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Abstract

The influence of an acute dose (2 mg/kg; i.v.; infused over 10 min) of 3,4-methylenedioxymethamphetamine (MDMA; Ecstasy)
on the brain serotonin synthesis in the dog was assessed using «[''CJmethyl-L-tryptophan and positron emission tomography. The
rate of serotonin synthesis measured 1 h after injection of MDMA was six times greater than the base line (before MDMA) synthesis.
Five hours after the MDMA injection, serotonin synthesis was about one half that at the base line, and about one thirteenth of the
synthesis at 1 h after MDMA. A large increase seen 1 h after MDMA probably relates to the large release of serotonin by MDMA
and reflects an attempt of the serotonergic system to replenish released serotonin. This probably correlates with the mood changes
reported by humans after MDMA intake. Decrease observed 5 h after MDMA, in part, probably relates to the inhibitory effects of
the released serotonin, which could act on the activity of tryptophan hydroxylase directly or indirectly via other monoaminergic
systems (e.g. dopaminergic). © 1999 Published by Elsevier Science Ltd. All rights reserved.

1. Introduction

MDMA (3,4-methylenedioxymethamphetamine,
Ecstasy) has been shown to deplete brain serotonin
(5-HT) and its metabolite 5-hydroxyindolacetic acid
(5-HIAA) in a dose related manner (Stone et al., 1996),
and reduces the number of 5-HT transporter sites (De
Souza et al., 1990). Some of these effects occur soon after
the drug is taken and could last for a rather long period
of time. It has also been shown that MDMA increases
dopamine synthesis (Nash, 1990), releases dopamine
from its storage (Koch and Gallaway, 1997), and after
depletion of dopamine in the rat brain before MDMA
injection, there is a reduction in the MDMA serotonergic
neurotoxicity (Brodkin et al., 1993). In the neuronal tis-
sue culture of human serotonergic cells MDMA pro-
duced programmed death (Simantov and Tauber, 1997).
In addition, it was shown that neurotoxicity in rats where
only terminals are destroyed, is somewhat different from
that in non-human primates since in the latter cell bodies
are also affected (Ricaurte et al., 1988). These dis-
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crepancies are probably, at least in part, related to a
different metabolic disposition of this drug in different
species (Caldwell et al., 1976).

MDMA is an amphetamine analog often used as a
recreational drug (Peroutka, 1990), despite substantial
evidence of its neurotoxicity in rodents (Ricaurte et al.,
1985; Commins et al., 1987; O’Hearn et al., 1988) and
non-human primates (Ricaurte et al., 1988; Insel et al.,
1989), and recently an indirect evidence showing possible
toxicity in humans (McCann and Ricaurte, 1993). The
exact mechanism(s) of this neurotoxicity has(have) not
been established as yet, but the possible involvement of
several monoaminergic systems has been proposed.
MDMA acutely induces release of serotonin from its
vesicular and cytosolic storage sites, possibly by a direct
interaction with vesicular and neuronal uptake sites
(Gudelsky and Nash, 1996; Rudnick and Wall, 1992). It
seems that the release of dopamine is somehow linked to
the neurotoxicity of MDMA (Nash et al., 1990; Lew
et al., 1996). Methylamphetamine (MDA), an in vivo
metabolite of MDMA (Lim and Foltz, 1989, 1991), has
been shown to produce in rat caudate nucleus 6-hyd-
roxydopamine (Seiden and Vosmer, 1984), a well known
neurotoxic dopamine derivative.

The main aim of the present study was to investigate
the effects of MDMA on brain 5-HT synthesis 1 and 5 h
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after i.v. injection of MDMA. The importance of the
synthesis stems from the fact that altered synthesis would
result in different amounts of 5-HT available for release.
To obtain proper dynamic information of the MDMA
effects, measurements were done at different times after
MDMA injection in the same dog utilizing positron emis-
sion tomography (PET), and ''C-labelled analog of tryp-
tophan, a-methyl =L-tryptophan («-MTrp). Labelled o-
MTrp was recently shown to be a good tracer for the
brain serotonergic system (Diksic et al., 1990, 1991,
Cohen et al., 1995; Miick-Seler et al., 1996) as well as the
measurements of the regional brian 5-HT synthesis in
humans (Nishizawa et al., 1997, 1998; Muzik et al., 1997;
Chugani et al., 1998; Okazawa and Diksic, 1998).

2. Materials and methods

Experiments described here were approved by the Insti-
tutional Animal Care Committee and conformed to the
Guide to the Care and Use of Experimental Animals
(Canadian Council on Animal Care, 1993).

MDMA used in the study was obtained from the Drug
Directorate of the Government of Canada as a racemic
mixture. The drug was administered at a dose of 2 mg/kg
(i.v.). The dog was obtained through the McGill Uni-
versity Animal Resources Centre. The dog was selected
as an experimental animal because it is probably the
smallest animal for which we can obtain good PET
images of the brain with the scanner used. The dog was
intubated about 1 h before surgical implantation of
arterial (femoral) and two venous (femoral vein on each
side) catheters, and pretreated with atropine (0.04 mg/kg;
i.m. and 1 ml/9 kg; i.m.) and was on an animal respirator
using halothane anesthesia with periodic adjustments of
the rate of breathing, assessment of the heart beat, and
periodic analysis of blood gases. If needed anesthesia was
supplemented with Nembutal (60 mg). At the end of the
experiment the dog was killed by an i.v. injection of 200
ml of potassium chloride solution.

The dog was positioned in the PET scanner (Scan-
ditronix) to insure imaging of the entire brain. The dog
was positioned in such a way that the top slice was imaged
in the front of the dog brain. The body temperature was
monitored with a rectal probe connected to an auto-
matically controlled heating blanket. Respiration rate
was adjusted, when needed, to keep blood gases within
the physiological range. a-[''C]Methyl-L-tryptophan (o-
['"C]MTrp) was prepared by the method described pre-
viously (Mzengeza et al., 1995), and had a specific activity
above 100 Ci/mmol at the time of injection. About 10
mCi of a-[''C]MTrp was injected and the scanning was
started at the beginning of tracer injection. The tracer
was injected over a 2-min period and the arterial blood
samples were taken at progressively increasing time per-
iods (Diksic et al., 1991). The blood samples were cen-

trifuged as soon as possible at 12,500 g for 2 min in a
refrigerated centrifuge (5°C), and the radioactivity of the
plasma was measured with a Nal(Tl) well detector con-
nected to a multichannel analyzer. After correction for
decay and the scanner-Nal(TI) detector cross calibration
efficiency coefficient, the plasma samples were used as the
plasma input function in the calculation of the 5-HT
synthesis rates (see below). Additional plasma samples
were taken for the measurement of plasma concentrations
of total and free tryptophan (Trp). Free Trp was mea-
sured in the ultrafiltrate of plasma obtained by filtering
plasma through a Millipore membrane with 10,000 MW
cut-off. Plasma total Trp was measured in the depro-
teinized plasma [plasma-trichloroacetic acid (20%) 1:1].
Plasma amino acids were measured by HPLC using
reverse-phase column and a post-column derivatization
with o-phthalaldehyde (Takada et al., 1993).

Images were reconstructed using 8 mm filter, and were
corrected for attenuation by using transmission scan
obtained by a rotating ®Ge-"*Ga source. Image acqui-
sition time was 0.5 min for the first 3 min, then 1 min
until 10 min, 2 min until 20 min, and 5 min after to the
end of scanning which lasted 60 min. The MDMA (2
mg/kg) was administered at the end of the first (base line)
scan by i.v. injection over 10 min. The second scan was
done 1 h after the MDMA injection and lasted 60 min.
The third scan was done 5 h after the MDMA injection,
and also lasted 60 min. The brain time radioactivity
curves were obtained from the serial images on at least
three different levels and were used for the rate of sero-
tonin synthesis calculation. The time radioactivity curves
were fitted to the theoretical tissue time radioactivity
curve (Eq. 1) represented by an equation derived from
the three-compartment model (Diksic et al., 1991).

T T

Ci) de+ VJ "2 CH(1) - dt (1)

0

C’;(T):K*-J

0

Here K* (ml/g/min) is the plasma to brain clearance con-
stant which represents the rate at which the trace is trap-
ped in the unit volume of the brain irreversible
compartment, C{(¢) [nCi/ml] is the plasma tracer radio-
activity concentration as a function of time from the time
of the tracer injection, V2 is a variable representing the
sum of the first order rate constants for the transfer of
tracer from tissue back to plasma (k% min~') and from
the tissue precursor pool to the tissue irreversible com-
partment (k% min~"), and V is variable consisting of the
model rate constants (Diksic et al., 1991). Using SAAM
IT (SAAM Institute, University of Washington, Seattle,
WA) the tissue time radioactivity curves were fitted to
obtain blood to tissue net clearance K* (ml/g/min), which
was used in the calculation of brain serotonin synthesis.
Brain 5-HT synthesis rates were calculated as:
R = K*C}™/LC (nmol/g/min). C}™ is the plasma free Trp
concentration (nmol/ml) and LC is the lumped constant.
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We used LC = 0.42, the value measured in vivo in the rat
brain (Vanier et al., 1995). The use of the plasma free Trp
in this equation has been justified before (Diksic et al.,
1990, 1991, 1995; Nagahiro et al., 1990). Images of the
synthesis rates shown in Fig. 4 were calculated as the
slope of the linear portion of the tissue volume of dis-
tribution as a function of exposure time (Nishizawa et
al., 1997; Okazawa and Diksic, 1998) by using images
acquired after 20 min on the pixel-by-pixel bases. Using
these values of K* and the intercepts obtained in the
linear fit, the synthesis images were calculated according
to the above-mentioned equation. This approximation
was used to avoid instability of the exponential fits done
pixel-by-pixel using Eq. 1 (Okazawa and Diksic, 1998).
Using this approximation rather than full operational
equation is also justified by reports that there is no large
difference between K*-s calculated by this approach and
those obtained by the fit to Eq. 1 (Nishizawa et al., 1998;
Okazawa and Diksic, 1998).

Statistical comparison was done using ANOVA with
Bonferroni correction when applicable.

3. Results

There was no significant (P > 0.05; ANOVA) change
in the plasma concentration of amino acids known to
compete with Trp for blood-brain barrier transport, and
the values were within physiological levels. There was no
significant (P > 0.05; ANOVA with Bonferroni cor-
rection) change in the plasma total Trp (Table 1), between
three experiments, or plasma free Trp between the first
and second experiment, but there was a significant
(P < 0.05; ANOVA with Bonferroni correction) increase
in the plasma free Trp in the study done 5 h after MDMA
(third study).

The plasma time-radioactivity curves obtained in the
dog before MDMA, and 1 and 5 h after the MDMA

Table 1

injection are shown in Fig. 1A. It should be noted that
the plasma time radioactivity curves after the MDMA
injection are very similar in shape to those after the
MDMA injection. It seems that there was no influence
of the MDMA on the total body clearance and/or the
rate of the body a-["'C]MTrp distribution. In contrast, a
visual examination of the brain time radioactivity curves
(Fig. 1B) suggests a major influence of MDMA on the
shape of the brain time radioactivity curves. A small
plasma time radioactivity curve time shift of 0.15 min
was used to correct for a difference in the arrival of the
bolus to the brain and the point of blood sampling. Fit-
ting of the experimental data to the model operational
equation (Eqn 1) to obtain the brain uptake constant K*
(ml/g/min) produced excellent agreement between fitted
and experimental curves (Fig. 1B). A set of PET images
obtained in dog brain between 1 and 2 h after the injection
of MDMA is shown in Fig. 2. In the insert in Fig. 2, a
plot of the volume of distribution ( y-axis) as a function
of exposure time (x-axis) is given. From the shape of the
graph in the insert it seems that an apparent steady state
has been achieved approximately 25-30 min (clock time)
after tracer injection. The PET images representing the
rates of serotonin synthesis obtained in the dog brain
before, 1 and 5 h after the MDMA injection are presented
in Fig. 3. Since all the images are shown with the same
scale, visual examination provides a feeling for the syn-
thesis range in the different experiments.

The calculated brain serotonin synthesis rates at
different stages after the MDMA injection are given in
Table 1. The rate of 5-HT synthesis was about six times
greater 1 h after the MDMA injection as compared to
the rate before the MDMA injection. Five hours after
MDMA injection, the 5-HT synthesis rate was about
two times lower than at the baseline (before MDMA
injection) or 13 times lower than at 1 h after MDMA
injection. MDMA did not have any influence on the
plasma total Trp (Table 1), but it seems to have had some

Rates of serotonin synthesis measured in dog brain and the plasma tryptophan concentrations,
before and at different times after MDMA (2 mg/kg; i.v.; over 10 min) injection. The rates are given

as mean + standard deviation

Experiment (time

Plasma Trp' (nmol/ml)

after MDMA)

Experiment Free Total* Serotonin synthesis
rate (pmol/g/min)?

1 (pre-MDMA) 16.0+1.8 46+1.5 42+3

2 (1 h after MDMA) 12.740.3 48+1.8 248+5

3 (5 h after MDMA) 20.240.2° 45+2.7 18.7+4.9

'The mean of at least three measurements.

>The mean of at least three slices taken through dog brain at different levels.
*Significantly (P < 0.05; ANOVA with Bonferroni correction) different from the first (pre-

MDMA) and second (1 h after MDMA) studies.

*No significant difference in the concentration between different studies (ANOVA).
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Tissue MDMA Dog Experiment
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Fig. 1. (A) Plasma time radioactivity curves in a dog before the MDMA injection, and 1 and 5 h after the MDMA injection. Individual plasma
radioactivities are shown as symbols (see graph legend for identification), and lines represent a least-squares fit to the experimental points; (B) a set
of brain tissue time radioactivity curves obtained after an injection of about 10 mCi of a-[''C]methyl-L-tryptophan. The tissue time radioactivity
curves are obtained before (@), 1 (M), and 5 (W) h after the MDMA injection. The model fitted curves are shown as solid lines.

[C-11] o~methyl-L-tryptophan
Dynamic PET images of the dog brain (1 hrs after MDMA)

Fig. 2. A set of PET images obtained at different times after tracer injection. Images were obtained with different time durations (see Material and
methods) for 60 min from the time of tracer injection. Tracer was injected 1 h after MDMA injection. In the insert a plot of the tissue distribution
volume (ml/g; y-axis) is plotted as a function of the exposure time (min; x-axis). These images were used to obtain time-radioactivity curve shown in

Fig. 1B.

effect on plasma free Trp. Plasma free Trp was decreased
1 h after MDMA, and increased 5 h after MDMA
(Table 1), as compared to the baseline.

4. Discussion

This report represents the first study of MDMA on brain
5-HT synthesis in a living brain. PET measurements have
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great advantages in comparison to the measurements by
autoradiography or immunocytochemistry, because they
permit repeated measurements in the same animal reduc-
ing subject-to-subject variability. The present results
demonstrate a direct influence of MDMA on brain 5-HT
synthesis rates in a living dog using PET and o-[''C]MTrp
as the tracer. Because MDMA produces effects soon after
it is taken in humans, it is important to understand drug
effect(s) on the brain serotonergic system soon after
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Influence of MDMA
on the Rate of Serotonin Synthesis

baseline 2 hrs after

80
40

0

(pmol/g/min)
5 hrs after

(intravenous injection of MDMA (2mg/kg) )

dog 7

Fig. 3. Images of the serotonin synthesis rates obtained in dog brain before, 1 and 5 h after MDMA injection shown at two different levels. Note a
large increase in 5-HT synthesis at an early time after MDMA, and a large decrease at a later time, in comparison to the synthesis before MDMA

injection.

MDMA is taken, as well as several hours later. It has
been reported that humans require a ‘booster’ dose
approximately 46 h after the first dose (Downing, 1986;
Green and Tolbert, 1986; Leister et al., 1992; Eisner,
1989; Steel et al., 1994). The results presented here clearly
show that MDMA produces a large increase in brain
5-HT synthesis 1 h after treatment, which is probably
related to the euphoric feelings reported by human
abusers. Elevation of 5-HT synthesis are likely to result
in large amounts of 5-HT release because MDMA
releases and also prevents reuptake of 5-HT into vesicular
storage. The high concentration of 5-HT present in the
extravesicular pool (both intra- and extra-neuronal)
seems to result in a profound inhibitory effect on 5-HT
synthesis observed 5 h later. However, there is also the
possibility that MDMA, and/or its metabolite, acts as an
inhibitor of TPH; this would be in agreement with a
reduction of TPH activity measured ex vivo (Schmidt
and Taylor, 1987).

Five hours after the MDMA injection, 5-HT synthesis
is reduced to about one half of the synthesis before the
MDMA injection, and to one thirteenth of the synthesis
1 h after the MDMA injection. Since in the third study
(5 h after MDMA), the plasma concentration of free
Trp was significantly greater than those measured at
the base line and 1 h after MDMA, the decrease in the
5-HT synthesis observed in the third study is probably
attenuated by a significant increase in the plasma free
Trp (Table 1). This notion stems from the fact that the
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plasma free Trp has been related to brain 5-HT synthesis
(Salter et al., 1989; Bloxam and Curzon, 1978; Takada
et al., 1993). The reason for this increase in the plasma
free Trp is not obvious, but it could be due to the
inhibition of the liver tryptophan pyrrolase, an enzyme
known to regulate the plasma balance between free and
bound Trp (Salter et al., 1989; Badawy et al., 1996).
An alternative explanation could be that a release of
corticosterone and other steroid hormones by 5-HT
could displace Trp from the albumin binding sites.
Actions of MDMA have been shown to occur via the
release of 5-HT from vesicular storage, and prevention
of its uptake by binding to the 5-HT transporter sites,
as well as by replacing 5-HT inside vesicles (Rudnick
and Wall, 1992; Schuldiner et al., 1993). A large increase
in the synthesis observed 1 h after MDMA is probably
related to an acute attempt of neurons to replenish
vesicular 5-HT, especially that of the 5-HT readily
releasable pool. A similar observation was obtained in
acute experiments in rats given fenfluramine (Miick-
Seler and Diksic, 1996) and fluoxetine (Miick-Seler et
al., 1996). Even though the mechanism(s) of these drugs
are not exactly the same as those of MDMA, 5-HT
release and interference with 5-HT uptake are common
modes of action of all these drugs. Since the activities
of the brain serotonergic system have been related to
the mood and depression, the reduction in the 5-HT
synthesis several hours after MDMA could correlate
with the observation in abusers of this drug that express
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a need for a ‘booster’ dose 5-6 h after the first dose of
MDMA (Downing, 1986; Green and Tolbert, 1986;
Leister et al., 1992; Eisner, 1989; Steele et al., 1994).
The reduction in 5-HT synthesis found 5 h after MDMA
to about half of that determined at baseline is in
agreement with a reduction of about the same mag-
nitude found by in vitro measurements of TPH activity
from rat brain treated with MDMA (20 mg/kg; Schmidt
and Taylor, 1987). However, the increase seen in our
experiments 1 h after MDMA, was missed because of
the experimental design of Schmidt and Taylor (1987).
In reality it would be hard to design ex vivo experiments
which could mimic the in vivo design used in the
present investigation.

Many investigators have described interactions
between serotonergic and dopaminergic systems in the
brain (Stone et al., 1988; Yamamoto et al., 1995; Simon-
tovand Tomhen, 1997). Results have also been presented
suggesting an increase in dopamine by MDMA (Stone et
al., 1988; Koch and Galloway, 1997) and formation of
5,6-dihydroxytryptamine (Commins et al., 1987) and 6-
hydroxydopamine (Seiden and Vosmer, 1984) known
neurotoxins for serotonergic and dopaminergic neurons,
respectively. On the bases of these investigations and
results reported here, it is possible that MDMA induced
neurotoxicity, is at least in part, induced by acutely
increased 5-HT synthesis.

Since the most common route of the MDMA admin-
istration in humans is oral, and intraperitoneal or sub-
cutaneous in laboratory animals, the use of intravenous
injection needs to be emphasized. We used a dose of 2
mg/kg of the racemic mixture of MDMA, which cor-
responds to about 1 mg/kg of the more potent ster-
eoisomer (S)-MDMA. Doses used in other laboratory
animals and non-human primates of the racemic MDMA
varied between 2.5 and 40 mg/kg given s.c. or i.p. The
biological effects of MDMA are related to the integral of
the plasma concentration of the drug, which could be
influenced differently by the liver enzymes in different
species (Steele et al., 1994; Colado et al., 1995; Tucker et
al., 1994). We injected MDMA over a 10 min period (0.2
mg/min) into the femoral vein. Assuming a blood flow in
the femoral vein of about 250 ml/min, the concentration
of MDMA in the plasma was about 0.8 ug/ml, and this
is approximately one half (Chu et al., 1996) of the con-
centration of MDMA in the plasma of a rat after injection
of 20 mg/kg (s.c.).

In summary, we have shown for the first time in a
living brain that shortly after MDMA injection there is
a large increase in brain 5-HT synthesis, which could be
related to the feelings described by the recreational uses
of this drug. In addition, we have shown that several
hours after MDMA, the rate of 5-HT synthesis falls
far below the synthesis rate pre-MDMA (baseline). The
latter finding can explain reports of abusers needing a
‘booster’ dose. The findings reported here could help to

better understand the MDMA influence on behavior, and
possibly provide some biological information regarding
the euphoric effects reported by users.

Acknowledgements

We thank the staff of the Medical Cyclotron and PET
Units of the McConnell Brain Imaging Centre, Montreal
Neurological Institute. This study was supported in part
by the MRC of Canada (MT-13369) and the US Public
Health Service (RO1-NS-29629).

References

Badawy, A.A.-B., Morgan, J.C., Bano, S., Buckland, P., McGuffin, P.,
1996. Mechanism of enhancement of rat brain serotonin synthesis
by acute fluoxetine administration. Journal of Neurochemistry 66,
436-437.

Bloxam, D.L., Curzon, G., 1978. A study of proposed determinants of
brain tryptophan concentration in rats after portocaval anastomosis
or sham operation. Journal of Neurochemistry 31, 1255-1263.

Brodkin, J., Malyala, A., Nash, 1993. Effect of acute monoamine
depletion on 3,4-methylenedioxymethamphetamine-induced neu-
rotoxicity. Pharmacology Biochemistry and Behavior 45, 647-653.

Caldwell, J., Dring, L.G., Williams, R.T., 1976. Metabolism of ["*C]me-
thamphetamine in man, the guinea pig and the rat. Biochemical
Journal 129, 11-21.

Chu, T., Kumagai, Y., Distefano, E.W., Cho, A.K., 1996. Disposition
of methylenedioxymethamphetamine and three metabolites in the
brains of different rat strains and their possible roles in acute sero-
tonin depletion. Biochemical Pharmacology 51, 789-796.

Chugani, D., Muzik, O., Chakraborty, P., Mangner, T., Chugani, H.T.,
1998. Human brain serotonin synthesis capacity measured in vivo
with a-[C-11]methyl-L-tryptophan. Synapse 28, 33-43.

Cohen, Z., Tsuiki, K., Takada, A., Beaudet, A., Diksic, M., Hamel, E.,
1995. In vivo synthesized radioactively labelled a-methyl serotonin
as a selective tracer for visualization of brain serotonin neurons.
Synapse 21, 21-28.

Colado, M.1., Williams, J.L., Green, A.R., 1995. The hyperthermic and
neurotoxic effects of ‘Ecstasy’ (MDMA) and 3,4-methy-
lenedioxyamphetamine (MDA) in the Dark Agouti (DA) rat, a
model of CYP2D6 poor metabolizer phenotype. British Journal of
Pharmacology 115, 1281-1289.

Commins, D.L., Axt, K.J., Vosmor, G., Seiden, L.S., 1987. 5,6-Dihy-
droxytryptamine, a serotonergic neurotoxin, is formed endogen-
ously in the rat brain. Brain Research 403, 7-14.

Commins, D.L., Vosmer, G., Virus, R.M., Woolverton, W.L., Schuster,
C.R., Seiden, L.S., 1987. Biochemical and histological evidence that
methylenedioxymethamphetamine (MDMA) is toxic to neurons in
the brain. The Journal of Pharmacology and Experimental Thera-
peutics 241, 245-338.

De Souza, E.B., Battaglia, G., Insel, T.R., 1990. Neurotoxic effects of
MDMA on brain serotonin neurons: evidence from neurochemical
and radioligand binding studies. Annals New York Academy of
Sciences 600, 682—698.

Diksic, M., Nagahiro, S., Sourkes, T.L., Yamamoto, Y.L., 1990. A
new method to measure brain serotonin synthesis in vivo: [—Theory
and basic data for a biological model. Journal of Cerebral Blood
Flow and Metabolism 10, 1-12.

Diksic, M., Nagahiro, S., Chaly, T., Sourkes, T.L., Yamamoto, Y.L.,



S. Nishisawa et al.|Neurochemistry International 34 (1999) 33—40 39

1991. The serotonin synthesis rate measured in living dog brain by
PET. Journal of Neurochemistry 56, 155-162.

Diksic, M., Nagahiro, S., Grdisa, M., 1995. The regional rate of sero-
tonin synthesis estimated by the o«-methyl-tryptophan method in rat
brain from a single time point. Journal of Cerebral Blood Flow and
Metabolism 15, 806-813.

Downing, J., 1986. The psychological and physiological effects of
MDMA on normal volunteers. Journal of Psychoactive Drugs 18,
335-340.

Eisner, B., 1989. Ecstasy: The MDMA Story, Romin Publishing Inc.,
Berkeley.

Fischer, C., Hatzidimitriou, G., Wlos, J., Katz, J., 1995. Reorganization
of ascending 5-HT axon projection in animals previously exposed
to the reactional drug (+) 3.4-methylenedioxymethamphetamine
(MDMA, “Ecstasy’). The Journal of Neuroscience 15, 5476-5485.

Green, G., Tolbert, P., 1986. Subjective reports of the effects of MDMA
in clinical setting. Journal of Psychoactive Drugs 18, 319-327.

Gudelsky, G.A., Nash, J.F., 1996. Carrier-mediated release of serotonin
by 3.4-methylenedioxymethamphetamine: Implications for sero-
tonin-dopamine interactions. Journal of Neurochemistry 66, 243—
249.

Insel, T.R., Battaglia, G., Johannesen, J.N., Marr, S., DeSouza, E.B.,
1989. 3,4-Methylenedioxymethamphetamine (‘Ecstasy’) selectively
destroys brain serotonin terminals in rhesus monkeys. The Journal
of Pharmacology and Experimental Therapeutics 249, 713-720.

Koch, S., Galloway, M.P., 1997. MDMA induced dopamine release in
vivo: role of endogenous serotonin. Journal of Neural Transmission
104, 135-146.

Lew, R., Sabol, K.E., Chou, C., Vosmer, G.L., Richards, J., Seiden, L.,
1996. Methylenedioxymethamphetamine-induced serotonin deficits
are followed by partial recovery over a 52-week period. Part II:
Radioligand binding and autoradiography studies. The Journal of
Pharmacology and Experimental Therapeutics 276, 855-865.

Leister, M.B., Grob, C.S., Bravo, G.L., Walsh, R.N., 1992. Phenom-
enology and of 3,4-methylenedioxymethamphetamine use. Journal
of Neuroscience and Mental Disorders 180, 345-352.

Lim, H.K., Foltz, R.L., 1991. In vivo formation of aromatic hydroxyl-
ated metabolites of 3,4-methylenedioxymethamphetamine in the rat:
Identification by ion traps tandem spectrometric (MS/MS and
MS/MS/MS) techniques. Biological Mass Spectrometry 20, 677—
686.

Lim, H.K., Foltz, R.L., 1989. Identification of metabolites of 3,4-
methylenedioxymethamphetamine (MDMA) in human urine.
Chemical Research in Toxicology 2, 142-143.

McCann, U.D., Ricaurte, G.A., 1993. Reinforcing subjective effects
of (+/—) 3,4-methylenedioxymethamphetamine (‘Ecstasy’) may be
separable from its neurotoxic actions; clinical evidence. Journal of
Clinical Psychopharmacology 13, 214-217.

Miick-Seler, D., Jevric-Causevic, A., Diksic, M., 1996. Influence of
fluoxetine on regional serotonin synthesis in the rat brain. Journal
of Neurochemistry 67, 2434-2442.

Miick-Seler, D., Diksic, M., 1995. The acute effects of reserpine and
NSD-1015 on the brain serotonin synthesis rate measured by an
autoradiographic method. Neuropsychopharmacology 12,251-262.

Miick-Seler, D., Diksic, M., 1996. DL-Fenfluramine increases 5-HT
synthesis rate in the terminals while decreasing it in the cell bodies
of the rat brain. Brain Research 737, 45-50.

Muzik, O., Chugani, D.C., Chakraborty, P., Mangner, T., Chugani,
H.T., 1997. Analysis of [C-11] alpha-methyl-tryptophan kinetics for
the estimation of serotonin synthesis rate in vivo. Journal of Cer-
ebral Blood Flow and Metabolism 17, 659-669.

Mzengeza, S., Venkatachalam, T.K., Diksic, M., 1995. Asymmetric
radiosynthesis of o-[''CJmethyl-L-tryptophan for PET studies.
Nuclear Medicine and Biology 22, 303-307.

Nagahiro, S., Takada, A., Diksic, M., Sourkes, T.L., Missala, K.,
Yamamoto, Y.L., 1990. A new method to measure brain serotonin
synthesis in vivo: II—A practical autoradiographic method tested

in normal and lithium-treated rats. Journal of Cerebral Blood Flow
and Metabolism 10, 13-21.

Nash, J.F., 1990. Ketanserin pretreatment attenuates MDMA-induced
dopamine release in the striatum as measured by in vivo micro-
dialysis. Life Sciences 47, 2401-2408.

Nash, J.F., Meltzer, H.T., Gudelsky, G.A., 1990. Effect of 3,4-methy-
lenedioxymethamphetamine ~ on  3,4-dihydroxyphenylalanine
accumulation in the striatum and nucleus accumbens. Journal of
Neurochemistry 54, 1062-1067.

Nishizawa, S., Benkelfat, C., Young, S.N., Leyton, M., Mzengeza, S.,
De Montigny, C., Blier, P., Diksic, M., 1997. Differences between
males and females in rates of serotonin synthesis in human brain.
Proceedings National Academy of Science U.S.A. 94, 5308-5313.

Nishizawa, S., Leyton, M., Okazawa, H., Benkelfat, C., Mzengeza, S.,
Diksic, M., 1998. Validation of a less invasive method for measure-
ment of serotonin synthesis rate with o-[''C]methyl-tryptophan.
Journal of Cerebral Blood Flow and Metabolism. (In press, March
1998).

O’Hearn, E., Battaglia, G., DeSouza, E.B., Kuhar, M.J., Molliver,
M.E., 1988. Methylenedioxyamphetamine (MDA) and methy-
lenedioxymethamphetamine (MDMA) cause selective ablation of
serotonergic axon terminals in forebrain: Immunocytochemical evi-
dence for neurotoxicity. The Journal of Neuroscience 8, 2788-2803.

Okazawa, H., Diksic, M., 1998. Image generation of the serotonin
synthesis rates using a-methyl-L-tryptophan and PET. Journal of
Computer Assisted Tomography (In press, April 1998).

Peroutka, S.J., 1990. Recreational use of MDMA. In: Perouthier, S.J.
(Ed.), Ecstasy. Academic Press, pp. 53-62.

Ricaurte, G.A., Bryan, G., Strauss, L., Schuster, C.R., 1985. Hal-
lucinogenic amphetamine selectivity destroys brain serotonin nerve
terminals. Science 229, 986-988.

Ricaurte, G.A., Forno, L.A., Wilson, M.A., DeLanney, L.E., Irwin, 1.,
Molliver, M.E., Langston, JW., 1988. +3,4-Methy-
lenedioxymethamphetamine (MDMA) selectivity damages central
serotonergic neurons in the primate. Journal of the American Medi-
cal Association 260, 51-55.

Rudnick, G., Wall, S.C., 1992. The molecular mechanism of ‘Ecstasy’
[3,4-methylenedioxymethamphetamine (MDMA)]: Serotonin trans-
porters are targets for MDMA-induced serotonin release. Pro-
ceedings of National Academy of Science U.S.A. 89, 1817-1821.

Salter, M., Knowles, R.G., Pogson, C.I., 1989. How does displacement
of albumin-bound tryptophan cause sustained increases in the free
tryptophan concentration in plasma and 5-hydroxytryptamine syn-
thesis in brain? Journal of Biochemistry 262, 365-368.

Schmidt, C.J., Taylor, V.L., 1987. Depression of rat brain tryptophan
hydroxylase activity following the acute administration of methy-
lenedioxymethamphetamine. Biochemical Pharmacology 36, 4095—
4102.

Schmidt, C.J., Rittar, J.K., Sonsala, P.K., Hanson, G.R., Gibb, J.W.,
1985. Role of dopamine in the neurotoxic effects of metham-
phetamine. The Journal of Pharmacology and Experimental Thera-
peutics 233, 539-544.

Schmidt, C.J., Taylor, 1988. Direct central effects of acute methy-
lenedioxymethamphetamine on serotonergic neurons. European
Journal of Pharmacology 156, 121-131.

Schuldiner, S., Sreiner-Mordoch, S., Yelin, R., Wall, S.C., Rudnick,
G., 1993. Amphetamine derivatives interact with both plasma mem-
brane and secretory vesicle biogenic amine transporters. Molecular
Pharmacology 44, 1227-1231.

Seiden, J.S., Vosmer, G., 1984. Formation of 6-hydroxydopamine in
caudate nucleus of the rat brain after a single dose of methy-
lamphetamine. Pharmacology Biochemistry and Behavior 21, 29—
31.

Simantov, R., Tauber, M., 1997. The abused druyg MDMA (Ecstasy)
induces programmed death of human serotonergic cells The FASEB
Journal 11, 141-146.

Steele, T.D.,, McCann, U.D., Ricaurte, G.A., 1994. 3,4-Methy-



40 S. Nishisawa et al.|Neurochemistry International 34 (1999) 33—40

lenedioxymethamphetamine MDMA, ‘Ecstasy’: pharmacology and
toxicology in animals and humans. Addiction 89, 539-551.

Stone, D.M., Stahl, D.C., Hanson, G.R., Gibb, J.W., 1986. The effects
of 3,4-methylenedioxymethamphetamine (MDMA) and 3,4-methy-
lenedioxyamphetamine (MDA) on monoaminergic system in the rat
brain. European Journal Pharmacology 128, 41-48.

Stone, D.M., Johnson, H., Hanson, G.R., Gibb, J.W., 1988. Role of
endogenous dopamine in the central serotonergic deficits induced
by 3,4-methylenedioxymethamphetamine. The Journal of Phar-
macology and Experimental Therapeutics 247, 79-87.

Stone, D.M., Stahl, D.C., Hanson, G.R., Gibb, J.W., 1986. The effects
of 3,4-methylenedioxymethamphetamine (MDMA) and 3,4-methy-
lenedioxyamphetamine (MDA) on monoaminergic systems in the
rat brain. European Journal of Pharmacology 128, 41-48.

Takada, A., Grdisa, M., Diksic, M., Gjedde, A., Yamamoto, Y.L.,
1993. Rapid steady-state analysis of blood—brain transfer of L-Trp

in rat, with special reference to the plasma protein binding. Neuro-
chemistry International 23, 351-359.

Tucker, G.T., Lennard, M.S., Ellis, S W., Woods, H.F., Cho, AK.,
Lin, L.Y., Hiratsuka, A., Schmitz, D.A., Chu, T.Y., 1994. The
demethylation of methylenedioxymethamphetamine (‘Ecstasy’) by
delrisoquine hydroxylase (CYP2D6). Biochemical Pharmacology
47, 1151-1156.

Vanier, M., Tsuiki, K., Grdisa, M., Worsley, K., Diksic, M., 1995.
Determination of the lumped constant for the a-methyltryptophan
method of estimating the rate of serotonin synthesis. Journal of
Neurochemistry 64, 624-635.

Yamamoto, B.K., Nash, J.F., Gudelsky, G.A., 1995. Modulation of
methylenedioxymethamphetamine induced striatal dopamine
release by the interaction between serotonin and y-aminobutiric
acid in the substantia nigra. The Journal of Pharmacology and
Experimental Therapeutics 273, 1063-1070.



