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Integrative transporter-mediated release from cytoplasmic
and vesicular 5-hydroxytryptamine stores in cultured neurons
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Tile direct effects of 3,4-methylenedioxymethamphetamine (MDMA) and p-chloroamphetamine (PCA) were studied in
microculture of fetal 5-hydroxytryptamine (5-HT) neurons. Both MDMA and PCA released 5-HT with the potency of
PCA> MDMA by a mechanism inhibited by fluoxetine, an inhibitor of the 5-HT transporter. The transporter-mediated release
by MDMA and PCA reduced intracellular stores of 5-HT. Both MDMA and PCA inhibit MAO-A activities, which also
contributes to the increase of extracellular 5-HT levels. Deprenyl (10 -7 M) increased the amount of intracellular 5-HT and
potentiated the MDMA- or PCA-induced release of 5-HT. Conversely, reserpine (10 9 M) reduced the intracellular 5-HT levels
and attenuated the transporter-mediated release. In addition, MDMA- or PeA-mediated release was attenuated by nimodipine
(10 -s M), an L-type Ca 2+ channel antagonist. Our results indicate that MDMA- or PCA-induced release of 5-HT occurs from
thc cytoplasm to the media through the 5-HT transporter, and that the release may incorporate 5-HT from the vesicular stores.

MDMA (3,4-methylenedioxymethamphetamine); Parachloroamphetamine; Fluoxetine; Deprenyl; Clorgyline;
Nimodipine; Reserpine

1. Introduction al., 1987; Nash et al., 1991; Dewar et al., 1992) and loss
of 5-HT immunoreactive fibers (Scallet et al., 1988;

Substituted amphetamines such as 3,4-methylene- Mamounas and Molliver, 1988; O'Hearn et al., 1988).
dioxymethamphetamine (MDMA) and p-chloro- However, questions concerning the mechanism of

amphetamine (PCA) have acute effects on the release action of the substituted amphetamines and the possi-
of 5-hydroxytryptamine (5-ITT) from presynaptic termi- ble existence of a peripheral factor in contributing to
nals (Nichols et al., 1982; Fitzgerald and Reid, 1990; their toxic response in serotonergic neurons have been
Kehne et al., 1992), inhibition of 5-HT uptake by raised. Both in vivo and in vitro studies have provided
synaptosomes (Hekmatpanah and Peroutka, 1990; evidence that the release of 5-HT may be correlated
Johnson et al; 1991) and reduction of brain monoamine with neurotoxicity. For example, inhibitors of 5-HT
oxidase (MAO-A) activity (Fuller et al., 1975; reuptake block the effects of MDMA on both the

Kokotos-Leonardi et al., 1992). In chronic studies, these acute release and long term neurotoxicity (Fuller et al.,
compounds cause neurotoxicity of serotonergic neu- 1965; Schmidt, 1987; Hekmatpanah and Peroutka,
tons (Schmidt et al., 1987; Ross, 1976). The effects are 1990). In addition, pretreatment with drugs which de-
mainly represented as follows: long-term reduction in plete the storage of 5-HT produce an attenuated ncu-
brain levels of serotonin (5-HT) and its metabolite rotoxic response to PCA (Berger et al., 1989). Previous

5-hydroxyindoleacetic acid (5-HIAA) (Stone et al., tissue culture studies of fetal raphe brainstem are
1986; Schmidt et al., 1987; Axt and Selden, 1990), consistent with the in vivo findings. MDMA was found
reduction in the activity of the synthetic enzyme, tryp- to produce neuropathological changes in fetal seroton-
tophan hydroxylase (Stone et al., 1986; Gibb ct al., ergic neurons at a concentration of 10-s M after a

1990), reduction in tile uptake carrier sites (Battaglia ct single application. This effect was blocked by fluoxe-
tine, a specific 5-HT reuptake blocker, by several drugs
which affect presynaptic 5-HT release and by the L-type

Correspondence Io: E.C. Azmilia, 1009 Main Building, Deparmmnt Ca 2+ channel antagonist, nimodipinc (Azmitia et al.,
of liiology, New York Univcrsilv It)0 Washington Stltlarc East, New 1990). However, the significance of these findings is

York, NY 10(103, USA. Tcl. (1) (212) 998-8250, fax (1) (212) 995-4015. compromised by the lack of information concerning tile
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direct actions of MDMA on 5-HT rclease and cclls and frcsh scrum-frcc mcdia (SFM; transfcrrin 5
metabolism in cultt, rcd neurons. /.tM; insulin 5 mg/ml: putrcscinc 0.2 nlM; cortico-

We hcrc rcport a novel system combining tissuc stcronc 1.).2nM; selenite 0.15 nM; MEM; glucose 1%
culture of fetal raphe brainstem with HPLC-EC for and non-essential amino acid I%)added. After cultur- ,
investigating the direct neurotoxicity of serotonergic lng cells in SFM for 72 h. the media was replaccd with

drugs such as MDMA and PCA. The advantage of this 100 /.ti of frcshly-nmdc SFM with the tcst drugs. The
system is that it provides a closed system in which the media (60 3L1from each well) was then collected at a
levels and metabolitcs of serotonin can be followed designed period and stored at -70°C until mcasure- ,

without complications from other sources such as merit by HPLC.
serum, glia cells, peripheral organs and endocrine sys- To mcasurc thc tissue levels of 5-HT, the culturc ,
tems. The sequences of the experiments were as fol- media was rcmoved and 120 p_lof 1`).1N perchloric acid
lows. First, the ability of MDMA and PCA to release was added. Thc plate was shaken at 7°C for I h and the
5-HT from the culture neurons was tested by measur- media stored at -70°C.

lng media 5-HT levels after application of MDMA and
PCA at 10-5 M for various periods (30 min, 1, 3, 6 and 2.2. Ht'LC-EC measuremctlts
48 h). Second, the increase of 5-HT levels in the media
produced by MDMA or PCA was tested together with The mobile phase consisted of 0.15 M chloroacetic
(1) a specific serotonergic uptake blocker, fluoxetine acid, 0.12 M NaOH, 0.18 mM EDTA, 6% acetonitrile '
(Wong et al., 1974) and (2) the MAO-A inhibitor, and 1.0 mM sodium octanesulfate, pH 3.5 (Auerbach
clorgyline (Johnston, 1968) and MAO-B inhibitor, de- et al., 1989). It was delivered by a pump (model 510,
prenyl (Yang and Neff, 1974). MAO-B is located inside Waters. Malford, MA) at a flow rate of 0.9 ml/min
serotonergic neurons and MAO-A is found outside onto a 10 × 3 cm chromatography column with ODS 3

serotonergic neurons (Westlund et al., 1985). Finally, /xm packing (BAS Inc., W. Lafayette, IN). Samples (20
the involvement of vesicular store of 5-HT in MDMA- /zl of each) were automatically injected (model 712,
or PCA-induced release of 5-HT was studied by using Waters. Malford, MA) and analyzed using a dual po-
(l) reserpine, a depleting agent of 5-HT from vesicular tentiostat electrochemical detector (model 400

stores (Brodie et al., 1964); (2) nimodipine (L-type EG & G, Princeton Applied Research Corp. Prince-
Ca2+-channel blocker; Towart and Kazda, 1979). ton, NJ) at potential of 610 and 490 mV relative to an

Ag/AgC1 reference electrode. Identification and quan-
tification of samples were achieved by comparison of

2. Materials and methods retention time and peak area to a standard solution
containing a serial of dilutions of 5-HT. The detection

2.1. Brainstem raphe culture limit for 5-HT was approximately 5 pg on a signal-to-
noise ratio of 3' 1.

Embryos at 14-days of gestation were quickly re- Media samples were thawed and mixed with an
moved from timed pregnant Sprague-Dawley rats certi- equal volume of 0.2 N perchloric acid before 20 /al
fled pathogen-free (Taconic Farms, PA) by Cesarean were injected into the analytic column. The signals
section using antiseptic procedures, and transferred to from the EC detector were captured and integrated by
ice-cold Dl-solution containing magnesium; calcium- using an 810 baseline program. Media 5-HT levels
free minimal essential medium (MEM); and the antibi-

otics penicillin and streptomycin (Azmitia et al., 1991). were expressed as pmol/10/zl while tissue 5-HT levelswere expressed as pmol/mg of protein measured by
A rostral rhombencephalon and caudal mesencephalon Biorad assay. Analysis of variance was done by using
tegmental slice was dissected and transferred to 0.5 ml ANOVA followed by a post-hoc comparison (Tukey's
of complete neuronal media (CNM: 1.6% glucose, 1% test) if not otherwise specified in the text. Every set of
non-essential amino acids and 7.5% of fetal bovine experiments was repeated at least two times.
serum), minced and gently agitated by repeated tritura-
tion. The cell suspension was then brought up to 1.5

mi/fetus with CNM and plated at a initial plating 2.3. Drugs
density of 0.9 × 10 6 cells/cm 2 onto 96-well plates
(Nunc, Denmark) previously coated with poly-D-lysine Sources ()f drugs: all drugs were from Sigma Chemi-

(15 /zg/ml, 70000 MW, Sigma). The cultures were cai Company (St. Louis, MO), except MDMA.HCI was
maintained at temperature of 37°C; air/ CO 2 of from the National lnstitutc of Drug Abuse (Washing-
95%/5% and humidity of 98%. ton, DC), fluoxctinc.HC1 from Eli Lilly C(/mpany (indi-

Forty-eight hours later, 5-fluoro-2'-dcoxyuridine anapolis, IN), nimodipine from Miles Rescarch Lab
(FUDR; 2 mg/ml) and uridine (5 mg/ml) wcrc added (New Haven, CT) and dcprcnyl from Rescarch Bit)-
for a period of 24 h to suppress the proliferation of glia chemical lncorp. (Natick, MA).
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3. Results

3. 2.80 +

3.1. 'lTmc couns'e of MI)MA and PCM on inducing releaxe k 240

Qf 5_itrl , O 2.00EL

In control conditions, the amount el: 5-HT in _ _s° I i _

serum-free media from the 5-day raphc cultures was _ _20 *
undctcctable. Solutions containing 7.5% fetal bovine I 0.80

serum were not used since they contained 0.66 pmol/10 _'o
/zl (6.6 × 10 -a M) levels of 5-HT. g 0.40

The effects of MDMA(10 s M) and PCA (10-s M) > 0.00 L_

on the media levels of S-MT were measured at 30 min, control Fluexetine Nimodipine

1, 3, 6 and 48 h (fig. 1). Both MDMA and PCA '0-7u l°-8u
Fig. 2. Inhibitory effects of fluexetine (10 7 M) and nimodipine

produced significant levels of 5-HT within 1 h (0.23 + (10 8 M) on MDMA (filled bars)- and PCA (hatched bars)-induced
0.003 and 0.59 _+0.002 pmol/10/zl respectively). Maxi- release of 5-HT into the culture media after 6 h of exposure to the
mai 5-HT levels in the media were seen after 6 h with drugs. Each bar represented as mean + S.E.M (media 5-HT levels in

MDMA (1.65 _+ 0.001 pmol/10 /zl) but were still in- pmol/10/xl; n = 4). * P < 0.01 as compared to MDMA only treated
creasing at 48 h after PGA treatment (3.69 + 0.001 cultures; + P < 0.01 as compared to PCA only treated cultures,

pmol/10 p, 1; fig. 1). F = 1435.00, df = 8, ANOVA with Tukey's tests.

3.2. Effect of fluexetine on MDMA- and PCA-induced

release of 5-HT Deprenyl (10 -7 M), added 20 min before MDMA or

PCA, increased the amount of 5-HT released into the

The effect of a specific 5-HT uptake blocker, fluoxe- media by both MDMA and PCA after 24 h of exposure
tine, was tested in cultures with or without MDMA (fig. 3). It augmented MDMA-induced release of me-

and PCA. Fluexetine, at 10 -7 M had no significant dia 5-HT levels by 78%, and PCA-induced release of

effects on the 5-HT levels in culture. In another series media 5-HT levels by 18%.

of experiments, fluexetine (10 -7 M) or vehicle was Clorgyline (10 -7 M), an MAO-A inhibitor, pro-
added 20 min before MDMA or PCA at 10 -s M. After duced a large increase in media 5-HT levels (4.1 _+_0.01

6 h of exposure, MDMA- and PCA-induced release of pmol/10/xl) by itself. However, the addition of either

5-HT were significantly blocked by fluexetine by 50 MDMA or PCA to the cultures containing clorgyline
and 19% respectively (fig. 2). produced no additive increase in 5-HT levels after 24 h

compared to clorgyline alone and MDMA or PCA

3.3. Effect of deprenyl and clorgylme on MDMA- and alone cultures (fig. 3).
PCA-induced release of 5-HT

Deprenyl (10 -v M), an MAO-B inhibitor, had no

effect on the media levels of 5-HT after 24 h (fig. 3). __ 5.00-
::L

o , +
4.00 _' 4.00-

3.00 -

¢

5.00

c_ 2.50

'7 / _ 200
_>200 /'5 // ._ 1.00_- 1.50 / · o

I -5
u3 1.00 0.00_ --
o

=8o.so control Clorgyline Deprenylo_

= 0.00 /f// lO-7M 10-7M
3 6 48 Fig.3. Effectsof clorgyline(10'7 M; diagonalbar) and deprenyl

(II) -7 M) on MDMA (filled bars)- and PCA (hatched bars)-induced
Exposure Periods (hour) release of 5-ITT into 5-day {)Idscrunl-frce culture media. Media

Fig. I. Effect of MDMA (III s M) and PCA (10 5 M) on releasing 5-HT levels (pmol/10 /xl) wcrc measured 24 h after cultures were
of 5-lIT into 5-day oM, serunr-frce raphe cell culture media after exposed to thc drugs. Each bar represented as mean+S.E.M (n = 4).
various periods of exposure to thc drtlgs (30 rain, I. 3, 6 and 48 h). * P < 0.1)1as compared to MI)MA only treated cultures; + P < 0.01
Each data point was expressed as mcan!S.E.M of 5-1IT levels as compared to PCA only treated culh, res, F= 1051.40, df=8,

(pmol/10/xl; n = 4). MI)MA (filled circle); PCA (filled triangle). ANOVA with Tukcy's lest.
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3.4. £_/Y_'ctof rescrpine and deprenyl on MDMA- and ,1'AI_;I.I:.I
PGA-induced release of 5-HT Eft'ecl of different agents (tleprcnyl 10 7 M. reserpine 10 '; M and a

eonfiqnalion of deprenyl and reserpine) on intracellular 5-1 ri' levels

either in control cul/urcs or in MI)MA(10 5 M)-lrcaledcnhnrcs.

Before testing the effects of reserpine on 5-HT
Intracclhdar 5-11'1' levels (pmol/mg protein) were n_casurcd 24 Il

release, the intracellular levels of 5-HT were measured after the cultm'cs were exposed to lite drugs. Data in tl_e fourlh

to test the efficiency of reserpine to deplete vesicular column represent the anlount of 5-t1'I' released by NIl)MA. Each

stores of 5-HT. The cellular content of 5-HT present in data point wits represented ils mcan ± S.E.M (n = 4).

reserpine (10 '''_ MI-treated cultures after 48 h (0.66 +_ w/o MDMA w/ MDMA iA) (BI
0.008 pmol/mg protein) was reduced by 78% as corn- iA) 10-5 M (BI

pared to control cultures (3.0 + 0.12 pmol/mg protein; Control 2.500_+0.044 1.690_+0.052 0.81
P < 0.001;Student's t-test). Deprenyl

Reserpine (10 -_ MI, added 20 mtn before MDMA 10"7M 4.380+_0.020_' 1.200+0.028b 3.1{)
or PCA, attenuated both MDMA- and PCA-induced Reserpine

10 '* M 0.830_+0.024 _' 0.360+_0.020 b (}.47
release of 5-HT (fig. 4). Reserpine decreased MDMA- Deprenyl +

induced release of 5-HT by 23°70 and PCA-induced reserpine 1.990_+0.088:' 0.020+_0.010 b 1.97

release of 5-MT by 48%. "p <, 0.01 anlong the groups in column II, F = 169.32. df= 3; t, p <

The effects of reserpine and deprenyl on intracellu- 0.0l among groups in column 111, F = 106.31, df = 3. Variances were

far 5-HT levels were tested with and without MDMA. analyzedby using ANOVAwith Tukey's test.
AS shown in table 1, cultures were pretreated with the
above agents 20 mtn earlier than MDMA (10 -5 MI.
Deprenyl (10 ? M) after 24 h increased intracellular

5-HT levels in control cultures by 72% and in reser- tion produced by reserpine was much less if deprenyl
pinized cultures by 140%. The absolute increase in was present in reserpine-treated cultures (table 1, last
5-HT levels by deprenyl was greater in control cultures column). Furthermore, intracellular 5-HT levels were
than in reserpine-treated cultures (1.88 vs. 1.16 lower in cultures with MDMA and deprenyl than those
pmol/mg protein). On the other hand, reserpine after in cultures with deprenyl only (1.2 vs. 4.38 pmol/mg
24 h decreased 5-HT levels in control cultures by 67% protein; table 1).
and in deprenyl-pretreated cultures by 55%. Again the

absolute decrease of 5-HT levels by reserpine was 3.5. Effect of nimodipine on MDMA- and PeA-induced
greater in cultures pretreated with deprenyl than in release of S-HT
control cultures (2.39 vs. 1.67 pmol/mg protein). The
release of 5-HT by MDMA was enhanced by deprenyl To determine whether MDMA- and PCA-induced

while attenuated by reserpine. However, the attenua- release of media 5-HT were dependent on a voltage
sensitive Ca 2+ channel, nimodipine was used. After
cells were exposed to drugs for 6 h (nimodipine added
20 mtn earlier), nimodipine (10 -8 M) was found to

4,oo- significantlyattenuate MDMA- and PCA-inducedre-
-_ leaseof 5-HT(24and 14%respectively;fig.2).:a.
rD

3,00-

E= 4.Discussion

>_ 2.00 -

i + 4.1. MDMA- and PeA-induced 5-HT release occurs

¢: I through 5-HT transporter

I
U'3 1.00

.o
_ In our study,MDMAandPCAwerefoundto cause

o.00 _ incrcaseof media 5-HTlevels in culture after I h of
control Reserpine exposure. Tile cultures were maintained in serum-free

_0-gu media and treated with FUDR to kill dividing coils
Fig. 4. Effect o1 reserpine ti0 -9 M) (diagonal bar) on MDMA (filled (c.g. astrocytes). This extracellular increase of 5-HT

bar)- and PeA (hatched bari-induced release of 5-HT into culture continued progressively over 48 h with PeA (fig. 1),

media. Media 5-HTlevels(pmol/10/zl) were measured6h after thc while maximal increase caused by MDMA was slablc
exposure of thc cultures to the drugs. Each bar represented ils after 6 h. The continual rise of 5-HT of cells exposed
mean+S.E.M tn=4). * P<0.01 as compared to MDMA only

treated cultures; + P < 0,01 as compared to PeA only treated Chi- ti) t)CA fei t 48 h could be due to cell death. In fact,

tures, F' = 599.22, df = 5, ANOVA with Tukey's tests, other studies have shown that chronic expos(irc of
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cultured neurons to MDMA, PCA or 5-HT itself may 4.3. Reserpine bthibits t'esicular 5-HT and reduces

bc deleterious (Whitaker-Azmitia and Azmitia, 1986; MDMA/PCA-induced release of 5-HT
Azmitia ct al., 1990).

Our data supported thc idea that thc release of Wc now provide evidence that these substituted

intraccllular 5-H'F by MDMA anti PCA occurs via the amphetamines can indirectly affect the vesicular stores
5-HT transpoi'tcr molecule. Fluoxctine (10 7 M) pre- of 5-HT. Reserpine's action is to empty the intracellu-
treatment significantly blocked thc amount of extracel- lar vesicular store of 5-HT by inhibiting transport
lular 5-HT released by MDMA and PCA (19-50% of molecules in the vesicular membrane (Brodie et al.,
control; fig. 2). This finding is consistent with fluoxe- 1964). Reserpine was effective in our culture system in
tine inhibition of thc MDMA-induced decrease in brain depleting 5-HT from the vesicular stores, since it re-
5-HT levels in the intact animal (Schmidt et al., 1987), duced intracellular 5-HT levels by 78% after 48 h
and of the MDMA- and PCA-induced release of exposure compared to control condition. As a result of

[3H]5-HT from adult synaptosomes (Nichols et al., the reserpine-induced depletion, MDMA-and PCA-in-

1982; Berger et al., 1992). Recent reports have also duced release of 5-HT was reduced by 20-50% (fig. 4).
shown that there is no difference in MDMA-induced Furthermore, MDMA produced a greater reduction in
release of [3H]5-HT from either the fetal or the adult the intracellular 5-HT levels in reserpine-free cultures
synaptosomes (Bell et al., 1992). Thus, fetal cultured (0.81 pmol/mg protein) than in reserpine-treated cul-
neurons respond to substituted amphetamine in a simi- tures (0.47 pmol/mg protein; table 1). Thus, in the
lar way as the adult 5-HT neurons, absence of vesicular stores, there is less 5-HT available

in the cell for MDMA-induced release.

4.2. Interactions of intracellular a_d extracellular 5-HT The interactions between vesicular storage of 5-HT
with specific MAO-inhibitors and cytoplasmic MAO-B activities on MDMA-sensitive

intracellular 5-HT levels were further investigated. De-
Monoamine oxidase (MAO) exists in two forms, prenyl increased intracellular 5-HT levels in control

MAO-A and MAO-B, which have different sensitivities cultures by 72% and in reserpinized cultures by 140%.
to inhibition by clorgyline (form A) or deprenyl (form However, the absolute increase of 5-HT levels by de-
B), respectively (Johnston, 1968). In both rat and mon- prenyl was greater in control cultures than reserpine-
key brains, MAO-A is found in non-serotonergic neu- treated cultures (table 1). This could be due to the

rons and MAO-B is localized in 5-HT neurons as well integrity of the vesicular storage of 5-HT in control
as astrocytes (Westlund et al., 1985). We now report conditions. On the other hand, reserpine decreased
that intraneuronal and extraneuronal 5-HT levels are 5-HT levels in control cultures by 67% and in deprenyl
differentially changed in the presence of specific in- pretreated cultures by 55%. Again, the absolute de-
hibitors of MAO. Deprenyl increased intracellular crease of 5-HT levels by reserpine was greater in
5-HT levels (table 1) while clorgyline increased extra- cultures pretreated with deprenyl than in control cul-
cellular 5-HT levels (fig. 3). Furthermore, the effect of tures, which indicates an increase in the vesicular stor-
MDMA- and PCA-induced release of 5-HT from neu- age of 5-HT when MAO-B is inhibited.
rons pretreated with either clorgyline or deprenyl also Intracellular 5-HT was lower in cultures with both

differed (fig. 3). The combination of MDMA and clor- MDMA and deprenyl than that in cultures with de-
gyline caused greater extracellular levels of 5-HT than prenyl or MDMA alone (table 1). The possible expla-
either clorgyline or MDMA alone, but the levels were nation is that both cytoplasmic and vesicular stores

much less than the sum of those caused by MDMA and were utilized in MDMA's action. It appears that
clorgyline separately. The lack of addition with chronic MDMA-induced release of 5-HT exits through
MDMA/PCA and clorgyline may be partially ex- the 5-HT transporter from cytoplasmic pools, which
plained by the reports that MDMA and PCA are includes 5-HT drawn from vesicular stores. This idea is

specific MAO-A inhibitors (Fuller et al., 1975; Koko- consistent with the mathematical analysis of CNS 5-HT
tos-Leonardi et al., 1992). On the other hand, deprenyl intracellular distribution which concluded that the

on its own did not increase extracellular 5-HT but did 5-HT contents of vesicular and cytoplasmic pools are in
increase intracellular 5-HT and the combination of a dynamic equilibrium (Tracqui et al., 1983). The fluc-
deprenyl and MDMA/PCA produced a potentiation tuation of 5-HT levels in one compartment should lead
of the extracellular 5-HT which was greater than the to a corresponding adjustment on the another.
sum of their effects individually (fig. 3). These results

indicate that the increase in cxtraccllular 5-HT by 4.4. L-Type Ca2+ chatmels antagonist reduces MD/II,t/
MDMA/PCA is a combination of release of 5-HT by PC'I-induced release
the transporter and inhibititm of MAO-A activity. The

extent of release of 5-HT depends on the availability of !n acute studies, the release of 5-HT by MDMA is
intracellular stores of 5-ITT. independent of Ca2+ (Nichols et al., 1982; Berger et
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al., 1992). However, we and ()tilers have shown that Azmilia, 1'2C., 1'. I,ama, M. Segal, P.M. Wllitakcr-Azmitia, I*,.13.

Ca 2+ was involvcd in MDMA's neuropathoJogicaJ ac- Murphy and 1:.C.Zhou, Jt}ql, Activity of hippocampal extracl on
tion since both nimodipine (a specific L-type Ca 2+ dcvclopnlcni iff [311]5-11Thigh-affinity uptake ill dissociated mi-crocnJlurcs, hit. J. Dev. Neurosci. 3, 251.
channel antagonist) and MK-801 (NMDA receptor-lin- Battaglia, (;., S.T, Ych, E. O'hcarn, M.E. Moliiver, M.J. Kuhar and
ked Ca 2+ channel antagonist) attenuated the neu- E.B. 1lc Souz;i, 1987, 3,4-Methylcncdioxymethamphctanfinc and

ropathology of serotonergic neurons produced by 3,4-nlcthylenedioxyanmhetamine destroy serotonin tcrminals in

MDMA (Azmitia et al., 1990; Azmitia, 1989; Farfcl ct rat brain: Quantification of ncnrodcgcneration by measurement
of [311]paroxctine-labeled serotonin uptake site, J. Pharmacol.

al., 1992). We now report that in chronic studies involv- Exp. Thor. 242, 911.
lng 6 h of exposure, nimodipine 110 -s M) attenuated Bell 111, J., P.M. Whitakcr-Azmitia, C. Clarke, E.C. Azmitia and
the MDMA- and PCA-induced release of 5-HT into II.K. Kramcr, 1992, Release of 3H-5-IIT from synaptosomes by

the culture media by about 24 and 14% respectively cocaine: a comparison between fetal and maternal tissue, Soc.

(fig. 2). Meanwhile, acute studies involving [sH]5-HT Neurosci. Abstr. 18, 1385.

release from synaptosomes have shown that nimodip- Bcrger, U.V., R. Grzanna and M.E. Molliver, 1989, Depletion ofserotonin using p-chlorophenylalanine (PCPA) and reserpine
ine modifies depolarizationdnduced (but not MDMA- protects against the neurotoxic effects of p-chloroamphetamine
induced) release of 5-HT (Kramer and Azmitia, unpub- (PCA) in the brain, Exp. Neurol. 103, 111.

lished observations). Therefore, it may be proposed Berger, U.V.. X.F. Gu and E.C. Azmitia, 1992, The substituted

that in chronic cultures, the integration of vesicular amphetamines 3,4-methylenedioxymethamphetamine, metham-
5-HT into cytoplasmic pools requires intracellular Ca 2+. phetamine, p-chloroamphetamine and fenfluramine induce 5-hy-droxytryptamine release via a common mechanism blocked by

In conclusion, our culture preparation showed that fluexetine and cocaine, Eur. J. Pharmacol. 215, 153.
the both transporter-mediated release of 5-HT and Brodie, n.B., D.F. Bogdanski and L Bonomi, 1964, Formation,
inhibition of MAO-A activity by MDMA and PCA are storage and metabolism of serotonin (5-hydroxytryptamine) and
involved in the increase of extracellular 5-HT. Further- catecholamine in lower vertebrates, in: Comparative Neurochem-

istry, ed. D. Richter (Oxford Pergamon Press) p. 367.
more, there appears to be a dynamic interaction be- Dewar, K.M., L. Grondin, M. Carli, L. Lima and T.A. Reader, 1992,
tween cytoplasmic and vesicular 5-HT stores in [SH] Paroxetine binding and serotonin content of rat cortical
MDMA/PCA induced release of 5-HT. Evidence areas, hippocampus, neostriatum, ventral mesencephalic tegmen-
needs to be established for linking the absolute amounts rum, and midbrain raphe nuclei region following p-chlorophenyl-

of 5-HT released with neuropathology by MDMA and alanine and p-chloroamphetamine treatment, J. Neurochem. 58,250.
PCA. However, the evidence provided in this paper Farfel, G.M., G.L Vosmer and L.S. Selden, 1992, The N-methlyl-D-
indicates that tissue culture serotonergic neurons show aspartate antagonist MK-801 protects against serotonin deple-
a number of the properties of mature neurons and can lions induced by methamphetamine, 3,4-methylenedioxymetham-
be used to analyze the molecular mechanisms underly- phetamine and p-chloroamphetamine, Brain Res. 595, 121.

lng basic neurobiological phenomenon and the toxic Fitzgerald, J.L. and J.J. Reid, 1990, Effects of methylenedioxymeth-
amphetamine on the release of monoamines from rat brain slices,

events they may generate. Eur.J. Pharmacol.191,217.
Fuller, R.W., C.W. Hines and J. Mills, 1965, Lowering of brain

serotonin by chloroamphetamines, Biochem. Pharm. 14, 483.
Acknowledgement Fuller, R.W., K.W. Perry and n.B. Molloy, 1975,Reversibleand

irreversible phases of serotonin depletion by 4-ehloroampheta-
Work supported by NIDA contract 271-90-7403. mine, Eur. J. Pharmacol. 33, 119.

Gibb, J,W., M. Johnson, D. Stone and G.R. Hanson, 1990, MDMA:
historical perspectives, Ann. N.Y. Acad. Sci. 600, 611.

References Hekmatpanah,C.R. and S.J. Peroutka,1990,5-Hydroxytryptamine
uptake blockers attenuate the 5-hydroxytryptamine-releasing ef-

Axt, K.J. and L.S. Selden, 1990, Alpha-methyl-p-tyrosine partially fect of 3,4-methylenedioxymethamphetamine and related agents,
attenuates p-chloroamphetamine-induced 5-hydroxytryptamine Eur. J. Pharmacol. 177, 95.
depletions in the rat brain, Pharmacol. Biochem, Behav. 35, 995, Johnson, M.P., P.F. Conarty and D.E. Nichols, 1991, [SH]Mono-

Auerbaeh, S.B., M..I. Minzenberg and L.O. Wilkinson, 1989, Extra- amine releasing and uptake inhibition properties of 3,4-methylen-
cellular serotonin and 5-hydroxyindoleacetic acid in hypothala- edioxymethamphetamine and p-chloroamphetamine analogues,
mus of the unanesthetized rat measured by in vive dialysis Eur. J. Pharmacol. 200, 9.
coupled to high-performance liquid chromatography with electro- Johnston, J.P., 1968, Some observations upon a new inhibitor of
chemical detection: dialysate serotonin reflects neuronal release, monoamine oxidase on brain tissue, Biochem. Pharm. 17, 1285.
Brian Res. 499,281. Kehne,J.ll., T.C. Mcclosdey,V.I. Taylor,C.K. Black,G.M. Fadayel,

Azmitia, E.C., 1989,Nimodipine attenuates NMDA- and MDMA-in- and C.J. Schmidt, 1992, Effects of the serotonin releasers 3,4-
duced toxicity of cultured fetal scrotonergic neurons: evidence for methylenedioxymethamphetamine (MDMA), 4-chloroampheta-
a generic model of calcium toxicity, in: Nimodipinc and (;entral mine (PCA) and fenfiuramine on acoustic and tactile startle
Nervous System Functions, eds. W.ll. Gispen and .I. Trabcr, reflexes in rats, J. Ph_rmacol. Exp. Thor. 260, 78.
(Springe-Verlag)p. 145. KokotosLeonardi. E.T., X.P. l leu and E.C. Azmitia,1992,Sclcctiv-

Azm/tia, E.C., R.B. Murphy and P.M. Whitakcr-Azmitia, 1990, ity of various substituted amphetamines fbr MA(}-A, Soc. Ncu-
MDMA (ecstasy) effects on cultured scrotoncrgic neurons: evi- reset. Abstr. 18, 1385.
dence for Ca2(+)-dependent toxicity linked to release, Brain Rcs. Mamounas, L.R. and M.E. Molliver, 1988, Evidence h)r dual scm-
511/,97. tonergic projections to neocorlex: axons I'rom the dorsal .'md



i ! I II I I II I I

57

Manlotnlas, I,.A. and M.'[}. Mollivcr, 1988, l.Evidcncc h_r dual sero- vive ncurochcmical effects cfi' methylcncdioxymcthamphetamine
tol)ergic pro.joel)ells lc) ilef,)cs, lrlcx: axolls Jl'c)lll JJ/c dorsilJ alld ()11 strialaJ monoaminergic biy?,JCnlS ill the rat brain, Bi_)chem.

mcdian raphe nuclei are diffcrcnti,ally vuhmrablc h_ Ibc ncuro- Pharmacol. 36, 747.

toxin p-cblm-o:m_pbclaminc fl'CA), Exp. Ncuro). )1)2, 23. Slonc, D.M.. I),C. Stahl, G.R }l:mson :md J.W. ',;ibh, 1986, Thc

N:tsh, J.K., lit.('. Ar(_a, M.A.. Schreibcr :md }I.Y. Mc}lzer, 1991, effects of 3,4-methylcncdioxymethamphctaminc {,MDMA) and

F,II'ect (_l' 3,4-mcthylefledioxymelhanlphct_JnJinc (m J_11]pam×c- 3,4-methylcr_edioxyamphetammc (MI)A) (m m(moaminergic sys-

linc binding in thc frontal codex :llld bJcltld plilh'{eJs (If rats, terns in thc ]'at brain, Eur. J. I>harmacd, 128, 41

Biochem Pharmac{d. 41, 79. Towart, R. :md S. Kazda, 197% 'llxc cellttlztr mechanism of action of

Nichols, D.E., D.II. l,ioyd, A.J. ltoffman, M.B. Nichtds and G.K. nimodipine (BAY e 9736), a new calcium ant:_g(_nist [proceed-

Yim, 1982, Effects of certain halJucinogenic amphetamine aha- ings], Br. I. Pharmacol. 67, 409.

Iogues (m the release of [311}serotonin from rat brain synapto- Tracqui, P.. Y. Morot-Gaudry, J.F. Staub, P. Breziilon, A,M. Per-
somes, J. Med. Chem. 25, 530. ault-staub, S. Bourgoin and NJ. Hamon, 1983, Model of brain

O'Hearn, E., G. Battaglia, E,B. De Souza, M.J. Kul;ar and M.E. serotonin metabolism. II. Physiological interpretation, Am. J.

Molliver, 1988, Methylenedioxyamphetamine (MDA) and meth- Physiol. 244, R206.

y(enedioxymethamphetamine (MDMA) cause selective ablation Westlund, K,L., R.M. Denney, L.M. Kocl_ersperger. R.M. Rose and

of serotonergic axon terminals in forebrain: immunocytochemical C.W, Abell, 1985, Distinct monoamine oxidase A and B popula-

evidence for neurotoxicity, J. Neurosci. 8, 2788. tions in primate brain, Science 230, 181.

Ross, S.B., 1976, Antagonism of the acute and Long4erm biochemi- Whitaker-Azmitia, P.W, and E.C. Azmitia, 1986, Autoregulation of

cai effects of 4-chloroamphetamine on the 5-HT neurons in the fetal serotonergie neuronal development: role of high affinity

rat brain by inhibitors of the 5-hydroxytryptamine uptake, Acta serotonin receptors, NeuroscJ. Lett. 67, 307,
Pharmacol. Toxicol. 39, 456. Wong, D.T,, J.S. Horng, F.P. Bymaster, K.L.-Hauser and B.B.

Scalier, A.C., G.W, Lipe, S.F. Ali, R.R. Holson, C.H, Frith and W. Molloy, 1974, A selective inhibitor of serotonm uptake: Lilly
,Ir. Slikker, 1988, Neuropathological evaluation by combined ira- 110140, 3-(p-tri-fluoromethyiphenoxy)-N-methyl-3-phenylpropyl-

munohistochemistry and degeneration-specific methods: applica- amine, Life Sci. 15, 471.

tion to methylenedioxymethamphetamine, Neurotoxicology9, 529. Yang, Ft.-Y. and N.H. Neff, 1974, Thc Monoamine Oxidases of

Schmidt, C.J,, 1987, Neurotoxicity of the psychedelic amphetamine, brain: selective inhibition with drugs and the consequences for

metbylenedioxTmethamphetamine, J. Pharmacol. t.!xp, Ther. 240, the metabolism of the biogenic amines, J. Pharmacol. Exp. Ther,
1. 189,733.

Schmidt, C.J., J.A, Leda and W, Lovcnbcrg, 1987, In vitro and in


