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Summary. This study investigates the effects of methy-
lenedioxymethamphetamine (MDMA) and amphetamine
on monoamine release from rat superfused brain slices in
both the presence and absence of vesicular stores of
transmitter. MDMA caused the release of radioactivity
from slices 1ncubated with [*H]5-hydroxytryptamine,
[*H]noradrenaline or [*H)dopamine with ECs, values of
1.9 pmol/l (95% confidence limits 1.5-2.3 umol/l),
4.5 pmol/1 (2.3~8.7 umol/1), and greater than 30 pmol/],
respectively. In contrast, amphetamine (0.1-300 pmol/1)
was more effectwe in releasing radloactmty from slices
mcubated with [PH]dopamine than [ H]noradrenalme
or [H]5-hydroxytryptamine. When Ca’* was excluded
from the superfusion fluid, the MDMA«mduced release
of radioactivity from slices incubated with [*H]dopa-
mine was unaltered, but that from slices incubated with
{’H]noradrenaline or [’H]5-hydroxytryptamine was en-
hanced. MDMA (10 pmol/1) facilitated the stimulation-
induced (5 Hz, 1 mln) outflow of rad10act1v1ty from slices
incubated with [*H]noradrenaline or [H]5-hydroxytrypt-
amine to 7.5-fold and 2.1-fold of control values, respec-
tively, but had no effect on that from slices incubated
with [*H]dopamine. Amphetamine (1 pmol/l) increased
the st1mulat10n induced outflow from slices incubated
with [ H]noradrenalme but not that from SllCCS in-
cubated with [*H}5-hydroxytryptamine or [*H]dopa-
mine.

Inhibition of monoamine oxidase by a 30-min incuba-
tion with pargyline (100 umol/1) enhanced the releasing
action of MDMA on all three monoamines. Pargyline
(100 pmol/1) also enhanced the facilitation caused by
MDMA, of the stimulation-induced outflow of radioac-
tlvxty from slices mcubated with [ H]noradrenaline,
[H]S hydroxytryptamine or [*H)dopamine.

In some experiments, slices were obtained from reser-
pinised rats (2.5 mg/kg s.c. 24 h prior) and pre-exposed
for 30 min to the monoamine oxidase inhibitor pargyline
(100 pmol/1). Under these conditions, electrical stimula-
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tion evoked a small residual stimulation-induced outflow
of radioactivity from slices incubated with [*H]norad-
renaline, and failed to evoke an outflow of radioactivity
from slices incubated with [° H]S hydroxytryptamine or
[*Hldopamine. However, a Ca’*-dependent stimulation-
induced outflow of radioactivity was evoked in the pres-
ence of either MDMA (10pmol/l) or amphetamme
( umol/3) from slices incubated with either [*H]dopa-
mine or ["H]noradrenaline, but not from slices incubated
with [*H]5-hydroxytryptamine. The stimulation-induced
outflow of radioactivity from slices incubated with
[PHlnoradrenaline was enhanced in the presence of
desipramine (1 umol/l), however this enhancement was
less than that caused by 10 pmol/l MDMA or 1 umol/]
amphetamine. The Ca*"-dependent response to electri-
cal stimulation in the presence of MDMA from slices in-
cubated with [‘H]noradrenaline was greatly reduced
when rats were pretreated with a higher dose of reserpine
(10 mg/kg s.c.).

This study demonstrates that MDMA and amphet-
amine release radioactivity from brain slices incubated
with [PH]noradrenaline, *Hldopamine and [*H}15-hy-
droxytryptamine, but their order or potency as releasers
of brain monoamines differs. The results also suggest
that MDMA and amphetamine have significant effects
on the exocytotic release of monoamines and may inter-
act with both vesicular and cytoplasmic monoamines.

Key words: Amphetamine — Rat brain slice — Methy-
lenedioxymethamphetamine — Monoamine release —
Reserpine

Introduction

Single or repeated doses of 3,4-methylenedioxymetham-
phetamine (MDMA) in rats reduce brain concentrations
of 5-hydroxytryptamine (5-HT) (Schmidt et al. 1987; Bat-
taglia et al. 1987; Commins et al. 1987b), but do not re-
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duce brain concentrations of dopamine or noradrenaline
(Commins et al. 1987b). It has recently been postulated
that the neurotoxic effects of MDMA on serotonergic
nerves may be related to its action as a releaser of non-ve-
sicular dopamine or 5-HT (Commins et al. 1987a; Stone
et al. 1989; Johnson et al. 1991; McKenna et al. 1991).

The mechanism of monoamine release induced by
amphetamine and other indirectly acting sym-
pathomimetic amines is well characterized, and involves
the displacement of monoamines from intraneuronal
stores and their subsequent release by a carrier-mediated
process (Brodie et al. 1969; Arnold et al. 1977; Raiteri et
al. 1977; Fischer and Cho 1979; Raiteri et al. 1979; Maura
et al. 1982). The MDMA-induced release of dopamine,
5-HT and noradrenaline can be blocked by neuronal up-
take inhibitors (Schmidt et al. 1987; Hekmatpanah and
Peroutka 1990; Fitzgerald and Reid 1990) and is unaffect-
ed by reserpine pretreatment (Johnson et al. 1991). Fur-
thermore, although there is no evidence that MDMA can
enter monoaminergic nerve terminals, it has been demon-
strated that the N-demethylated metabolite of MDMA,
methylenedioxyamphetamine (MDA) can be taken up in-
to synaptosomes (Zaczek et al. 1990). These findings sug-
gest that MDMA has a mechanism of action similar to
that of indirectly acting amines, such as amphetamine.

The aim of the present study was to describe and
compare the mechanisms by which MDMA and amphet-
amine cause monoamine release and interact with electri-
cal stimulation-induced (S—1) release of radiolabelled
monoamines from rat superfused brain slices in the pres-
ence and absence of vesicular transmitter stores.

Methods

Slice preparation and superfusion. The methods used in this study were
modified slightly from those reported previously (Fitzgerald and Reid
1990). Male and female Sprague-Dawley rats (250 —300 g) were decapi-
tated, the brain was carefully removed, and 400 pm coronal slices of
hippocampus and striatum were obtained. In some experiments male
Sprague-Dawley rats (250—300 g) were given a subcutaneous injection
of reserpine (2.5, 5 or 10 mg/kg) 24 h prior to the experiment, to deplete
transmitter stores and to prevent vesicular storage of monoamines. Slic-
es were equilibrated for 30 min in medium of the following composition
(in mmol/I): NaCl 118.0, KCl14.7, CaCl, 1.3, NaHCO; 25.0, KH,PO;
1.3, MgSO, 1.2, D-glucose 11.1, ascorbic acid 0.14, Na,EDTA 0.0067.
In some experiments the medium contained 100 pmol/l pargyline dur-
ing the 30-min equilibration period. Striatal slices were then incubated
in a medium containing 0.1 pmol/1 PHldopamine (5.4 uCi/ml), and
hippocampal slices were incubated with either 0.1 pmol/} [*H]5-HT
(4.4 pnCi/ml) or 0.2 pmol/1 [*H]noradrenaline (2.5 or 8.7 pCi/ml) for
30 min. Following incubation, slices were rinsed three times with 2 ml
medium, then transferred singly to glass superfusion chambers, where
they were held by glass mesh between 2 platinum plate electrodes, and
superfused with medium at 37°C at a rate of 1 ml/min. In some experi-
ments, Ca’* -free medium was used.

In experiments using amphetamine, ring-labelled [*H]noradrenaline
(8.7 nCi/ml) was used whereas 7,8-labelled [JH]noradrenalinc 2.5 uCi/
ml) was used in experiments with MDMA. The specific activity of ring-
labelled PHlnoradrenaline was higher than that of 7,8-labelled [*H]
noradrenaline, resulting in an elevation in the absolute amount of radio-
activity accumulated by the slices. Control experiments were performed
to ensure that the proportional effects of drugs on both resting and S-1

release of radioactivity were the same, irrespective of whether slices had
been incubated with ring-labelled or 7,8-labelled IJH)noradrenalinc
(data not shown).

MDMA- and amphetamine-induced release of monoamines. Slices
were superfused for 45 min to remove loosely bound radioactivity. Fo).
lowing the washout period, 3-min samples of superfusate were collect.
ed. After 15min, MDMA (0.1-400umol/l) or amphetamine
(0.1 =300 pmol/1) was added to the superfusion medium for 39 min, A
the end of the experiment, slices were deproteinated in 0.1 molyj
HCIO, tor 12 h and sonicated.

The radioactive content in superfusate fractions and deproteinateq
tissues was determined by liquid scintillation counting. Counting effj.
ciency, determined by automatic external standardization, was approxi-
mately 25%. The radioactive outflow in each sample was expressed as
a fraction of the total radioactivity present in the slice at the time of co}.
lection. The initial resting outflow of radioactivity was calculated by av-
eraging the fractional outflow measured in the 3 samples collected im-
mediately before the addition of drug. MDMA- and amphetamine-in-
duced release of radioactivity was determined by expressing the sum of
the radioactive outflow in the 13 samples collected after the dddition of
drug, as a percentage of 13 times the initial resting outflow of radioac-
tivity. :

Electrical S-1 release of radioactivity. Forty-five minutes after the com-
mencement of superfusion, a priming stimulation (5 Hz, 1 min, 2 ms
pulse duration, 8 V/cm, 25 mA) was delivered. Slices were then given
two further periods of electrical stimulation (Stim; and Stim,) 90 and
132 min after the commencement of superfusion, at a frequency of 5 Hz
for 1 min. MDMA or amphetamine was added 21 min before Stim,.
The superfusate was collected in 3-min samples starting 6 min before
Stim; and counting for 15 min after Stim,. Slices were deproteinated
and sonicated as described in the previous section.

The radioactive outflow in each 3-min sample was expressed as a
fraction of the total radioactivity present in the slice at the time of col-
lection. The resting outflow of radioactivity was taken as the mean of
the fractional outflow of radioactivity in the two 3-min samples imme-
diately before each stimulation period (R; and R,). The ratio R/R,
was used as an index of drug-induced release of radioactivity. The S-1
outflow of radioactivity was calculated as the difference between five
times the resting outflow of radioactivity and the sum of the fractional
outflow in the five 3-min periods from the start of stimulation. To deter-
mine the effects of drugs on the S-1 outflow of radioactivity, the S-I out-
flow evoked by Stim, was expressed as a fraction of that evoked by
Stim, (S,/S)).

In experiments using slices from reserpinised animals, the radioac-
tive outflow in each 3-min sample was expressed as disintegrations per
min (dpm). The S-1 outflow of radioactivity is referred to as the outflow
of radioactivity evoked by electrical stimulation above the resting out-
flow of radioactivity. The resting and S-1 outflows of radioactivity were
not quantified in experiments using slices from reserpinized rats as sta-
ble levels of resting outflow of radioactivity were not observed in the
presence of either amphetamine or MDMA.

Drugs and chemicals. The drugs used in this study were: (+)ampheta-
mine sulphate (Sigma, St-Louis, Mo., USA), cocaine hydrochloride
(Glaxo, Australia), desipramine hydrochloride (Sigma), (+)-3,4-methy-
lenedioxymethamphetamine HCl (Makor, Israel), pargyline HCI (Sig-
ma) and reserpine (Sigma). Reserpine was prepared for injection by dis-
solving 125 mg of reserpine and 125 mg of anhydrous citric acid in a so-
lution consisting of 1 ml benzyl alcohol and 5 ml polysorbat tween 80.
The solution was then made up to S0 ml with distilled H,O.
5-[1,2-*H(N)]-Hydroxytryptamine (24.7 Ci/mmol) and (-)-[ring
2,5,6-H]-noradrenaline (43.7 Ci/mmol) were obtained from New [n-
gland Nuclear (USA), and [7,8-3H}—d0pamine and (—)-[7,8’3H]-nor-
adrenaline (15 Ci/mmol) were obtained from Amersham (UK).

Statistics. Results are expressed as means=SEM and n indicates the
number of animals tested. Significant differences between means were
determined by an unpaired two-tailed Student’s f-test after a one-way
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analysis of variance (ANOVA), where P < 0.05 denotes statistical signifi-
cance.

Regression lines were fitted to the linear portion of the log concen-
tration-responsc curves for MDMA and amphetamine by the method of
Jeast squares. ECy, values were interpolated from the regression lines,
and correspond to a concentration producing 50% of the maximal re-
sponsc.

Results

Drug-induced release of radioactivity

MDMA enhanced the radioactive outflow from striatal
slices incubated with [PH]jdopamine and from hippocam-
pal slices incubated with PH]5-HT or [*H]noradrenaline
in a concentration-dependent manner (Fig. 1). The releas-
ing action of MDMA was maximal at apjproximately
10 pmol/1 for slices incubated with either ["H]5-HT or
’Hlnoradrenaline. Maximal MDMA-induced release of
radioactivity from slices incubated with *H]dopamine
had not been reached at a MDMA concentration of
400 umol/1 (Fig. 1). MDMA was equipotent in releas-
ing radioactivity from slices incubated with [PH]}S-HT

Radioactive outflow
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Fig. 1. Concentration-response curves for the effect of MDMA (a) and
a}mphetamine (b) to release radioactivity from slices incubated with
[']H]dopaminc, (filled squares), PH]noradrenaline (filled triangles) or
["H}5-hydroxytryptamine (5-HT) (filled circles). The drug-induced
release of radioactivity is expressed as a percentage of the initial resting
outflow of radioactivity before the addition of the drug. Each point de-
notes the mean and vertical bar the SEM of 3—6 experiments
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and [*H]noradrenaline (ECs, values: 1.9 pmol/l, 95%
confidence limits 1.5—2.3 umol/l, and 4.5 pmol/],
2.3—8.7 umol/l, respectively), however MDMA was less
potent in releasing radioactivity from slices incubated
with [’H]dopamine, with an ECjy, value greater than
30 umol/L.

ECs, values for amphetamine could not be calculated
as maximal effects were not obtained with any of the
monoamines. However, 100 pmol/l amphetamine caused
an approximately 3-fold greater release of radioactivity
from slices incubated with [’H]dopamine than from slic-
es incubated with [PH]5-HT, and caused only a slight re-
lease from slices incubated with [*H]noradrenaline
(Fig. 1).

Effects of MDMA and amphetamine on S-I release
of radioactivity

The S-I outflow of radioactivity (S,/S,) from slices incu-
bated with [*H]noradrenaline was greatly enhanced by
10 umol/l MDMA (Table 1, Fig. 2) and 1 pmol/l amphet-
amine (Fig.3). The S-I outflow from slices incubated
with [PH]5-HT was enhanced to a lesser degree by
10 umol/l MDMA (Table 1, Fig. 2), and was not affected
by 10 pmol/l amphetamine (Fig. 3). MDMA (10 umol/1)
(Table 1, Fig.2) or amphetamine (1 pmol/l) (Fig. 3) had
no effect on the S-I outflow from slices incubated with
[*H)dopamine.

Table 1. The effects of MDMA on the stimulation-induced (S-I) release
of radioactivity from rat brain slices incubated with [3H]dopamine,
[*H]noradrenaline or [*H]5-hydroxytryptamine

Treatment - n S, (% tissue radioactivity) S,/S,
Dopamine
Control 4 2.576+0.279 0.789 +0.043
MDMA 4 2.437+0.706 0.804+0.039
Control, pargyline 5 0.797+0.129% 0.747 £ 0.050

MDMA, pargyline 4

Noradrenaline
Control 5
MDMA S

Control, pargyline 4
MDMA, pargyline 4

5-Hydroxytryptamine
Control 4
MDMA 4
Control, pargyline 4
MDMA, pargyline 5

0.518 +0.112°

2.542+0.197
2.052+0.280

0.891+0.0772
0.915+0.113°

1.461+0.233
1.676 £0.292
0.188+£0.076%
0.207 +0.040°

2.012+0.192¢¢

0.785+0.021
5.898 +0.856°
0.909 +0.056
9.532+1.074%¢

0.929+0.163
1.907£0.347°¢
0.527+£0.072
4.975+0.596%4

Slices were subjected to two periods (Stim, and Stim,) of electrical
stimulation (5 Hz, 1 min) 42 min apart. MDMA (10 umol/l) was added
to the superfusion fluid 21 min before Stim,. The S-I outflow of
radioactivity was calculated as the ratio of the S-I outflow evoked by
Stim, to that evoked by Stim, (S,/S;). In some experiments slices were
preincubated with pargyline (100 pmol/1) for 30 min. The number of
experiments is denoted by 7 and results are expressed as means £ SEM
2 Denotes a significant difference of control-pargyline from control
for S, (P<0.05, unpaired Student’s I-test after ANOVA)

b Denotes a significant difference of MDMA-pargyline from MDMA
for S, (P<0.05, unpaired Student’s z-test after ANOVA)

¢ Denotes a significant difference of MDMA from control for S,/S;
(P<0.05, unpaired Student’s t-test after ANOVA)

d Denotes a significant difference of MDMA-pargyline from MDMA
for S,/S, (P<0.05, unpaired Student’s f-test after ANOVA)
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Radioactive outflow
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Fig. 2. Effect of MDMA on the radioactive outflow from rat brain slices
incubated with [*H]dopamine (a), {*H]noradrenaline (b) or [*H]5-hy-
droxytryptamine (5-HT) (c). Slices were given two periods of electrical
stimulation 90 and 132 min after the beginning of superfusion (Stim,

. and Stim,), at a frequency of 5 Hz for 1 min. MDMA (10 umol/l) was

added 111 min after the start of superfusion, in the experiments denot-
ed by the filled circles. Control experiments (no MDMA) are denoted
by the open circles. The radioactive content in each sample of the super-
fusion fluid is expressed as a percentage of the total tissue radioactivity
at the time of sample collection. Each point represents the mean and
vertical bar the SEM from 3—6 experiments

Effect of MDMA in Cd* -free superfusion fluid

Exclusion of Ca?* from the superfusate reduced the rest-
ing outﬂow of radioactivity (R,) from slices incubated
with [*H]noradrenaline and increased the restln% outflow
of radioactivity from slices incubated with [’H]dopa-
mine (Table 2) The S-I outflow of rad10act1v1ty was abol-
ished in Ca?*-free superfusion fluid. When Ca** was ex-
cluded from the superfusion fluid, the MDMA-induced
release of radxoactmty from slices incubated with
PH]5-HT or PH]noradrenaline was significantly en-
hanced but was unchanged from slices incubated with
*H]dopamine (Table 2).

Ejffect of MDMA after pre-incubation with pargyline

Pargyline pre-incubation did not significantly affect the
total tissue radioactivity when compared to control con-
ditions (Table 3).

Radioactive outfiow 0-0 control

(% tissue radioactivity) m—m AMPH 1 umol/i

6.0 . A-4 AMPH 10 umol/i
a dopamine
30}
L 1 i 1
00" ~5im, Stim,
6.0 - .
b noradrenaline
3.0 |
L L 1 —L
00" Siim, Stim
2
6.0 ¢
c S5-HT
3.0}
A
P §QAAAA"U‘*~A
L L 1 ]
0.0 90 T 132
Stim, Stim2

Superfusion time (min)

Fig. 3. Effect of amphetamine on the radioactive outflow from rat brain
shces incubated with [3H]dopamme (a), [Hnoradrenaline (b) or
[ H]5-hydroxytryptamine (5-HT) (c¢). Slices were given two periods of
electrical stimulation 90 and 132 min after the beginning of superfusion
(Stim; and Stim,), at a frequency of 5Hz for 1 min. Amphetamine
(AMPH, 1 or 10 pmol/1) was added 111 min after the start of superfu-
sion in the experiments denoted by the filled squares and filled dia-
monds respectively. Control experiments (no amphetamine) are denoted
by the open squares. The radioactive content in each 3-min sample of
the superfusion fluid is expressed as a percentage of the total tissue ra-
dioactivity at the time of sample collection. Each point represents the
mean and vertical bar the SEM from 3 —6 experiments

The resting outflow of radioactivity prior to the first
period of stlmulatlon (R,) from slices incubated with ei-
ther of the three [’Hjmonoamines was significantly re-
duced by 100 pmol/I pargyline (Table 2). The MDMA-in-
duced release of rad10act1v1ty (R,/Ry) from slices incu-
bated with [*H]dopamine, [’H]5-HT or [*H]noradrena-
line was significantly enhanced by pargyline (Table 2), the
enhancement being greater from slices incubated with
PH]noradrenaline than for slices incubated with either
[’H)dopamine or [’H]5-HT (Table 2).

Pargyline (100 pmol/l) pre-incubation reduced the ab-
solute amount of S-I outflow of radioactivity evoked by
the first period of stimulation (S;) for all three [3H]mo—
noamines (Table 1). The facilitatory action of MDMA on
the S-1 outflow of radioactivity (SZ/S ) from slices incu-
bated with [*H]noradrenaline or [’H]5-HT was enhanced
after pargyline pre-incubation (Table 1). In contrast with
results obtained in the absence of pargyline, the S-1 out-
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pte 2. The effects of MDMA on the resting outflow of radioactivity

;ol ;m rat brain slices incubated with [3H]dopamine, [JH]noradrcnaline
1 umol/| [3H]5-hydr0xytryptamine
110 mrmol/|
eatment n R, (% tissue radioactivity) Ry/R;
ypamine
sontrol 4 0.550+0.027 0.846 +0.027
1IDMA 4 0.557+0.036 2.451+0.309°
ontrol, Ca* free 4 1.019+0.0842 0.993 +0.060
ADMA, Ca?™ -free 4 1.220£0.120 2.939 +0.254
sontrol, pargyline 5 0.185+0.020° 0.741 +£0.033
ADMA, pargyline 4 0.188+0.012 5.955 +0.936¢
oradrenaline
~ontrol 4 0.321+0.012 0.796 +0.031
VIDMA S 0.396+0.040 3.126 +0.570°¢
~ontrol, Ca®*-free 5 0.252+0.008% 0.856+£0.015
VDMA, Ca’*-free 5 0.275+0.008 8.246 +£0.378¢
~ontrol, pargyline 4 0.193 +0.007° 0.731 £0.059
VIDMA, pargyline 4 0.192+0.016 12.540 +2.0964
-Hydroxytryptamine
Control 4 1.660+0.072 0.803 £0.024
MDMA 4 1.977+0.120 3.481+0.459°
Control, Ca®*-free 4 1.733+0.053 0.847+0.011
MDMA, Ca’*-free 4 1.761+0.050 5.773 +0.205¢
Control, pargyline 5 0.816+0.057° 0.984 +0.008
MDMA, pargyline 5 0.853+0.095 5.713 +0.563¢
jlices were subjected to two periods (Stim; and Stim,) of electrical
timulation 42 min apart, and MDMA (10 pmol/1) was added to the
superfusion fluid 21 min before Stim,. The resting outflow of radioac-
ivity before Stim, was expressed as a fraction of that before Stim;
‘R,/R,). In some experiments Ca’* was excluded from the superfu-
sion fluid from the beginning of superfusion (Ca?* -free), or slices
were preincubated with pargyline (100 pmol/1) for 30 min. The number
from rat brch Seé(lsleriments is denoted by n and results are expressed as means
n, +
iWZh}r)l:ri(()tzi)sa Denotes a significant difference of control-Ca?* -free from control

of sup erfusi{,or R, (P<O.QS, u.npaired. Student’s t-test after ANQVA)
Amphetami Denotes a sxgniflcan.t difference of control-pargyline from control
irt of superffor R, (P<0..05,. unpalre.d Student’s ¢-test after ANOVA)

ind filled dl" Denotes a significant difference of MDMA from control for Ry/R;
(P<0.05, unpaired Student’s ¢-test after ANOVA)

9 Denotes a significant difference of MDMA-pargyline from MDMA
for R,/R, (P<0.05, unpaired Student’s ¢-test after ANQOVA)

¢ Denotes a significant difference of MDMA-Ca?* -free from MDMA
for R,/R, (P<0.05, unpaired Student’s ¢-test after ANOVA)

e) are denot
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‘otal tissue r.
represents tt

to the firs

xd with e fgow of radioactivity (S,/S;) from slices incubated with
cantly re ["H]dopamine was also enhanced by MDMA after expo-
'{DMA-m sure to pargyline.

lices incu

'oradrenz Drug-induced release of radioactivity

b:edz), th; from slices obtained from reserpinised rats
ated with . . .. . . .
ith either The total tissue radioactivity was reduced in striatal slices

Incubated with [*H]dopamine and hippocampal slices
ed the ab- 1I}C{lbated with [*H]noradrenaline obtained from reser-
woked by pinised (2.5 mg/kg) rats (Table 3).

- PH]mo- In §hces obtained from rats pretreated with 2.5 mg/kg
DMA on ‘cserpine, MDMA (10 pmol/l) and amphetamine (1 or
‘ces incu 10 umol/1) enhanced the resting outflow of radioactivity
:nhanced rom slices incubated with either [*H]dopamine, *H]
rast with 'S'HT or [3H]noradrenaline (Figs. 4, 5). The MDMA-
- S-1 out- and amphetamine-induced release of radioactivity were
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Table 3. Radioactive content of brain slices incubated with either
*H]dopamine, [*H]noradrenaline or *H]5-hydroxytryptamine (5-HT)

Treatment  Tissue radioactivity (dpm)?

Dopamine Noradrenaline 5-HT

Control 895560+ 186360 558930+ 37332 422804+ 128887
Pargyline® 597398118373 427572x101087 380740+ 43695
Reserpine® 376231+ 710169 205820+ 261899 183116+ 13399

a Superfused slices were subjected to two periods (Stim; and Stim,) of
electrical stimulation 42 min apart and superfusion ceased 15 min after
Stim,. At the end of superfusion, the total tissue radioactivity was
determined after tissues were deproteinated in 0.1 pmol/l1 HCIO, for
12 h and sonicated. Results are expressed as means = SEM of 59 ex-
periments

b Slices were pre-incubated with 100 pmol/l pargyline for 30 min
prior to incubation with either *H]dopamine, [*H]noradrenaline or
PHI5-HT

¢ Slices obtained from rats pretreated with reserpine (2.5 mg/kg s.c.
24 h before the experiment)

4 Denotes a significant difference from control (P<0.05, two-tailed
Student’s ¢-test)

not reduced when Ca’** was omitted from the superfu-
sion fluid. However the MDMA-induced release of radio-
activity from slices incubated with ’Hldopamine and
the amphetamine-induced release of radioactivity from
slices incubated with [PH]5-HT, was enhanced above that
in superfusion fluid containing Ca?* (Figs. 4, 5).

Effects of MDMA, amphetamine and neuronal uptake
inhibitors on the S-I release of radioactivity from slices
obtained from reserpinised rats

In tissues obtained from rats pretreated with 2.5 mg/kg
reserpine, the first period of electrical stimulation failed
to evoke a S-I outflow of radioactivity from slices incu-
bated with ['H]dopamine or [*H]5-HT in either the pres-
ence or absence of Ca®t (Figs. 4, 5). There was however,
a small residual response to electrical stimulation, which
was abolished in Ca®" -free solution, from slices incubat-
ed with [PH]noradrenaline (Figs. 4, 5). The second peri-
od of stimulation, in the presence of MDMA or amphet-
amine, evoked a S-I outflow of radioactivity from slices
incubated with [PH]dopamine or [*H]noradrenaline, but
not from slices incubated with [H]5-HT (Figs. 4, 5). The
S-1 outflow in the presence of MDMA or amphetamine
was abolished when Ca?* was excluded from the super-
fusion fluid (Figs. 4, 5). The S-I outflow of radioactivity
from slices incubated with [3H]noradrenaline or ’H]do-
pamine was also increased by the neuronal uptake inhibi-
tors, 1 pmol/1 desipramine and 1 pmol/1 cocaine, respec-
tively, but the increases were less than those caused by
10 pmol/1 MDMA (Fig. 6).

In slices obtained from rats pretreated with 10 mg/kg
reserpine, the first period of electrical stimulation failed
to evoke a S-I outflow of radioactivity from slices incu-
bated in either of the three monoamines (Fig. 7). In slices
incubated with [*H]noradrenaline, electrical stimulation
evoked a much smaller S-1 outflow of radioactivity in the
presence of MDMA compared to that from slices ob-
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Fig. 4. Effect of MDMA on the radioactive outflow from brain slices
obtained from rats pretreated with 2.5 mg/kg reserpine. Slices were in-
cubated with [3H]dopamine (), PH]noradrenaline (b) or [*H)5-hy-
droxytryptamine (5-HT) (c), and then given two periods of electrical
stimulation (Stim,, Stim,) 90 and 132 min after the beginning of super-
fusion, at a frequency of 5 Hz for 1 min. MDMA (10 pmol/l) was added
111 min after the start of superfusion in experiments denoted by the fill-
ed circles. Control experiments (no MDMA) are denoted by the open
circles. Calcium was excluded from the superfusion fluid (—Ca?*) in
the experiments denoted by open triangles (control) and filled triangles
(10 pmol/l MDMA). The radioactive content in each 3-min sample of
the superfusion fluid is expressed as disintegrations per minute (dpm).
Each point represents the mean and vertical bar the SEM from 3 -6 ex-
periments

tained from rats pretreated with 2.5 mg/kg reserpine
(compare Fig. 4 and Fig. 7). Electrical stimulation still
evoked a small S-I outflow of radioactivity from slices in-
cubated in [*H]dopamine in the presence of 10 pmol/l
MDMA (Fig. 7). In slices obtained from rats pretreated
with 10 mg/kg reserpine, there was no response to elec-
trical stimulation in either the presence or absence of
MDMA (10 pmol/l) from slices incubated with
[*H]5-HT (Fig. 7).

In all cases, results obtained from rats pretreated with
10 mg/kg reserpine were similar to those obtained from
rats pretreated with 5Smg/kg reserpine, suggesting that

10 mg/kg reserpine was a supramaximal dosage (data not
shown).

D-0 control
m—® AMPH 1 pamol/|
. . & — @ AMPH 10 umol/|
Rodiooctive oi.\}ﬂow a—4 control (~Ca*")
(dpm x 10 ) A—A AMPH 1 umol/t (—Co™")
2.0 Y- AMPH 10 umol/i (-ca™)
a dopamine
ol ! ) A
Stlm‘ Stlm2
3.0 b noradrengline
1.5}
oL
3.0 -
1.5L
0t

Stim‘ Stim2
Superfusion time (min)

Fig. 5. Effect of amphetamine on the radioactive outflow from brain
slices obtained from rats pretreated with 2.5 mg/kg reserpine. Slices
were incubated with [‘H]dopamine (a), [*H]noradrenaline (b) or
*H]5-hydroxytryptamine (5-HT) (¢), and then given two periods of
electrical stimulation (Stim,, Stim,) 90 and 132 min after the beginning
of superfusion, at a frequency of 5Hz for 1min. Amphetamine
(AMPH, 1 or 10 umol) was added 111 min after the start of superfusion
in the experiments denoted by the filled squares and filled diamonds re-
spectively. Control experiments {no AMPH) are denoted by the open
squares. Calcium was excluded from the superfusion fluid (—Ca®*) in
the experiments denoted by open triangles (control), filled triangles
(1 pmol/l AMPH) and filled inverted triangles (10 pmol/1 AMPH).
The radioactive content in each 3-min sample of the superfusion fluid
is expressed as disintegrations per minute (dpm). Each point represents
the mean and vertical bar the SEM from 3—6 experiments

Discussion

Effects of MDMA and amphetamine in the presence
of vesicular stores of transmitter

MDMA and amphetamine were shown to release radioac-
tivity in a concentration-dependent manner from striatal
slices incubated with [*H]dopamine and from hippocam-
pal slices incubated with [*H]noradrenaline or [*'H]5-HT.
MDMA was more potent (albeit less effective) in releas-
ing [*H)5-HT than [*H]dopamine, in accord with
McKenna et al. (1991), who showed that at a concentra-
tion of 1pumol/l, MDMA released [PH]5-HT and
[*H]dopamine to approximately 180% and 130% of
resting release, respectively; these values are in close
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-4 a—a cocaine 1 umol/l
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z o dopamine
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257

b noradrenaline
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Fig. 6. Effect of MDMA, cocaine and desipramine (DMI) on the radio-
active outflow from brain slices obtained from rats pretreated with
2.5 mg/kg reserpine. Slices were incubated with [*H]dopamine (a), or
(*H]noradrenaline (b), and then given two periods of electrical stimula-
tion (Stim,, Stim,) 90 and 132 min after the beginning of superfusion,
at a frequency of 5 Hz for 1 min. MDMA (10 umol/\, filled circles), co-
caine (1 pmol/l, filled triangles), or DMI (1 pmol/, inverted filled tri-
angles), were added 111 min after the start of superfusion. Control ex-
periments (no drug) are denoted by the open circles. The radioactive
content in each 3-min sample of the superfusion fluid is expressed as
disintegrations per min (dpm). Each point represents the mean and ver-
tical bar the SEM from 3 —4 experiments

agreement with those obtained in the present study.
MDMA was more potent than amphetamine in releasing
[*H]5-HT (see Fig. 1).

Amphetamine caused a greater release of *H]dopa-
mine than of [PH]5-HT or ["H]noradrenaline. This is in
accordance with the report of Azzaro and Rutledge
(1973), who compared the release of the three mono-
amines induced by amphetamine at concentrations up to
{ mmol/l; when corrected for spontaneous release, the
amphetamine-induced release was greatest for ’H]dopa-
mine in both the rat striatum and cerebral cortex.

The release of [*H]noradrenaline by amphetamine
was dependent on the experimental protocol. In the ab-
sence of electrical stimulation, amphetamine caused very
little release of [°H]noradrenaline, even at a concentra-
tion of 100 pmol/l, in agreement with Raiteri et al. (1975)
who reported amphetamine to have only a small nor-
adrenaline-releasing action in superfused synaptosomes.
However, when slices had been previously subjected to
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Fig, 7. Effect of MDMA on the radioactive outflow from brain slices
obtained from rats pretreated with 10 mg/kg reserpine. Slices were in-
cubated with [*H]dopamine (a), [*Hlnoradrenaline (b) or [*HIS-
hydroxytryptamine (5-HT) (c) and then given two periods of electrical
stimulation (Stim,, Stim,) 90 and 132 min after the beginning of super-
fusion, at a frequency of 5 Hz for 1 min. MDMA (10 pmol/1) was added
111 min after the start of superfusion in experiments denoted by the fill-
ed squares. Control experiments (no MDMA) are denoted by the open
squares. The radioactive content in each 3-min samples of the superfu-
sion fluid is expressed as disintegration per minute (dpm). Each point
represents the mean and vertical bar the SEM from 3 -6 experiments

electrical stimulation, 1umol/l amphetamine released
[PH]noradrenaline to an appreciable extent (compare
Fig. 1b and Fig. 3b). It is unclear why this difference was
observed, and why such a difference occurred with nor-
adrenaline, and not with dopamine or 5-HT. Carrier-me-
diated release is only possible when the amine is present
in the cytoplasm, and the relative distribution in the cyto-
plasm will be higher for the more lipophilic amines which
are completely synthesized within the cytoplasm (i.e. do-
pamine and 5-HT). Thus it is possible that any change in
the intraneuronal distribution of noradrenaline may be
more readily observed than for dopamine or 5-HT. How-
ever, if the difference in noradrenaline release between ex-
perimental protocols was related to the distribution of cy-
toplasmic noradrenaline, then a similar difference be-
tween protocols should have been observed in experi-
ments using MDMA; such a difference with MDMA was
not evident.
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It was not possible to determine the ECs, values for
arpphetamine- and MDMA-induced release of [JH]dopa—
mine as maximal effects were not reached. This is in
agreement with previous studies (Azzaro and Rutledge
1973; Parker and Cubeddu 1988) where the ampheta-
mine-induced release of [3H]dopamine from rat striatal
slices did not reach a maximal effect up to a concentra-
tion of 1 or 10 mmol/L Nevertheless, from the data ob-
tained in the present study, over a concentration range of
0.1-100 pmol/1, it appears that amphetamine is approxi-
mately an order of magnitude more effective than
MDMA in releasing [3H]dopamine. Both MDMA and
amphetamine caused release of a much greater magni-
tude of [*H]dopamine than of [PHI5-HT or [*H]nor-
adrenaline (see Fig. 1). This result is not due to the higher
density of dopaminergic nerve terminals in the striatum
compared to noradrenergic or serotonergic terminals in
the hippocampus, as the data are expressed as a percent-
age of the total tissue radioactive content of the slice. The
results also cannot be explained by differences in the af-
finity of MDMA or amphetamine for different mono-
amine uptake sites, since MDMA has higher affinity for
5-HT and noradrenaline uptake sites than for dopamine
uptake sites (Battaglia et al. 1988). Therefore it is suggest-
ed that there are differences in the availability of each of
the monoamines to be released from intraneuronal stores
by MDMA and amphetamine, perhaps based on the dif-
ferent lipophilicities of the monoamines.

The release of monoamines by amphetamine is gener-
ally considered to be Ca2+—independent (Arnold et al.
1977; Marquardt et al. 1978; Kamal et al. 1981). In the
present study, the MDMA-induced release of [3H]dopa—
mine was unaltered in Ca®*-free superfusion fluid, in ac-
cordance with the Ca“—independent release of [3H]d0-
pamine induced by amphetamine (Arnold et al. 1977;
Kamal et al. 1981). The resting outflow of radioactivity
from slices incubated in [3H]dopamine was enhanced in
Ca** -free solution, as reported by Starke et al. (1978)
for rabbit striatal slices. In contrast to [3H]dopamine,
the MDMA-induced release of [3H]noradrenaline and
PH]S-HT was enhanced when Ca®* was excluded from
the superfusate. The small 30% reduction in resting out-
flow of radioactivity from slices incubated in [*H]nor-
adrenaline cannot account for the 160% enhancement of
MDMA-induced release of [3H]n0radrenaline caused by
Ca’* omission. In contrast to the present findings, Russ
et al. (1991) reported an increase in the spontaneous out-
flow of [3H]noradrenaline and its metabolites from iso-
lated vas deferentia in the absence of extracellular Ca?*;
the increase was reduced by 1.5 pmol/1 desipramine and
therefore appeared to be due to increased outward trans-
port. The contribution of outward transport of transmit-
ter to the resting outflow of radioactivity has not been
evaluated in the present study, however, the conflicting re-
sults suggest that different mechanisms are operating to
establish spontaneous release in the present study and in
the study by Russ et al. (1991).

The enhancement of [PH]S-HT release in Ca’*-free
solution is unlikely to be due to an interaction between
MDMA and endogenous 5-HT synthesis, as the activity
of tryptophan hydroxylase is not affected by MDMA in

vitro (Schmidt and Taylor 1987). There results are not
consistent with the findings by a number of investigators
that the release of noradrenaline (Arnold ¢ gl 1977,
Marquardt et al. 1978) and 5-HT (Johnson e( al. 1986)
caused by amphetamine or its derivatives is Ca’*-inde-
pendent. The disparity may be related to differences in
experimental protocol, such as the use of different brain
regions (Arnold et al. 1977), different tissue preparations
(Marquardt et al. 1978), monoamine oxidase inhibition
(Johnson et al. 1986) or different levels of tissue hypoxia
(Russ et al. 1991).

In agreement with previous reports (Kamal et al.
1983; Fitzgerald and Reid 1990), amphetamine and
MDMA facilitated the S-1 outflow of radioactivity from
slices incubated with [3H]noradrenaline. In contrast, the
S-1 outflow from slices incubated with [*H|5-HT was on-
ly slightly enhanced by MDMA, and was unaffected by
amphetamine. Neither amphetamine nor MDMA affect-
ed the S-1 outflow of radioactivity from slices incubated

“with [3H]dopamine. Kamal et al. (1983) however, have

previously reported an inhibitory action of 1 pmol/l am-
phetamine on S-I [3H]dopamine release from rabbit
caudate. The reason for this discrepancy is not clear, but
it is interesting to note that the magnitude of the direct
releasing action of amphetamine was considerably great-
er in the present study than in the study reported by
Kamal et al. (1983).

Amphetamine is known to be a reversible inhibitor of
monoamine oxidase (Green 1971; Mantle et al. 1976).
However, it is unlikely that monoamine oxidase inhibj-
tion plays a significant role in the pharmacological ef-
fects of this compound because the inhibition is relatively
weak (Mantle et al. 1976).

Although the ability of MDMA to inhibit mono-
amine oxidase has not been reported, it is possible that
such an action may partially mediate the effects of
MDMA on [*H]monoamine release. Therefore, we inves-
tigated the effects of MDMA after pre-incubation of
slices with the irreversible monoamine oxidase inhibitor,
pargyline, As previously observed for rabbit and rat
striatal slices incubatgd with [3H]dopamine (Zumstein et
al. 1981; Kamal et al. 1983; Dwoskin and Zahniser 1986),
inhibition of monoamine oxidase with pargyline reduced
the resting outflow of radioactivity from slices incubated
with either of the three [3H]mon0amir1es.

Pargyline pre-incubation also resulted in a significant
reduction in the S-I outflow of radioactivity from slices
incubated with [*H]dopamine, PH)noradrenaline and
PH]5-HT in the absence of MDMA. Under normal con-
ditions, acidic deaminated metabolites such as 3,4-di-
phenylacetic acid (DOPAC) account for a major propor-
tion of the total radioactive outflow, both at rest and dur-
ing stimulation (Zumstein et al. 1981). The inhibition of
the production of these metabolites in the presence of
parglyline allows the re-incorporation of previously releas-
ed ["Hltransmitter into vesicles and thus a reduced S-I
outflow of radioactivity (Zumstein et al. 1981).

The MDMA-induced release of [3H]dopamine,

[3H]noradrenaline and [PH]S-HT were all enhanced by
pre-incubation with pargyline, which is consistent with
reports that the amphetamine-induced release of dopa-
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mine and noradrenaline are enhanced by monoamine ox-
idase inhibition (Liang and Rutledge 1982; Niddam et al.
1985; Parker and Cubeddu 1986a). Monoamine oxidase
inhibition enhanced MDMA-induced release of radioac-
tivity from slices incubated with [*H]noradrenaline to a
greater extent than that of ['H]5-HT or [*H]dopamine.
1t is not clear why this is the case, but it may relate to a
difference in the distribution of cytoplasmic/vesicular
(*Hlnoradrenaline compared to that of the other mono-
amines.

Following pargyline pre-incubation, MDMA caused a
greater enhancement of the S-I outflow of [3H]noradren—
aline and [PH]5-HT than in the absence of pargyline.
The S-I outflow of (*H]dopamine was enhanced after
monoamine oxidase inhibition, whereas no enhancement
had been observed with dopamine when monoamine Ox-
idase was intact. Parker and Cubeddu (1986Db) also ob-
served that amphetamine enhanced the S-I release of do-
pamine, although they measured endogenous release and
did not need to inhibit monoamine oxidase for the en-
hancement to become evident. The heightening of the fa-
cilitatory actions of amphetamine on resting and S-I re-
lease of monoamines following monoamine oxidase inhi-
bition has previously been attributed to the enhancement
of axoplasmic concentrations of monoamine (Parker and
Cubeddu 1986b). The enhancement of the S-T1 outflow
may be related to a greater reincorporation of transmitter
released by the first period of stimulation, as evidenced
by a reduced S; (Table 1) in slices pre-incubated with
pargyline. Since the actions of MDMA on S, remain rel-
atively unchanged by pargyline, a reduction in S, follow-
ing pargyline pre-incubation would subsequently result in
an elevation of the ratio of S,/S; in the presence of

MDMA, and an apparent enhancement of the actions of
MDMA.

Effects of MDMA and amphetamine in slices obtained
Sfrom reserpinised rats

Reserpine depletes endogenous stores of dopamine, nor-
adrenaline and 5-HT by blocking vesicular storage of mo-
noamines (Carlsson 1965) and subsequently abolished
the S-1 release of transmitter (Parker and Cubeddu
1986a). Inhibition of monoamine oxidase prior to incu-
bation of tissue from reserpinised animals with [’H]mo-
noamine allows the examination of cytosolic stores of
PH]monoamine transmitter (Paton 1976; Masuoka et al.
1982). Using this model, the present study demonstrated
that both MDMA and amphetamine released [3H]dopa—
mine, ['H]noradrenaline and [’H]5-HT, as previously re-
ported for amphetamine (Niddam et al. 1985; Parker and
Cubeddu 19864a). It was noted that the MDMA-induced
rglease of radioactivity from slices incubated with
[*H]dopamine and the amphetamine-induced release of
radioactivity from slices incubated with [PH]5-HT were
higher in Ca?*-free medium (compare Figs. 4a and 5c¢),
although amphetamine—induced release of radioactivity
from slices incubated with [’Hldopamine and MDMA-
m_duced release of radioactivity from slices incubated
with [*H]5-HT were unchanged in Ca’*-free medium.
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As there is no clear pattern to the results, the reason for
the increased release in Ca** -free medium is not clear.

In slices obtained from rats pretreated with 2.5 mg/kg
reserpine, electrical stimulation failed to evoke a S-1
outflow of [3H]dopamine or [’H]5-HT, and caused only
a slight residual S-1 outflow of [*H]noradrenaline. This
confirmed that the vesicular storage of [3H]m0noamines
was virtually abolished. In the presence of MDMA and
amphetamine however, electrical stimulation evoked as S-
1 outflow of [3H]dopamine and [3H]noradrenaline, but
not of [PH]5-HT. This S-I outflow of [*H]dopamine and
[*H]noradrenaline in the presence of MDMA or amphet-
amine was Ca®’-dependent, suggesting that electrical
stimulation induced the exocytotic release of mono-
amines from vesicular stores. This was not due to “wash-
out” of reserpine, as responses to the second period of
electrical stimulation in the absence of MDMA or am-
phetamine were identical to the responses to the first peri-
od of electrical stimulation in control experiments.

A S-I outflow from slices incubated with *H]nor-
adrenaline or ['H]dopamine was also evoked in the pres-
ence of neuronal uptake blockade using desipramine and
cocaine, respectively. However, the S-1 outflow in the
presence of MDMA was not solely due to neuronal up-
take blockade by MDMA, as the response to electrical
stimulation in the presence of neuronal uptake inhibition
was less pronounced than that in the presence of MDMA.
The concentration of desipramine used to block the neu-
ronal uptake of noradrenaline has previously been shown
to completely block the MDMA-induced release of
[*H]noradrenaline (Fitzgerald and Reid 1990).

The S-I release of vesicular transmitter in the presence
of MDMA was reduced when the dose of reserpine was
increased from 2.5 to 5 or 10 mg/kg. This indicates that,
in accordance with previous reports, there is a dose-relat-
ed effect of reserpine on vesicular storage of monoamines
(see Maxwell et al. 1976).

It is speculated that the large S-I outflow of radioac-
tivity from slices incubated with [3H]noradrenaline or
[*H]dopamine in the presence of MDMA or ampheta-
mine, is due to both the blockade of neuronal uptake and
an interaction of the amines at the level of the vesicular
membrane. Vesicles are still intact and even undergo ex-
ocytosis after reserpine pretreatment, because although
monoamine release is inhibited, the vesicular enzyme do-
pamine B-hydroxylase can still be released (Cubeddu and
Weiner 1975; Thoa et al. 1975). Amphetamine uptake in-
to isolated synaptic vesicles is not blocked by reserpine
(Lentzen and Philippu 1981). Once inside the vesicle, in-
directly acting amines can be “trapped” by being pro-
tonated in the acid environment (Johnson et al. 1982;
Knoth et al. 1984). It is therefore proposed that ampheta-
mine and MDMA may enter vesicles, and reduce the pH
gradient across the vesicular membrane (Phillips 1982;
Johnson et al. 1982). Reserpine binding is slowed by a re-
duction in the pH gradient across the vesicular membrane
(Near and Mahler 1983; Scherman and Henry 1984), and
it is apparent that reserpine binding may be partially re-
versible after 24 h following the low dose (2.5 mg/kg)
used in the present study (Norn and Shore 1971; Darchen
et al. 1989). Thus the apparent “reversal” of reserpine
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blockade of vesicular uptake may possibly come about
through indirect changes in the binding of reserpine caus-
ed by MDMA and amphetamine,

The failure of electrical stimulation to evoke a S-I out-
flow of [*H]5-HT in the presence of MDMA or amphet-
amine illustrates a possible difference in the time taken
for vesicles in serotonergic neurones to recover function
following reserpine pretreatment compard with vesicles in
noradrenergic or dopaminergic neurones. Reserpine is
equipotent in blocking the vesicular storage of all three
monoamines (Shore 1962; Carlsson 1965) and thus the
failure of electrical stimulation to evoke a S-I outflow of
radioactivity from slices incubated with [3H]5-HT, in the
presence of MDMA or amphetamine, is unlikely to be
due to stronger binding of reserpine in serotonergic nerve
terminals. Rather it may indicate that serotonergic vesi-
cles take longer to recover from the effects of reserpine.
The life span of spinal 5-HT-containing granules is simi-
lar to spinal noradrenaline-containing granules (Dahl-
strom et al. 1973), however there are fundamental differ-
ences between serotonergic and catecholaminergic vesi-
cles such as vesicular adenosine triphosphate content
(Barasch et al. 1987), regulation of intravesicular pH, and
the types of intravesicular proteins (Tamir and Gershon
1987).

In summary, the results suggest that MDMA interacts
with neuronal and vesicular uptake and storage of
monoamines in a manner similar to that of ampheta-
mine. In both the presence and absence of vesicular stores
of transmitter, MDMA and amphetamine were found to
have differential effects on the three monoamine systems
studied. It is possible that the inability of electrical stimu-
lation to evoke a S-I outflow of 5-HT from slices obtain-
ed from reserpinised animals reflects a difference between
monoaminergic neurones, and may give insight into the
selective neurotoxicity of MDMA at serotonergic nerve
terminals.
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