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BATTAGLIA, G., S. Y. YEH AND E. B. DE SOUZA. MDMA-induced neurotoxicity: Parameters of degeneration and
recovery of brain serotonin neurons. PHARMACOL BIOCHEM BEHAYV 29(2) 269-274, 1988.—This study investigates a
number of parameters that influence the neurotoxic effects of 3,4-methylenedioxymethamphetamine (MDMA) on serotonin
(5-HT) neurons in brain. Both the dose and number of injections of MDMA affect the degree of neurotoxicity on 5-HT
axons and terminals as assessed by decreases in the content of 5-HT and 5-hydroxyindoleacetic acid (5-HIAA) and the
density of 5-HT uptake sites. Repeated systemic administration of various doses of MDMA (5-20 mg/kg twice daily for 4
consecutive days) results in dose-dependent decreases in 5S-HT, 5-HIAA and S-HT uptake sites. Increasing the number of
injections of MDMA resulted in progressively greater reductions in 5-HT and 5-HIAA which occurred prior to decreases in
5-HT uptake sites. In contrast, no significant changes were observed in the density of norepinephrine uptake sites following
single or repeated injections of 20 mg/lkg MDMA. With respect to neuronal regeneration, following an initial 90% loss of
5-HT uptake sites after treatment with MDMA, the recovery of these sites occurred over a protracted period of time; a
marked 25% reduction was seen at 6 months and the concentration of 5-HT uptake sites returned to control levels at 12
months following treatment with MDMA. Pretreatment with the selective 5-HT uptake blocker, citalopram, prior to each
injection of MDMA prevented the neurotoxic effects of MDMA on the 5-HT parameters described above suggesting that
active uptake of MDMA or a MDMA-related substance into brain 5-HT neurons was involved in the neurotoxic actions of
the drug. In addition, the neurodegenerative effects of MDMA on 5-HT neurons exhibited some species specificity as
comparable decreases in cerebral cortical 5-HT, 5-HIAA and 5-HT uptake sites were observed in rat and guinea pig while
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no significant changes in any of these serotonergic parameters were seen in mouse brain.
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3, -METHYLENEDIOXYMETHAMPHETAMINE
(MDMA) has recently attracted a great deal of attention due
to its increasing abuse among certain segments of the popu-
lation [1,11]. Recent data demonstrating that MDMA is self-
administered by both rhesus monkeys [4] and baboons [18]
suggest that MDMA may have high abuse potential in man.
These reports are particularly disturbing as we and others
have recently demonstrated that MDMA is a potent
neurotoxin that appears to cause selective degeneration of
brain serotonin neurons [2, 3, 7, 22, 23, 27, 28, 30-32] com-
parable to that reported for 3,4-methylenedioxyamphet-
amine (MDA) (2, 24, 30, 31]. Typically, neurotoxic effects of
drugs on 5-HT neurons have been assessed from reductions
in brain levels of serotonin (5-HT) and 5-hydroxyindoleacetic
acid (5-HIAA), and decreases in the maximal activity
of tryptophan hydroxylase (TPH) and the serotonin active
uptake carrier. Since MDMA can inhibit the activity of
TPH, the rate-limiting enzyme in 5-HT synthesis [30,31],
it is unclear whether the MDMA-induced reductions in
5-HT and S-HIAA may be due to suppressed neurotrans-

mission in otherwise structurally intact 5-HT neurons or may
represent the consequence of the destruction of 5-HT axons
and terminals.

Since 5-HT uptake sites are highly concentrated on 5-HT
containing nerve terminals [17], we have taken the approach
of using specific radioligands such as *H-paroxetine to di-
rectly label 5-HT uptake sites in brain and to assess the
neurodegeneration of 5-HT neurons by measuring changes in
the density of 5-HT uptake sites. We have recently reported
the feasibility of using the measurement of *H-paroxetine-
labeled 5-HT uptake sites to quantify the neurotoxic effects
of MDMA on 5-HT neurons in various regions of rat brain
[2,32]. Visualization of MDMA-induced destruction of 5-HT
axons and terminals using antibodies directed against
serotonin [22,23] and preliminary autoradiographic studies
demonstrating corresponding decreases in *H-paroxetine-
labeled 5-HT uptake sites in slide-mounted brain sections of
MDMA-treated rats [3] further validate the use of changes in
the density of S-HT uptake sites as an appropriate index of
5-HT neurodegeneration.
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The present study was designed to elucidate some of the
parameters that may contribute to the marked neurotoxic
effects of MDMA on brain serotonin neurons. By measuring
changes in 5-HT uptake sites as well as “‘traditional”” mark-
ers used to assess ‘‘neurotoxicity’’ such as 5-HT and
5-HIAA content, we have assessed the neurodegenerative
effects of MDMA on serotonin neurons with respect to: (1)
the effects of dose and dose regimen (i.e., number of injec-
tions), (2) the time course of neuronal recovery, (3) the role
of the 5-HT transporter complex and (4) the effects in var-
ious species.

METHOD
Materials

SH-Paroxetine (specific activity: 22.3 Ci/mmol), °*H-
Mazindol (15 Ci/mmol), and Formula 963 scintillation fluid
were obtained from New England Nuclear (Boston, MA).
MDMA was provided by the National Institute on Drug
Abuse. Mazindol and citalopram were generously provided
by Sandoz Pharmaceuticals (East Hanover, NJ) and
Lundbeck (Denmark), respectively. All other compounds
were obtained from Sigma Chemical Co. (St. Louis, MO).

Animal Treatments

In studies investigating the dose-dependent neurotoxic ef-
fects of MDMA, groups of male Sprague-Dawley rats (Har-
lan Industries, IN) weighing 175-200 g were injected sub-
cutaneously (SC) with either saline (1 mi/kg) or various doses
of MDMA (5-20 mg/kg expressed as the free base) twice a
day (approximately every 12 hours) for 4 consecutive days.
One group of rats was injected with the 5-HT uptake blocker,
citalopram (10 mg/kg IP), 30 minutes prior to each SC admin-
istration of 10 mg/kg MDMA. In order to investigate the
neurotoxic effects of single versus multiple injections of
MDMA, groups of rats were injected every 12 hours with
either saline (1 ml/kg) or MDMA (10 mg/kg SC) one, two,
four, or eight times. In both studies, the animals were sac-
rificed 18 hours after their last injection. In studies inves-
tigating the time course of neuronal recovery from the effects
of MDMA, rats were administered either saline (1 ml/kg) or
MDMA (20 mg/kg SC) twice a day for 4 consecutive days;
groups of saline-treated and drug-treated rats were sacrificed
at various times (18 hours, 1,2, 4, 8, 26 and 52 weeks) follow-
ing treatment. In studies investigating the long-term
neurotoxic effects of MDMA in different species, groups of
male Duncan Hartley guinea pigs (350-400 g), ICR mice
(30-40 g) and Sprague-Dawley rats (175-200 g) were adminis-
tered MDMA (20 mg/kg SC) twice a day for 4 consecutive
days and the animals were sacrificed 7 days after the last
injection. In all studies, the frontal cortex was dissected,
frozen in liquid nitrogen and stored at —70°C until assayed.
The frontal cortex was chosen since this brain region con-
tains an abundance of serotonergic markers including high
concentrations of 5-HT, 5-HIAA and 5-HT uptake sites
[2,12].

Monoamine Determinations

Portions of frontal cerebral cortices (10-20 mg) were
weighed and homogenized in 1 ml of 0.1 N HC1O, containing
0.1% cysteine. After centrifugation, catecholamines,
serotonin and their metabolites in the supernatant were
measured with electrochemical detection after separation by
reversed phase HPL.C. Samples (20 ul) were chromato-
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FIG. 1. The effect of repeated systemic administration of various
doses of MDMA on the content of serotonin (5-HT) and
5-hydroxyindoleacetic (5-HIAA) and on the density of 5-HT uptake
sites in frontal cortex. Rats were administered saline or MDMA
twice a day for 4 consecutive days and sacrificed 18 hours after the
last injection. One group of rats was pretreated with 10 mg/kg
citalopram 30 minutes prior to each administration of 10 mg/kg
MDMA. Data represent the mean+=S.E.M. from 3-5 rats and are
expressed as a percent of values in control, saline-injected rats.
Control values for 5-HT and S-HIAA levels were 387x61 and
251+20 pg/mg tissue, respectively. The density of 5-HT uptake sites
in the frontal cortex in controls was 396+ 15 fmol/mg protein. Data
were analyzed by one-way ANOVA and Duncan’s multiple range
test. *, ** and *** indicate significant differences at p<0.05, p<0.01
and p <0.001, respectively, from control saline-treated rats. ¥+ and
171 indicate significant differences at p<<0.01 and p<0.001, respec-
tively, from all other groups.

graphed on a C,, radial-pak cartridge and eluted with a
mobile phase at a flow rate of 0.9 ml per minute. Each liter of
the mobile phase contained 0.1 g EDTA, 1.3 g of sodium
heptayl sulfonate, 8 ml of triethylamine, and 45 ml of
acetonitrile and the pH was adjusted to 2.85 with phosphoric
acid (~4.5 ml). Concentrations of catecholamines, 5-HT and
their metabolites were calculated from standard curves pre-
pared from at least four standards. The standard curves were
linear from 3 to 100 ng/m! of monoamine or monoamine
metabolites (60 to 2000 pg/20 wl). The retention times for
norepinephrine (NE), dihydroxybenzylamine (DHBA) (In-
ternal Standard), dopamine (DA), 5-HIAA, and 5-HT were
3.15, 4.5, 6.46, 13.52, and 17.45 min, respectively.

Measurement of Monoamine Uptake Sites

Frontal cortex from individual saline- and drug-treated
animals was weighed and prepared as previously described
[2,12]. Tissues were placed in 50 volumes of ice-cold 50 mM
Tris-HCI1, 120 mM NaCl, 5 mM KCI (pH 7.4 at 22°C) and
homogenized using a Brinkman polytron (setting of 5, 2x30
sec). The homogenate was centrifuged at 48,000xg for 10
min with a subsequent resuspension and wash of the pellet.
The final pellet was resuspended in the same buffer to a
concentration of 15 mg wet weight/ml. Previous studies [2]
indicated that there was no significant difference in the affin-
ity (i.e., Kp) of *H-paroxetine-labeled 5-HT uptake sites be-
tween control and MDMA-treated rats. To obtain an esti-
mate of the maximal density of *H-paroxetine-labeled 5-HT
uptake sites a saturating concentration (0.25 nM) of *H-
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FIG. 2. The effects of single and multiple injections of MDMA on
the content of serotonin (5-HT) and S-hydroxyindoleacetic acid (5-
HIAA) and on the density of 5-HT uptake sites in rat frontal cortex.
Rats were injected the specified number of times with either saline
or 10 mg/kg MDMA and sacrificed 18 hours after the last injection.
Data which represent the mean and S.E.M from three to five animals
are plotted as a percent of respective values for each of the param-
eters in control, saline-injected rats. Control levels of 5-HT and
5-HIAA were 475+ 24 and 332 +24 pmol/mg tissue, respectively. The
density of S-HT uptake sites was 349+24 fmol/mg protein in con-
trols. Data were analyzed by one-way ANOVA and Duncan’s mul-
tiple range test. * indicates a significant difference at p<0.05 from
corresponding control saline-injected rats; % and 1+ indicate signif-
icant differences at p<0.01 and p<0.001. respectively, from all other
groups.

paroxetine (K,=0.01 nM) was incubated with 1.5 mg of tis-
sue in the absence and presence of 1 uM citalopram in 5 ml
of the assay buffer. The contents were incubated for 2 hr at
22°C and then rapidly filtered over polyethyleneimine
(PEI)-presoaked Whatman GF/C filters and washed with 15
ml of buffer. Filters were then equilibrated with 5 ml of For-
mula 963 scintillation fluid and counted at 54% efficiency in a
Beckman 3801 scintillation spectrometer. Proteins were de-
termined according to the method of Lowry ¢r al. [19].

NE uptake sites were measured using 6 nM *H-mazindol
and 0.3 uM desipramine to define specific binding as previ-
ously described [14]. Assays were carried out in 0.5 ml of 50
mM Tris-HCI, 120 mM NaCl, S mM KCI (pH 7.4 at 22°C).
Tubes containing drugs and tissue (5-8 mg wet weight/tube)
were incubated on ice for 60 min then the contents were
rapidly filtered over Whatman GF/C filters which had been
presoaked in 0.05% PEI and washed with 15 ml of cold buffer.

RESULTS
Dose Dependence

As shown in Fig. 1, a repetitive dosing regimen (i.e.,
twice a day for 4 consecutive days) of MDMA at various
doses up to 20 mg/kg resuited in dose-dependent decreases in
the content of 5-HT and 5-HIAA and in the density of 5-HT
uptake sites in rat frontal cortex at 18 hours following the last
injection. At the lowest dose of MDMA tested (5 mg/kg),
5-HT content was markedly reduced (45%), while only a
small (14%), but statistically significant, decrease in the
density of 5-HT uptake sites was observed; a small decrease
in 5-HIAA content was also observed at this dose, although
this change was not statistically significant. Higher doses of
MDMA (10 and 20 mg/kg) resulted in comparable reductions
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FIG. 3. Time course of recovery of serotonin (5-HT) uptake sites in
rat frontal cortex following repeated systemic administration of
MDMA. Rats were treated with either saline or 20 mg/kg MDMA
twice a day for 4 consecutive days and then sacrificed at various
times following the last injection up to 12 months. Saline-
injected control rats were killed at each of the time points, and the
data which represent the mean=S.E.M. of five rats per group are
plotted as a percent of the value of control animals at the respective
time.

in 5-HIAA levels (60-70%), while the decrease in 5-HT was
significantly greater at 20 mg/kg (90%) than at 10 mg/kg
(80%). The density of 5-HT uptake sites decreased progres-
sively as the dose of MDMA was increased with a maximal
reduction of 909% observed at 18 hours following administra-
tion of 20 mg/kg MDMA. In contrast, following a treatment
regimen of 20 mg/kg MDMA, there were no significant differ-
ences in the density of *H-mazindol-labeled NE uptake sites
(fmol/mg protein) in the frontal cortex between saline-
(159=17) and drug- (152=+5) treated animals.

Single Versus Multiple Injections

Since repeated systemic administration of 10 mg/kg
MDMA caused marked neurodegeneration of cortical S-HT
neurons, we chose to investigate the neurodegenerative ef-
fects of single versus multiple injections of MDMA at this
dose. As shown in Fig. 2, increasing the number of injections
of MDMA (10 mg/kg SC) resulted in significant and progres-
sively greater reductions in 5-HT and 5-HIAA content.
While one injection of MDMA was without effect on any of
the serotonergic parameters examined, two doses were suf-
ficient to elicit a significant reduction (~20%) in 5-HT con-
tent. A significant reduction (~34%) in 5-HIAA content was
observed only after four injections of MDMA. Marked re-
ductions of 84% and 75%, in 5-HT and 5-HIAA, respec-
tively, were observed following an eight injection regimen
of 10 mg/kg MDMA; the density of *H-paroxetine-labeled
5-HT uptake sites was only significantly decreased (~64%)
following eight injections of MDMA at this dose. While
there was no change in the DA content in any of the
groups, a small and consistent decrease in NE content
(~20%) was observed in all MDMA-treated rats. This small
change in NE following MDMA treatment was not accom-
panied by a reduction in the density of *H-mazindol-labeled
NE uptake sites (data not shown).
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Time Course of Regeneration of 5-HT Uptake Sites

Although we and others have previously reported that the
neurodegenerative effects of MDMA on 5-HT neurons can
be observed up to 14 days after treatment, the time course of
recovery of affected 5-HT neurons remains to be demon-
strated. As shown in Fig. 3, we have investigated the time
course of neuronal regeneration by measuring the recovery
of 5-HT uptake sites in rat frontal cortex up to 12 months
following repeated systemic administration (i.e., twice daily
SC injections for 4 days) of 20 mg/kg MDMA. At all time
points up to 6 months during the recovery time course, the
density of 5-HT uptake sites was significantly below the
corresponding values in age-matched saline-treated controls.
At the 6 month time point, the density of S-HT uptake sites
was only 75% of the values of saline-treated controls
whereas by 12 months after MDMA treatment the density of
5-HT uptake sites returned to control levels. The shape of
the recovery curve suggests that there may be a faster initial
rate of recovery of 5S-HT uptake sites that occurs between 18
hours and 4 weeks which is followed by a slower rate of
recovery which occurs between 4 weeks and 12 months.
These data indicate that more than 6 months are required for
a complete recovery of 5-HT uptake sites to control levels.

Effect of 5-HT Uptake Site Blockade

As the neurotoxic effects of drugs such as parachloroam-
phetamine on 5-HT neurons can be prevented by 5-HT up-
take blockers [25,26], we investigated if the 5-HT uptake
carrier protein was likewise involved in the neurotoxic ef-
fects of MDMA. As shown in Fig. 1, pretreatment of rats
with the selective 5-HT uptake blocker, citalopram (10
mg/kg), prior to each injection of 10 mg/kg MDMA, resulted
in nearly complete protection against the neurotoxic effects
of MDMA. Citalopram-pretreated rats exhibited only a 15%
decrease in 5-HT uptake sites following MDMA treatment in
comparison with a 60% reduction in 5-HT uptake sites ob-
served in rats treated with an identical dose of MDMA alone.
In addition, citalopram pretreatment completely prevented
the MDMA-induced decreases in the concentration of both
5-HT and 5-HIAA.

Species Specificity

Since amphetamine has been shown to be metabolized by
different pathways in rat, mouse and guinea pigs [6], addi-
tional studies were carried out to investigate whether
MDMA was also neurotoxic in mouse and guinea pig. Animals
in these studies were treated repeatedly (i.e., twice a day for
4 consecutive days) with 20 mg/kg MDMA and levels of
5-HT, 5-HIAA and 5-HT uptake sites were measured 7 days
later to assess the long-term effects of the treatment. As shown
in Fig. 4, MDMA caused comparable and marked decreases in
5-HT and 5-HIAA content and in the density of 5-HT uptake
sites in rat and guinea pig cortex, but was without effect on
any of these serotonergic parameters in the mouse.

DISCUSSION

Previous studies have demonstrated that the repeated
systemic administration of MDMA is neurotoxic to 5-HT
neurons in rat brain [2, 3, 7, 22, 23, 27, 28, 30-32]. The
present study was designed to investigate the influence of
certain treatment parameters on the neurotoxic effects of
MDMA and to determine if these changes are reversible. We
report that the neurotoxic actions of MDMA on serotonergic
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FIG. 4. The effects of repeated systemic administration of MDMA
on the content of serotonin (5-HT) (A), 5-hydroxyindoleacetic acid
(5-HIAA) (B) and the density of 5-HT uptake sites (C) in rat, guinea
pig and mouse frontal cortex. Animals were treated with saline or 20
mg/kg MDMA twice a day for 4 consecutive days then sacrificed 7
days after the last injection. Data represent the mean+S.E.M. of five
animals per group and are expressed as a percent of saline-injected con-
trol values in the respective species. In rat, guinea pig and mouse,
control values of 5-HT were 275+41, 296+ 14 and 449+36 pg/mg
tissue, respectively; control values of 5-HIAA were 345+40, 92+4
and 319+34 pg/mg tissue, respectively; control values of 5-HT up-
take sites were 397+10, 2166 and 233+12 fmol/mg protein, re-
spectively. Data were analyzed by Students ¢-test. *** indicates a
significant difference at p<0.001 from respective control values.

neurons appear to be a function of both the dose adminis-
tered as well as the number of times the drug is given. Fur-
thermore, the dose and/or number of injections of MDMA
can differentially affect the various serotonergic markers
used to assess neurodegeneration. With respect to the dose
of MDMA, 5-HT levels appear to be more readily decreased
(45% reduction at 5 mg/kg) while 5-HIAA levels are only
significantly decreased (~60%) following four or eight doses
of either 10 or 20 mgkg MDMA. We have previously
demonstrated that in either homogenates [2,32] or slide-
mounted brain sections [3], the loss of 5-HT uptake sites
provides an appropriate index of the degeneration of
serotonergic neurons in that this measure corresponds to the
degree of loss of neuronal axons and terminals detected
using 5-HT immunocytochemical techniques [22,23]. By
using decreases in the density of 5-HT uptake sites as an index
of neurodegeneration, it is apparent that MDMA causes the
dose-dependent destruction of cortical 5-HT axons and ter-
minals with a significant decrease observed even at the low-
est dose of MDMA employed (5 mg/kg). These results
demonstrate the dose-dependence of 5-HT neurotoxicity fol-
lowing a repetitive injection regimen of MDMA.
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Since MDMA has been reported to increase the release of
serotonin [15,21] and cause suppression of tryptophan hy-
droxylase activity following systemic administration [30,31],
it is important to differentiate between the suppressive ef-
fects of MDMA on 5-HT metabolic processes in structurally
intact neurons and the neurodegenerative effects of MDMA
on the structural integrity of 5-HT axons and terminals. We
have addressed this question by comparing the effects of
single versus multiple injections of MDMA on each of the
serotonergic parameters described. The correspondence be-
tween changes in 5-HT or 5S-HIAA content and decreases in
the density of 5-HT uptake sites, which is indicative of S-HT
neurodegeneration, can be used to assess the relationship
between changes in metabolic activity and actual destruction
of neurons following treatment with MDMA. These studies
(Fig. 2) demonstrating changes in 5-HT and S-HIAA levels
following two and four injections of MDMA but no signifi-
cant decrease in 5-HT uptake sites until eight repetitive in-
jections of the drug suggest that MDMA-induced changes in
5-HT metabolic activity can precede and may occur inde-
pendent of the processes determining destruction of 5-HT
axons and terminals.

To date, no investigations have reported whether 5-HT
neurons can recover from the neurotoxic effects of MDMA
and what the time course of neuronal recovery might be. We
report here a recovery time course covering a 6-month
period following administration of MDMA which indicates
that cortical 5-HT axons and terminals can undergo a regen-
eration process subsequent to an initial 90% reduction. The
time course of recovery in the frontal cortex, however, oc-
curs over an extremely long period of time as there is a 25%
deficit in 5-HT uptake sites up to 6 months and a return to
control values at 12 months after MDMA treatment. The
persistent neurotoxic effects on 5-HT neurons following
MDMA is similar to that observed following parachloroam-
phetamine (PCA) in which marked reductions in 5-HT have
been observed up to 4 months after a single injection [8, 9,
16, 26]. As we have used the recovery of S-HT uptake sites
as an index of neuronal regeneration, it is unclear from the
present data whether there is an actual regeneration of
neurons that have previously undergone axon or terminal
degeneration or whether the increased density of uptake
sites is a consequence of increased collateral sprouting of
neurons unaffected by the drug treatment. It has previously
been reported that following S5,6-dihydroxytryptamine-
induced axotomy, axonal sprouting occurs within 4-5 days
and the appearance of new axonal sprouts correlates with the
recovery of 3H-5-HT uptake [5]. Evidence from both im-
munocytochemical data [22,23] and autoradiographic studies
of 5-HT uptake sites [3] indicating that 5-HT cell bodies ap-
pear to be insensitive to the neurotoxic effects of repeated
systemic administration of MDMA provide a mechanism by
which terminal regeneration of MDMA-affected neurons
may occur.

The data of the present study demonstrate that destruc-
tion of 5-HT axons by MDMA involves the 5-HT active up-
take carrier as blockade of this carrier by administration of
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citalopram, a selective 5-HT uptake blocker [13], prior to
administration of MDMA can prevent the decreases in 5-HT
markers elicited by MDMA alone (see Fig. 1). These data are
consistent with previous reports for other potent 5-HT
neurotoxins demonstrating that pretreatment with 5-HT up-
take blockers can prevent the neurotoxic effects of PCA
[25,26]. It has recently been shown that MDMA-induced
neurotoxicity can be prevented or reversed if a 5-HT uptake
blocker is administered no later than 12 hours after MDMA
treatment [28].

High doses of MDMA (20 mg/kg) which markedly de-
crease all parameters of cortical 5-HT neurons in the rat and
guinea pig produce no significant changes in the content of
5-HT and 5-HIAA and in the density of 5S-HT uptake sites in
the mouse. While differences in sensitivity to the neurotoxic
effects of PCA on 5-HT neurons have been observed in
mouse when compared to its effects in rat and guinea pig [8,
9, 16, 26], the differential sensitivity may be due, in part, to
species-dependent differences in the half-life of PCA [29].
Active neurotoxic metabolites or metabolic intermediates of
PCA have previously been postulated as being responsible
for its neurotoxic effects on S-HT neurons [10,26], although
to date no such active species has been identified. While
there has been no direct demonstration of a neurotoxic
metabolite of MDMA, some preliminary data suggest that an
active metabolite of MDMA may be responsible for elicitng
its neurotoxic effects. We have previously reported that in
contrast to the marked 5-HT neurodegenerative effects fol-
lowing systemic administration of MDMA or MDA, direct
intracerebral injections of MDMA or MDA are without ef-
fect on cortical 5-HT neurons as visualized directly using an
antibody directed against serotonin [20]. Our observation of
marked species differences in sensitivity to MDMA-induced
5-HT neurotoxicity would be consistent with the hypothesis
of a peripherally produced neurotoxic metabolite of MDMA.
While these findings suggest that a peripheral metabolite of
MDMA may be the active neurotoxic species, in preliminary
studies, we have found that in rats pretreated with the cyto-
chrome P-450 enzyme inhibitor, SKF 525A, there was no
potentiation or attenuation of the neurodegeneration found
following repeated administration of 10 mg/kg of MDMA
(unpublished observation). Additional studies are required to
identify the neurotoxic species of MDMA. In summary, our
findings indicate that in rat, MDMA-induced neurotoxicity
of brain 5-HT terminals is dependent on the dose of drug
used as well as the number of times the drug is administered.
Following extensive destruction of 5-HT neurons, regenera-
tion can occur but requires a substantial amount of time. The
ability of 5-HT uptake blockers to prevent the neurotoxic
effects of MDMA suggests that the active uptake process is
involved in the mechanism of neurotoxicity of MDMA.
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