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Abstract

The metabolic effects of the neurotoxic, ring-substituted amphetamine 3,4-methylenedioxy-methamphetamine (MDMA or
‘Ecstasy’) were examined in vivo. In this study, we focused on the ability of MDMA to induce a translocation of the calcium and
phospholipid-dependent protein kinase C (PKC) from the cytosol to the cortical plasma membrane. Two injections of MDMA
(20 mg/kg; 10 h apart; s.c.) increased the density of membrane bound PKC sites by 48.0% over saline treated animals without
mediating a significant change in ligand ([*H]phorbol 12,13 dibutyrate; [*H]PDBu) affinity. Longer drug treatments (8 X 20
mg/kg) induced a lasting (up to 5 days post-treatment) increase in the density of membrane-bound PKC. Prior destruction of
cortical 5-HT nerve terminals with p-chloroamphetamine (PCA) prevents this effect and suggests that viable 5-HT uptake sites
are essential for MDMA-induced PKC translocation. These results demonstrate that MDMA-induced PKC translocation is
mediated by viable cortical 5-HT nerve terminals, and that prolonged kinase activation may contribute to MDMA-induced

serotonergic neurotoxicity.
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1. Introduction

3,4-Methylenedioxymethamphetamine (MDMA or
‘Ecstasy’) is an amphetamine derivative whose acute
psychoactive and long-term neurotoxic effects are de-
pendent on its ability to promote the release of sero-
tonin (5-HT) from presynaptic nerve terminals [6,32,40].
MDMA’s other acute biochemical effects include an
inhibition of [*H]5-HT uptake and a selective inhibi-
tion of monoamine oxidase-A (MAO-A) [25,45,49].
These effects can combine to increase the extracellular
concentration of 5-HT in the synapse [22]. Chronic
MDMA exposure is damaging to the serotonergic in-
nervation of the cortex as indicated by long-lasting
reductions in the density of forebrain 5-HT nerve ter-
minals and uptake sites, as well as histological alter-
ations in the distribution of 5-HT-immunoreactive (5-
HT-IR) axons [3,10,19,37]. Although the acute bio-
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chemical and neurotoxic effects of MDMA are well
known, the metabolic events that result in fiber loss
remain unclear.

There is increasing acceptance of the neurotoxic
potential associated with disturbances in cellular Ca®*
homeostasis. This disregulation has been strongly im-
plicated in the neuropathology produced by ischemia
and the excitatory amino acid glutamate [8,46]. Studies
performed by Manev et al. [28,29] have shown that
these ionic perturbations are related to prolonged (=2
h) translocation and activation of the phospholipid and
calcium-dependent protein kinase C (PKC; ATP: pro-
teinphosphotransferase, EC 2.7.1.37) [33,44]. PKC ex-
ists inactively as a soluble cytosolic enzyme, but be-
comes translocated to the plasma membrane in its
activated form, bringing it close to many of its sub-
strate proteins [14,48]. PKC translocation is normally a
transient event, but can become temporally elongated
by extended glutamate receptor stimulation and exces-
sive calcium entry into cultured cerebellar neurons
[28,29,34].



2 H.K. Kramer et al. / Brain Research 680 (1995) 1-8

We have shown that both 5-HT and MDMA in-
crease *Ca?* uptake into rat brain synaptosomes [36].
Increases in intracelular Ca’* concentration may occur
via influx through voltage or ligand-gated calcium
channels, or through its release from intracellular stores
and may play a pivitol role in the production of
MDMA-induced cell death. MDMA-induced neuropa-
thy in culture and in vivo can be reversed by 5-HT,
receptor and calcium channel antagonists (ketanserin,
MK-801 and nimodipine), suggesting that the toxic
event is dependent on disturbances in internal calcium
homeostasis mediated via this receptor [2,15,41].

MDMA-mediated increases in intracellular [Ca*]
may be related to an interaction with the central 5-HT,
receptor; for which both MDMA and 5-HT have simi-
lar affinities [3]. Activation of the 5-HT, receptor in-
creases intracellular calcium concentration via the G-
protein-linked hydrolysis of phosphotidylinositol 4,5-
bisphosphate (PIP,) and the liberation of inositol
1,4,5-trisphosphate (IP,) [11,12,24]. This receptor has
also been shown to mediate the translocation and
activation of PKC in several neuronal preparations
[47].

The effects of acute and chronic MDMA exposure
on the distribution of PKC within the cerebral cortex
were investigated in treated and untreated rats. The
density of membrane-bound PKC sites were measured
via high-affinity [*Hlphorbol ester binding to cortical
membranes. An increase in membrane-bound PKC is
indicative of kinase translocation from the cytosol to
the plasma membrane [28,46,48]. Tumor promoting
phorbol esters bind PKC with nanomolar affinity, and
provide a good representation of the distribution of
PKC throughout the brain [50]. The time-course of
MDMA-stimulated PKC translocation was compared
to the onset of 5-HT terminal degeneration. These
results may elucidate some of the metabolic determi-
nants of MDMA-induced neuropathology.

2. Materials and methods
2.1. Animal care and handling

Male Sprague—Dawley rats (weighing between 150
and 200 g; Taconic Farms, PA) were housed one per
cage and used for all experiments unless otherwise
specified. All animals were maintained on a 12 h
light /dark cycle and had free access to food and water.
All animal protocols were reviewed and approved by
the New York University animal welfare committee.

2.2. In vivo drug treatment

Sixteen (16) rats (n =4 per group) received two
subcutaneous injections of either 20 mg/kg of (+)-

MDMA (spaced 10 h apart) or vehicle (0.9% saline) for
periods ranging from 1 to 4 days. Eight (8) rats re-
ceived two injections of p-chloroamphetamine (PCA;
10 mg/kg X 1/day; s.c) or saline 21 days prior to the
beginning of MDMA treatment. 1, 2, 3, 5, or 7 days
following the last MDMA injection, the animals were
placed under deep anesthesia (CO,), decapitated, and
their brains rapidly removed followed by careful dissec-
tion of the cerebral cortex. These brain regions were
placed on dry ice and stored at —70° C until use.

2.3. [’H]phorbol 12,13 dibutyrate ([°HJPDBu) binding
to treated and untreated tissue

Frozen samples were thawed to +4° C and homoge-
nized in a hypotonic Tris buffer (1:10 by dilution of a
normal Tris buffer; (Tris HCI: 38.5 mM, Tris base: 11.5
mM, NaCl: 120 mM, and KCI: 5.6 mM at pH 7.4) using
a glass /teflon homogenizer. The tissue was centrifuged
at 48,000 X g for 20 min and the resultant pellet was
resuspended in 40 X v/w in buffer. Forty u1 (0.1 mg of
protein as assessed by the method of Lowry et al. [27])
of membranes were plated into 96-well plates (Nunc,
Denmark) and allowed to equilibrate with 20 ul of
either Tris buffer or phorbol 12-myristate 13-acetate
(PMA, 3 uM) to determine non-specific binding.
Scatchard analyses were performed to determine total
binding and the initial [*H]PDBu binding parameters
(Kp and B,,,,) using [’H]JPDBu (1-40 nM) (New Eng-
land Nuclear, specific activity 18.6 Ci/mmol) in a total
well volume of 200 w1 for 45 min at room temperature.
One-point determinations (7 nM [*H]PDBu; the ap-
proximate K obtained from previous experiments))
were used to assay the density of membrane-bound
[*HIPDBu binding sites in some experiments using the
above protocol. The tissue was harvested onto Titertek
filtermats (coated with polyethylimine) using a Titertek
cell harvester, and the filters were placed in scintilla-
tion vials containing 3.0 ml Liquiscint (National Diag-
nostics). Samples were counted for 5 min. in a Beck-
man liquid scintillation counter (efficiency: 44%). CPM
data was converted to pmol of [*H]JPDBu bound /mg
protein.

2.4. Specific [*H]paroxetine binding to cortical mem-
branes

Membrane fractions were prepared as indicated
above and were assayed for the density of cortical
5-HT uptake sites. 160 pl of membrane homogenate
(0.12 mg of protein) were incubated in the presence of
either 40 u1 of Tris-HCI buffer (total binding) or 1uM
fluoxetine (non-specific binding) for 5 min. 200 ul of
[*Hlparoxetine (final concentration 0.2 nM; specific
activity 15.3 Ci/mmol, New England Nuclear) were
added and allowed to equilibrate in the dark for 120
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Fig. 1. a: saturation curve of [*HJPDBu binding to untreated rat brain cortical membranes. [*HIPDBu (1-40 nM) was incubated either in the
presence of Locke’s buffer (total binding: M) or 3 uM PMA (non-specific: ®) for 45 min. at room temperature. Specific binding (v ) was
calculated as the difference between the two curves. The dotted line (—-) represents the best fit line as determine by an iterative curve-fitting
program (SigmaPlot for Windows; Jandel Scientific, San Rafael, CA). Each data point is the average + S.D. of four determinations performed
over three experiments (n = 3). Results are represented as pmol of [*’H]JPDBu bound/mg protein. All S.D.’s were less than 8.0% of the
calculated mean for all data points. b: Scatchard isotherm transformation of the data contained within the linear binding curve presented in (a).
[*HIPDBu (1-40 nM) was incubated either in the presence of Locke’s buffer (total binding) or 3 uM PMA (non-specific) for 45 min at room
temperature. The data points represent specific binding of [?’HJPDBu to untreated rat brain cortical membranes. Each data point is the
average + S.D. of four determinations performed over three experiments (7 = 3). The data was best-fit by by a one-site model (Hill coefficient:
0.998). Results are represented as the K, (9.54 + 0.75 nM) and Birax (9.72 + 1.84 pmol of [*'HJPDBu bound /mg protein) of radioligand binding.
All 8.D.’s were less than 8.0% of the calculated mean for all data points.
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Fig. 2. a: Scatchard isotherm equation describing the specific binding of [’HJPDBu (1-40 nM) to either saline or MDMA treated rat brain
corticies. Eight rats received either saline or MDMA (2 x 20 mg/kg; s.c.) 10 h apart before being sacrificed 24 h later (n = 4 per group). The
binding assay was performed as indicated in the methods section.. 3 uM PMA was used to determine non-specific binding. Each data point is the
average + S.D. from four animals. Saline treated animals showed a Kp=980+005 nM and a B, =9.53+0.98 pmol/mg protein.
MDMA-treated animals showed a K =9.05+ 0.19 nM and a B = 14.10 + 1.23 pmol/mg protein. All S.D.’s were less than 8.0% of the
calculated mean for all data points. * P < 0.05 by Student’s ¢-test. b: Scatchard isotherm equation describing the specific binding of [>’H]PDBu
(1-40 nM) to either saline or MDMA treated rat brain corticies. Eight rats received either saline or MDMA (2 X 20 mg/kg; s.c.) 10 h apart
before being sacrificed 48 h later (n = 4 per group). The binding assay was performed as indicated in the methods section. 3 uM PMA was used
to determine non-specific binding. Saline-treated animals showed a Kp=11.80+1.05 nM and a B, ,, = 11.01 + 2.01 pmol/mg protein. MDMA
treated animals showed a K, =13.80 + 1.26 nM and a B ax = 10.50 + 0.90 pmol /mg protein. Each data point is the average + S.D. from four
animals. All S.D.’s were less than 8.0% of the calculated mean for all data points.
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min at 22°C. The harvesting of membranes and the
counting of the bound radioactivity was similar to the
method indicated above. CPM data was converted to
fmol of [*H]paroxetine bound /mg protein.

2.5. Compounds and chemicals

All chemicals were of reagent grade and were pur-
chased from the following sources:(+ )-3,4-methylene-
dioxymethamphetamine (National Institute on Drug
Abuse, Bethesda, MD); fluoxetine HCl (Lilly, Indi-
anapolis, IN); phorbol 12 myristate-13 acetate (PMA),
and phorbol 12, 13 dibutyrate (PDBu) (Sigma Co., St.
Louis, MO).

2.6. Statistics

[*H]Phorbol ester and [*H]paroxetine binding data
were analyzed using an iterative curve-fitting program
(LIGAND:; [31] and EBDA; [30]). All statistical signifi-
cance was evaluated using the one-way ANOVA and
post-hoc Tukey analysis at a significance level of P <
0.05. Student’s ¢-test was also used when applicable at
P <0.05. Results are expressed as mean + S.D. of four
determinations performed over at least three experi-
ments.

3. Results
3.1. Initial parameters of [°H]PDBu binding

Fig. 1a shows that [*HJPDBu binding to cortical
membranes is saturable, and can be displaced with the
phorbol ester; 12-myristate 13 acetate (PMA) which
was used to quantify non-specific binding (Fig. 1a). The
initial binding parameters, as determined by the
Scatchard isotherm equation, show that this ligand
binds to a single population of sites (Hill coefficient:
0.998) with a K, of 9.54+0.75 nM and a B,,, of
9.72 + 1.84 pmol /mg protein (Fig. 1b).

Table 1

3.2. In vivo translocation of [?H]PDBu binding sites by
MDMA

Injecting rats with two doses of MDMA (20 mg /kg,
s.c.; 10 h apart) produced a significant increase in the
density of membrane-bound PKC binding sites.
Twenty-four h after the final injection, the B,  of
[*HJPDBu binding in MDMA treated animals was
14.10 £+ 1.23 pmol /mg protein compared with 9.53 +
0.98 pmol /mg protein (n = 4) for saline (+48.0% over
saline) (Fig. 2a). There was no significant change in
ligand affinity after drug treatment (saline K =9.80
+ 0.05 nM versus MDMA K, = 9.05 + 0.19 nM).

No significant difference in [’ H]PDBu binding pa-
rameters was observed when membrane fractions were
assayed 48 h after two MDMA injections (saline: B, ,,
=11.01 + 2.01 pmol /mg protein vs. MDMA: B, =
10.50 £ 0.90 pmol/mg protein; saline: K= 11.80 +
1.05 nM versus MDMA: K =13.80 + 1.26 nM) (Fig.
2b).

Exposure to eight doses of MDMA (over 4 days)
also increased membrane bound PKC binding sites
(Table 1). This change was observed up to 5 days after
the last injection, and was accompanied by no appre-
ciable change in ligand affinity (Table 1). By day 7, the
density of membrane bound PKC sites was comparable
to saline treated controls (MDMA: B, = 12.61 + 1.51
vs. saline: B, = 10.93 + 1.33 pmol/mg protein) (Ta-
ble 1).

3.3. Effects of serotonergic lesion on [*H]PDBu and
[?H]paroxetine binding after MDMA

In order to relate the MDMA-induced increase in
cortical PKC binding sites to the presence of 5-HT
nerve terminals, animals were pretreated with saline or
p-chloroamphetamine (PCA) (2 X 10 mg/kg, s.c) to
selectively destroy cortical 5-HT axons (experimental
(EXP.) days 1 and 2). MDMA (8 x 20 mg/kg, s.c.) or
saline injections were made twice daily (10 h apart), 21
days after the last PCA treatment (EXP. days 23-26).

Time course of [*’HIPDBu binding to cortical membranes after in vivo MDMA treatment

Treatment Dose (mg/kg) Day of assay after Kp (nM) B, (pmol/mg) B, % increase
(n=4) X2 /day final injection Mean + S.D. Mean + S.D. over control
Saline 0.00 3,57 9.09 +1.27 10.93 + 1.33 0.00

4-day MDMA 20.0 3 9.60 + 1.23 2232+ 1,61 104.52 #

4-day MDMA 20.0 5 7.55 £2.00 17.60 + 2.67 61.43 2

4-day MDMA 20.0 7 9.45 + 0.89 12.61 + 1.51 15.41

Rat brains were analyzed 3, 5, or 7 days after the final drug exposure. [*’HJPDBu (1-40 nM) was incubated either in the presence of Locke’s
buffer (total binding) or 3 uM PMA (non-specific) for 45 min at room temperature. Results are average +S.D. from four animals per
experimental group. Results are represented as the K, (nM) and B,,, (pmol of [*HJPDBu bound /mg protein) of radioligand binding. All $.D.s

were less than 8.0% of the calculated mean for all data points.
* P <0.05 compared to saline controls by Student’s t-test.
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Fig. 3. a: effects of saline, p-chloroamphetamine (PCA: 2 X 10 mg/kg s.c), or MDMA (8 X 20 mg/kg s.c) on the specific binding of
[*HIparoxetine (0.2 nM) to cerebral cortical membranes on experimental day 29 (see Results section). 1 xM fluoxetine was used to determine
non-specific binding Animals were pretreated with either saline or PCA 21 days before the commencement of MDMA injections. Rats received
MDMA over four days (2 injections per day) before being sacrificed 3 days after the final treatment. Each bar represents the mean + S.D. from
four animals and each experiment was repeated three times. One-way ANOVA showed significant variance between all four groups (P
value = 6.26 X 10~ '1; F =235.85, F_ i = 3.49). * P < 0.001 when compared to saline controls alone by Tukey post-hoc analysis. ** P < 0.05 when
compared to PCA or PCA/MDMA by Tukey post-hoc analysis. b: effects of saline, p-chloroamphetamine (PCA: 2 X 10 mg/kg s.c), or MDMA
(8 X 20 mg/kg s.c) on the specific binding of [*HJPDBu (7.0 nM) to cerebral cortical membranes on experimental day 29 (EXP 29) (see results
section). 3 uM PMA was used to determine non-specific binding. Animals were pretreated with either saline or PCA 21 days before the
commencement of MDMA injections. Rats received MDMA over four days (2 injections per day) before being sacrificed 3 days after the final
treatment. Each bar represents the mean + S.D. from four animals and each experiment was repeated three times. One-way ANOVA showed

significant variance between all four groups (P value = 2.23 x 10~ %, F=37.25, Fi = 3.49). “ P <0.01 when compared to all other groups by

Tukey p’ost-hoc analysis.

Cortical [*H]paroxetine and [*H]PDBu binding sites
were measured 3 days after the last treatment (EXP.
day 29) in order to compare the activation of PKC to
the density of cortical 5-HT nerve terminals.

Both PCA and MDMA decreased the density of
cortical [*H]paroxetine binding sites. PCA reduced the
number of terminal 5-HT uptake sites by 94.5% com-
pared to saline treated controls (13.95 4+ 1.17 fmol /mg
protein vs. 148.80 + 7.48 fmol/mg protein, respec-
tively, p < 0.001). MDMA produced a less severe de-
crease in 5-HT nerve terminal density than PCA (23.14
+ 1.52 fmol /mg vs. 13.95 + 1.17 fmol /mg protein, re-
spectively; p < 0.05), and did not augment the reduc-
tion in [*Hlparoxetine binding sites when given to
animals who previously received PCA (PCA: 13.95 +
1.17 fmol/mg protein; PCA/MDMA: 16.12 + 1.09
fmol /mg;) (Fig. 3a).

Two injections of PCA produced no significant
changes in the density of membrane bound phorbol
ester binding sites compared with saline-treated con-
trols (Fig. 3b). MDMA exposure increased the density
of [*HJPDBu binding sites in the cerebral cortex by
47.3% over control (SAL: 7.32 + 0.15 pmol /mg protein
vs. MDMA: 10.78 + 0.37 pmol /mg protein, P < 0.01).
The MDMA-induced changes in PKC binding sites
were not observed in animals pretreated with PCA
(MDMA: 10.78 + 0.37 pmol/mg protein;

PCA/MDMA: 7.69 + 0.13 pmol/mg, P <0.01) (Fig.
3b). Consequently, MDMA-mediated PKC transloca-
tion is not observed in rat cortex after 5-HT terminal
loss has already occurred.

4. Discussion

The redistribution of [*H]PDBu binding sites to the
plasma membrane is believed to be an indicator of
receptor-mediated PKC activation [18,46,47]. Our re-
sults indicate that MDMA increases the density of
membrane-bound phorbol ester binding sites when ad-
ministered in vivo (Fig. 2a). This effect of MDMA may
be related to its ability to release 5-HT from central
serotonergic neurons [23,40]. Compounds known to
promote the release of acetylcholine (ACh) and
dopamine (DA) from rat brain have also been reported
to increase PKC activity, as well as the plasma-mem-
brane (particulate) density of PKC, raising the possibil-
ity that MDMA might elicit a similar response through
the release of 5-HT [18,21].

Acute exposure to MDMA (2 x20 mg/kg) pro-
duced an increase in cortical [*HJPDBu binding sites
that was significant 24 h, but not 48 h after the final
injection (Fig. 2a and b). The effect observed at 24 h
may indicate PKC activation via 5-HT, and is consis-
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tent with the pharmacokinetics of MDMA and the
time-course of 5-HT release [42,47]. Rats treated by
eight doses of MDMA (20 mg /kg; over 4 days) showed
an increase in cortical PKC binding sites for up to 5
days after the final injection (Table 1). Seven days after
the cessation of treatment there was no significant
difference in the density of membrane-bound PKC
sites between the two groups. This observation may
reflect the depletion of cytosolic 5-HT by MDMA after
repeated drug administrations; either through its re-
lease from synaptic endings, inhibition of synthesis, or
from the commencement of nerve terminal degenera-
tion [10,43].

The importance of viable 5-HT nerve terminals and
the subsequent release of 5-HT was investigated with
animals who were exposed to to the serotonin-specific
neurotoxin, p-chloroamphetamine (PCA) before re-
ceiving MDMA 21 days later. Rats pretreated with
PCA (10 mg/kg X 2) showed a marked decrease in the
density of cortical 5-HT uptake sites, and in those
animals, MDMA (8 X 20 mg/kg) was unable to induce
a redistribution of [*’H]PDBu binding sites. In addition,
MDMA did not augment the decrease in cortical
[*H]paroxetine binding sites produced by PCA and
confirms the results of Berger et al. [6] which suggested
that both drugs produce their acute biochemical and
neurotoxic effects via similar mechanisms. This raises
two possibilities: (1) that PCA pretreatment removed
the source of the responsive PKC (e.g. the sensitive
PKC pool is contained within 5-HT nerve terminals),
or (2) that 5-HT terminal degeneration removed the
stimulus (5-HT) that elicits a postsynaptic (receptor-
mediated) PKC activation.

Protein kinase C activation has been shown to con-
tribute to vesicular serotonin release and suggests that
a pool of this enzyme is readily available in the 5-HT
nerve terminal [17]. Amphetamine (AMPH), which is
both a DA releaser and neurotoxin, induced the
translocation and activation of PKC in vivo (> 1 mg/kg)
[16,18]. This method of PKC translocation was re-
ported to require intact DA stores and was coupled to
cytosolic DA release. The effect of AMPH on PKC
activity was attenuated by reducing intracellular DA
levels with reserpine and the DA synthesis inhibitor,
a-methylparatyrosine (AMPT). In our study, MDMA, a
substituted amphetamine, produced a significant in-
crease in the density of membrane-bound PKC sites
when given in vivo, and required the presence of viable
cortical 5-HT nerve terminals (Table 1). PKC activa-
tion within the nerve terminal potentiates the basal
and K*-stimulated release of 5-HT, and may result in
further depletion of central 5-HT stores [17,26]. These
results indicate that MDMA-induced PKC activation
may occur within the 5-HT nerve terminal, and that
the interaction of MDMA with a functional 5-HT
uptake transporter is required for this effect.

Alternatively, MDMA may activate PKC through
the release of 5-HT and the stimualtion of postsynaptic
5-HT receptors linked to this second messenger system
(5-HT,) [11,12]. MDMA exposure in rats has been
shown to cause a transient down-regulation of cortical
5-HT, sites after chronic exposure [39]. This suggests
that MDMA, either itself or through the release of
5-HT, can modulate the density and activity of the
5-HT, receptor. Blue et al. [7] observed a close spatial
relationship between 5-HT, receptors and fine cortical
5-HT-IR axons. These fine axons which innervate the
neocortex appear to be selectively susceptible to the
neurotoxic effects of MDMA [35]. Recent evidence has
suggested that some of MDMA'’s acute and neurotoxic
effects arise from an interaction with the central 5-HT,
receptor [20]. MDMA-induced toxicity of cultured mid-
brain raphe cells is attenuated by the selective 5-HT,
receptor antagonist, ketanserin [2]. Similar effects were
observed by Schmidt and co-workers [41], who reported
that hyperthermia and long-term reductions in cortical,
hippocampal, and striatal 5-HT content induced by
MDMA are competitively reversed by pre-treatment
with the 5-HT, antagonist MDL 11,939.

Our results suggest that MDMA may stimulate PKC
translocation through the release of 5-HT, coupled
with its ability to inhibit serotonin reuptake and its
metabolism by MAO-A [6,25,45]. All three of these
processes (occurring simultaneously) could greatly in-
crease the concentration of extracellular 5-HT to levels
which may lead to the activation of the 5-HT, recep-
tor. Our data supports this point because MDMA was
unable to alter membrane PKC density in animals
pretreated with PCA, which reduces the MDMA-sensi-
tive (cytosolic) pool of 5-HT (Fig. 2a) [38]. The degen-
eration of cortical serotonergic nerve terminals pro-
duced by substituted amphetamines (SA) (PCA and
MDMA) can be prevented by co-treatment with fluox-
etine, a 5-HT uptake inhibitor which prevents SA-
mediated 5-HT release, or by a combination of reser-
pine and p-chlorophenylalanine (PCPA), a serotonin
biosynthesis inhibitor, which depletes central seroton-
ergic stores [5,6,40]. This evidence supports the re-
quirement for 5-HT release in the modulation of PKC
density by MDMA.

The destabilization of internal Ca?* homeostasis
and the extended translocation and activation of pro-
tein kinase C has been shown to occur after prolonged
glutamate exposure in primary neuronal cultures (50
M GLU for 15 min.) [13,28,29]. Both of these
metabolic events are key amplification steps that result
in excitatory amino acid (EAA)-induced neuronal
death, and appear to depend on large increases in
[Ca®*]; [8,9,13]. MDMA-mediated toxicity in rat brain
and cultured raphe cells can be attenuated by restrict-
ing Ca’"influx, supporting the existence of a calcium-
dependent component [1,15]. MDMA also produces a
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translocation of PKC to the cortical membrane (this
report) which may become temporally elongated
through increases in intracellular calcium levels [13,36].
The outcome of these events is a delayed destruction
of serotonergic nerve terminals.

This study provides evidence that in vivo MDMA
exposure produces a prolonged change in the density
of membrane-bound PKC sites in cortical plasma mem-
branes, and that viable 5-HT nerve terminals are nec-
essary for this metabolic event. This response may
depend on the release of 5-HT from presynaptic nerve
terminals and results in protracted PKC activation and
eventual nerve terminal degeneration. It is interesting
that MDMA and glutamate-induced cytotoxicity move
through similar metabolic intermediates, and that both
seem to be dependent on the destabilization of internal
calcium homeostasis as a final common pathway. The
overall activity of PKC is dependent on intracellular
calcium concentration, and therefore may be influ-
enced by its alteration. Future studies need to focus on
the identity of the cells (neuronal or glial) which con-
tain the MDMA-sensitive PKC, and the Ca?*-depen-
dent substrates that are influenced by these aberra-
tions in normal cellular metabolism.
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