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Dopamine transporter down-regulation following
repeated cocaine: implications for
3,4-methylenedioxymethamphetamine-induced
acute effects and long-term neurotoxicity in mice
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Background and purpose: 3,4-Methylenedioxymethamphetamine (MDMA) and cocaine are two widely abused psychostimu-
lant drugs targeting the dopamine transporter (DAT). DAT availability regulates dopamine neurotransmission and uptake of
MDMA-derived neurotoxic metabolites. We aimed to determine the effect of cocaine pre-exposure on the acute and long-term
effects of MDMA in mice.

Experimental approach: Mice received a course of cocaine (20 mg-kg™', x2 for 3 days) followed by MDMA (20 mg-kg™', x2,
3 h apart). Locomotor activity, extracellular dopamine levels and dopaminergic neurotoxicity were determined. Furthermore,
following the course of cocaine, DAT density in striatal plasma membrane and endosome fractions was measured.

Key results: Four days after the course of cocaine, challenge with MDMA attenuated the MDMA-induced striatal dopaminergic
neurotoxicity. Co-administration of the protein kinase C (PKC) inhibitor NPC 15437 prevented cocaine protection. At the same
time, after the course of cocaine, DAT density was reduced in the plasma membrane and increased in the endosome fraction,
and this effect was prevented by NPC 15437. The course of cocaine potentiated the MDMA-induced increase in extracellular
dopamine and locomotor activity, following challenge 4 days later, compared with those pretreated with saline.
Conclusions and implications: Repeated cocaine treatment followed by withdrawal protected against MDMA-induced
dopaminergic neurotoxicity by internalizing DAT via a mechanism which may involve PKC. Furthermore, repeated cocaine
followed by withdrawal induced behavioural and neurochemical sensitization to MDMA, measures which could be indicative
of increased rewarding effects of MDMA.
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Introduction

The dopamine transporter (DAT) is crucial for the temporal
and spatial shaping of dopaminergic neurotransmission in
the nigrostriatal and mesocorticolimbic dopaminergic path-
ways (Giros etal., 1996). It is situated in the pre-synaptic
membrane of dopaminergic nerve terminals, and is respon-
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sible for the rapid removal of dopamine released into the
synaptic cleft upon neuronal stimulation (Amara and Kuhar,
1993; Giros and Caron, 1993; Norregaard and Gether, 2001).
As a consequence, the transporter plays a critical role in regu-
lating the availability of dopamine in the synaptic cleft and
thus, in modulating the physiological functions of dopamine,
including locomotor activity, higher cognitive functions and
neuroendocrine systems (Amara and Kuhar, 1993; Giros and
Caron, 1993), and the rewarding effects of drugs of abuse. A
central concept in drug abuse research is that increased
dopamine release in limbic brain regions is associated with
the reinforcing effects of drugs (Di Chiara and Imperato,
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1988; Koob and Bloom, 1988), although recent studies have
described an important role for dopamine release in the dorsal
striatum in mediating drug seeking after psychostimulant
abstinence (Everitt and Robbins, 2005; See et al., 2007).
3,4-Methylenedioxymethamphetamine (MDMA, ‘ecstasy’)
has become a widely used recreational drug of abuse among
young people, despite having been shown to be a potent
neurotoxin in the brains of rodents and non-human primates
(Green et al., 2003). MDMA enters the dopaminergic terminal
by diffusion and induces a rapid, Ca*-dependent release of
dopamine (Camarero etal., 2002). MDMA produces dose-
dependent and species-specific relatively selective long-term
neurotoxic damage. In mice, this neurotoxicity is dopamine
specific, reflected by a sustained loss in the concentration of
dopamine and its metabolites, in tyrosine hydroxylase (TH)
immunoreactivity and in the density of DAT principally in
the nigrostriatal pathway (Escobedo etal., 2005; Granado
et al., 2008a,b). MDMA-induced dopaminergic neurotoxicity
appears to be produced by a systemically generated metabo-
lite of the drug (Escobedo et al., 2005) that enters the dopam-
inergic nerve terminal through DAT, as the administration of
the cocaine analogue GBR 12,909 immediately before MDMA
blocks entry of the metabolite into the terminal and provides
protection (O’Shea et al., 2001; Camarero et al., 2002).

Cocaine is another widely used drug of abuse which, in the
USA, is consumed by 43.8% of MDMA users (Wish etal.,
2006). It is a monoamine uptake inhibitor, and its psychomo-
tor and rewarding effects are attributed primarily to its ability
to block the re-uptake of dopamine, thereby causing a marked
increase in extracellular dopamine (Ritz et al., 1987; Johanson
and Fischman, 1989; Johnson etal., 2006; Tilley and Gu,
2008). Controversy exists about the effect of repeated expo-
sure to cocaine on DAT. In the existing literature, DAT
expression/activity has been shown to either increase,
decrease or remain unchanged in dorsal and ventral striatum
following cocaine exposure (Izenwasser and Cox, 1990; Kula
and Baldessarini, 1991; Sharpe et al., 1991; Farfel et al., 1992;
Staley etal., 1994; Wilson etal.,, 1994; Hitri etal., 1996;
Letchworth et al., 1997; Samuvel et al., 2008). Differences in
administration schedules (continuous infusion vs. intermit-
tent, self-administration vs. passive administration), doses
and duration of drug treatment and withdrawal have all con-
tributed to these inconsistent observations in different species
and cerebral areas. However, when differences are observed,
it appears that trafficking events occur (Jayanthi and
Ramamoorthy, 2005), as no changes in total protein DAT
have been found (Samuvel et al., 2008).

Thus, considering that both drugs of abuse, cocaine and
MDMA, target DAT which in turn plays an important role in
drug abuse, we aimed to determine if cocaine pre-exposure
and withdrawal might alter MDMA neurotoxicity by modify-
ing DAT density via a protein kinase C (PKC)-mediated
mechanism. Furthermore, we sought to evaluate if cocaine
pre-exposure and withdrawal altered MDMA-induced
locomotor activity and dopamine release in an attempt to
determine if cross-sensitization occurred.

Our results showed that repeated treatment with cocaine
followed by withdrawal produces DAT internalization which
protected against MDMA-induced dopaminergic neuro-
toxicity by a mechanism which appeared to involve PKC.
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Furthermore, repeated treatment with cocaine followed
by withdrawal induced behavioural and neurochemical
sensitization to the acute effects of MDMA.

Methods

Animals, drug administration and experimental design

All animal care and experimental procedures were performed
in accordance with the guidelines of the Animal Welfare
Committee of the Universidad Complutense de Madrid (fol-
lowing European Council Directive 86/609/EU). Adult male
NIH/Swiss mice (Harlan Laboratories Models S.L., Barcelona,
Spain) weighing 20-30 g were group housed in conditions of
constant temperature (21 * 2°C) and a 12 h light/dark cycle
(lights on: 0800 h) with ad libitum access to food and water.

The animals were injected with cocaine (20 mg-kg™’, i.p.)
twice daily (injections separated by 8 h) for 3 days. The dose
was chosen based on the work of Koff et al. (1994), and dosing
began shortly after the start of the daily light cycle (equivalent
to early evening for humans; Schlussman et al., 1998). One or
4 days after finishing cocaine treatment, the animals were
either killed for the determination of DAT in plasma mem-
branes or treated with MDMA (20 mg-kg’, i.p., two injections
separated by 3 h) and killed 7 days later for the determination
of neurotoxicity. This regimen of MDMA administration has
previously been shown to produce approximately 50% reduc-
tions in striatal DAT density and dopamine content in NIH/
Swiss mice (Colado etal.,, 2001) parameters which are
considered to reflect neurotoxicity (see Colado et al., 2004).
For the determination of TH activity, an additional marker of
neurotoxicity, 7 days after receiving MDMA some of the mice
were given the L-aromatic amino acid decarboxylase inhibitor
3-hydroxybenzylhydrazine (NSD-1015, 100 mg-kg™’, i.p.;
Carlsson et al., 1972) 30 min before being killed for the deter-
mination of L-3,4-dihydroxyphenylalanine (L-DOPA) concen-
tration which at steady state, can be considered to equate to
the rate of dopamine synthesis.

In a separate experiment, the effects of the selective PKC
inhibitor 2,6-diamino-N-[(1-(1-oxotridecyl)-2-piperidinyl)
methyl] hexanamide dihydrochloride hydrate (NPC 15437;
1 mg-kg™!, i.p., twice daily; Sullivan et al., 1991a,b; Saraiva
et al., 2003) were assessed on the neuroprotection afforded by
repeated treatment with cocaine finishing 4 days before
MDMA. The dose of NPC 15437 was selected based on studies
demonstrating 1 mg-kg™' to be an effective dose in mice with
no adverse effects (Mathis et al., 1992). The following groups
were tested: (i) control group; (ii) MDMA-treated group; (iii)
cocaine finishing 4 days before MDMA; (iv) cocaine + NPC
(during cocaine treatment and withdrawal) + MDMA; (v)
cocaine + NPC (during cocaine treatment only) + MDMA; (vi)
cocaine + NPC (during cocaine withdrawal only) + MDMA;
(vii) NPC (during saline pretreatment and withdrawal) +
MDMA; and (viii) NPC + saline. In addition, the effect of NPC
15437 given during cocaine treatment and withdrawal was
evaluated on DAT density in plasma membrane and endo-
some fractions 4 days later. Separate groups of mice were
pretreated with cocaine and used for the determination of
locomotor activity and striatal extracellular dopamine levels
following MDMA.



The entire study was carried on dorsal striatum because this
structure is the most representative MDMA toxicity target
(Granado et al., 2008b), and it plays a critical role in cocaine
seeking after abstinence (See et al., 2007).

[PHJWIN 35 428 binding

PH]WIN 35 428 binding was used as a measure of DAT
density. In neurotoxicity studies, a reduction in [*HJWIN
35428 binding is considered to reflect MDMA-induced
dopaminergic terminal loss as confirmed by TH immunohis-
tochemical studies. Following cocaine treatment changes in
[PHJWIN 35 428 binding are taken as a measure of DAT traf-
ficking (Little etal., 2002) as cocaine does not produce
dopaminergic neurotoxicity (Bennett et al., 1993; Goodman
and Sloviter, 1993).

Neurotoxicity studies. [PHJWIN 35 428 binding was measured
in striatal membranes by modification of the method
described by Segal etal. (2003). Striata from individual
animals were sonicated in ice-cold sodium phosphate buffer
(20 mM; pH 7.4) containing sucrose (0.32 M). The homoge-
nate was centrifuged at 30 000x g for 15 min at 4°C. The
supernatant was discarded, and the wash procedure was
repeated twice more. The pellet was finally resuspended in 80
volumes of homogenization buffer.

Transporter trafficking studies. Membrane and endosome frac-
tions were prepared following a modified method of Wang
et al. (2005). Striata were sonicated as above and centrifuged
at 20 000x g for 20 min at 4°C. The supernatant (endosome
fraction) was collected, and the pellet (membrane fraction)
was washed twice more and the supernatants joined with the
endosome fraction. This endosome fraction was centrifuged
at 200 000x g for 60 min at 4°C, and the supernatant was
discarded. Both the ‘membrane fraction pellet’ and ‘endo-
some fraction pellet’ were finally resuspended in 30 volumes
of homogenization buffer.

The assay solution contained [PHJWIN 35428 (5 nM),
desipramine (300 nM; to block binding to the noradrenaline
transporter) and tissue preparation (approx. 60 ug protein).
Non-specific binding was carried out in the presence of
cocaine (30 uM). The reaction mixture was incubated for
90 min at 4°C. The assay was terminated by rapid filtration,
and radioactivity was counted by scintillation spectrometry.
Protein concentrations were measured by the method of
Lowry et al. (1951).

Determination of tissue catechols

Striatal catechol concentration was evaluated as a marker of
dopamine neurotoxicity, 7 days after MDMA administration.
The mice were killed by cervical dislocation and decapitation,
the brains rapidly removed and the striatum dissected out on
ice. Individual striata were homogenized in HCIO, (0.2 M)
containing cysteine (0.1%), sodium metabisulphite (0.1%)
and EDTA (0.01%), and centrifuged at 12 000x g for 20 min
at 4°C. Dopamine, 3,4-dihydroxyphenylacetic acid (DOPAC),
homovanillic acid (HVA) and L-DOPA were measured by
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high-performance liquid chromatography (HPLC) and elec-
trochemical detection.

Implantation of a microdialysis probe in the striatum and
collection of samples

The mice were anaesthetized with sodium pentobarbitone
(40 mg-kg!, Dolethal, Vetoquinol, Madrid, Spain), and
secured in a Kopf stereotaxic frame (David Kopf Instruments,
Tujunga, CA, USA) coupled to a mouse adapter. A guide
cannula (CMA/7 Guide Cannula, CMA Microdialysis AB,
Solna, Sweden) was implanted just above the right striatum
+0.70 mm anterioposterior and —1.9 mm mediolateral from
bregma, and 2.5 mm below the skull surface (Franklin and
Paxinos, 1997). The cannula was secured to the skull as
described by Izco et al. (2007).

The mice were allowed to recover for at least 24 h before
receiving cocaine pretreatment. Four days later, the dialysis
probes (membrane: 2 mm x 240 pm; CMA/7) were inserted in
the guide cannulae such that the membrane protruded its full
length from the end of the probe into the dorsal striatum.
Probes were perfused with artificial cerebrospinal fluid (KCI
2.5 mM; NaCl 125 mM; MgCL.6H,O 1.18 mM; CaCl,.2H,O
1.26 mM; pH 6-7) at a rate of 1 uL-min™, and samples col-
lected from the freely moving animals at 30 min intervals in
tubes containing 5 uL of a solution composed of HCIO,
(0.01 M), cysteine (0.2%) and sodium metabisulphite (0.2%).
Following a 60 min stabilization period, three 30 min base-
line samples were collected before the first MDMA or saline
injection. The samples were collected for up to 3 h after the
second MDMA injection. Dopamine, DOPAC and HVA were
measured by HPLC and electrochemical detection.

At the completion of experiments, the animals were killed
by cervical dislocation and decapitation, and the brains were
rapidly removed and frozen in dry ice. Coronal sections
(25 pm) were cut at the level of the striatum using a cryostat.
The sections were mounted on slides and stained with cresyl
violet to verify correct probe placement. Only data obtained
from probes correctly placed in the striatum were included in
the analysis.

Measurement of dopamine and metabolites in striatal tissue

and dialysates

The mobile phase consisted of KH,PO4 (0.05 M), octanesul-
phonic acid (1 mM), EDTA (0.1 mM) and methanol (16%),
and was adjusted to pH 3.7 with phosphoric acid, filtered and
degassed. The flow rate was 0.3 mL-min" for dialysates, and
1 mL-min™" for tissue. The HPLC system consisted of a pump
(Waters 510, Barcelona, Spain) linked to a manual injector
(Loop 20 pL, Rheodyne, Rohnert Park, CA, USA) for dialy-
sates, and an automatic sample injector (Loop 200 pL, Waters
717 plus Autosampler) for tissue, a stainless steel reversed-
phase column (Spherisorb ODS2, 3 um, 2.1 x 150 mm for
dialysates and 5 um, 150 x 4.6 mm for tissue; Waters, Chelms-
ford, MA, USA) with a precolumn and a coulometric detector
(Coulochem 1I, Esa, USA). The working electrode potential
was set at 400 mV with a gain of 100 nA or 2 pA (for dopam-
ine in dialysates and tissue, respectively) and 500 nA (for the
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rest in both types of samples). The current produced was
monitored by using integration software (Clarity, DataApex,
Prague, Czech Republic).

Measurement of MDMA concentration in striatal tissue
Brain concentrations of MDMA were determined following a
previously described method with minor modifications
(Sanchez et al., 2001). The striatal tissue was homogenized
in ice-cold sodium carbonate-sodium bicarbonate buffer
(pH 11.5) using an ultrasonicator. The homogenate was cen-
trifuged at 27 000x g for 20 min at 4°C. The supernatant was
applied to a 145 mg C8 end-capped SPE light column (Inter-
national Sorbent Technology, Waters, Barcelona, Spain). The
column was washed with methanol followed by distilled
water before applying the sample. The column was washed
with water (2 mL) before selective elution of MDMA with
methanol (1 mL).

An aliquot (20 uL) of the resulting eluate was injected into
a Waters HPLC system which consisted of a pump (Waters
510) linked to a manual sample injector (Loop 20 pL), a stain-
less steel column (RP 18, 5 um, 150 x 4.6 mm, XTerra) fitted
with a pre-column (RP 18, 5 um, 20 x 3.9 mm, XTerra) and a
UV/visible detector (Waters 2487). The mobile phase con-
sisted of 20 mM potassium dihydrogen phosphate (75%) and
acetonitrile (25%), pH 2.5; the flow rate was set to
0.8 mL-min™', and UV absorption was measured at 235 nm.
The current produced was monitored by using integration
software (Clarity, DataApex).

Measurement of rectal temperature

Immediately before and up to 6 h after the first MDMA
administration, temperature was measured by use of a digital
readout thermocouple (BAT-12 thermometer, Physitemp
Instruments, Clifton, NJ, USA) with a resolution of 0.1°C and
an accuracy of *0.1°C attached to a RET-3 Rodent Sensor
which was inserted 2 cm into the rectum of the mouse, the
animal being lightly restrained by holding in the hand. A
steady readout was obtained within 10 s of probe insertion.

Measurement of locomotor activity

The test was performed in an open arena (26 x 21 x 10 cm)
with bottom and sides made of methacrylate covered with a
brown non-reflecting material. The behaviour of the mice was
recorded in eight arenas run in parallel using a video camera
(model CCD-IRIS with a 1:1.4 lens, Sony, Tokyo, Japan) placed
above the arenas and connected to a video monitor (model
PVM-14S5E, Sony) and recorder (model AG-5700, Panasonic,
Barcelona, Spain). Diffuse lighting was used to minimize
shadows in the arenas.

Automated analysis of the videotapes was conducted off-
line by the EthoVision programme (version 1.70, Noldus
Information Technologies, Barcelona, Spain) which allowed
the determination of horizontal distance travelled (cm)
during the total observation period (30 min) and in 10 min
intervals.

Data analysis and statistical procedures
Locomotor activity and neurochemical data were analysed
using a one-way analysis of variance (ANOVA) followed by
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Newman-Keuls multiple comparison test. Data from brain
MDMA concentrations and baseline microdialysis concentra-
tions were analysed using a f-test. Temperature and microdi-
alysis data were analysed by two-way ANOVA with repeated
measures using treatment as the between-subjects factor and
time as the repeated measure (BMDP/386 Dynamic, BMDP
Statistical Solutions, Cork, Ireland).

Materials

(£)-MDMA.HCI was obtained from Ultrafine Chemicals Ltd.
(Manchester, UK), and cocaine HCI was supplied by Servicio
de Estupefacientes (Ministerio de Sanidad y Consumo,
Madrid, Spain). Both were dissolved in 0.9% w/v NaCl (saline)
and injected i.p. in a volume of 10 mL-kg'. Doses are quoted
in terms of the base. All control animals were treated with
saline. [PH]WIN 35 428 (specific activity = 85.9 Ci-mmol™)
was obtained from PerkinElmer, Spain. Desipramine, NSD-
1015, NPC 15437 and HPLC standards were obtained from
Sigma-Aldrich (Madrid, Spain). Methanol and HCIO, were
obtained from Merck Chemicals (Madrid, Spain). Acetonitrile
was obtained from Panreac Quimica (Barcelona, Spain). All
other chemical reagents were obtained from Sigma-Aldrich.

Results

Effect of pretreatment with repeated cocaine on MDMA-induced
hyperthermia

In order to rule out modifications in MDMA-induced hyper-
thermia as responsible for alterations in MDMA-induced neu-
rotoxicity, rectal temperature was measured for up to 3 h after
the second injection.

MDMA produced a peak hyperthermic response 30-60 min
after each injection of between 1 and 2°C which was main-
tained for 2 h after the second injection (Figure 1A). Pretreat-
ment with cocaine finishing either 1 or 4 days before MDMA
did not alter this hyperthermic response.

Effect of pretreatment with repeated cocaine on MDMA-induced
dopamine neurotoxicity
Seven days after treatment, MDMA produced a marked reduc-
tion in the density of [FH]JWIN 35 428-labelled DAT
(Figure 1B). In addition, MDMA treatment produced a
decrease in the concentration of dopamine and its metabo-
lites, DOPAC and HVA, as well as in the concentration of
L-DOPA following L-aromatic amino acid decarboxylase inhi-
bition, reflecting a reduction in TH activity (Table 1).
Cocaine pretreatment finishing 4 days before MDMA
administration attenuated the decreases in the dopaminergic
parameters produced by MDMA (Figure 1B, Table 1).
However, the same regimen of cocaine pretreatment finishing
1 day before MDMA administration failed to protect against
MDMA neurotoxicity.

Effect of pretreatment with repeated cocaine on striatal

MDMA concentration

Pretreatment with cocaine finishing 1 or 4 days before MDMA
administration did not modify striatal concentration of



MDMA compared with the concentration obtained in
animals pretreated with saline 30 min after MDMA injection
(nmol-g! tissue: 56.5 = 3.2 vs. 55.2 = 2.6 for saline and
cocaine pretreated 1 day before MDMA, respectively, P=0.78,
n.s.; 50.7 = 3.4 vs. 49.8 = 5.3 for saline and cocaine pretreated
4 days before MDMA, respectively, P = 0.89, n.s.; t-test).

=0~ Saline s Cocaine + MDMA 1 day later
—& MDMA -~ Cocaine + MDMA 4 days later
41+ | =¥ Cocaine + saline

40

391

381

37 1

Rectal temp. (°C)

36 1

354

34 -

300 ! !

200

100

[BH]WIN 35 428 binding
(fmol mg™" protein)

1day 4 days
later later

MDMA

Figure 1 Effect of pretreatment with repeated cocaine (20 mg-kg™',
i.p. twice daily separated by 8h for 3 days) finishing 1 or
4 days before 3,4-methylenedioxymethamphetamine (MDMA)
(20 mg-kg™, i.p., two injections separated 3 h) on (A) rectal tempera-
ture immediately following MDMA administration and (B) [*H]WIN
35 428 binding. Data shown as mean * SEM, n=5 —11. There were
no differences between the data obtained from saline controls pre-
treated 1 or 4 days earlier with cocaine and therefore data were
grouped. (A) The MDMA-induced increase in rectal temperature (F,11
=54.79; P < 0.001) was not modified by pretreatment with cocaine
1day (f,13=0.97;, P=0.32, n.s.) or 4 days (F1,11=0.93; P=0.33, n.s.)
before. Cocaine pretreatment did not modify the temperature of
saline-treated animals (F1s = 3.64; P = 0.06, n.s.). Two-way analysis
of variance (ANOVA). (B) Different from saline: *P < 0.001; different
from MDMA: “P < 0.001; different from cocaine + MDMA 1 day later:
®P < 0.001; different from cocaine + saline: /P < 0.05. One-way ANOVA
followed by Newman—Keuls test.

Saline
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Effect of PKC inhibition on the neuroprotection against MDMA
induced by repeated cocaine

The PKC inhibitor NPC 15437 was co-administered during
the cocaine pretreatment and continued to be injected twice
daily during the 3-day interval until MDMA administration.
Separate groups of animals were treated with the inhibitor
only during the 3 days of cocaine pretreatment or only during
the 3 days of cocaine withdrawal.

NPC 15437 co-administration during cocaine pretreatment
did not alter the hyperthermic response produced by MDMA
administration (data not shown). Seven days after MDMA,
there was a marked reduction in the striatal density of DAT
(Figure 2A) and in the concentration of dopamine (Figure 2B).
Cocaine pretreatment 4 days before MDMA administration
inhibited the neurotoxic effects of MDMA. The
co-administration of the PKC inhibitor NPC 15437 during the
cocaine pretreatment and during the cocaine withdrawal
period attenuated this protective effect of cocaine
(Figure 2A,B). NPC administered only during cocaine pretreat-
ment did not alter the protective effects of cocaine pretreat-
ment. However, NPC administered only during the
withdrawal period showed a slight inhibition of the protec-
tive effects of cocaine pretreatment.

NPC 15437 administration did not modify MDMA-induced
neurotoxicity (Figure 2A,B). Treatment of saline-pretreated
animals with NPC 15437 did not modify DAT density nor
dopamine content compared with saline-treated controls [for
DAT, as fmol-(mg protein)™'; 210 = 23 vs. 235 + 14, n = 5-6,
P = 0.35, t-test, and for dopamine, as ng-(g tissue)™: 9259 =
211 vs. 8811 = 643, n = 5-6, P = 0.56, t-test].

Effect of repeated treatment with cocaine and PKC inhibition on
DAT density in the plasma membrane and endosome fractions
Cocaine treatment produced a reduction in the density of
DAT in the plasma membrane (Figure 3A) and a correspond-
ing increase in the endosome fraction (Figure 3B) 4 days
after treatment compared with animals treated with saline.
This effect was prevented by the PKC inhibitor NPC 15437
administered during the cocaine pretreatment and 3 days
withdrawal period. No change was observed in the density
of DAT in either fraction, 1 day after finishing cocaine treat-
ment. NPC 15437 administered during saline pretreatment
did not modify DAT distribution in control animals
[PH]WIN 35 428 binding, as fmol-(mg protein)™ for saline-
and NPC-treated animals, respectively: in the membrane
fraction, 291 *= 31 vs. 326 = 20 (n = 7, P = 0.35, t-test) and
in the endosome fraction 541 = 78 vs. 508 + 78 n =7, P =
0.77, t-test)].

Effect of pretreatment with repeated cocaine on MDMA-induced
locomotor activity

MDMA produced an increase in locomotor activity measured
during the 30 min after injection. Cocaine pretreatment fin-
ishing 4 days before MDMA treatment potentiated this
increase in locomotor activity (Figure 4). Cocaine pretreat-
ment finishing 1 day before MDMA did not modify the
MDMA-induced increase in locomotor activity.

British Journal of Pharmacology (2010) 159 201-211
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Table 1

Effect of pretreatment with repeated cocaine (20 mg-kg™, i.p. twice daily separated by 8 h for 3 days) finishing 1 or 4 days before

3,4-methylenedioxymethamphetamine (MDMA) (20 mg-kg™, i.p., two injections separated 3 h) on dopamine (DA), DOPAC, HVA and L-DOPA

concentration 7 days later

Treatment DA DOPAC HVA L-DOPA
Saline 9828 + 251 767 =19 853 £ 51 1386 = 44
MDMA 5312 £ 392%** 330 + 58*** 578 *= 49%** 920 =+ 48***
Cocaine + MDMA 1 day later 5074 + 517*** 365 + 59*** 572 & 25%** 749 + 66***
Cocaine + MDMA 4 days later 8342 + 394* 281 532 &= 39%xx A 758 + 61541 1137 = 64*+ a8
Cocaine 10 259 * 274 717 = 29 931 * 46 1455 = 54

Data represented in ng-(g tissue)™ and are means = SEM; n=5 — 11. There were no differences between the data obtained from saline controls pretreated 1 or
4 days earlier with cocaine and therefore data were grouped. There were no differences between the data obtained from saline controls pretreated 1 or 4 days

earlier with cocaine and therefore data were grouped.

Different from saline: *P < 0.05, **P < 0.01, ***P < 0.001; different from MDMA: P < 0.01, **P < 0.001; different from cocaine + MDMA 1 day later: 3P < 0.01,
%p < 0.001; different from cocaine + saline: /P < 0.05, P < 0.001. One-way ANOVA followed by Newman-Keuls test.

A
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Z 5 100
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TEe
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Cocaine - - + + + -
NPC (during cocaine treatment)  _ _ _ + + _ +
NPC (during cocaine withdrawal) _ _ _ + _ + +
B
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)
=
@ 10000 f f
™ 4 5 A A
O’ ——
2 7500 A
£
¢ 5000 . i
[o]
o
S 2500
0
MDMA - + + + + + +
Cocaine - - + + + + _
NPC (during cocaine treatment)  _ - — + + — +
NPC (during cocaine withdrawal) _ — — + — + +

Figure 2 Effect of co-administration of NPC 15437 (1 mg-kg™', i.p.)
and cocaine (20 mg-kg™, i.p. twice daily separated by 8 h for 3 days)
finishing 4 days before 3,4-methylenedioxymethamphetamine
(MDMA) (20 mg-kg™, i.p., two injections separated 3 h) on striatal
(A) [PH]WIN 35 428 binding and (B) dopamine (DA) concentration, 7
days later. Data shown as mean = SEM, n = 6 — 11. Different from
saline *P < 0.001; different from MDMA: 2P < 0.001; different from
cocaine + MDMA: 3P < 0.05, 3P < 0.001; different from NPC (during
cocaine treatment + withdrawal) + cocaine + MDMA: /P < 0.01, P <
0.001. One-way ANOVA followed by Newman-Keuls test.

Effect of pretreatment with repeated cocaine before MDMA on
extracellular striatal dopamine and metabolite levels

Given the potentiation of MDMA-induced locomotor activity
observed 4 days after cocaine pretreatment, extracellular stri-
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Figure 3 Effect of repeated cocaine (20 mg-kg™, i.p. twice daily
separated by 8 h for 3 days) on striatal plasma membrane (A) and
endosome (B) [*H]WIN 35 428 binding 1 or 4 days later. A group of
animals were co-administered NPC 15437 (1 mg-kg™', i.p.) with
cocaine and twice daily during the 3-day withdrawal. Data shown as
mean = SEM, n = 7 — 10. Different from saline: *P < 0.01; different
from cocaine 1 day before: 'P < 0.05, "P < 0.01; different from
cocaine only 4 days before: °P < 0.05. One-way ANOVA followed by
Newman-Keuls test.

atal dopamine levels were measured at this time using intrac-
erebral microdialysis. Interestingly, cocaine pretreatment
produced a decrease in the basal extracellular dopamine levels
(Figure 5 bar graph), although it did not affect basal extracel-
lular metabolite levels (Figure 5 legend).
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Figure 4 Effect of pretreatment with repeated cocaine (20 mg-kg™',
i.p. twice daily separated by 8 h for 3 days) finishing 1 or
4 days before 3,4-methylenedioxymethamphetamine (MDMA)
(20 mg-kg™, i.p., two injections separated 3 h) on horizontal loco-
motor activity measured during the 30 min immediately after the
second MDMA injection. Data shown as mean = SEM, n=5 - 11.
There were no differences between the data obtained from saline
controls pretreated 1 or 4 days earlier with cocaine and therefore data
were grouped. Different from saline: *P < 0.001; different from
MDMA: 2P < 0.001; different from cocaine + MDMA 1 day later: °P <
0.001; different from cocaine + saline: /P < 0.001. One-way ANOVA
followed by Newman—Keuls test.

MDMA produced a rapid rise in extracellular striatal levels
of dopamine of approx. 300% which peaked 60 min after
each of the two injections (Figure 5A). Cocaine pretreatment
4 days before MDMA treatment potentiated this increase in
extracellular dopamine levels after each of the MDMA injec-
tions producing increases of approx. 600% above saline.

In contrast, MDMA treatment produced a rapid and marked
reduction in extracellular DOPAC (Figure 5B), and a slightly
more delayed and less extensive reduction in extracellular
HVA (Figure 5C). Cocaine pretreatment did not modify the
MDMA-induced changes in either of the two dopamine
metabolites.

Discussion

In the current study, we have shown for the first time that a
repeated regimen of cocaine finishing 4 days before MDMA
treatment protected against MDMA-induced dopaminergic
neurotoxicity in mouse striatum by producing down-
regulation of DAT away from the cell surface by a mechanism
which appears to involve PKC. In addition, cocaine treatment
and withdrawal increased extracellular dopamine concentra-
tions and locomotor activity following challenge with
MDMA.

DAT uptake of a systemically derived metabolite is an essen-
tial step in the induction of MDMA dopaminergic neurotox-
icity in the mouse (O’Shea et al., 2001; Camarero et al., 2002;
Escobedo et al., 2005). However, the protection afforded by

MDMA-cocaine interactions on dopamine transporter
| Peraile et al 207

cocaine 4 days after its administration is unlikely to be due to
a prolonged block of DAT as no protection was observed 1 day
after its administration. In addition, cocaine and its metabo-
lites are relatively rapidly cleared from the body (Benuck et al.,
1987). Moreover, the protection was not due to a change in
the disposition of MDMA as striatal levels of the drug were
similar in saline- and cocaine-pretreated animals, as was the
hyperthermia following MDMA, thus ruling out changes in
the hyperthermic response as a possible mechanism of neu-
roprotection. Rather, the protection seemed to agree with a
reduction in the available DAT on the plasma membrane, a
fact confirmed by a reduction in *PHJWIN 35 428-labelling of
the striatal membranes and a corresponding increase in the
endosome fraction, 4 days after finishing repeated cocaine
treatment. This effect was not observed in the fractions
obtained 1 day after finishing the repeated cocaine treatment.

Considerable evidence indicates a key role of PKC in regu-
lating the activity and availability of DAT at the cell surface
(Blakely and Bauman, 2000; Chang et al., 2001; Cervinski
et al., 2005). Our results support a role for this kinase in the
cocaine-induced decrease in cell surface expression of the
transporter as administration of the PKC inhibitor, NPC
15437, in combination with cocaine pretreatment abolished
both the protection against MDMA-induced neurotoxicity
and prevented DAT trafficking between the plasma membrane
and endosome, 4 days after finishing repeated cocaine treat-
ment. Interestingly, the PKC inhibitor had to be administered
not only during the time of cocaine exposure, but also during
the withdrawal period of 3 days for the reversal of protection
to be achieved. Further studies are required to fully explore
the relative importance of the signalling pathway during the
exposure and withdrawal periods.

PKC regulates DAT internalization by clarithin-mediated
and dynamin-dependent cellular mechanisms, resulting in
accumulation of the transporter in early endosomes where it
is colocalized with transferrin (Daniels and Amara, 1999).
Although there is evidence that internalized DAT may be
targeted to endosomal/lysomal pathways for degradation
(Daniels and Amara, 1999), other studies indicate that inter-
nalized DAT is directed to a recycling pool (Melikian and
Buckley, 1999). Thus, plasma membrane DAT reductions can
result from a combination of accelerated internalization or
reduced recycling (Loder and Melikian, 2003). Trafficking to
the recycling pool as a result of cocaine seems likely because
total DAT protein remains unchanged (Samuvel et al., 2008)
and would be in agreement with the observation that DAT
density was no longer reduced 11 days after finishing treat-
ment (cocaine group, Figure 1B), perhaps indicating a recov-
ery in the recycling to the plasma membrane.

There are numerous studies in the literature on the effects
of cocaine exposure on DAT regulation. In general, the evi-
dence indicates that during repeated cocaine administration
and shortly after exposure, a relatively short-lived increase in
the number of DAT binding sites and the velocity of dopam-
ine uptake is observed (Koff et al., 1994; Pilotte et al., 1994;
Letchworth et al., 1997; Gulley and Zahniser, 2003). This
up-regulation is consistent with the more rapid clearance of
synaptic dopamine and behavioural tolerance to the effects of
cocaine. However, we failed to observe up-regulation 1 day
after cocaine, possibly due to the fact that DAT may undergo
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Figure 5 Effect of repeated cocaine (20 mg-kg™, i.p. twice daily separated by 8 h for 3 days) finishing 4 days before on 3,4-
methylenedioxymethamphetamine (MDMA) (20 mg-kg™, i.p., two injections separated 3 h)-induced changes in extracellular (A) dopamine
(DA), (B) DOPAC and (C) HVA concentration in striatum. MDMA increased extracellular levels of dopamine [f7 = 37.8, P < 0.001] and
decreased levels of DOPAC [F 1, = 79.05, P < 0.001] and HVA [F 10 = 3.61, P < 0.05] compared with saline-treated animals. Pretreatment of
the animals with cocaine finishing 4 days before MDMA potentiated this increase in extracellular dopamine levels [F 10 = 7.53, P < 0.01], but
did not modify levels of DOPAC [F,15=0.75, P=10.36; n.s.] or HVA [F;7 =0.20, P=0.64, n.s.]. Data expressed as % of baseline values. Results
represent mean = SEM, n=4 — 11; two-way ANOVA. Basal dopamine concentrations were lower in mice pretreated with cocaine compared
with saline-treated mice (bar graph). Different from saline-pretreated mice: *P < 0.05 (t-test). Basal DOPAC and HVA levels were similar between
groups, for DOPAC (pg-uL™"): 182.0 + 16.2 versus 185.0 = 20.0 for saline- and cocaine-pretreated mice, respectively (P = 0.91, n.s., t-test)
and for HVA (pg-uL™"): 117.7 = 13.1 versus 118.8 + 13.5 for saline- and cocaine-pretreated mice, respectively (P = 0.95, n.s., t-test).

rapid regulation at even shorter time points, potentially as
soon as a few hours after the last cocaine dose, as suggested by
the literature. In contrast, at longer times after cessation of
repeated cocaine treatment, DAT binding sites and activity are
reduced (Sharpe et al., 1991; Kuhar and Pilotte, 1996; Chefer
and Shippenberg, 2002). The significance of the reduced cell
surface expression of DAT following repeated cocaine treat-
ment is unclear, but could reflect an attempt to maximize the
synaptic efficacy of the remaining neurotransmitter during a
dopamine-deficient state (Wilson et al., 1994) reflected by a
reduction in basal extracellular dopamine levels (Parsons
et al., 1991; Robertson et al., 1991; Rossetti et al., 1992; Weiss
et al., 1992; Chefer and Shippenberg, 2002; our results).
Psychostimulant challenge following a period of with-
drawal after drug exposure produces enhanced neurochemical
and behavioural responses - termed sensitization. Thus,
cocaine challenge, given days after withdrawal, increases
extracellular dopamine and dopamine-mediated behaviours
to a greater extent than the same dose of cocaine did initially
(Zahniser and Sorkin, 2004). In addition, cross-sensitization
may occur following challenge with a drug different to that
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used for the original exposure. For example, Itzhak and
Martin  (1999) observed enhanced locomotor activity
following ethanol challenge in cocaine-exposed mice after a
10 day withdrawal period. In our study, MDMA-induced
locomotor activity was potentiated in mice pretreated with
cocaine finishing 4 days before. Locomotor sensitization is
often regarded as indirect evidence for hypersensitivity in
relevant motivational circuitry, and therefore may be indica-
tive of the addictive wanting for drugs (Robinson and Ber-
ridge, 2008). In addition, following challenge with MDMA,
which enters the nerve terminal by diffusion and produces
dopamine release principally through Ca*-dependent
mechanisms (Camarero et al., 2002), extracellular dopamine
concentrations are enhanced in cocaine-pretreated animals
consistent with a diminished capacity for dopamine reuptake.
Psychostimulant-induced elevations in dopamine levels in
the striatum of DAT-deficient mice may be a relevant measure
of the addictive value of the drug because studies in DAT-KO
mice have shown that cocaine-induced dopamine elevations
in the striatum provide the best fit with studies of cocaine-
induced place preferences (Shen etal., 2004). Thus, these



results might indicate an increase in the MDMA-induced
activation of the reward pathways in animals pretreated
with cocaine. Consistent with a prominent role of dopam-
ine inthe reinforcing properties of MDMA, dopamine D,
receptor blockade with SCH 23390 produced a rightward
shift in the dose-response curve for MDMA self-
administration in rats (Daniela etal., 2004), although
a possible role of 5-HT,c receptors cannot be excluded
(Ramos et al., 2005).

Expression of persistent, drug-induced behavioural sensiti-
zation has been suggested to contribute to craving and the
high relapse rate of cocaine addicts. Specifically, Robinson
and Berridge (2003) have suggested that sensitization causes
the CNS to attribute greater incentive salience to the drug,
resulting in compulsive motivation to take addictive drugs.
Brain imaging studies in drug-addicted subjects suggest two
abnormalities that would result in decreased output of
dopaminergic circuits related to reward: decreases in dopam-
ine D, receptors and in dopamine release Volkow et al., 2002a.
Each would contribute to decreased sensitivity to natural rein-
forcers (Volkow etal.,, 2002b), while psychoactive drugs,
which produce fast and large increases in extracellular
dopamine, would still be able to activate the reward circuits
(Volkow et al., 2003). Thus, the relative salience of a drug over
a natural stimulus may be amplified in the drug-addicted
subject (Volkow et al., 2004), increasing the susceptibility to
drug consumption.

Although specific studies were not carried out to determine
if the reinforcing properties of MDMA-related reward might
change the importance of drug exposure during a period of
withdrawal or abstinence is highlighted by recent studies in
which MDMA has been shown to reinstate cocaine-seeking
behaviour in mice in which cocaine self-administration and
contingent cues were previously extinguished (Trigo et al.,
2009). Furthermore, pre-exposure to cocaine has been shown
to reduce the latency to acquisition of self-administration of
MDMA in rats (Schenk et al., 2003).

In conclusion, repeated cocaine followed by a 4 day with-
drawal period protects against MDMA-induced dopaminergic
neurotoxicity by producing internalization of DAT by a
mechanism which appears to involve PKC. However, expo-
sure to this repeated cocaine protocol potentiates MDMA-
induced dopamine release and locomotor activity, measures
which could be indicative of increased rewarding effects of
MDMA.
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