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Summary. The massive and prolonged stimulation of serotonin (5-HT)-
release and the increased dopaminergic activity are responsible for the
acute psychomimetic and psychostimulatory effects of 3,4-methylenedioxy-
methamphetamine (MDMA, "ecstasy") and its congeners. In vulnerable sub-
jects, at high doses or repeated use, and under certain unfavorable conditions
(crowding, high ambient temperature), severe, in some cases fatal, averse
systemic reactions (hyperthermia, serotonin-syndrome) may occur during the

t first few hours. Animal experiments revealed the existence of similar differ-ences in vulnerability and similar dose- and context-related influences on a
similar sequence of acute responses. The severity of these acute systemic
responses is closely related to the severity of the long-term damage to 5-HT
axon terminals caused by the administration of substituted amphetamines.
Attempts to identify the mechanisms involved in this selective degeneration
of 5-HT presynapses brought to light a multitude of different factors and
conditions which either attenuate or potentiate the loss of 5-HT terminals
caused by MDMA and related amphetamine derivatives. These puzzling ob-
servations suggest that the degeneration of 5-HT presynapses represents only
the final step in a sequence of events which compromize the ability of 5-HT
terminals to maintain their functional and structural integrity. The common
feature of all these events is a profound wastage of energy. Substituted am-
phetamines selectively tax energy metabolism in 5-HT presynapses through
their ability to exchange with 5-HT and to dissipate transmembrane ion
gradients. The active carrier systems in the vesicular and presynaptic mem-
brane operate at a permanently activated state. The resulting energy deficit
can no longer adequately restored by the 5-HT presynapses when their avail-

*This article is dedicated to Prof. Dr. N. Matussek on tile occasion of his 75th birthday
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ability of substrates for ATP production is additionally reduced by the hyper-
thermic and other energy consuming reactions which are elicited by the sys-
temic administration of substituted amphetamines. The exhaustion of energy
in 5-HT nerve terminals compromizes all energy-requiring endogenous mech-
anisms involved in the regulation of transmembrane-ion exchange, internal
Ca++-homeostasis, prevention of oxidative stress, detoxification, and repair.
Above a critical threshold the failure of these self-protective mechanisms will
lead to the degeneration of the 5-HT axon terminals.

Based on the role of 5-HT as a global modulatory transmitter-system
involved in the stabilization and integration of impulse flow between distrib-
uted multifocal neuronal networks, the partial loss of 5-HT presynapses must
be expected to impair the ability of these networks to maintain the integrity of
signal flow pattern, and increase the likelihood of switching to unstable infor-
mation processing. Behavioral responding may therefore become more domi-
nated by activities generated in individual networks, and hitherto "buffered"
personality traits and predisposition may become manifested as defined psy-
chiatric syndromes in certain predisposed subjects.

Keywords: 3,4 Methylenedioxymethamphetamine, degeneration, ecstasy,
MDMA, neurotoxicity, serotonin, substituted amphetamines.

Abbreviations

MDA 3,4-methylenedioxyamphetamine, 5-HT serotonin, DA dopamine,
MDE 3,4-methylenedioxy-N-ethylamphetamine, MDMA 3,4 methylene-
dioxymethamphetamine, PCA para-chloroamphetamine.

Introduction

The ring-substituted amphetamine 3,4-methylenedioxymethamphetamine
(MDMA, "ecstasy", "XTC", "E") is increasingly being abused as a recre-
ational drug in certain segments of the young generation. MDMA was first
synthesized by Merck in 1914, presumably as an anorectic drug. In the mid
80'ies it was beginning to be encountered as a recreational drug in the United
States, and in 1987 about 40% of a sample of Stanford undergraduates had
used it at least once (Peroutka, 1987). There was a phase of therapeutic
enthusiasm for this drug as adjunct to psychotherapy. Allegedly it helped
people to get in touch with their feelings, caused a kind of deep harmony in
the self and in the relationships to other persons. Nowadays it is a popular
recreational, but illicit, drug of choice especially in the techno- and rave-dance
culture. In 1994 estimated 30-40% of young people in the U.K. used MDMA
and about 7 Mio. tablets were for sale. The attractiveness of this novel drug
fashion was not diminished by reports on cases of toxicity and deaths from the
exposure to large doses of MDMA (DoMing et al., 1987; Henry et al., 1992).
In 1995, seventeen such fatal cases were reported among the estimated
500,000 users of MDMA in Germany. Serious concerns were risen by
neurobiologist about the potential long-term damage of serotonergic nerve
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endings caused by substituted amphetamines and it is now increasingly recog-
nized that the long-term effects of MDMA are potentially more serious and
problematic than its acute toxicity (Green and Goodwin, 1996: Henry, 1996).
This view is based on the substantial progress made in recent years in the
understanding of the mechanisms of actions of substituted amphetamines,
and of the role of the serotonin (5-HT)-system in central information
processing.

It is the purpose of this contribution to summarize some of the most
interesting findings made in these research areas and to show how, why, and
under which circumstances the consumption of substituted amphetamines
may damage 5-HT nerve endings. The consequences of such damage will be
discussed in relation to the various kinds of long-term behavioral and affective
disturbances noticed in psychiatric practice in an increasing number of previ-
ous MDMA-consumers.

Mechanisms of actions

MDMA belongs to a group of ring-substituted phenylisopropylamine deriva-
tives (see Fig. 1) which bear structural and pharmacological similarities to
both amphetamines and hallucinogens such as mescaline (Nichols, 1986;
Shulgin, 1986). The common feature of all these ring-substituted amphet-
amines is their pronounced stimulatory effect on the release of 5-HT from
serotonergic presynapses (Nichols et al., 1982; Berger et al., 1992b). As shown
for MDMA, these drugs readily diffuse across membranes and may addition-
ally serve as substrates of the 5-HT transporter. After entering the presynapse
either passively or by way of the 5-HT transporter, they exchange with the 5-
HT stored in synaptic vesicles and cause 5-HT efflux from the vesicular stores.
This cytoplasmatic 5-HT is readily transported through the presynaptic mem-
brane into the extracellutar space by the action of the 5-HT transporter
(Berger et al., 1992b; Rudnick and Wall, 1992;Gu and Azmitia, 1993).This
outward transport is sodium-dependent and blocked by 5-HT reuptake inhibi-
tors (Fuller, 1980; Hekmatpanah and Peroutka, 1990; Gudelsky and Nash, tt
1996). Procedures which lead to an additional rise of free cytosolic 5-HT levels
in the presynapse, such as stimulation of 5-HT synthesis or inhibition of 5-HT t
degradation, enhance 5-HT release (Iyer et al., 1994).Vice versa, the previous t
depletion of vesicular 5-HT stores or blockade of 5-HT synthesis attenuates
the rise of extracellular 5-HT caused by substituted amphetamines (Brodkin 1
etal.,1993).

A second feature of the acute action of substituted amphetamines is their
stimulatory effect on the release of dopamine (DA) from dopaminergic
presynapses. They seem to entel' dopaminergic presynapses mainly by passive
diffusion and cause the release of vesicular DA-stores by a similar mechanism 2
as in 5-HT presynapses (Johnson et al., 1991;Seiden et al., 1993).The outward
transport of free cytoplasmatic DA is mediated by the DA transporters of
the presynaptic membrane. It is blocked by DA-reuptake inhibitors (Raiteri t
et al., 1979; Nash and Brodkin, 1991) and attenuated by blockade of DA-
synthesis (Stone et al., 1986b; Axt et al., 1990) or previous depletion of
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Fig. 1. Chemical structures of amphetamine, N-methamphetamine and their ring substi-
tuted derivatives. PCA para-chloroamphetamine, MDA 3,4 methylenedioxyamphe-
tamine, MDMA 3,4 methylenedioxymethamphetamine, MDE 3,4-methylenedioxy-N-

ethylamphetamine

vesicular DA-stores (Stone et al., 1988). Individual substituted amphetamines
differ in their DA-releasing potency and the efficacy of DA-release is depen-
dent on the degree of activation or inhibition of other transmitter systems and/
or presynaptic heteroreceptors involved in the regulation of DA-output. The
activation of 5-HT2A-receptors by released 5-HT seems to facilitate the am-
phetamine-induced DA-release (Gudelsky et al., 1994) and the administra-
tion of 5-HT2a-antagonists (Nash, 1990; Schmidt et al., 1991) attenuates the
effects of substituted amphetamines on DA-release. It is very likely that
substituted amphetamines cause the release of norepinephrine from noradr-
energic nerve endings by a similar mechanism, but this effect has not yet been
investigated. The affinity of substituted amphetamines to monoaminergic
receptors is in the micromolar range (Battaglia et al., 1988b; Pierce and
Peroutka, 1988) and direct receptor interactions of these drugs seem to make
no major contribution to their central actions.
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Acute effects

The stimulation of DA-release appears to be responsible for the acute am-
phetamine like psychostimulatory effects of these drugs whereas the LSD-like
hallucinogenic effects, and the subjective feelings of "love, happiness, peace

and connection" are probably due to the huge elevation of 5-HT in the
extracellular space and the resulting activation of, among others, 5-HT2^-
receptors (Pierce and Peroutka, 1989; Wing et al., 1990). At higher doses or in
susceptible individuals, substituted amphetamines may elicit a spectrum of
acute peripheral responses, such as hyperthermia, tachykardia, hyperventila-
tion, nausea, and others (see Table 1). Most of these adverse side effects are

elicited by the massive release of 5-HT and catecholamines from peripheral
sites and brain structures endowed with the regulation of blood pressure,

respiration, body temperature and feeding. The severity of the hyperthermic
response is related to the ambient temperature and influenced by water con-
sumption and by the frequency of drug use (Gordon et al., 1991; Dafters, 1994,
1995). In rats, the MDMA-dosage required to elicit an acute hyperthermia
similar to that seen clinically (about 10mg/kg) is somewhat higher than the
estimated typical recreational dose of 1-4mg/kg consumed by users (Colado
et al., 1995). However, the plasma concentrations of MDMA measured one
hour after the intraperitoneal administration of 10mg/kg in rats (about
5 nmol/ml) were almost identical to those reported in patients suffering acute

/,9 fatal responses to the ingestion of the drug (Dowling et al., 1987; Henry et al.,
1992).

_,6,,,_' Hyperthermia is a major feature in human recreational MDMA users

._- ___, presenting with MDMA-induced toxicity. Body temperatures of up to 43°C
have been reported (Henry et al., 1992), and misuse of MDMA under

?ecL'

? !c:['t,_.t;

I Pl_t_/'i Table 1. Survey of adverse acute effects and complications
reported after intake of MDMA at very high doses or in sus-

q frcr ceptible subjects (for references see Green et al., 1995)

/. _' ,,,._/",£ Acute adverse effects Acute complications

hyperthermia fatalhyperthermia
_/),q_ tachycardia rhabdomyolysis

hypertension intravenouscoagulation
I arrhythmia acuterenalfailure

hyperventilation cerebral hemorrhage
nausea convulsions

vomiting hcpatotoxicitydiarrhea
myoclonus
ataxia

tremor
myalgia
trism

; bruxism
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crowded conditions high ambient temperatures, physical activity, and volume
depletion seems to exacerbate the acute toxicity problems (for review see
Green et al., 1995). MDMA has also been reported to cause hypertensia and
arrhythmias (Bedford-Russel, 1992; Henry et al., 1992; Screaton et al., 1992).
These vascular problems, together with forced cerebrovascular dilatation
and coagulopathy are probably responsible for cases of cerebral hemorrhage
in some subjects (Harries and DeSilva, 1992; Gledhill et al., 1993). The
hyperthermic effect may be a causal factor in a number of deaths in human
recreational MDMA users who have presented for emergency treatment
with symptoms including convulsions, disseminated intravenous coagula-
tion, rhabdomyelosis, and acute renal failure (Brown and Osterloh, 1987;
Chadwick et al., 1991; Fahal et al., 1992; Henry et al., 1992; Screaton et al.,
1992: see also Table 1).

In rats the hyperthermic response to substituted amphetamines is asso-
ciated with the appearance of hyperactivity and the so-called serotonin be-
havioral syndrome (Slikker et al., 1989; Spanos and Yamamoto, 1989). This
serotonin-syndrome consists of a complex sequence of behavioral changes,
including reciprocal forepaw treading, head weaving, piloerection, hind limb
adduction, proptosis, ataxia, and unawareness. It is also elicited by other
pharmacologic treatments which cause a massive stimulation of the central 5-
HT system, e.g. by stimulation of 5-HT synthesis and concomitant inhibition
of 5-HT degradation (Graham-Smith, 1971) or by administration of 5-HT-
receptor agonists (Green and Heal, 1985). Similar acute behavioral effects
of substituted amphetamines were also observed in non-human primates
(Hardman et al., 1973), and many of the signs and symptoms of acute MDMA
toxicity in men resemble major features of the serotonin syndrome seen in
experimental animals (Sternbach, 1991; Ames and Wirsin, 1993; Friedman,
1993).

A direct association of the 5-HT releasing properties of substituted
amphetamines with both the behavioral syndrome and the hyperthermia is
supported by the major biochemical consequence of all substituted amphet-
amines, namely a massive release of 5-HT and DA. The loss of up to 80% of
the central 5-HT stores during the first few hours after drug administration
coincides with the appearance of the acute hyperthermic and behavioral
effects triggered through stimulation of 5-HT and DA receptors. The acute
5-HT and DA release, and therefore the severity of the hyperthermic and
behavioural responses, is attenuated by the simultaneous administration of 5-
HT rcuptake inhibitors (Schmidt, 1987; Bradberry et al., 1990; Hekmatpanah
and Pcroutka, 1990), by the prior depletion of 5-HT stores through 5-HT-
releasers or inhibition of 5-HT synthesis (Berger et al., 1992a; Brodkin et al.,
1993) or by manipulations which antagonize the release and/or the action of
DA (Stone et al., 1988; Schmidt et al., 1985).

In humans, the severity of adverse reactions is not always clearly related to
the amount of MDMA taken (Henry et al., 1992). Different individual vulner-
abilities seem to exist and, apart from problems of purity and concomitant use
of other drugs, repeated exposure may cause sensitization and exacerbate the
acute hyperthermic and behavioral responses. The occurrence of undesirable

L
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physical symptoms, including toss of appetite, trismus, nausea, muscle aches,
ataxia, sweating, tachycardia, fatigue, and insomnia were reported to increase
with successive doses, while the mood enhancing, hallucinogenic effects de-
creased (Greer and Tolbert, 1986; Peroutka et al., 1988).

Long term effects

As shown by numerous animal studies, the initial release of 5-HT leads to a
massive 5-HT depletion during the first few hours after administration of
substituted amphetamines. Thereafter, amine levels start to normalize. At
higher doses, brain 5-HT content decreases again until the 2-3rd day after
drug administration and remains at this lower level for months (Schmidt,
1987; Gibb et al., 1990). The secondary long term reduction of 5-HT content
is paralleled by decreased levels of two other biochemical markers of 5-HT
presynapses, tryptophan hydroxylase content and 5-HT transporter density
(Habert et al., 1985; Zhou et al., 1996). Immunocytochemical studies
have demonstrated a severe loss of 5-HT presynapses swollen varicosities,
fragmentation and dilatation of 5-HT axons (O'Hearn et al., 1988; Molliver et
al., 1990).

The long-term degeneration of serotonergic nerve endings after
administration of substituted amphetamines was first noticed in para-
chloroamphetamine-treated rats (Sanders-Bush et al., 1972). Subsequent
studies demonstrated the degeneration of ascending 5-HT projections after
administration of large or repeated doses of methamphetamine (Hotchkiss
and Gibb, 1980; Green et al., 1992), 3,4-methylenedioxyamphetamine
(Ricaurte et al., 1985; Axt and Molliver, 1991), MDMA (Stone et al., 1986;
Battaglia et al., 1987) or fenfluramine (Harvey and McMaster, 1975; Ricaurte
et al., 1991). Long-term degenerative effects were also seen in other species,
including several species of non-human primates (Ricaurte et al., 1988b; Insel
et al., 1989; Wilson et al., 1989). Primates are much more vulnerable to the
neurotoxic actions of substituted amphetamines; their 5-HT nerve endings
were found to degenerate if only 1/10 of the MDMA-dose required . to
produce degenei:ative effects in rats_v_sg-W-eg'-_C_-U-fle and' -M_ anC---fiTT992).
Already the administi:ation of 5mg MDMA/kg bod_7-WaTgTff'iSfi-fiS_-ffa

t_,f(_, substantial degeneration of 5-HT nerve endings in the brains of squirrel
monkeys, whether applied subcutaneously or, more importantly, orally
(Ricaurte et al., 1988a).

q._6 _ A series of elegant immunocytochemical studies have described in great
detail tile neurodegenerative effects of substituted amphetamines in the brain
of rats and non-human primates (O'Hearn et al., 1988; Molliver et al., 1990;
Axt and Molliver, 1991). In rats, these studies have demonstrated the great-
est damage to 5-HT axon terminals innervating neocortex, striatum, and
thalamus with smaller reductions observed in hippocampus, septum, and
amygdala. In ncocortex, the loss of 5-HT presynapses was more pronounced
in occipital compared to frontal regions. The medial hypothalamus was more
severely affected than the lateral hypothalamus. These regional differences
were shown to be due to the greater susceptibility of the fine axons projecting
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from the dorsal raphe nucleus (Wilson et al., 1989; Battaglia et al., 1991;
Mamounas et al., 1991). Also in brain stem, a severe loss of 5-HT terminals
has been reported (Harvey et al., 1993). No damage of the serotonergic
perikarya in the raphe nuclei was noticed in rats and published reports of
"degenerative" effects of MDMA on 5-HT nerve cell bodies in the brain of
primates are based on rather questionable histologic evidence (cytoplasmatic
inclusions in luxol fast blue /cresyl violet stained sections, Ricaurte and
McCann, 1992).

Causes of long term damage to 5-HT projections

Despite the very intense research efforts made during the last two decades,
the mechanisms by which substituted amphetamines cause the destruction of
5-HT nerve endings and axons are still not yet completely understood. Most
authors agree that the damage caused by ring-substituted amphetamines is
rather similar and that this damage is caused by similar mechanisms (Stone et
al., 1986; Molliver et al., 1990; Mamounas et al., 1991). Surpisingly, these
amphetamine derivatives by themselves are not neurotoxic, at least not at the
concentrations reached in the brain after systemic administration of a dose
which causes a substantial loss of 5-HT nerve endings. Even direct intracere-
brai injections failed to produce the degeneration of 5-HT terminals and
axons seen after systemic administration (Berger et al., 1990; Paris and
Cunningham, 1991). Efforts to identify toxic metabolites have not been suc-
cessful (McCann and Ricaurte, 1991b; Fuller, 1992; Johnson et al., 1992; Chu
et al., 1996). It has therefore been proposed that part of the 5-HT or DA
released by the systemic administration of substituted amphetamines may be
converted to neurotoxic metabolites, such as 5,7-dihydroxytryptamine (5,7-
DHT) or 6-hydroxydopamine (6-OH-DA), and that these endogenously
formed neurotoxins cause the damage to 5-HT terminals (Seiden and
Vosmer, 1984; Commins et al., 1987). However, the measured levels of endog-
enously formed 5,7-DHT were much below the critical threshold to cause 5-
HT neurotoxic effects (Commins et al., 1987) and earlier reports on the
formation of 6-OH-DA (Seiden and Vosmer, 1984) could not be confirmed by
the use of more accurate methods (Karoum et al., 1993).

It has nevertheless been hypothesized (and became the currently most
widely held belief) that the degeneration of 5-HT terminals seen after sys-
temic administration of substituted amphetamines is due to oxidative damage
by dopamine erreously taken up into 5-HT presynapses (Schmidt et al., 1985;
Stone et al., 1988; Odell et al., 1991). The proponents of this hypothesis have
some difficulties to explain the severe loss of 5-HT afferences in areas of low
dopaminergic innervation in the rat, such as hippocampus and cortex and the
lack of damage observed after intracerebral administration of these drugs.
More importantly, this hypothesis completely ignores the fact that serotoner-
gic (like all other) presynapses are endowed with several protective mecha-
nisms which are very effective in the prevention or repair of oxidative and
radical-mediated damage, provided that the efficacy of these mechanisms is
not overwhelmed by very high concentrations of these toxins or by a lack of
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energy required for their optimal function (Marker et al., 1981; Hothershall
et al., 1982; DeVito and Wagner, 1989; Swanson and Choi, 1993). That the
exhaustion of endogenous defense mechanisms may indeed represent the
most crucial factor in the sequence of events which lead to the degeneration
of 5-HT terminals and axons after administration of substituted amphet-
amines is supported by direct evidence for oxidative stress and radical-
mediated damage (Stone et al., 1989; Gudelsky et al., 1994; Sprague and

'Nichols, 1995) and by the observed protective action of antioxidants and
radical scavengers (Colado and Green, 1995; Hirata et al., 1995; Gudelsky,
1996). The inefficiency of endogenous detoxification and repair mechanisms
caused by the administration of substituted amphetamines is additionally
evidence by the reported destabilization of Ca2+ homeostasis and the ex-
tended translocation and activation of protein kinase C in MDMA treated
raphe cell cultures (Azmitia et al., 1990b; Park and Azmitia_ 1991: Kramer et
al., 1995). The exhaustion of ATP driven Ca++-pumps, and therefore, large
incre.&ses of intracellular Ca +* are key amplification steps also in many other
ae?rodegeherative Processes, including glutamate mediated excitotoxicity
(Choi_-1988; Choi and Rothman, 1990; DeErasquin et al., 1990).

The most essential prerequisite for an efficient functioning of the mecha-
nisms involved in the regulation of transmembrane ion exchange, internal
Ca ++-homeostasis, in the prevention of oxidative stress and lipid peroxidation
is energy. Several lines of evidence indicate that the neurotoxic potential of
substituted amphetamines is related to their ability to exchange with seroto-
nin and to dissipitate transmembrane ion gradients and thereby taxenergy
metabolism in 5-HT nerve terminals. Because these drugs prevent the proper '_

j, storage of 5-HT into the presynaptic vesicles, the active carrier systems in the i
' vesicular and presynaptic membrane operate at a permanently activated state }
( (Rudnik and Wall, 1992). The inefficient transport of the released 5-HT from
_"the extracellular space into the presynapse and from the presynaptic cytosol

into the vesicles consumes considerable amounts of ATP required for the
restoration and maintenance of ionic gradients. This loss can normally be
restored by increased uptake and utilization of substrates for presynaptic
energy metabolism, mainly glucose. The single largest energy reserve in the
adult brain is glycogen stored in astrocytes. It is rapidly degraded and released
in the form of glucose and lactate upon stimulation by, e.g. increased release
of serotonin (5-HT2-receptor-mediated) of catecholamines (O-receptor-
mediated) or high levels of extracellular potassium ions associated with
generally increased neuronal activity (for reviews see Pentreath et al., 1986; ?
Swanson and Choi, 1993; Eyre et al., 1994). It is therefore not surprising that
glycogen phospho_ry!ase in astroglial-rich cell cultures is activated by the
addition of 5-HT o¥ MDMA (Poblete and Azmitia, 1995) and that
brain glycogen levels are rapidly depleted a-fter- systemic administration of
substituted amphetamines (see Fig. 2).

Under certain circumstances, the wastage of presynaptic energy resources
caused by substituted amphetamines may exceed the capacity of 5-HT ter-
minals to cover these increased ATP demands. If other energy dependent
n_echanisms involved in the regulation of the fnnctional and structural integ-
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Fig. 2. Effect of acute PAC-administration on the glycogen content in the frontal cortex.
Male Wistar rats were given one single dose of PCA (10mg/bw, i.p.) and killed by
decapitation at different times thereafter. The glycogen content in the cortex was assayed
fluoremetrically by the method of Passoneau and Lauderdale (1974). Values are means __
SD (n -- 5) and expressed as nmoles glucose liberated from glycogen by the action of

amyloglycosidase per mg protein

rity of the 5-HT nerve terminal are no longer adequately fueled, they will
become increasingly inefficient. Intracellular Ca ++levels will rise, endogenous
proteases will become activated, oxidative stress will cause various kinds of
damage, and the synapse and proximal axon segments will degenerate. This
fatal sequence of events is not elicited if substituted amphetamines are local-
ly applied by direct intracerebral injections (Berger et al., 1990; Paris and
Cunningham, 1991). Obviously, under such conditions, the availability of
energy-rich substrates is still sufficient to cover the increased energy demands
of 5-ITT nerve terminals. Apparently this is no longer the case of the supply
of glucose and other substrates for their energy metabolism is additionally
compromised by the severe wastage of energy caused by the systemic admin-
istration of substituted amphetamines in the periphery. The most energy
consuming processes elicited by the systemic administration of substituted ,
amphetamines are hyperthermia and hype_jLactivity.Both are potentiated by

) aggregation, by high ainbient -tempei:affif_, by-_di_ional external stimulation
/ (loud music, light-shows), and by dehydration, i.e. by the conditions when

substituted amphetamines are used at rave and dance parties. _'
It has been assumed that both the severity of acute systemic side effects

and the long-tcrm-damage to 5-HT nerve endings may be potentiatcd by
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these conditions and that individual differences exist in the vulnerability to
the acute systemic actions, and therefore to the long-term neurodegenerative
effects of substituted amphetamines (for review see Green et al., 1995). We
found a remarkable correlation between the severity of the systemic reactions
(e.g. the duration of the hyperthermic response) and the loss of 5-HT nerve
endings in the brain of two differently susceptible rat strains (see Fig. 3).
Also in human subjects, the severity of hyperthermic and other averse reac-
tions is unrelated to the actual dose of MDMA taken (Henry et al., 1992) but
may be closely related to the severity of the long-term damage in the brain of
those subjects who experienced serve hyperthermic and other energy wasting
systemic responses during the first few hours after the consumption of substi-
tuted amphetamines.

Several observations in MDMA-treated rats suggest that the energy-
wasting, especially the hyperthermic, reactions elicited by the systemic admin-
istration of substituted amphetamines play an important permissive role in the
long-term degeneration of 5-HT axon terminals (Bowyer et al., 1994: Colado
et al., 1995). It has long been noticed that these drugs cause no long-term
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Fig. 3. Relationship between the duration of the hyperthermic response and the severity
of the long-term damage to 5-HT presynapses in the frontal cortex of rats caused by
the administration of different doses of PCA to rats of two differently vulnerable
strains (r = 0.97). The animals of the two differently vulnerable rat stains were treated by
PCA and the loss of 5-HT terminals was measured by [_H]-paroxetine binding assay as
detailed elsewhere (Zhou et al., 1996). The duration of the hyperthermic response was
defined here as the period during which the rectal temperature remained at an clevated
level of ->39.5°C. Squares: Wistar rats, Circles: Sprague-Dawley rats. Open symbols:
4mg PCA/kg body weight. Gray symbols: 6rog PCA/kg body weight. Filled symbols:

8rog PCA/kg body weight
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damage to 5-HT presynapses when administered to rats during early postnatal
development (Clemens et al., 1978; Lucot et al., 1981; Broening et al., 1994).
During the early developmental period, the brain glycogen reserves are
particularily high (Brtickner and Biesold, 1981) and the energy-wasting
hyperthermic response to systemic MDMA administration is much less pro-
nounced (Broening et al., 1994). Apparently, the 5-HT presynapses under
such conditions are better protected against the exhaustion of energy and the
failure of their endogenous detoxification and repair mechanisms caused by
the systemic administration of substituted amphetamines. Another feature of
the action of MDMA and its congeners which has been studied in great detail
is the attenuation or exacerbation of the long term damage of 5-HT axon
terminals in the brain of experimental animals caused by certain pharmaco-
logical pretreatments or physiological manipulations. Each of the hitherto
proposed hypothesis on the possible mechanisms which may lead to the loss of
5-HT nerve terminals explained some, but not all of these protective or
preventive effects. The concept of energy exhaustion proposed here, however,
predicts that the long-term damage to 5-HT nerve endings should be less
pronounced under conditions

a) When the vesicular 5-HT stores are depleted by prior administration of
5-HT releasers (see Berger et al., 1989, 1992a) or when the uptake of
released 5-HT is blocked (see Schmidt, 1987), so that less 5-HT is
inefficiently transported and less ATP is consumed for the restoration
and maintenance of ionic gradients;

b) when the hyperthermic response is attenuated by drugs which antago-
nize the rise of body temperature caused by the activation of 5-HT- and
DA-receptors involved in central thermoregulation (Schmidt et al.,
1990b; Miller and O'Callaghan, 1994), so that more energy-rich sub-
strates can be supplied to the brain;

c) when the amphetamine-like psychostimulatory effects, and therefore
the degree of general arousal and hyperactivity are reduced e.g. by
pretreatments which prevent the activation of the dopaminergic sys-
tem, e.g., by lesions of the DA-system (see Schmidt et al., 1985; Stone
et al., 1988), by prior DA-depletion or by inhibition of DA-synthesis
(see Axt et al., 1990; Brodkin et al., 1993), by administration of DA-
antagonists (see Schmidt et al., 1985; Hewitt and Green, 1994), by
pharmacologic manipulations of other transmitter systems involved in
the regulation of presynaptic DA-output, including administration of
5-HT2-receptor antagonists (see Schmidt et al., 1991; Gudelsky et al.,
1994), of GABA-agonists and/or glutamate (NMDA) antagonists (see
Finnegan et al., 1990; Colado et al., 1993; Colado and Green, 1994) or
by drugs which cause a general reduction of global energy metabolism
in the brain, such as sedativa and anesthetics (see Schmidt et al.,
1990a);

d) when the oxidative pressure in 5-HT nerve terminals is reduced, e.g.,
by prior administration of antioxidants and radical scavengers (see
Colado and Green, 1995; Hirata et al., 1995; Gudelsky, 1996); by treat-
ments which reduce the uptake and possible formation of toxic
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metabolites in 5-HT presynapses (see Iyer et al,, 1994; Sprague and
Nichols, 1995) or presumably by any other treatment which improves
global energy metabolism in the brain.

Consequences of the loss of 5-HT-afferences

In order to evaluate the consequences of the potential degeneration of 5-HT
nerve terminals in the brain of previous MDMA users, a somewhat closer
examination of the biological role of the central 5-HT-system is warranted.
Information processing in the brain takes place in a serial and parallel manner
in multifocal, distributed networks. The activity, and therefore the impact of
these local networks on whole brain function is controlled by several globally
acting transmitter systems through their extended and partially overlapping
projections (Mesulam, 1990). One of these extended transmitter systems in-
volved in the globalisation and harmonization of the activity generated in
distributed networks is the 5-HT-system, During daytime, the raphe neurons
fire tonically with 3-5 impulses/sec, and affect the neuronal activity in indi-
vidual neuronal networks throughout the forebrain by the 5-HT released at
the terminals of their far reaching and extensively branched axons (Jacobs
and Azmitia, 1992). Its endogenous activity is not affected by environmental
stimuli, it dimishes during sleep and ceases completely during REM-sleep
(Jacobs et al., 1990; Jacobs and Fornal, 1991).

In the cortex, the dense and predominantly non-junctional 5-HT inner-
vation is capable of modulating the activity of vast cellular assemblies
(for reviews see Seguela et al., 1989; Spoont, 1992). An imbalance in the
innervation density between individual projection fields may have widespread
global influences on brain function. In principle, cortical 5-HT activity acts
to constrain neuronal information processing. It stabilizes signal propagation
through its inhibitory actions on neuronal activity and prevents impingement
of the system by exogenous signal sources. Its activity ensures that only
signals of sufficient intensity are able to interfere with current information
flow.

The ability of the central 5-HT system to act as a global synthesizer and
harmonizer of local brain activities appears to be related to the fact that
this system develops earlier than the local networks in higher brain regions.
Because of its trophic, organizing influences on other, later developing
neuronal networks (Lauder, 1990; Rhoades et al., 1990; Azmitia and
Whittaker-Azmitia, 1991), it made a major contribution to the establishment
and the elaboration of the local neuronal networks which remain under
its globalizing, harmonizing, and irrigating influence from early childhood to
senescence.

The massive release of 5-HT caused by the action of substituted amphet-
amines results in a massive enhancement of these harmonizing and stabilizing
actions of 5-HT on cortical information processing. This acute effect is per-
ceived by most users as a sudden flash of increased harmony, as feelings of
love, happiness, peace, and connection (Cohen, 1995). Such a pharmacologi-
cally produced degree of harmony is of cause difficult to achieve under normal
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conditions of everyday life with all the disgusting, disturbing, stressing, and
ambivalent stimuli from the external,world. There is, however, a price to pay
for such an artificial opening of serotonergic synapses. And this price is their
potential damage.

The loss of 5-HT afferences does not cause very obvious behavioral ef-
fects. In experimental animals, rather sophisticated behavioural measure-
ments are required in order to demonstrate the consequences of severe
selective lesions to the central 5-HT system (for reviews see Smale et al., 1990;
Sirvio et al., 1994). The partial loss of cortical 5-HT presynapses can be
expected to impair the ability of distributed neuronal networks to maintain

the integrity of the signal flow pattern, and increase the likelihood of switching
to unstable information processing. As a consequence of the long-term de-

struction of this stabilizing and harmonizing serotonergic "buffer-system",
behavioral responding may be stronger influenced by certain activities gener-
atect in individual networks. Inherited or acquired mental dispositions result-
ing from a too strong or too week impact of such individual networks on
global information processing in the brain must be assumed. The partial loss
of serotonergic projections will not necessarily lead to gross behavioral abnor-
malities. Rather this loss may cause an intensification and accentuation of

certain personality features. For this reason, it will be difficult to identify the
long-term behavioural consequences of the destruction of 5-HT terminals in

the brains of previous MDMA-users in cross sectional epidemiologic studies.
These consequences may become more obvious in longitudinal studies which
aim at the detection of subtile behavioral changes on an individual basis. Such

changes are most likely encountered in subjects which experienced serious
averse systemic reactions, e.g. a severe acute hyperthermic response, follow-
ing the consumption of substituted amphetamines.

Once the damage to the serotonergic projections occurred, some regen-
eration may occur, This process, however, requires months or even years
and will fail to authentically restore the original innervation pattern. Pre-
liminary own results indicate that collateral sprouting of 5-HT axons and

formation of new 5-HT presynapses in the cortex is supported by long-term
administration of drugs which increase the availability of 5-HT in the extra-

cellular space (see Fig. 4). This regrowth-promoting effect is probably due
to a 5-HT-mediated increase in the production and release of astrocytic
growth factors which are known to stimulate the outgrowth of 5-HT nerve
endings even in the adult brain (Azmitia et al., 1990a; Whittaker-Azmitia

et al., 1990). One important argument underlines the need for early and
effective treatments which support the regeneration of 5-HT nerve terminals:

The loss of serotonergic nerve endings represents only the first step in a
sequence of events, which will inevitably lead to the destabilization of these
neuronal circuits and synaptic connections in local neuronal networks

which are normally stabilized by serotonergic inputs. The severity of these
reorganization processes is illustrated by the 30-50% decline in total synaptic
density in the cortex of experimental animals seen after lesions of the cortical

serotonergic innervation (Okado et al., 1993; Cheng et al., 1994; Azmitia et al.,
1995).
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Fig. 4. Effect of long-term antidepressant treatment on the PCA-induced loss of 5-HT
presynapses in the frontal cortex of Wistar rats. Rats were pretreated by a single i.p.
injection of PCA. One week later they were chronically treated by either amitriptyline or
tranylcyprornine over a period of 4 weeks (4.5mg/kg day, added to the drinking water,
daily fresh). Rats were killed ()ne week after removal of the antidepressants from their
drinking water. The effects of the PCA-treatment and the influence of the chronic
administration of antidepressants on the recovery of 5-HT terminals were measured
by 3H-paroxetine binding and quantitative enzyme-linked immunoassay for tryptophan
hydroxylase apoenzyme as described elsewhere (Zhou et al., 1996). Date are presented
in % of values in untreated control animals (Bm_ x of [3H]-paroxetine binding = 1011.9 +
133.3 fmol/mg protein, concentration of tryptophan hydroxylase apoenzyme concentra-
tion = 2.64 _+0.43 ng/protein). Black columns: controls (normal tap water), gray columns:
amitriptyline treatment (4.5 mg/kg per day), open columns: tranylcypromine treatment

(4.5 mg mg/kg per day)

There must be the usual provision about extrapolating animal findings to
man. However, the doses of MDMA used by human subjects recreationally
(often more than 3mg/kg) give rise to serious concerns about MDMA-

induced long-term degeneration of 5-HT nerve endings in the human brain.

Until now, only a few indirect measurements indicate that previous MDMA
users may have lost part of their 5-HT afferences in distant projection fields of
the raphe nuclei. The concentrations of the major 5-HT metabolite in the
cerebrospinal fluid of regular MDMA users were about 25% lower than in a

control group (Recaurte et al., 1990) and they had less non-REM sleep and
less total sleep time than controls (Allen et al., 1993). A blunted prolaction-
response to L-tryptophan administration has also been observed in heavy
MDMA-users (Price et al., 1989). Of particular interest is the multitude of

neuropsychiatric syndromes reported in previous MDMA-users (see Table 2).
It is very likely that the partial loss of the serotonergic innervation may cause
the exaggeration of certain hitherto "buffered" personality traits which, in
vulnerable, predisposed subjects may then become manifested as defined
psychiatric syndromes. These syndrorncs have long been linked to serotoner-
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Table 2. Survey of long-lasting neuropsychiatric problems
reported after use of MDMA (for references see Ricaurte
and McCann, 1992; Green et al._ 1995; McGuire et al., 1994)

Long-lasting psychiatric problems

panic attacks,
anxiety
insomnia

depression
suicidality
chronic paranoid psychosis
recurrent acute psychosis
memory disturbances

gic dysfunctions. They are often seen in individuals using MDMA repeatedly
and usually at high dosage. Some of the reported cases were individuals with
prior psychiatric histories (McCann and Ricaurte, 1991a; McGuire et al.,
1994). PET and SPECT-imaging techniques for the assessment of, e.g. 5-HT
transporter densities, of 5-HT-synthesizing capacities or of stimulated 5-HT
release are now available (see for instance Agren and Reibring, 1994; Kuikka
et al., 1995; Mann et al., 1996; Meyer et al., 1996). Such measurements in
different brain regions of previous MDMA users are urgently needed in order
to confirm the severity of long-term effects caused by the misuse of substituted
amphetamines on the regional 5-HT innervation density in the human brain
and to rule out any doubts about the long-term consequences of this innocent
drug fashion: That the price of a short flush of too much "ecstasy" is the
irreversible damage to the system which is essentially involved in the genera-
tion of feelings of harmony and pleasure.
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