-dose treatment. Ann. N Y Acad. Sci. 844, 183-190.

Freudenmann, R.W., Oxler, F., Bernschneider-Reif, S. 2006 The origin of MDMA (ecstasy)
revisited: The true story reconstructed from the original documents. Addiction 101, 1241-1245.

Friend, D.M., Keefe, K.A. 2013 A role for D1 dopamine receptors in striatal methamphetamine-
induced neurotoxicity. Neurosci.Lett. 555, 243-247.

47

Page 48 of 82



Fuller, R.W., Hemrick-Luecke, S.K., Ornstein, P.L.. 1992.Protection against amphetamine-induced
neurotoxicity toward striatal dopamine neurons in rodents by LY274614, an excitatory amino acid
antagonist.Neuropharmacology. 31, 1027-1032.

Fumagalli, F., Gainetdinov, R.R., Valenzano, K.J., Caron, M.G. 1998 Role of dopamine transporter
in methamphetamine-induced neurotoxicity: evidence from mice lacking the transporter. J.
Neurosci. 18, 4861-4869.

Fumagalli, F., Gainetdinov, R.R., Wang, Y.M., Valenzano, K.J., Miller, G.W., Caron, M.G. 1999
Increased methamphetamine neurotoxicity in heterozygous vesicular monoamine transporter 2
knock-out mice. J Neurosci 19: 2424-31.

Gangarossa, G., Longueville, S., De Bundel, D., Perroy, J., Hervé, D., Girault, J.A., Valjent, E. 2012
Characterization of dopamine D1 and D2 receptor-expressing neurons in the mouse hippocampus.
Hippocampus 22, 2199-2207.

Gao, H.M., Hong, J.S. 2008 Why neurodegenerative diseases are progressive: uncontrolled
inflammation drives disease progression. Trends Immunol. 29, 357-365.

Garwood, E.R., Bekele, W., McCulloch, C.E., Christine, C.W. 2006 Amphetamine exposure is
elevated in Parkinson’s disease. Neurotoxicology 27, 1003—1006.

Gaugler, M.N., Genc, O., Bobela, W., Mohanna, S., Ardah, M.T., El-Agnaf, O.M., Cantoni, M.,
Bensadoun, J.C., Schneggenburger, R., Knott, G.W., Aebischer, P., Schneider, B.L. 2012
Nigrostriatal overabundance of a-synuclein leads to decreased vesicle density and deficits in
dopamine release that correlate with reduced motor activity.Acta Neuropathol. 123, 653-669.

Giros, B., Sokoloff, P., Martres, M.P., Riou, J.F., Emorine, L.J., Schwartz, J.C. 1989 Alternative
splicing directs the expression of twoD2 dopamine receptor isoforms. Nature 342, 923-926.

Golembiowska, K., Konieczny, J., Wolfarth, S., Ossowska, K. 2003. Neuroprotective action of
MPEP, a selective mGluRS antagonist, in methamphetamine-induced dopaminergic neurotoxicity is
associated with a decrease in dopamine outflow and inhibition of hyperthermia in rats.
Neuropharmacology. 45, 484-492.

Gonzalez-Aparicio, R., Moratalla, R. 2014 Oleoylethanolamide reduces L-DOPA-induced
dyskinesia via TRPV1 receptor in a mouse model of Parkinson’s disease. Neurobiol Dis. 62,416-25.

Gordon, C.J., Watkinson, W.P., O'Callaghan, J.P., Miller, D.B. 1991 Effects of 3,4-
methylenedioxymethamphetamine on autonomic thermoregulatory responses of the rat.
Pharmacol.Biochem.Behav. 38, 339-344.

Gorska, A.M., Noworyta-Sokotowska, K., Gotembiowska, K. 2014a The effect of caffeine on

MDMA-induced hydroxyl radical production in the mouse striatum. Pharmacol. Rep. 66, 718-721.

48
Page 49 of 82


http://www.ncbi.nlm.nih.gov/pubmed/22361813
http://www.ncbi.nlm.nih.gov/pubmed/22361813

Gorska, A.M., Gotembiowska, K. 2014b The Role of Adenosine A1 and A2A Receptors in the
Caffeine Effect on MDMA-Induced DA and 5-HT Release in the Mouse Striatum.
Neurotox.Res..DOI 10.1007/s12640-014-9501-0.

Gouzoulis-Mayfrank, E., Thimm, B., Rezk, M., Hensen, G., Daumann, J. 2003 Memory impairment
suggests hippocampal dysfunction in abstinent ecstasy users. Prog.Neuropsychopharmacol. Biol.
Psychiatry27, 819—827.

Granado, N., Ortiz, O., Sudrez, L.M., Martin, E.D., Cena, V., Solis, J.M., Moratalla, R. 2008a D1
but not D5 dopamine receptors are critical for LTP, spatial learning, and LTP-Induced arc and
zif268 expression in the hippocampus. Cereb. Cortex 18, 1-12.

Granado, N., O'Shea, E., Bove, J., Vila, M., Colado, M.I., Moratalla, R. 2008b Persistent MDMA -
induced dopaminergic neurotoxicity in the striatum and substantia nigra of mice. J. Neurochem.
107, 1102-1112.

Granado, N., Escobedo, 1., O'Shea, E., Colado, 1., Moratalla, R. 2008c Early loss of dopaminergic
terminals in striosomes after MDMA administration to mice. Synapse 62, 80-84.

Granado, N., Ares-Santos, S., O’Shea, E., Vicario-Abejon, C., Colado, M.I., Moratalla, R. 2010
Selective vulnerability in striosomes and in the nigrostriatal dopaminergic pathway after
methamphetamine administration: early loss of TH in striosomes after methamphetamine.
Neurotox. Res. 18, 48-58.

Granado, N., Ares-Santos, S., Oliva, 1., O'Shea, E., Martin, E.D., Colado, M.I., Moratalla, R. 2011a
Dopamine D2-receptor knockout mice are protected against dopaminergic neurotoxicity induced by
methamphetamine or MDMA. Neurobiol. Dis. 42, 391-403.

Granado, N., Lastres-Becker, 1., Ares-Santos, S., Oliva, 1., Martin, E., Cuadrado, A.,Moratalla, R.
2011b Nrf2 deficiency potentiates methamphetamine-induced dopaminergic axonal damage and
gliosis in the striatum. Glia. 59, 1850-1863

Granado, N., Ares-Santos, S., Moratalla, R. 2013 Methamphetamine and Parkinson's
disease.Parkinsons Dis. 2013, 308052.

Granado, N., Ares-Santos, S., Moratalla, R. 2014 D1 but not D4 dopamine receptors are critical for
MDMA -induced neurotoxicity in mice. Neurotox. Res. 25, 100-109.

Grant, K.M., LeVan, T.D., Wells, S M., Li, M., Stoltenberg, S.F., Gendelman, H.E., Carlo, G.,
Bevins, R.A. 2012 Methamphetamine-associated psychosis. J. Neuroimmune Pharmacol. 7, 113-
139.

49
Page 50 of 82


http://www.ncbi.nlm.nih.gov/pubmed/?term=Grant%20KM%5BAuthor%5D&cauthor=true&cauthor_uid=21728034
http://www.ncbi.nlm.nih.gov/pubmed/?term=LeVan%20TD%5BAuthor%5D&cauthor=true&cauthor_uid=21728034
http://www.ncbi.nlm.nih.gov/pubmed/?term=Wells%20SM%5BAuthor%5D&cauthor=true&cauthor_uid=21728034
http://www.ncbi.nlm.nih.gov/pubmed/?term=Li%20M%5BAuthor%5D&cauthor=true&cauthor_uid=21728034
http://www.ncbi.nlm.nih.gov/pubmed/?term=Stoltenberg%20SF%5BAuthor%5D&cauthor=true&cauthor_uid=21728034
http://www.ncbi.nlm.nih.gov/pubmed/?term=Gendelman%20HE%5BAuthor%5D&cauthor=true&cauthor_uid=21728034
http://www.ncbi.nlm.nih.gov/pubmed/?term=Carlo%20G%5BAuthor%5D&cauthor=true&cauthor_uid=21728034
http://www.ncbi.nlm.nih.gov/pubmed/?term=Bevins%20RA%5BAuthor%5D&cauthor=true&cauthor_uid=21728034

Green, A.R., De Souza, R.J., Williams, J.L., Murray, T.K., Cross, A.J. 1992. The neurotoxic effects
of methamphetamine on 5-hydroxytryptamine and dopamine in brain: evidence for the protective
effect of chlormethiazole. Neuropharmacology. 31, 315-321.

Green, A.R., McGregor, L.S. 2002 On the anxiogenic and anxiolytic nature of long-term cerebral 5-
HT depletion following MDMA. Psychopharmacology164, 448—450.

Green, A.R., Mechan, A.O., Elliott, J.M., O'Shea, E., Colado, M.I. 2003 The pharmacology and
clinical pharmacology of 3,4-methylenedioxymethamphetamine (MDMA, "ecstasy"). Pharmacol.
Rev.55, 463-508.

Green, A.R., O'shea, E., Colado, M.I. 2004 A review of the mechanisms involved in the acute
MDMA (ecstasy)-induced hyperthermic response. Eur. J. Pharmacol. 500, 3-13.

Green, A.R., O’Shea, E., Saadat, K.S., Elliott, J.M., Colado, M.I. 2005 Studies on the effect of
MDMA (‘ecstasy’) on the body temperature of rats housed at different ambient room temperatures.
Br. J. Pharmacol. 146, 306-312.

Green, A.R., King, M.V., Shortall, S.E., Fone, K.C. 2012 Lost in translation: preclinical studies on
3,4-methylenedioxymethamphetamine provide information on mechanisms of action, but do not
allow accurate prediction of adverse events in humans. Br. J. Pharmacol. 166, 1523-1536.

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

Gross, N.B., Duncker, P.C., Marshall, J.F. 2011 Striatal dopamine D1 and D2 receptors: widespread
influences on methamphetamine-induced dopamine and serotonin neurotoxicity. Synapse 65, 1144—
1155.

Gudelsky, G.A., Koenig, J.I., Jackman, H., Meltzer, H.Y. 1986 Suppression of the hypo- and
hyperthermic responses to 5-HT agonists following the repeated administration of monoamine
oxidase inhibitors. Psychopharmacology 90, 403-407.

Gudelsky, G.A. 1996  Effect of  ascorbate and cysteine on the  3,4-
methylenedioxymethamphetamine- induced depletion of brain serotonin. J. Neural Transm. 102,
1397-1404.

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

Guilarte, T.R., Nihei, M.K., McGlothan, J.L., Howard, A.S. 2003. Methamphetamine-induced
deficits of brain monoaminergic neuronal markers: distal axotomy or neuronal plasticity.
Neuroscience 122, 499-513.

50
Page 51 of 82



Guillot, T.S., Shepherd, K.R., Richardson, J.R., Wang, M.Z., Li, Y., Emson, P.C., Miller, G.W. 2008
Reduced vesicular storage of dopamine exacerbates methamphetamine-induced neurodegeneration
and astrogliosis. J. Neurochem. 106, 2205-2217.

Hadlock, G.C., Chu, P., Walters, E.T., Hanson, G.R., Fleckenstein, A.E. 2010 Methamphetamine-
induced dopamine transporter complex formation and dopaminergic deficits: the role of D2 receptor
activation. J. Pharmacol. Exp. Ther. 335, 207-212.

Hall, A.P., Henry, J.A. 2006 Acute toxic effects of 'Ecstasy’ (MDMA) and related compounds:
overview of pathophysiology and clinical management. Br. J.Anaesth. 96, 678-685.

Hansen, J.P., Riddle, E.L., Sandoval, V., Brown, J.M., Gibb, J.W., Hanson, G.R., Fleckenstein,
A.E. 2002Methylenedioxymethamphetamine decreases plasmalemmal and vesicular dopamine
transport: mechanisms and implications for neurotoxicity. J Pharmacol Exp Ther 300: 1093—-100.

Hardman, H.F., Haavik, C.O., Stephens, M.H. 1973 Relationship of the structure of mescaline and
seven analogs to toxicity and behavior in five species of laboratory animals. Toxicol. Appl.
Pharmacol 25, 229-309.

Harris, D.S., Baggott, M., Mendelson, J.H., Mendelson, J.E., Jones, R.T. 2002 Subjective and
hormonal  effects of 3,4-methylenedioxymethamphetamine = (MDMA) in  humans.
Psychopharmacology 162, 396-405.

Harrison, A.A., Everitt, B.J., Robbins, T.W. 1997 Central 5-HT depletion enhances impulsive
responding without affecting the accuracy of attentional performance: interactions with
dopaminergic mechanisms. Psychopharmacology 133, 29-42.

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

Hayley, S., Poulter, M.O., Merali, Z., Anisman, H. 2005 The pathogenesis of clinical depression:
stressor- and cytokine-induced alterations of neuroplasticity. Neuroscience 135, 659-678.

Hedreen, J.C., Folstein, S.E. 1995 Early loss of neostriatal striosome neurons in Huntington’s
disease. J. Neuropathol. Exp. Neurol. 54, 105-120.

Hemmerle, A.M., Herman, J.P., Seroogy, K.B. 2012 Stress, depression and Parkinson’s disease.
Exp. Neurol. 233, 79-86.

Henley JM, Moratallo R, Hunt SP, Barnard EA. 1989 Localization and Quantitative
Autoradiography of Glutamatergic Ligand Binding Sites in Chick Brain. Eur J Neurosci. 1, 516-
523.

51
Page 52 of 82



Hernandez-Rabaza, V., Navarro-Mora, G., Velazquez-Sanchez, C., Ferragud, A., Marin, M.P.,
Garcia-Verdugo, J.M., Renau-Piqueras, J., Canales, J.J. 2010 Neurotoxicity and persistent cognitive
deficits induced by combined MDMA and alcohol exposure in adolescent rats. Addict. Biol. 15,
413-423.

Herndon, J.M., Cholanians, A.B., Lau, S.S., Monks, T.J. 2014 Glial cell response to 3,4-(+/-)-
methylenedioxymethamphetamine and its metabolites. Toxicol. Sci. 138, 130-138.

Hirata, H., Cadet, J.L. 1997 P53-Knockout mice are protected against the long-term effects of
methamphetamine on dopaminergic terminals and cell bodies. J. Neurochem. 69, 780—790.

Huang, W., Qiao, D., Qiu, P., Huang, E., Li, B., Chen, C., Liu, C., Wang, Q., Lin, Z., Xie, W.B.,
Wang, H. 2015 Caspase-11 plays an essential role in methamphetamine-induced dopaminergic
neuron apoptosis. Toxicol Sci. pii: kfv014.

Hurley, L.L., Tizabi, Y. 2013 Neuroinflammation, neurodegeneration, and depression.Neurotox.
Res. 23, 131-144.

Hurtig, H.I., Trojanowski, J.Q., Galvin, J., Ewbank, D., Schmidt, M.L., Lee, V.M., Clark, C.M.,
Glosser, G., Stern, M.B., Gollomp, S.M., Arnold, S.E. 2000 Alpha-synuclein cortical Lewy bodies
correlate with dementia in Parkinson's disease. Neurology 54, 1916-1921.

Imam, S.Z., Newport, G.D., Itzhak, Y., Cadet, J.L., Islam, E., Slikker, W. Jr., Ali, S.F. 2001
Peroxynitrite plays a role in methamphetamine-induced dopaminergic neurotoxicity: evidence from

mice lacking neuronal nitric oxide synthase gene or overexpressing copper-zinc superoxide
dismutase. J Neurochem. 76:745-9.

Insel, T.R., Battaglia, G., Johannessen, J.N., Marra, S., De Souza, E.B. 1989 34-
Methylenedioxymethamphetamine ("ecstasy") selectively destroys brain serotonin terminals in
rhesus monkeys. J. Pharmacol. Exp. Ther. 249, 713-720.

Iravani, M.M., Syed, E., Jackson, M.J., Johnston, L.C., Smith, L.A., Jenner, P. 2005 A modified
MPTP treatment regime produces reproducible partial nigrostriatal lesions in common marmosets.
Eur. J. Neurosci. 21, 841-854.

Itzhak, Y., Ali, S.F., Achat, C.N., Anderson, K.L. 2003 Relevance of MDMA ("ecstasy")-induced
neurotoxicity to long-lasting psychomotor stimulation in mice. Psychopharmacology 166, 241-248.

Izco, M., Gutierrez-Lopez, M.D., Marchant, 1., O'Shea, E., Colado, M.I. 2010 Administration of
neurotoxic doses of MDMA reduces sensitivity to ethanol and increases GAT-1 immunoreactivity in
mice striatum. Psychopharmacology 207, 671-679.

Jacobs, B.L., Fornal, C.A. 1999 Activity of serotonergic neurons in behaving animals.
Neuropsychopharmacology21, 9S—15S.

52
Page 53 of 82


http://www.ncbi.nlm.nih.gov/pubmed/22895696

Jayanthi, S., Ladenheim, B., Andrews, A.M., Cadet, J.L. 1999 Overexpression of human
copper/zinc superoxide dismutase in transgenic mice attenuates oxidative stress caused by
methylenedioxymethamphetamine (Ecstasy). Neuroscience91,1379-1387.

Jayanthi, S., Deng, X., Ladenheim, B., McCoy, M.T., Cluster, A., Cai, N.S., Cadet, J.L. 2005
Calcineurin/NFAT-induced up-regulation of the Fas ligand/Fas death pathway is involved in
methamphetamine-induced neuronal apoptosis. Proc. Natl. Acad. Sci. U S A 102, 868-873.

Jiang, J., Capitanio, J. 2014 The effects of a low and escalating dosing regimen of
methamphetamine on spontaneous behaviors of rhesus macaques (Macaca mulatta). Drug and
Alcohol Dependence. 140: e86—¢168.

Jiang, W., Li, J., Zhang, Z., Wang, H., Wang, Z. 2014 Epigenetic upregulation of alpha-synuclein in
the rats exposed to methamphetamine. Eur. J. Pharmacol. 745, 243-248.

Johnson, P.L., Hollis, J.H., Moratalla, R., Lightman, S.L., Lowry, C.A. 2005 Acute hypercarbic gas
exposure reveals functionally distinct subpopulations of serotonergic neurons in rats. J
Psychopharmacol.19, 327-41.

Khairnar, A., Plumitallo, A., Frau, L., Schintu, N., Morelli, M. 2010 Caffeine enhances astroglia and
microglia reactivity induced by 3,4-methylenedioxymethamphetamine (‘ecstasy') in mouse brain.
Neurotox. Res. 17, 435-439.

Khairnar, A., Frau, L., Plumitallo, A., Morelli, M, Simola, N. 2014 Antagonism of adenosine Al or
A2A receptors amplifies the effects of MDMA on glial activation in the mouse brain: relevance to
caffeine-MDMA interactions. J. Caffeine Res. 4, 41-47.

Kindlundh-Hogberg, A.M., Schitth, H.B., Svenningsson, P. 2007 Repeated intermittent MDMA
binges reduce DAT density in mice and SERT density in rats in reward regions of the adolescent
brain. Neurotoxicology 28, 1158-1169.

King, G., Alicata, D., Cloak, C., Chang, L. 2010. Psychiatric symptoms and HPA axis function in
adolescent methamphetamine users.J Neuroimmune Pharmacol. 5:582-91.

Kirkpatrick, M.G., Lee, R., Wardle, M.C., Jacob, S., de Wit, H. 2014 Effects of MDMA and
Intranasal oxytocin on social and emotional processing. Neuropsychopharmacology 39, 1654-1663.

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.J., Boileau, I. 2010 Decreased cerebral cortical serotonin transporter binding in ecstasy

users: a positron emission tomography/[(11)C]DASB and structural brain imaging study. Brain 133,
1779-1797.

53
Page 54 of 82


http://www.ncbi.nlm.nih.gov/pubmed/25445041
http://www.ncbi.nlm.nih.gov/pubmed/25445041

Kovics, G.G., Andé, R.D., Adori, C., Kirilly, E., Benedek, A., Palkovits, M., Bagdy, G. 2007 Single
dose of MDMA causes extensive decrement of serotoninergic fibre density without blockage of the

fast axonal transport in Dark Agouti rat brain and spinal cord. Neuropathol. Appl.Neurobiol. 33,
193-203.

Krasnova, LLN., Cadet, J.L. 2009 Methamphetamine toxicity and messengers of death. Brain Res.
Rev. 60, 379-407.

Krasnova, L.N., Marchant, N.J., Ladenheim, B., McCoy, M.T., Panlilio, L.V., Bossert, J.M.,
Shaham, Y., Cadet, J.L. 2014 Incubation of methamphetamine and palatable food craving after
punishment-induced abstinence. Neuropsychopharmacology. 39:2008-16.

Kvernmo, T., Hirtter, S., Burger, E. 2006 A review of the receptorbinding and pharmacokinetic
properties of dopamine agonists.Clin. Ther .28, 1065-1078.

Lam, H.A., Wu, N., Cely, L., Kelly, R.L., Hean, S., Richter, F., Magen, 1., Cepeda, C., Ackerson,
L.C., Walwyn, W., Masliah, E., Chesselet, M.F., Levine, M.S., Maidment, N.T. 2011 Elevated tonic
extracellular dopamine concentration and altered dopamine modulation of synaptic activity precede

dopamine loss in the striatum of mice overexpressing human a-synuclein. J. Neurosci. Res. 89,
1091-102.

Leonard, B.E. 2007 Inflammation, depression and dementia: are they connected? Neurochem. Res.
32, 1749-1756.

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, 231-238.

Li, S.X., Yan, S.Y., Bao, Y.P,, Lian, Z., Qu, Z., Wu, Y.P., Liu, Z.M.2013 Depression and
alterations in hypothalamic-pituitary-adrenal and hypothalamic-pituitary-thyroid axis function in
male abstinent methamphetamine abusers. Hum Psychopharmacol. 28:477-83.

Lim, S.A., Kang, U.J., McGehee, D.S. 2014 Striatal cholinergic interneuron regulation and circuit
effects. Front. Synaptic Neurosci. 21, 6-22.

Linnoila, M., Virkkunen, M., Scheinin, M., Nuutila, A., Rimon, R., Goodwin, FK. 1983 Low
cerebrospinal fluid 5-hydroxyindoleacetic acid concentration differentiates impulsive from
nonimpulsive violent behavior. Life Sci. 33, 2609-2614.

Lipton, S.A., Rosenberg, P.A. 1994 Mechanisms of disease: Excitatory amino acids as a final
common pathway for neurologic disorders. N. Engl. J. Med. 330(9), 613-622.

Liu, G., Zhang, C., Yin, J., Li, X., Cheng, F,, Li, Y., Yang, H., Uéda K., Chan, P., Yu, S. 2009 Alpha-
Synuclein is differentially expressed in mitochondria from different rat brain regions and dose-
dependently down-regulates complex I activity. Neurosci.Lett. 454, 187-192.

54
Page 55 of 82


http://www.ncbi.nlm.nih.gov/pubmed/21488084
http://www.ncbi.nlm.nih.gov/pubmed/21488084
http://www.ncbi.nlm.nih.gov/pubmed/21488084
http://www.ncbi.nlm.nih.gov/pubmed/21488084
http://www.ncbi.nlm.nih.gov/pubmed/25374536
http://www.ncbi.nlm.nih.gov/pubmed/25374536
http://www.ncbi.nlm.nih.gov/pubmed/25374536

Lopez-Rodriguez, A.B., Llorente-Berzal, A., Garcia-Segura, L.M., Viveros, M.P. 2014 Sex-
dependent long-term effects of adolescent exposure to THC and/or MDMA on neuroinflammation
and serotoninergic and cannabinoid systems in rats. Br. J. Pharmacol. 171, 1435-1447.

Lyles, J., Cadet, J.L. 2003 Methylenedioxymethamphetamine (MDMA, Ecstasy) neurotoxicity:
cellular and molecular mechanisms. Brain Res. Rev. 42, 155-168.

Malberg, J.E., Sabol, K.E., Seiden, L.S. 1996 Co-administration of MDMA with drugs that protect
against MDMA neurotoxicity produces different effects on body temperature in the rat. J.
Pharmacol. Exp. Ther. 278, 258-267.

Manning-Bog, A.B., Caudle, W.M., Perez, X.A., Reaney, S.H., Paletzki, R., Isla, M.Z., Chou, V.P.,
McCormack, A.L., Miller, G.W., Langston, J.W., Gerfen, C.R., Dimonte, D.A. 2007 Increased
vulnerability of nigrostriatal terminals in DJ-1-deficient mice is mediated by the dopamine
transporter. Neurobiol. Dis. 27, 141-150.

Martin, A.B., Fernandez-Espejo, E., Ferrer, B., Gorriti, M.A., Bilbao, A., Navarro, M., Rodriguez de
Fonseca, F., Moratalla, R. 2008 Expression and function of CB1 receptor in the rat striatum:
localization and effects on D1 and D2 dopamine receptor-mediated motor behaviors.
Neuropsychopharmacology 33, 1667-1679.

Mata, M.M., Napier, T.C., Graves, S.M., Mahmood, F., Raeisi, S., Baum, L.L. 2015
Methamphetamine decreases CD4 T cell frequency and alters pro-inflammatory cytokine
production in a model of drug abuse. Eur J Pharmacol. 752C:26-33.

McCann, U.D., Wong, D.F,, Yokoi, E., Villemagne, V., Dannals, R.E., Ricaurte, G.A. 1998 Reduced
striatal dopamine transporter density in abstinent methamphetamine and methcathinone users:
evidence from positron emission tomography studies with [11C]JWIN-35,428. J. Neurosci. 18,
8417-8422.

McCann, U.D., Mertl, M., Eligulashvili, V., Ricaurte, G.A. 1999 Cognitive performance in (+/—)
3,4-methylenedioxymethamphetamine (MDMA, “ecstasy”) wusers: a controlled study.
Psychopharmacology143, 417-425.

McCann, U.D., Ricaurte, G.A. 2001 Caveat emptor: editors beware. Neuropsychopharmacology 24,
333-336.

McCann, U.D., Szabo, Z., Vranesic, M., Palermo, M., Mathews, W.B., Ravert, H.T., Dannals, R.F.,
Ricaurte, G.A. 2008 Positron emission tomographic studies of brain dopamine and serotonin
transporters in abstinent (+/-)3,4-methylenedioxymethamphetamine ("ecstasy") users: relationship
to cognitive performance. Psychopharmacology 200, 439-450.

McGuinness, T. 2006 Methamphetamine abuse. Am. J. Nurs. 106, 54-59.

55
Page 56 of 82



McNamara, R., Kerans, A. O'Neill, B., Harkin, A. 2006 Caffeine promotes hyperthermia and
serotonergic loss following co-administration of the substituted amphetamines, MDMA ("Ecstasy")
and MDA ("Love"). Neuropharmacology 50, 69-80.

Mechan, A.O., Esteban, B., O’Shea, E., Elliot, J M., Colado, M.I.,, Green, A.R. 2002 The
pharmacology of the acute hyperthermic response that follows administration of 3.4-
methylenedioxymethamphetamine (MDMA “ecstasy’) to rats. Br. J. Pharmacol. 135, 170-180.

Medina, L., Figueredo-Cardenas, G., Rothstein, J.D., Reiner, A. 1996 Differential abundance of
glutamate transporter subtypes in amyotrophic lateral sclerosis (ALS)-vulnerable versus
ALSresistant brain stem motor cell groups. Exp. Neurol. 142, 287-295.

Melega, W.P., Raleigh, M.J., Stout, D.B., Lacan, G., Huang, S.C., Phelps, M.E. 1997 Recovery of
striatal dopamine function after acute amphetamine- and methamphetamine-induced neurotoxicity
in the vervet monkey. Brain Res.766:113-20.

Melega, W.P., Jorgensen, M.J., La¢an, G., Way, B.M., Pham, J., Morton, G., Cho, A.K., Fairbanks,
L.A. 2008 Long-term methamphetamine administration in the vervet monkey models aspects of a
human exposure: brain neurotoxicity and behavioral profiles. Neuropsychopharmacology. 33:1441-
52.

Meredith, C.W., Jaffe, C., Ang-Lee, K., Saxon, A.J. 2005 Implications of Chronic
Methamphetamine Use: A Literature Review. Harv. Rev. Psychiatry 13, 141-154.

Metzger, R.R., Haughey, H.M., Wilkins, D.G., Gibb, J.W., Hanson, G.R., Fleckenstein, A.E. 2000
Methamphetamine-induced rapid decrease in dopamine transporter function: role of dopamine and
hyperthermia. J. Pharmacol. Exp. Ther. 295, 1077-1085.

Meyer, J.S., Grande, M., Johnson, K., Ali, ES. 2004 Neurotoxic effects of MDMA ("ecstasy")
administration to neonatal rats. Int. J. Dev. Neurosci. 22, 261-271.

Meyer, J.S., Piper, B.J., Vancollie, V.E. 2008 Development and characterization of a novel animal
model of intermittent MDMA ("Ecstasy") exposure during adolescence. Ann. NY Acad. Sci.
1139,151-163.

Millan, M.J., Newman-Tancredi, A., Quentric, Y., Cussac, D. 2001 The “selective” dopamine D1
receptor antagonist, SCH23390, is a potent and high efficacy agonist at cloned human serotonin 2C
receptors. Psychopharmacology 156, 58—62.

Miller, R.T., Lau, S.S., Monks, T.J. 1996 Effects of intracerebroventricular administration of 5-
(glutathion-S-yl)-o-methyldopamine on brain dopamine, serotonin, and norepinephrine
concentrations in male Sprague—Dawley rats. Chem. Res. Toxicol. 9, 457-465.

56
Page 57 of 82



Miller, R.T., Lau, S.S., Monks, T.J. 1997 2,5-Bis-(glutathion-S-yl)-alpha-methyldopamine, a
putative metabolite of (+/-)-3,4-methylenedioxyamphetamine, decreases brain serotonin
concentrations. Eur. J. Pharmacol. 323, 173-180.

Miller, D.B., O'Callaghan J.P. 1996.Neurotoxicity of d-amphetamine in the C57BL/6J and CD-1
mouse. Interactions with stress and the adrenal system. Ann N 'Y Acad Sci. 801:148-67.

Miyazaki, M., Noda, Y., Mouri, A., Kobayashi, K., Mishina, M., Nabeshima, T., Yamada, K. 2013
Role of convergent activation of glutamatergic and dopaminergic systems in the nucleus accumbens
in the development of methamphetamine psychosis and dependence. Int. J. Neuropsychopharmacol.
16, 1341-1350.

Mizoguchi, H., Yamada, K. 2011 Pharmacologic Treatment with GABA(B) Receptor Agonist of
Methamphetamine-Induced Cognitive Impairment in Mice. Curr.Neuropharmacol. 9, 109-112.

Monsma, F.J., McVittie, L.D., Gerfen, C.R., Mahan, L.C., Sibley, D.R. 1989 Multiple D2 dopamine
receptors produced by alternative RNA splicing. Nature 342, 926-929.

Moratalla, R., Xu, M., Tonegawa, S., Graybiel, A.M. 1996a Cellular responses to psychomotor
stimulant and neuroleptic drugs are abnormal in mice lacking the D1 dopamine receptor. Proc Natl
Acad Sci U S A. 93, 14928-33.

Moratalla, R., Vallejo, M., Elibol, B., Graybiel, A.M. 1996b D1-class dopamine receptors influence
cocaine-induced persistent expression of Fos-related proteins in striatum. Neuroreport. 8, 1-5.

Morley, K.C., McGregor, L.S. 2000 (+/-)-3,4-methylenedioxymethamphetamine (MDMA, 'Ecstasy’)
increases social interaction in rats. Eur. J. Pharmacol. 408, 41-49.

Morton, J. 2005 Ecstasy: pharmacology and neurotoxicity. Curr.Opin.Pharmacol. 5, 79-86.

Murer, M.G., Moratalla, R. 2011 Striatal signaling in L-DOPA induced dyskinesia: common
mechanisms with drug abuse and long term memory involving D1 dopamine receptor stimulation.
Front. Neuroanat.5, 51.

Nagai, T., Kamiyama, S. 1988 Forensic toxicologic analysis of methamphetamine and amphetamine
optical isomers by high performance liquid chromatography. Int. J. Legal Med.101, 151-159.

Narita, M., Miyatake, M., Narita, M., Shibasaki, M., Shindo, K., Nakamura, A., Kuzumaki, N.,
Nagumo, Y., Suzuki, T. 2006 Direct evidence of astrocytic modulation in the development of

rewarding effects induced by drugs of abuse.Neuropsychopharmacology. 31:2476—88.

National Drug Intelligence Center.2007 National Drug Threat Assessment.Johnstown, PA.

57
Page 58 of 82


http://www.ncbi.nlm.nih.gov/pubmed/?term=Miyazaki%20M%5BAuthor%5D&cauthor=true&cauthor_uid=23195702
http://www.ncbi.nlm.nih.gov/pubmed/?term=Noda%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=23195702
http://www.ncbi.nlm.nih.gov/pubmed/?term=Mouri%20A%5BAuthor%5D&cauthor=true&cauthor_uid=23195702
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kobayashi%20K%5BAuthor%5D&cauthor=true&cauthor_uid=23195702
http://www.ncbi.nlm.nih.gov/pubmed/?term=Mishina%20M%5BAuthor%5D&cauthor=true&cauthor_uid=23195702
http://www.ncbi.nlm.nih.gov/pubmed/?term=Nabeshima%20T%5BAuthor%5D&cauthor=true&cauthor_uid=23195702
http://www.ncbi.nlm.nih.gov/pubmed/?term=Yamada%20K%5BAuthor%5D&cauthor=true&cauthor_uid=23195702
http://www.ncbi.nlm.nih.gov/pubmed/?term=Mizoguchi%20H%5BAuthor%5D&cauthor=true&cauthor_uid=21886573
http://www.ncbi.nlm.nih.gov/pubmed/?term=Yamada%20K%5BAuthor%5D&cauthor=true&cauthor_uid=21886573

Nifosi, F., Martinuzzi, A., Toffanin, T., Costanzo, R., Vestri, A., Battaglia, M., Bertagnoni, G.E.,
Lupi, A., Amista, P.,, Carollo, C., Perini, G. 2009 Hippocampal remodelling after MDMA
neurotoxicity: a single case study. World J. Biol. Psychiatry 10, 961-968.

Norris, E.H., Giasson, B.IL., Ischiropoulos, H., Lee, V.M. 2003 Effects of oxidative and nitrative
challenges on alpha-synuclein fibrillogenesis involve distinct mechanisms of protein modifications.
J. Biol. Chem. 278, 27230-27240.

Obeso, J.A., Rodriguez-Oroz, M.C., Goetz, C.G., Marin, C.,Kordower, J.H.,Rodriguez, M., Hirsch,
E.C.,Farrer, M.,Schapira, A.H.,Halliday, G. 2010 Missing pieces in the Parkinson’s disease puzzle.
Nat. Med. 16, 653-661.

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

O'Connor, P.G. 2012 Amphetamines.Merck Manual for Health Care Professionals.Merck.

O’Dell, S.J., Weihmuller, F.B., Marshall, J.F. 1993 Methamphetamineinduced dopamine overflow
and injury to striatal dopamine terminals: attenuation by dopamine D1 or D2 antagonists. J.
Neurochem. 60, 1792—-1799.

Ohmori, T., Koyama, T., Muraki, A., Yamashita, I. 1993.Competitive and noncompetitive N-
methyl-D-aspartate antagonists protect dopaminergic and serotonergic neurotoxicity produced by
methamphetamine in various brain regions. J. Neural Transm. Gen. Sect. 92, 97-106.

Olanow, C.W., Tatton, W.G. 1999 Etiology and pathogenesis of Parkinson’s disease. Annu Rev
Neurosci 22: 123-44.

Ortiz, O., Delgado-Garcia, J.M., Espadas, 1., Bahi, A., Trullas, R., Dreyer, J.L., Gruart, A.,
Moratalla, R. 2010 Associative learning and CA3-CA1 synaptic plasticity are impaired in D1R null,
Drd1la-/- mice and in hippocampal siRNA silenced Drd1a mice. J. Neurosci. 30, 12288-12300.

Parameyong, A., Charngkaew, K., Govitrapong, P., Chetsawang, B. 2013 Melatonin attenuates
methamphetamine-induced disturbances in mitochondrial dynamics and degeneration in
neuroblastoma SH-SYS5Y cells. J Pineal Res. 55:313-23.

Paris, J.M., Cunningham, K. 1992 Lack of serotonin neurotoxicity after intraraphe microinjection of
(+)-3,4-methylenedioxymethamphetamine (MDMA). Brain Res. Bull. 28, 115-119.

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

58
Page 59 of 82


http://www.ncbi.nlm.nih.gov/pubmed/?term=Marin%20C%5BAuthor%5D&cauthor=true&cauthor_uid=20495568
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kordower%20JH%5BAuthor%5D&cauthor=true&cauthor_uid=20495568
http://www.ncbi.nlm.nih.gov/pubmed/?term=Rodriguez%20M%5BAuthor%5D&cauthor=true&cauthor_uid=20495568
http://www.ncbi.nlm.nih.gov/pubmed/?term=Hirsch%20EC%5BAuthor%5D&cauthor=true&cauthor_uid=20495568
http://www.ncbi.nlm.nih.gov/pubmed/?term=Hirsch%20EC%5BAuthor%5D&cauthor=true&cauthor_uid=20495568
http://www.ncbi.nlm.nih.gov/pubmed/?term=Hirsch%20EC%5BAuthor%5D&cauthor=true&cauthor_uid=20495568
http://www.ncbi.nlm.nih.gov/pubmed/?term=Farrer%20M%5BAuthor%5D&cauthor=true&cauthor_uid=20495568
http://www.ncbi.nlm.nih.gov/pubmed/?term=Schapira%20AH%5BAuthor%5D&cauthor=true&cauthor_uid=20495568
http://www.ncbi.nlm.nih.gov/pubmed/?term=Halliday%20G%5BAuthor%5D&cauthor=true&cauthor_uid=20495568
http://www.merckmanuals.com/professional/special_subjects/drug_use_and_dependence/amphetamines.html

Parrott, A.C., Rodgers, J., Buchanan, T., Scholey, A.B., Heffernan, T., Ling, J. 2004 The reality of
psychomotor problems, and the possibility of Parkinson’s disorder, in some recreational
ecstasy/ MDMA users: a rejoinder to Sumnall et al. (2003). Psychopharmacology 171, 231-233.

Parrott, A.C. 2006 MDMA in humans: factors which affect the neuropsychobiological profiles of
recreational ecstasy users, the integrative role of bioenergetic stress. Journal of
Psychopharmacology 20, 147-163.

Parrott, A.C., Adnum, L., Evans, A., Kissling, C., Thome, J. 2007 Heavy ecstasy/ MDMA use at cool
house parties: Substantial cortisol release and increased body temperature. Annual Conference of
the British Association for Psychopharmacology, Harrogate, July 2007. J. Psychopharmacol. 21,
a3s.

Parrott, A.C., Lock, J., Conner, A.C., Kissling, C., Thome, J. 2008 Dance clubbing on MDMA and
during abstinence from Ecstasy/MDMA: prospective neuroendocrine and psychobiological
changes. Neuropsychobiology 57, 165—180.

Parrott, A.C., Montgomery, C., Wetherell, M.A., Downey, L.A., Stough, C., Scholey, A.B. 2014
MDMA, cortisol, and heightened stress in recreational ecstasy users.Behav.Pharmacol. 25, 458-472.

Patel, A., Moreland, T., Haq, F., Siddiqui, F.,, Mikul, M., Qadir, H., Raza, S. 2011 Persistent
psychosis after a single ingestion of “ecstasy” (MDMA). The Primary Care Companion for CNS
Disorders 13.pii: PCC.11101200.

Patterson SL. 2014 Immune dysregulation and cognitive vulnerability in the aging brain:
Interactions of microglia, IL-18, BDNF and synaptic plasticity. Neuropharmacology.pii:S0028-
3908(14)00471-7.

Paulus, M.P., Hozack, N.E., Zauscher, B.E., Frank, L., Brown, G.G., Braff, D.L., Schuckit, M.A.
2002 Behavioral and functional neuroimaging evidence for prefrontal dysfunction in
methamphetamine-dependent subjects. Neuropsychopharmacology 26, 53-63.

Piper, B.J., Meyer, J.S. 2004 Memory deficit and reduced anxiety in young adult rats given repeated
intermittent MDMA treatment during the periadolescent period.Pharmacol.Biochem.Behav. 79,
723-731.

Piper, B.J., Fraiman, J.B., Meyer, J.S. 2005 Repeated MDMA (“ecstasy”) exposure in adolescent
male rats alters temperature regulation, spontaneous motor activity, attention, and serotonin
transporter binding. Dev. Psychobiol. 47, 145-157.

Piper, B.J. 2007 A developmental comparison of the neurobehavioral effects of ecstasy (MDMA).
Neurotoxicol.Teratol. 29, 288-300.

59
Page 60 of 82



Pitaksalee, R., Sanvarinda, Y., Sinchai, T., Sanvarinda, P., Thampithak, A., Jantaratnotai, N.,
Jariyawat, S., Tuchinda, P., Govitrapong, P., Sanvarinda, P. 2015 Autophagy inhibition by caffeine
increases toxicity of methamphetamine in SH-SYSY neuroblastoma cell line. Neurotox Res.
27:421-9.

Plaza-Zabala, A., Berrendero, F., Suarez, J., Bermudez-Silva, FJ., Fernandez-Espejo, E., Serrano,
A., Pavon, EJ., Parsons, L.H., De Fonseca, FR., Maldonado, R., Robledo, P. 2012 Effects of the
endogenous PPAR-alpha agonist, oleoylethanolamide on MDMA-induced cognitive deficits in
mice. Synapse. 64, 379-89

Potash, M.N., Gordon, K.A., Conrad, K.L. 2009 Persistent psychosis and medical complications
after a single ingestion of MDMA “ecstasy”: a case report and review of the literature. Psychiatry 6,
4044,

Presgraves, S.P., Ahmed, T., Borwege, S., Joyce, J.N. 2004 Terminally differentiated SH-SYSY
cells provide a model system for studying neuroprotective effects of dopamine agonists. Neurotox.
Res. 5, 579-598.

Puerta, E., Hervias, 1., Gon"i-Allo, B., Zhang, S.F., Jordan, J., Starkov, A.A., Aguirre, N. 2010
Methylenedioxymethamphetamine inhibits mitochondrial complex I activity in mice: a possible
mechanism underlying neurotoxicity. Br. J. Pharmacol. 160, 233-245.

Qiao, D., Xu, J., Le, C., Huang, E., Liu, C., Qiu, P, Lin, Z., Xie, W.B., Wang, H. 2014 Insulin-like
growth factor binding protein 5 (IGFBPS) mediates methamphetamine-induced dopaminergic
neuron apoptosis.Toxicol.Lett. 230, 444-453.

Qin, L., Wu, X., Block, M.L., Liu, Y., Breese, G.R., Hong, J.S., Knapp, D.J., Crews, ET. 2007
Systemic LPS causes chronic neuroinflammation and progressive neurodegeneration. Glia 55, 453—
462.

Quinton, M.S., Yamamoto, B.K. 2006 Causes and consequences of methamphetamine and MDMA
toxicity. AAPS J 8, E337-47.

Quinton, M.S., Yamamoto, B.K. 2007. Neurotoxic effects of chronic restraint stress in the striatum
of methamphetamine-exposed rats. Psychopharmacology (Berl). 193, 341-350.

Reneman, L., Booij, J., Majoie, C.B.L., van den Brink, W., den Heeten, G.J. 2001a Investigating the
potential neurotoxicity of ecstasy (MDMA): an imaging approach. Hum. Psychopharmacol. 16,
579-588.

Reneman, L., Booij, J., De, B.K., Reitsma, J.B., de Wolff, F.A., Gunning, W.B., den Heeten, G.J.,
van den, B.W. 2001b Effects of dose, sex, and long-term abstention from use on toxic effects of
MDMA (ecstasy) on brain serotonin neurons. Lancet 358, 1864—1869.

60
Page 61 of 82


http://www.ncbi.nlm.nih.gov/pubmed/25127757
http://www.ncbi.nlm.nih.gov/pubmed/25127757
http://www.ncbi.nlm.nih.gov/pubmed/25127757

Reneman, L., Lavalaye, J., Schmand, B., de Wolff, FA., van den, B.W., den Heeten, G.J., Booij, J.
2001c Cortical serotonin transporter density and verbal memory in individuals who stopped using
3,4-methylenedioxymethamphetamine (MDMA or “ecstasy”): preliminary findings. Arch. Gen.
Psychiatry 58, 901-906.

Ricaurte, G.A., Schuster, C.R., Seiden, L.S. 1980 Long-term effects of repeated
methylamphetamine administration on dopamine and serotonin neurons in the rat brain: a regional
study. Brain Res. 193:153-63.

Ricaurte, G.A., Forno, L.S., Wilson, M.A., DeLanney, L.E., Irwin, 1., Molliver, M.E., Langston,
J.W. 1988a (+/-)3,4-Methylenedioxymethamphetamine selectively damages central serotonergic
neurons in nonhuman primates. JAMA 260, 51-5.

Ricaurte, G.A., DeLanney, L.E., Irwin, L., Langston, J.W. 1988b Toxic effects of MDMA on central
serotonergic neurons in the primate: importance of route and frequency of drug administration.
Brain Res. 446, 165-8.

Rodrigues, T.B., Granado, N., Ortiz, O., Moratalla, R. 2007 Metabolic interactions between
glutamatergic and dopaminergic neurotransmitter systems are mediated through D 1 dopamine
receptors. J. Neurosci. Res. 3293, 3284-3293.

Roll, J.M., Petry, N.M., Stitzer, M.L., Brecht, M.L., Peirce, J.M., McCann, M.J., Blaine, J.,
MacDonald, M., DiMaria, J., Lucero, L., Kellogg, S. 2006 Contingency management for the
treatment of methamphetamine use disorders. Am. J. Psychiatry 163, 1993-1999.

Ronzitti, G., Bucci, G., Emanuele, M., Leo, D., Sotnikova, T.D., Mus, L.V., Soubrane, C.H., Dallas,
M.L., Thalhammer, A., Cingolani, L.A., Mochida, S., Gainetdinov, R.R., Stephens, G.J.,
Chieregatti, E. 2014 Exogenous a-synuclein decreases raft partitioning of Cav2.2 channels inducing
dopamine release. J. Neurosci. 34, 10603-10615.

Ros-Sim6, C., Ruiz-Medina, J., Valverde, O. 2012 Behavioural and neuroinflammatory effects of
the combination of binge ethanol and MDMA in mice. Psychopharmacology 221, 511-525.

Rudnick, G., Wall, S.C. 1992 p-chloroamphetamine induces serotonin release through serotonin
transporters. Biochemistry 31, 6710-6718.

Ruiz-DeDiego, 1., Mellstrom, B., Vallejo, M., Naranjo, J.R., Moratalla, R. 2015a Activation of
DREAM (downstream regulatory element antagonistic modulator), a calcium-binding protein,
reduces L-DOPA-induced dyskinesias in mice. Biol Psychiatry 77:95-105.

Ruiz-DeDiego I, Naranjo JR, Hervé D, Moratalla R. 2015b Dopaminergic regulation of olfactory
type G-protein a subunit expression in the striatum. Mov Disord. doi: 10.1002/mds.26197.

61
Page 62 of 82


http://www.ncbi.nlm.nih.gov/pubmed/25100594
http://www.ncbi.nlm.nih.gov/pubmed/25100594

Rusyniak, D.E. 2011.Neurologic manifestations of chronic methamphetamine abuse. Neurol Clin.
29:641-55.

San  Francisco Meth Zombies (TV  documentary). 2013  National = Geographic
Channel. ASIN BOOEHAOBAO.

Sanchez, V., Camarero, J., O'Shea, E., Green, A.R., Colado, M.I. 2003 Differential effect of dietary
selenium on the long-term neurotoxicity induced by MDMA in mice and rats. Neuropharmacology
44, 449-461.

Scallet, A.C., Lipe, G.W., Ali, S.F, Holson, R.R., Frith, C.H., Slikker, W. Jr. 1988
Neuropathological evaluation by combined immunohistochemistry and degeneration-specific
methods: application to methylenedioxymethamphetamine. Neurotoxicology 9, 529-537.

Schep, L.J., Slaughter, R.J., Beasley, D.M. 2010 The clinical toxicology of metamfetamine.
Clin.Toxicol. (Phila) 48, 675-694.

Schifano, F., Di, F.L., Forza, G., Minicuci, N., Bricolo, R. 1998 MDMA (‘ecstasy’) consumption in
the context of polydrug abuse: a report on 150 patients. Drug Alcohol Depend. 52, 85-90.

Schmidt, C.J., Black, C.K., Taylor, V.L. 1990 Antagonism of the neurotoxicity due to a single
administration of methylenedioxymethamphetamine. Eur. J. Pharmacol. 181, 59-70.

Schmued, L.C., Bowyer J.F. 1997 Methamphetamine exposure can produce neuronal degeneration
in mouse hippocampal remnants. Brain Research, 759: 135-140.

Seiden, L.S., Sabol, K.E. 1996 Methamphetamine and methylenedioxymethamphetamine
neurotoxicity: possible mechanisms of cell destruction. NIDA Res Monogr. 163:251-76.

Semple, D.M., Ebmeier, K.P., Glabus, M.F., 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.

Shankaran, M., Gudelsky, G.A. 1999 A neurotoxic regimen of MDMA suppresses behavioral,
thermal and neurochemical responses to subsequent MDMA administration. Psychopharmacology
147, 66-72.

Shankaran, M., Yamamoto, B.K., Gudelsky, G.A. 2001 Ascorbic acid prevents 3,4-
methylenedioxymethamphetamine (MDMA)- induced hydroxyl radical formation and the
behavioral and neurochemical consequences of the depletion of brain 5-HT. Synapse 40, 55-64.

Shen, H., Mohammad, A., Ramroop, J., Smith, S.S. 2013 A stress steroid triggers anxiety via
increased expression of 046 GABAA receptors in methamphetamine dependence. Neuroscience
254, 452-475.

62
Page 63 of 82


http://en.wikipedia.org/wiki/Amazon_Standard_Identification_Number
http://www.amazon.com/dp/B00EHAOBAO
http://www.ncbi.nlm.nih.gov/pubmed/?term=Shen%20H%5BAuthor%5D&cauthor=true&cauthor_uid=23994152
http://www.ncbi.nlm.nih.gov/pubmed/?term=Mohammad%20A%5BAuthor%5D&cauthor=true&cauthor_uid=23994152
http://www.ncbi.nlm.nih.gov/pubmed/?term=Ramroop%20J%5BAuthor%5D&cauthor=true&cauthor_uid=23994152
http://www.ncbi.nlm.nih.gov/pubmed/?term=Smith%20SS%5BAuthor%5D&cauthor=true&cauthor_uid=23994152

Shoblock JR, Sullivan EB, Maisonneuve IM, Glick SD. 2003 Neurochemical and behavioral
differences between d-methamphetamine and d-amphetamine in rats. Psychopharmacology 165,
359-369.

Shoptaw, S.J., Kao, U., Heinzerling, K., Ling, W. 2009 Treatment for amphetamine withdrawal.
Cochrane Database Syst Rev 15, CD003021.

Silva, C.D., Neves, A.F., Dias, A.L., Freitas, H.J., Mendes, S.M., Pita, 1., Viana, S.D., de Oliveira,
P.A., Cunha, R.A., Fontes, Ribeiro, C.A., Prediger, R.D., Pereira, F.C. 2014 A single neurotoxic

dose of methamphetamine induces a long-lasting depressive-like behaviour in mice.Neurotox. Res.
5, 295-304.

Simdes, P.E., Silva, A.P., Pereira, F.C., Marques, E., Grade, S., Milhazes, N., Borges, F., Ribeiro,
C.F.,, Macedo, T.R. 2007 Methamphetamine induces alterations on hippocampal NMDA and AMPA
receptor subunit levels and impairs spatial working memory. Neuroscience 150, 433-441.

Soderpalm, B., Svensson, A.I. 1999 Naloxone reverses disinhibitory/aggressive behavior in 5,7-
DHT-lesioned rats; involvement of GABA(A) receptor blockade? Neuropharmacology38, 1851—
1859.

Solis, O., Espadas, 1., Del-Bel, E.A., Moratalla, R. 2015 Nitric oxide synthase inhibition decreases
1-DOPA-induced dyskinesia and the expression of striatal molecular markers in Pitx3(-/-) aphakia
mice. Neurobiol Dis. 73:49-59.

Sonsalla, P.K., Gibb, J.W., Hanson, G.R. 1986 Roles of D1 and D2 dopamine receptor subtypes in
mediating the methamphetamine-induced changes in monoamine systems. J. Pharmacol. Exp. Ther.
238, 932-937.

Sonsalla, P.K., Nicklas, W.., Heikkila, R.E. 1989. Role for excitatory amino acids in
methamphetamine-induced nigrostriatal dopaminergic toxicity.Science. 243, 398—400.

Sonsalla, P.K., Riordan, D.E., Heikkila, R.E. 1991. Competitive and noncompetitive antagonists at
N-methyl-D-aspartate receptors protect against methamphetamine-induced dopaminergic damage in
mice. J. Pharmacol. Exp. Ther. 256, 506-512.

Sonsalla, P.K., Jochnowitz, N.D., Zeevalk, G.D., Oostveen, J.A., Hall, E.D. 1996 Treatment of mice
with methamphetamine produces cell loss in the substantial nigra Tyrosine Hydroxylase ICC. Brain
Res. 738, 172-175.

Sprague, J.E., Nichols, D.E. 1995 The monoamine oxidase-B inhibitor L-deprenyl protects against
3,4- methylenedioxymethamphetamine-induced lipid peroxidation and long term serotonergic
deficits. J .Pharmacol. Exp. Ther. 273, 667-673.

63
Page 64 of 82


http://www.ncbi.nlm.nih.gov/pubmed/24072398
http://www.ncbi.nlm.nih.gov/pubmed/24072398
http://www.ncbi.nlm.nih.gov/pubmed/24072398
http://www.ncbi.nlm.nih.gov/pubmed/?term=Sim%C3%B5es%20PF%5BAuthor%5D&cauthor=true&cauthor_uid=17981398
http://www.ncbi.nlm.nih.gov/pubmed/?term=Silva%20AP%5BAuthor%5D&cauthor=true&cauthor_uid=17981398
http://www.ncbi.nlm.nih.gov/pubmed/?term=Pereira%20FC%5BAuthor%5D&cauthor=true&cauthor_uid=17981398
http://www.ncbi.nlm.nih.gov/pubmed/?term=Marques%20E%5BAuthor%5D&cauthor=true&cauthor_uid=17981398
http://www.ncbi.nlm.nih.gov/pubmed/?term=Grade%20S%5BAuthor%5D&cauthor=true&cauthor_uid=17981398
http://www.ncbi.nlm.nih.gov/pubmed/?term=Milhazes%20N%5BAuthor%5D&cauthor=true&cauthor_uid=17981398
http://www.ncbi.nlm.nih.gov/pubmed/?term=Borges%20F%5BAuthor%5D&cauthor=true&cauthor_uid=17981398
http://www.ncbi.nlm.nih.gov/pubmed/?term=Ribeiro%20CF%5BAuthor%5D&cauthor=true&cauthor_uid=17981398
http://www.ncbi.nlm.nih.gov/pubmed/?term=Ribeiro%20CF%5BAuthor%5D&cauthor=true&cauthor_uid=17981398
http://www.ncbi.nlm.nih.gov/pubmed/?term=Ribeiro%20CF%5BAuthor%5D&cauthor=true&cauthor_uid=17981398
http://www.ncbi.nlm.nih.gov/pubmed/?term=Macedo%20TR%5BAuthor%5D&cauthor=true&cauthor_uid=17981398

Sprague, J.E., Everman, S.L., Nichols, D.E. 1998 An integrated hypothesis for the serotonergic
axonal loss induced by 3,4- methylenedioxymethamphetamine. Neurotoxicology 19, 427—441.

Sprague, J.E., Banks, M.L., Cook, V.J., Mills, E.M. 2003 Hypothalamic-pituitary-thyroid axis and
sympathetic ~ nervous  system  involvement in  hyperthermia  induced by  3.,4-
methylenedioxymethamphetamine (Ecstasy). J .Pharmacol. Exp. Ther. 305, 159-166.

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

Stoll, G., Jander, S. 1999 The role of microglia and macrophages in the pathophysiology of the
CNS. Prog.Neurobiol. 58, 233-247.

Stone, D.M., Johnson, M., Hanson, G.R., Gibb, J.W. 1988 Role of endogenous dopamine in the
central serotonergic deficits induced by 3,4-methylenedioxymethamphetamine. J. Pharmacol. Exp.
Ther. 247, 79-87.

Suéarez, L.M., Solis, O., Caramés, J.M., Taravini, I.R., Solis, J.M., Murer, M.G., Moratalla, R. 2014
L-DOPA treatment selectively restores spine density in dopamine receptor D2-expressing
projection neurons in dyskinetic mice. Biol Psychiatry. 75, 711-722.

Sulzer, D., Mark, S.S., Poulsen, N.-W., Galli, A. 2005 Mechanisms of neurotransmitter release by
amphetamines: A review. Progr.Neurobiol. 75, 403-433.

Tai, Y., Chen, L., Huang, E., Liu, C., Yang, X., Qiu, P., Wang, H. 2014 Protective effect of alpha-
synuclein knockdown on methamphetamine-induced neurotoxicity in dopaminergic neurons.Neural
Regen. Res. 9, 951-958.

Tao, R., Shokry, .M., Callanan, J.J., Adams, H.D., Ma, Z. 2014 Mechanisms and environmental
factors that underlying the intensification of 3,4-methylenedioxymethamphetamine (MDMA,
Ecstasy)-induced serotonin syndrome in rats. Psychopharmacology DOI 10.1007/s00213-014-3759-
z.

Tata, D.A., Yamamoto, B.K. 2008. Chronic stress enhances methamphetamine-induced
extracellular glutamate and excitotoxicity in the rat striatum. Synapse. 62, 325-336.

Thomas, D.M., Francescutti-Verbeem, D.M., Kuhn, D.M. 2008 The newly synthesized pool of
dopamine determines the severity of methamphetamine induced neurotoxicity. J. Neurochem. 105,
605-616.

64
Page 65 of 82


http://www.ncbi.nlm.nih.gov/pubmed/25206917
http://www.ncbi.nlm.nih.gov/pubmed/25206917

Thomas, D.M., Angoa-Pérez, M., Francescutti-Verbeem, D.M., Shah, M.M., Kuhn, D.M. 2010 The
role of endogenous serotonin in methamphetamine-induced neurotoxicity to dopamine nerve
endings of the striatum. J Neurochem. 115:595-605.

Toborek, M., Seelbach, M.J., Rashid, C.S., Andras, L.LE., Chen, L., Park, M., Esser, K.A. 2013
Voluntary exercise protects against methamphetamine-induced oxidative stress in brain
microvasculature and disruption of the blood-brain barrier. Mol. Neurodegener. 8, 22.

Todd, G., Noyes, C., Flavel, S.C., Della Vedova, C.B., Spyropoulos, P. 2013 Illicit stimulant use is
associated with abnormal substantia nigra morphology in humans. PloS One 8, €56438.

Tomita, M., Katsuyama, H., Watanabe, Y., Shibaike, Y., Yoshinari, H., Tee, J.W., Iwachidou, N.,
Miyamoto, O. 2013. c-Fos immunoreactivity of neural cells in intoxication due to high-dose
methamphetamine. J Toxicol Sci. 38:671-8.

Uemura, K., Aki, T., Yamaguchi, K., Yoshida, K. 2003.Protein kinase C-epsilon protects PC12
cells against methamphetamine-induced death: possible involvement of suppression of glutamate
receptor. Life Sci. 72, 1595-1607.

Urban, N.B., Girgis, R.R., Talbot, P.S., 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 [UC]DASB and [''C]MDL 100907. Neuropsychopharmacology 37, 1465-1473.

Urrutia, A., Granado, N., Gutierrez-Lopez, M.D., Moratalla, R., O'Shea, E., Colado, M.L. 2014 The
JNK inhibitor, SP600125, potentiates the glial response and cell death induced bymethamphetamine
in the mouse striatum. Int J Neuropsychopharmacol. 17:235-46.

Usiello, A., Baik, J.H., Rougé-Pont, F., Picetti, R., Dierich, A., LeMeur, M., Piazza, P.V., Borrelli, E.
2000 Distinct functions of the two isoforms of dopamine D2 receptors. Nature 408, 199-203.

Verrico, C.D., Mille,r G.M., Madras, B.K. 2007 MDMA (Ecstasy) and human dopamine,
norepinephrine, and serotonin transporters: implications for MDMA-induced neurotoxicity and
treatment. Psychopharmacology 189, 489-503.

Volkow, N.D., Chang, L., Wang, G.J., Fowler, J.S., Leonido-Yee, M., Franceschi, D., Sedler, M.J.,
Gatley, S.J., Hitzemann, R., Ding, Y.S., Logan, J., Wong, C., Miller, E.N. 2001a Association of
dopamine transporter reduction with psychomotor impairment in methamphetamine abusers. Am. J.
Psychiatry 158, 377-382.

Volkow, N.D., Chang, L., Wang, G.J., Fowler, J.S., Franceschi, D., Sedler, M., Gatley, S.J., Miller,
E., Hitzemann, R., Ding, Y.S., Logan, J. 2001b Loss of dopamine transporters in methamphetamine
abusers recovers with protracted abstinence. J. Neurosci. 21, 9414-9418.

65
Page 66 of 82


http://www.ncbi.nlm.nih.gov/pubmed/23799892
http://www.ncbi.nlm.nih.gov/pubmed/23799892

Vollenweider, F.X., Gamma, A., Liechti, M., Huber, T. 1998 Psychological and cardiovascular
effects and short-term sequelaec of MDMA ("ecstasy") in MDMA-naive healthy volunteers.
Neuropsychopharmacology 19, 241-251.

Wagner, G.C., Carelli, R.M., Jarvis, M.F. 1986 Ascorbic acid reduces the dopamine depletion

induced by methamphetamine and the 1-methyl-4-phenyl pyridinium ion. Neuropharmacology 25:
559-61.

Wang, G.J., Volkow, N.D., Chang, L., Miller, E., Sedler, M., Hitzemann, R., Zhu, W., Logan, J., Ma,
Y., Fowler, J.S. 2004 Partial recovery of brain metabolism in methamphetamine abusers after
protracted abstinence. Am. J. Psychiatry 161, 242-248.

Wang, J., Qian, W., Liu, J., Zhao, J., Yu, P., Jiang, L., Zhou, J., Gao, R., Xiao, H. 2014 Effect of
methamphetamine on the microglial damage: role of potassium channel Kv1.3.PLoS One. .
9(2):e88642. doi: 10.1371/journal.pone.0088642.

Wang, S., Witt, S.N. 2014 The Parkinson's Disease-Associated Protein a-Synuclein Disrupts Stress
Signaling - A Possible Implication for Methamphetamine Use?Microb. Cell 1, 131-132.

Weihmuller, F.B., O'Dell, S.J., Marshall, J.F. 1992. MK-801 protection against methamphetamine-
induced striatal dopamine terminal injury is associated with attenuated dopamine overflow.
Synapse. 11, 155-163.

Westfall, D.P., Westfall, T.C. 2010 Miscellaneous Sympathomimetic Agonists. In Brunton LL,
Chabner BA, Knollmann BC. Goodman & Gilman's Pharmacological Basis of Therapeutics (12th
ed.). New York: McGraw-Hill. ISBN 978-0-07-162442-8.

Winsauer, PJ., McCann, U.D., Yuan, J., Delatte, M.S., Stevenson, M.W., Ricaurte, G.A.,
Moerschbaecher, J.M. 2002 Effects of fenfluramine, m-CPP and triazolam on repeated-acquisition
in squirrel monkeys before and after neurotoxic MDMA administration. Psychopharmacology 159,
388-96.

Winslow, B.T., Voorhees, K.I., Pehl, K.A. 2007 Methamphetamine abuse. Am. Fam. Physician 76,
1169-1174.

Winstanley, C.A., Dalley, J.W., Theobald, D.E., Robbins, T.W. 2004 Fractionating impulsivity:
contrasting effects of central 5-HT depletion on different measures of impulsive behavior.
Neuropsychopharmacology29, 1331-1343.

Wolkoff, D.A. 1997 Methamphetamine abuse: an overview for health care professionals. Hawaii
Med. J. 56, 34-36.

66
Page 67 of 82


http://www.ncbi.nlm.nih.gov/pubmed/25343141
http://www.ncbi.nlm.nih.gov/pubmed/25343141
http://www.accessmedicine.com/content.aspx?aID=16661601
http://en.wikipedia.org/wiki/International_Standard_Book_Number
http://en.wikipedia.org/wiki/Special:BookSources/978-0-07-162442-8

Wu, C.W,, Ping, Y.H., Yen, J.C., Chang, C.Y., Wang, S.F.,, Yeh, C.L., Chi, C.W., Lee, H.C. 2007
Enhanced oxidative stress and aberrant mitochondrial biogenesis in human neuroblastoma SH-
SYSY cells during methamphetamine induced apoptosis. Toxicol Appl Pharmacol. 220:243-51.

Wu, X.E., Wang, A.F,, Chen, L., Huang, E.P., Xie, W.B., Liu, C., Huang, W.Y., Chen, C.X., Qiu,
PM., Wang, H.J. 2014 S-Nitrosylating protein disulphide isomerase mediates o-synuclein
aggregation caused by methamphetamine exposure in PC12 cells.Toxicol.Lett. 230, 19-27.

Wuwongse, S., Chang, R.C., Law, A.C. 2010 The putative neurodegenerative links between
depression and Alzheimer’s disease. Prog.Neurobiol. 91, 362-375.

Xie, T., Tong, L., McLane, M.W., Hatzidimitriou, G., Yuan, J., McCann, U., Ricaurte, G.A. 2006
Loss of serotonin transporter protein after MDMA and other ring-substituted amphetamines.
Neuropsychopharmacology 31, 2639-2651.

Xu, W., Zhu, J.P.Q., Angulo, J.A. 2005 Induction of striatal pre- and postsynaptic damage by
methamphetamine requires the dopamine receptors. Synapse 58, 110-121.

Y amamoto, B.K., Nash, JF., Gudelsky, G.A. 1995 Modulation of
methylenedioxymethamphetamine-induced striatal dopamine release by the interaction between
serotonin and gamma-aminobutyric acid in the substantia nigra. J. Pharmacol. Exp. Ther. 273,
1063-1070.

Yamamoto, B.K., Bankson, M.G. 2005. Amphetamine neurotoxicity: cause and consequence of
oxidative stress. Crit. Rev. Neurobiol. 17, 87—-117.

Yamamoto, B.K., Moszczynska, A., Gudelsky, G.A. 2010 Amphetamine toxicities: classical and
emerging mechanisms. Ann. NY Acad. Sci. 1187, 101-121.

Young, R., Glennon, R.A. 2008 MDMA (N-methyl-3,4-methylenedioxyamphetamine) and its
stereoisomers: Similarities and differences in behavioral effects in an automated activity apparatus
in mice. Pharmacol Biochem Behav 88, 318-331.

Zarrindast, M.R., Tabatabai, S.A. 1992 Involvement of dopamine receptor subtypes in mouse
thermoregulation. Psychopharmacology 107, 341-346.

Zhang, S., Jin, Y., Liu, X., Yang, L., Ge ZjWang, H., Li, J., Zheng, J. 2014 Methamphetamine
modulates glutamatergic synaptic transmission in rat primary cultured hippocampal neurons. Brain
Res. 1582, 1-11.

Zhang, X., Lee, T.H., Xiong, X., Chen, Q., Davidson, C., Wetsel, W.C., Ellinwood, E.H. 2006
Methamphetamine induces long-term changes in GABAA receptor alpha2 subunit and GAD67
expression. Biochem.Biophys. Res. Commun. 351, 300-305.

67
Page 68 of 82


http://www.ncbi.nlm.nih.gov/pubmed/25090657
http://www.ncbi.nlm.nih.gov/pubmed/25090657
http://www.ncbi.nlm.nih.gov/pubmed/?term=Zhang%20S%5BAuthor%5D&cauthor=true&cauthor_uid=25091639
http://www.ncbi.nlm.nih.gov/pubmed/?term=Jin%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=25091639
http://www.ncbi.nlm.nih.gov/pubmed/?term=Liu%20X%5BAuthor%5D&cauthor=true&cauthor_uid=25091639
http://www.ncbi.nlm.nih.gov/pubmed/?term=Yang%20L%5BAuthor%5D&cauthor=true&cauthor_uid=25091639
http://www.ncbi.nlm.nih.gov/pubmed/?term=Ge%20Zj%5BAuthor%5D&cauthor=true&cauthor_uid=25091639
http://www.ncbi.nlm.nih.gov/pubmed/?term=Ge%20Zj%5BAuthor%5D&cauthor=true&cauthor_uid=25091639
http://www.ncbi.nlm.nih.gov/pubmed/?term=Ge%20Zj%5BAuthor%5D&cauthor=true&cauthor_uid=25091639
http://www.ncbi.nlm.nih.gov/pubmed/?term=Li%20J%5BAuthor%5D&cauthor=true&cauthor_uid=25091639
http://www.ncbi.nlm.nih.gov/pubmed/?term=Zheng%20J%5BAuthor%5D&cauthor=true&cauthor_uid=25091639
http://www.ncbi.nlm.nih.gov/pubmed/?term=Zhang%20X%5BAuthor%5D&cauthor=true&cauthor_uid=17056007
http://www.ncbi.nlm.nih.gov/pubmed/?term=Lee%20TH%5BAuthor%5D&cauthor=true&cauthor_uid=17056007
http://www.ncbi.nlm.nih.gov/pubmed/?term=Xiong%20X%5BAuthor%5D&cauthor=true&cauthor_uid=17056007
http://www.ncbi.nlm.nih.gov/pubmed/?term=Chen%20Q%5BAuthor%5D&cauthor=true&cauthor_uid=17056007
http://www.ncbi.nlm.nih.gov/pubmed/?term=Davidson%20C%5BAuthor%5D&cauthor=true&cauthor_uid=17056007
http://www.ncbi.nlm.nih.gov/pubmed/?term=Wetsel%20WC%5BAuthor%5D&cauthor=true&cauthor_uid=17056007
http://www.ncbi.nlm.nih.gov/pubmed/?term=Ellinwood%20EH%5BAuthor%5D&cauthor=true&cauthor_uid=17056007

ACCEPTED MANUSCRIPT

68
Page 69 of 82



Figure Legends

Figure 1.MDMA affects the nigrostriatal pathway but has no effect in the mesolimbic
pathway. Photomicrographs of TH immunoreactivity in the caudate putamen (CPu) and nucleus
accumbens shell and core (AcbSh, AcbC) respectively of mice treated with saline (Sal) or MDMA.
Bar indicates: 500 um.

Figure 2.Proposed mechanisms underlying MDMA- and METH-induced neurotoxicity. The
figure shows the potential interactions among the several factors, such as hyperthermia, ROS and
RNS, toxic metabolites, excitoxicity, neuroinflammation, and high cortisol levels that may
contribute to MDMA- and METH- induced neurotoxicity. Reports in experimental animals indicate
that high ambient temperatures can influence the neurotoxic effect of MDMA and METH.
Moreover, MDMA and METHstimulate the release of DA and NA, while MDMA may also
promote the release of 5-HT. Catabolism of DA and 5-HT mediated by MAO-B enzymes lead to
the generation of reactive aldehyde species, and H,O,. This latter species promotes formation of
ROS, which contribute to MDMA and METH neurotoxic effects. Both MDMA and METH may
stimulate the release of GLU, either directly or indirectly via activation of serotonergic 5-HT»a
receptors. By acting on NMDA receptors, GLU activates NOS, leading to the overproduction of NO
and further stimulating the formation of damaging ROS. Neuroinflammation appears also to play an
important role in neurotoxicity by MDMA and METH, since both these substances induce
microglial activation that can lead to the production of many reactive species (e.g., NO, Oy,
cytokines) resulting in neurodegeneration. Finally, both, MDMA and METH affect neuroendocrine
functioning by stimulating the activity of the HPA axis, and increasing the levels of cortisol that can
also participate in the neurotoxic effects of these drugs.A\ = elevation; + = potentiation of effect, as
observed by preclinical studies in experimental animals. * = the importance of this mechanism has
been clearly described for METH-mediated neurotoxicity only. See the text for further details on

each mechanism and its relevance.

Figure 3. The nigrostriatal pathway is more vulnerable than the mesolimbic pathway to
METH-induced neurotoxicity. Photomicrographs of TH immunoreactivity in the caudate putamen
(CPu) and nucleus accumbensshell and core (AcbSh, AcbC) respectively of mice treated with saline

(Sal) or METH. Bar indicates: 500 um.

Figure 4. Striosomes are more vulnerable than the matrix to neurotoxicity induced by METH.
TH-ir loss occurs predominantly in striosomes after METH treatment. Striatal adjacent sections

from a mouse treated with METH were stained for TH or p opioid receptor (MOR). Striatal weak
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TH patches corresponded with striosomes as demonstrated by MOR-1 immunostaining. Bar

indicates 500um.

Figure 5. Inactivation of D, or D, receptors protects against METH-induced decreases in TH
expression in the striatum. Photomicrographs of striatal sections of mice 1 day after treatment
with saline or METH, stained for TH. D; and D, receptors knockout mice were protected against

TH loss induced by METH. Bar indicates 500um.

Figure 6.Diagram of the different intracellular DA distribution in striatal dopaminergic
terminals in WT, D; and D, receptor knockout mice.D; receptor knockout mice (D;R -/-) have
lower DA levels than WT animals. D1R-/- mice have higher vesicular DA and lower cytosolic DA
than WT mice, as demonstrated by fast scan cyclic voltammetry and by HPLC (Ares-Santos et al,
2012). D, receptorknockout mice (D;R -/-) have lower vesicular and cytosolic DA and higher
extracellular DA levels than WT mice, as demonstrated by fast scan cyclic voltammetry and by
HPLC (Granado et al, 2011). The reduced intracellular DA content in D,R-/- mice may be due to a
lower DA re-uptake activity as a consequence of decreased DAT function. Modified from Ares-

Santos et al, 2014.
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Table 1

Experimental studies on neurotoxicity of MDMA

Species

Protocol of MDMA administration

Reference

Primary neuronal cultures
of cerebral cortex

Human SH-SY5Y
neuroblastoma cells

Mice
Mice

Mice

Mice

Rats

Rats

Rats

Rats

Rats

Non-human primates

Non-human primates
Non-human primates
Non-human primates

Non-human primates

concentration range 100-800 uM; single
application without feeding for the following
24 0r48h

concentration range: 100, 200, 400 and 800
UM, for 24 or 48 h

20 or 30 mg/kg i.p. x3, at 3 h intervals
5 mg/kgi.p. x4, at 2 h intervals

10 mg/kg i.p. x2, at 4-6 h intervals, twice
weekly on the 2nd and 5th days of the week,
according to a 9-week administration
schedule

20 mg/kg i.p x4, at 2 h intervals

20 mg/kg s.c. x2, at 8 h intervals, post-natal
day (PND) 11-20

10 mg/kgi.p. X2, at 4 h intervals, PND 35-60

15 mg/kg o.s. x3, at 1.5 h intervals

10 mg/kg i.p. x2, at 4 h intervals every 5 days,
PND 35-60

5 mg/kg i.p. every 5 days, PND 35-60

2.50 mg/kg, 3.75 mg/kg , or 5.00 mg/kg s.c.
X2, at 9 h intervals, for 4 days

2.5 or 10 mg/kg i.m. x2, for 4 days

5 mg/kg s.c. x2, for 4 days

10 mg/kg i.m. x2, for 4 days

2.5 mg/kgi.m. x2, at 12 h intervals, for 4
days. Eighteen days after, a higher dose of

MDMA (5 mg/kg i.m.) was administered x2,
at 12 h intervals, for 4 days

Table 1

Capela et al., 20064, b

Ferreira et al., 2013

Granado et al., 20083, b
Fornai et al., 2004

Costa et al., 2013, 2014

Frau et al., 2013

Crawford et al., 2006

Shen et al., 2011

Xie et al., 2006

Piper and Meyer, 2004
Meyer et al., 2008

Piper et al., 2004 and
2005

Ricaurte et al., 1988a
Insel et al., 1989
Hatzidimitriou et al. 1999
Frederick et al., 1998

Winsauer et al., 2002



Table 2
Experimental studies on neurotoxicity of METH

Species Protocol of METH administration
Primary microglial cell 100 uM for 24 h
cultures

PC12 cells and SH-SY5Y 2.0 -3.0mM for 24h

cells

Mice 20 mg/kg, s.c

Mice 3x4mg/kg, i.p., at 2 h intervals

Mice 3x5mg/kg or 3x10mg/kg, i.p, at 2-3 h
intervals

Mice 30 or 40mg/kg, single injection, i.p.

Rats Self-administer for 9 h per day for 14 days
Self-administer for 3 h per day for 14 days

Rats 4x10mg/kg, i.p, at 2 h intervals

Rats 40mg/kg, single injection, s.c. or i.p.

Monkeys Scaling-dose treatment for 4 weeks

Monkeys Scaling-dose treatment for 3 weeks

Table 2

Reference

Wang et al, 2014

Huang et al, 2015

Sriram et al, 2006, Kelly
et al, 2012

Thomas et al, 2010,
Angoa et al, 2013

Granado et al 2010,
201143, 2011b, Ares-
Santos et al, 2012, 2014,
Urrutia et al, 2014,
Carmena et al, 2014

Deng et al, 2007,
Bowyer et al 2008,
Fantegrossi et al, 2008,
Ares-Santos et al, 2014

Krasnova et al, 2014

Mata et al, 2015

Beauvais et al, 2011

Cappon et al, 2000,
Jayanthi et al, 2005

Jiang and Capitanio,
2014

Melega et al, 2008



Abbreviation List

List of abbreviations:

AC, adenylyl cyclase

AcbSh, nucleus accumbens shell

AcbC, nucleus accumbens core

cAMP, cyclic adenosine monophosphate
CNS, central nervous system

CPu, caudate putamen

CREB, cAMP responsive element binding protein
CSF, cerebrospinal fluid

CYP, cytochrome P450 enzymes

DA, dopamine

DAT, DA transporter

5,7-DHT, 5,7-dihydroxytryptamine

L-DOPA, 3,4-dihydroxy-l-phenylalanine
DOPAC, 3,4-dihydroxyphenylacetic acid
DPCPX, dipropylcyclopentylxanthine, adenosine A; receptor antagonist
ERK, extracellular-signal-regulated kinase
FDA, Food and Drug Administration

fMRI, functional magnetic resonance imaging
GBR12909, vanoxerine, antagonist of DAT
GFAP, glial fibrillary acidic protein

GLU, glutamate

GSH, glutathione

HHMA, 3,4-dihydroxymethamphetamine
5-HIAA, 5-hydroxyindoleacetic acid

HPA, hypothalamus—pituitary—adrenal axis
5-HT, serotonin

HVA, homovanillic acid

HPLC, high-performance liquid chromatography
JAK, Janus kinase

JNK, c-Jun N-terminal kinases

ICV, intracerebroventricular

IL, interleukin

Mac-1, Macrophage-1 antigen
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MAO-B, monoamine oxidase type B

MAPK, mitogen-activated protein kinase
a-MeDA, a-methyldopamine

MDA, 3,4-methylenedioxyamphetamine
MDMA, 3,4-methylenedioxymethamphetamine
METH, methamphetamine

MK-801, dizocilpine, NMDA receptor antagonist
MOR-1, p opioid receptor

a-MPT, alpha-methyl-para-tyrosine

MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
MRI, magnetic resonance imaging

NA, noradrenaline

NAC, N-acetylcysteine

NET, NA transporter

7-N1, 7-nitroindazole

NMDA, N-methyl-D-aspartate

NO, nitricoxide

3-NT, 3-nitrotyrosine

nNOS, neuronal NO synthase

6-OHDA, 6-hydroxydopamine

PD, Parkinson’sdisease

PET, positronemissiontomography

PKC, proteinkinaseC

ROS, reactive oxygen species

RNS, reactive nitrogen species

SCH23390, dopamine D1 receptor antagonist
SERT, 5-HT transporter

SN, substantianigra

SNc, SN pars compacta

SOD, superoxidedismutase

SPECT, single photon emission computed tomography
TH, tyrosine hydroxylase

TNF, tumor necrosis factor

VMAT,, vesicular monoamine transporter
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ACCEPTED MANUSCRIPT

VTA, ventral tegmental area
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