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Abstract

Cognitive deficits have been observed in chronic 3,4-
methylenedioxymethamphetamine (MDMA) users, althiougs still not clear which
specific sub-sets of executive functioning are imgth We evaluated the effects of
MDMA (0, 3 and 30 mg/kg, twice daily during 4 daysn working memory,
impulsivity and behavioural flexibility in mice, dnchanges in extracellular levels of
dopamine (DA) in the striatum. Daily treatment witie high dose of MDMA (30
mg/kg) disrupted performance of an acquired operaigrnation task, and this
impairment was still apparent 5 days after the Wrstg administration. Decreased
alternation was not related to anhedonia since ifferences were observed between
groups in the saccharine preference test undetasiexperimental conditions. Correct
responding on delayed alternation was increaseddageafter repeated treatment with
MDMA (30 mg/kg), probably due to general behavidupaiescence. Notably, the high
dose regimen of MDMA impaired set-shifting relatéd an increase in total
perseveration errors. Finally, basal extracelllgaels of DA in the striatum were not
modified in mice repeatedly treated with MDMA witespect to controls. However, an
acute challenge with MDMA (10 mg/kg) failed to irese DA outflow of mice
receiving the highest MDMA dose (30 mg/kg), cormdimg a decrease in the
functionality of dopamine transporters. Seven dafger this treatment, the effects of
MDMA on DA outflow were recovered. These resultggest that repeated neurotoxic
doses of MDMA in mice produce lasting impairmentsrécall of a working memory

task and reduce cognitive flexibility.

Keywords. delayed alternation, executive functions, settsigf saccharine intake,

dopamine, microdialysis



I ntroduction

Chronic administrations of most drugs of abuse uoed profound
neuroadaptations in brain reward circuits, and rbrareas involved in cognitive
processing, which contribute to the developmentdfg addiction (see Koob and
Volkow, 2010 for review). Indeed, some of the haliks of addiction such as loss of
control over drug-taking and compulsive drug-segkpoint to abnormal executive
functioning related to response inhibition and héharal flexibility (see Winstanley et
al., 2010 for review). However, human researchstigating the effects of chronic drug
intake on specific sub-modalities of central exe®utprocessing has been difficult
partly due to the confounding problems of poly-draguse, and/or pre-existing
psychopathology. This is particularly the case studies in consumers of ()-3,4-
methylenedioxymethamphetamine (MDMA, ecstasy), wften show concomitant use
of other substances including cocaine, amphetanailcehol, tobacco, LSD, cannabis,
and opioids (Gouzoulis-Mayfrank and Daumann, 2008)us, although deficits in
working memory and/or impulsivity have been obsdnie chronic ecstasy users
(Quednow et al., 2007; Von Geusau et al., 2004;eilgret al., 2004; Dafters, 2006;
Bhattachary and Powell, 2001; Kalechstein et 80,73, other studies have found mixed
results (Fox, Parrot, Turner, 2001; Fox et al.,Z2@ark et al., 2009; Hanson, Luciana,
Sullwold, 2008; Hanson and Luciana, 2010). One angion for the lack of clear-cut
effects may be the relative contribution to cogmitimpairment produced by the various
substances that are co-abused by the subjectgléttin each study (de Sola Llopis et
al., 2008; Verdejo-Garcia et al., 2005). In thisse studies in naive laboratory animals

can be advantageous to overcome these confourattmy$.



Deficits in learning and memory have been repoitedats and monkeys
following acute (Frederick and Paule, 1997; Able at, 2006), and repeated
administration of MDMA (Dalley et al., 2007; Scherttarper, Do, 2010). However,
despite the fact that MDMA produces serotonergigleteon in these species (Ricaurte
et al., 1988; Mayerhofer, Kovar, Schmidt, 2001; &inl, O'Shea, Green, 2004), a clear
relationship between serotonergic neurotoxicity atige cognitive impairments
produced by MDMA has not always been established Baumann, Wang, Rothman,
2007 for review). In mice, previous studies havendestrated that high doses of
MDMA administered in a binge-pattern, producingas&d dopaminergic neurotoxicity,
induce learning and recall deficits of an activeidance task (Trigo et al., 2008), and
increase the resistance to extinction of instruadesponding when food reward is no
longer available (Plaza-Zabala et al., 2010). Theselts demonstrated that MDMA-
induced dopaminergic neurotoxicity alters learnamgl memory processes in mice, and
implied deficits in central inhibitory control. lorder to understand whether neurotoxic
doses of MDMA affect specific sub-sets of execufwection such as impulsivity and
behavioural flexibility, we evaluated the effecté @ repeated dosing regimen of
MDMA on the ability of mice to inhibit prematuresgonding in an operant delayed
alternation task (Weiss s et al., 2005), and tdoper an operant set-shifting task
(Enomoto, Tse, Floresco, 2011). Finally, we meabswutepamine (DA) levels in the

striatum of mice after MDMA treatment using in vingcrodialysis.



Materials and M ethods

Animals

Male C57BL/6J mice (Charles-River, France) weighapproximately 24 g at
the beginning of the experiment were individualbuked in standard laboratory cages
and temperature-controlled conditions: room tempeeaof 21 + 2°C, humidity of 40%
to 50%, and a reversed 12-h light/dark cycle (Bgloin at 20:00, off at 8:00).
Behavioural testing was performed during the ddrkse of the light/dark cycle. All
experimental procedures were approved by the ketbétal committee (CEEA-PRBB),
and met the guidelines of the local (Catalan lal®96 and Decrees 214/97, 32/2007)
and European regulations (EU directives 86/609 20@l-486). Our laboratory has the
Statement of Compliance with Standards for Use abdratory Animals by Foreign
Institutions (#A5388-01); approved by the Office b&boratory Animal welfare

(OLAW) on 06/08/2009 (expires on 06/30/2014).

Drug treatment

MDMA hydrochloride was obtained from Lipomed, A.(Arlesheim, Suisse)
and dissolved in 0.9% sodium chloride. Mice wemated with MDMA (3 and 30

mg/kg, i.p.) or with saline (0.1 ml/10 g) twice Yaevery 4 h during 4 days.

Delayed Alternation Task

Animals were first food deprived to 85-90% of thieee-feeding weight (water
was suppliedad libitum), and then trained in an operant delayed altemaask. The
experiments were conducted in 5 mouse operant ahiamMed Associates Inc.
Georgia, VT, USA) housed in sound-attenuated b@mgspped with a fan to supply

ventilation and avoid ambient noise. The chambeyseveomprised of a house-light, 2



nose poking holes (15 mm diameter) equidistantac@dl on one of the walls, and a
food magazine placed on the opposite wall, whereangOchocolate-flavoured pellets
(AIN-76A Rodent Tab Choc. Testdiet, Richmond, INSA) were delivered. The nose
pokes and the magazine were equipped with infrgsledtocells and lights, and
responses were recorded by the computer using ER-RIC software (Med Associates
Inc. Georgia, VT, USA). Mice were trained daily feither 30 min or until 50
reinforcers were delivered. Animals were then metdrto their home-cages and fed
with standard chow (approximately 2-3 g each). 8ttpppegun with mice receiving
food pellets from the magazine every 30 sec duBisgssions. Then they were trained
to respond on either nose poke to obtain a footktpeh a continuous reinforcement
schedule. During the third step, mice were reirddrfor nose-poking only on the left or
the right hole during 4 consecutive sessions, wite the active nose poke between
sessions. Subsequently, the alternation procedareed, where a choice opportunity
was signalled by illumination of the house-lightitek the first response in one of the
nose-pokes, the house-light was extinguished, thgaaine-light was turned on, a food
pellet was delivered, and a sound was presentaedgdiirsec. If the mouse collected the
pellet, the house light was illuminated after athbdelay and the next trial begun. If the
mouse responded in either of the nose pokes duhegdelay interval, or in the
incorrect nose poke, the house-light was extingushnd the food cup light was
illuminated, but no food was presented nor the doactivated. The mouse was then
required to insert its nose into the magazine sbaré another trial. Initially, the delay
interval was short (1 sec), so the mouse simplsnkzhto distribute responses between
alternate locations. The criteria for acquisitidrthee alternation task was 1) a minimum
of 40 reinforcers obtained per session; 2) mora tha% of correct responding 3)

stability of responding during 2 consecutive sessiwith less than 20% deviation from



the mean. In the delayed alternation test, fodedsht delay intervals were used (2, 4, 6
and 8 sec), presented in a pseudorandom order.dedair was presented until a correct
response was made, and the daily sessions werenéea when each delay was
correctly completed for a total of 10 trials. Tlesttwas performed during 7 consecutive
days. The ratio of correct responses was deterndnadg the alternation procedure, as

well as in the delayed alternation.

Three different experiments were performed udimg procedure. In experiment
1, the acute effects of MDMA were evaluated on evimusly learned alternation task.
Once the established criteria for acquisition ofrapt alternation were achieved, mice
were treated twice daily with MDMA or saline duridgdays. Behavioural testing was
conducted during 4 consecutive days, 19 h aftedabe MDMA administration, and
always before the next MDMA treatment. This progedavoided possible MDMA-
induced hyperlocomotor effects that could interferth operant performance. Testing
was continued for another 7 days after treatmamtexperiment 2, the effects of
repeated treatment with MDMA on learning a novekrgnt alternation task were
evaluated. Mice were treated with MDMA or salinedsva day during four days, and
on day 5 they were trained on the alternation pioce for 7 days. In experiment 3,
mice were trained to alternate responses betweemaose-pokes until meeting criteria
before being treated with MDMA or saline twice gailuring 4 days. The next day, all

the animals were tested in the delayed alterngtionedure during 7 consecutive days.

Set-Shifting procedure

Animals were first food deprived to 85-90% of thére-feeding weight. The
operant chambers (Med Associates Inc. Georgia,JdA) were comprised of a house-

light, 2 retractable levers, two light cues whichres placed above the levers and a food



magazine placed between both levers, where 20 rfapdfpellets (Testdiet, Richmond,
IN, USA) were delivered. Sessions were performedy dar 30 min, and mice were
then returned to their home-cages and fed standtard (approximately 2—3 g each).
Shaping begun with mice receiving food pellets ith® magazine every 30 sec during 3
sessions, and during 3 additional days mice waiadd to respond on either lever on a
continuous reinforcement schedule. During the \lisua discrimination task, mice
were trained to press the lever that had a cue-ligininated above it on a fixed ratio 3
(FR3) schedule of reinforcement. After each triak cue-light was extinguished and
both levers were retracted for an inter-trial in&r(ITl) of 5 sec. Sessions consisted of
3 10-min blocks, with the right and left cue-lighteing illuminated during half of the
trials. Mice were trained in this procedure uritiky met criteria of more than 80% of
correct responses in at least 2 out of the 3 blpatssession during two consecutive
days. After achieving criteria, mice received MDMX saline twice daily during 4
consecutive days. The day after treatment, visual-discrimination retention was
tested during 2 consecutive days, and on the taydafter the treatment, a set-shift was
introduced. Thus, animals had to stop using a re$po-cue light strategy and use a
respond-to-position strategy irrespective of the-bght location. Sessions consisted of
3 10-min blocks, with the active left and activghti levers counterbalanced between
animals. The type of errors considered were: “pensgion errors”, when mice pressed
the inactive lever with the cue-light on, and “neveinforced errors”, when mice
pressed the inactive lever with the cue-light dffce were tested using this paradigm
until they met criteria of more than 80% of correesponses in at least 2 out of the 3
blocks per session during two consecutive daydoRétcorrect responses and errors to

criteria (perseverant responses and never reirdagoers) were determined



Preference for saccharine and high-fat diet

Twelve food and drink monitoring chambers (PHECONfanLab, Barcelona,
Spain) were used with two different types of foddl Kigh fat diet with 60% calories
from fat (5.21 kcal/gram) (58G9 Purified Diet, Taist, Richmond, IN, USA) and (2)
normal diet with 12% calories from fat (3.87 kcadiq) (58G7 Purified Diet, Testdiet,
Richmond, IN, USA). Two types of liquids devoid chloric content were also
available: (1) 0.25% saccharine sweetened wate()ndormal water. Mice were food
deprived during the experiment, except when pldogal the chambers for 3 h daily
with food and drink freely available. Consumptidnboth kinds of food and drink was
recorded during this period. Baseline values wétained after 2 weeks of habituation
to the chambers in order to avoid the novelty asar®r the new kind of food or drink.
After habituation, mice received either MDMA (3 aBd mg/kg) or saline twice daily
during 4 days. The first daily injection was admtered 1 h after the end of the
recording to obtain preference values under drag-fonditions. At the end of the drug
administration period, preference studies wereioaatl for 7 additional days. Caloric
intake and preference for high-fat diet and forchkacine sweetened water were

determined.

Surgery and Microdialysis Procedure

Mice received MDMA or saline twice daily duringcénsecutive days, and were
divided into 2 groups. In Group 1, microdialysigoements were carried out one day
after the last drug administration, and in Groupn&rodialysis was performed 7 days
after the last drug administration. Guide cannwege implanted in all mice before
treatment begun. Animals were anaesthetized wikietamine/xylazine mixture (5:1;

0.10 ml/10 g, i.p.) and placed in a stereotaxicaagius. Unilateral guide cannulae
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(CMA7, CMA Microdialysis, Stockholm, Sweden) wenmplanted vertically in the
dorso-lateral striatum (AP, + 0.5 ML, + 2.5; DV2.60 mm from bregma) (Paxinos and
Franklin, 1997) and then fixed to the skull withntld cement. Three days before the
experiment, analytical probes (CMA7, 1 mm, CMA Midralysis, Stockholm, Sweden)
were carefully inserted inside the guide cannu&e] two days later, animals were
habituated to the microdialysis environment ovdmhigrhe following morning (first
(group 1) and seventh (group 2) day after the diasg administration), probes were
perfused with a ringer solution (NaCl: 148 mM, K@.7 mM, CaCl2:1.2 mM and
MgCI2: 0.8 mM, pH 6.0) at a constant rate of 1 A period of 1 h was allowed for
stabilization before collection of 4 baseline sagspl Mice were subsequently
challenged with an injection of MDMA (10 mg/kg, Jpand collection of samples
continued for an additional period of 3 h. Dialysa{20 ul) were injected without any
purification into a HPLC system that consisted opwamp linked to an automatic
injector (Agilent 1100, Palo Alto, USA), a revengkase column (Zorbax SB C18, 5
mm, 150 x 4.6 mm, Agilent Technologies, Palo AlgA), and a coulometric detector
(Coulochem I, ESA Inc., Chelmsford, USA) with al3@& analytical cell. DA was
guantified as previously described (Robledo et28l04). Briefly, the first electrode was
fixed at -100 mV and the second electrode at + 1880 The gain of the detector was
set at 10 nA. The composition of the mobile phass %0 mM NaH2PO4, 0.1 mM
Na2EDTA, 0.65 mM octyl sodium sulfate and 15 % (vol) methanol, pH 3.5. The
flow rate was set at 1 pl/min and the sensitivityhee assay was 0.2 pg/20 ul. At the
end of the experiments, mice were sacrificed aradnbrcut using a cryostat. Serial
coronal sections (2@m) were then processed with Cresyl Violet (Sigmdrih,

Madrid, Spain). Only those mice with correct prg@cements were used in the study.

Satistical analysis
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The data were analyzed using one or two-way refdeateasures analysis of
variance (ANOVA) when appropriate. Individual compans were carried out using

the Dunnet post-hoc test. The level of significawes set at p<0.05.
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Results

Effects of Repeated MDMA on a Previously Acquired Operant Alternation Task

The effects of repeated MDMA administration on @meralternation are shown
in Figure 1. Prior to drug administration, the greulid not differ in performance fho)
= 0.401 (NS)]. However, during drug treatment twaywepeated measures ANOVA
revealed significant effects of day {2 = 2.976, p<0.05], dose ghs = 10.155,
p<0.01], and interaction between factorgs by = 3.298, p<0.01]. The post-hoc test
revealed a significant decrease in performancei¢e tneated with 30 mg/kg of MDMA
in comparison with saline treated animals on day (p<0.05), 3 (p<0.01), and 4
(p<0.001). After treatment withdrawal, two-way AN®@\showed significant effects of
day [Re,108)= 12.191, p<0.001], dose ks = 11.632. p<0.01], and interaction between
factors [Ri2,108)= 3.918, p<0.001]. Mice that had received 30 mgskdDMA still
showed impairments 4 days after drug administra(days 5-7: p<0.001, and 8:

p<0.05), although performance was back to conénals from day 9.

Effects of Repeated MDMA on Saccharine and High-fat Preference and Total Intake

MDMA administration had no significant effects omcsharine preference
(Figure 2A) at any dose tested during treatmerée¢ebf day: kss= 1.333, NS, dose:
Fe.21) = 0.018, NS, interaction:dss) = 0.711, NS), or after treatment (effect of day:

Fe,126)= 1.544, NS], dose:d»1)= 0.135, NS, interaction:#;,126)= 0.857, NS).
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Mice treated with MDMA at both doses showed a nigmificant tendency to decrease
high-fat preference during treatment (Figure 2HJe@ of dose: 1) = 3.347, NS,
effect of day: kg4 = 4.614, p<0.01, and interactiong by = 1.695, NS). Following
treatment however, the changes induced by MDMA wvgggaificant. Thus, two-way
repeated measures ANOVA revealed significant edfeat day [Fs126) = 6.896,
p<0.001], dose [f21) = 5.573, p<0.05], and interaction between fac{®isz 126) =
2.425, p<0.01]. A decreased preference for hightéatd was revealed in animals
treated with both doses of MDMA (dose of MDMA 3 rkgy/ days 5 and 6 = p<0.05;
day 7 = p<0.01; day 8-11 = p<0.05; dose of 30 mgday 5 = p<0.05; day 7 = p<0.05;

days 9 and 10 = p<0.01; and day 11 = p<0.05).

Total food intake during and after MDMA administeat is shown on figure 2C.
During treatment, two-way repeated measures ANO®¥ealed significant effects of
day [Rasgs) = 8.521, p<0.001], dose k1) = 9.331, p<0.01], and interaction between
factors [Rgg4)= 3.893, p<0.01]. The post-hoc test revealed r@ifstgnt decrease in food
intake in animals treated with the high dose of M®Muring the entire treatment
period (day 1 = p<0.05; day 2 = p<0.001; and days=3p<0.01). However, during
post-treatment, although a significant effect ofy deas revealed [F126) = 3.881,
p<0.01], no significant effect of dosek1) = 1.656, NS] nor interaction {f 126) =

1.343, NS] was observed.

Effects of Repeated MDMA on a Novel Operant Alternation task

Repeated MDMA administration did not impair leagniof a novel operant
alternation task (Figure 3). The percent of corre@ls (accuracy) increased as a

function of training day at comparable levels ihgabups receiving vehicle or MDMA
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(3 and 30 mg/kg) after drug administration (siguafit effect of training day: &0z =
28.686, p<0.001). No significant effects of dose {f; = 0.943, NS] nor interaction

between factors was observeg $foo)= 0.602, NS].

Effects of Repeated MDMA on a Delayed Operant Alternation task

Mice trained for operant alternation and then gdavith MDMA were tested on
a delayed alternation task (Figure 4A). Two-wayeapd measures ANOVA showed a
significant main effect of training day fws) = 13.325, p<0.001], no significant effect of
dose [kz16)= 0.524, NS], and a significant interaction betwéactors [fi2.96 = 2.176,
p<0.05]. The post-hoc test revealed a significaictaase in performance in animals
treated with the high dose of MDMA (30 mg/kg) ore thrst day of training (one day
after the drug administration) (p<0.001). In order evaluate whether MDMA
administration induced a general decrease in @attine on this day; we compared the
latency for the first response between groups (EigB). One-way ANOVA showed a
significant effect of treatment {Fg) = 5.978, p<0.05], and the post-hoc test revealed a
significant increase in latency in animals treatedh 30 mg/kg of MDMA in

comparison with the saline treated group (p<0.01).

Effects of Repeated MDMA on Visual-cue Discrimination Recall and Set-Shifting

Performance

Baseline performance and recall of a visual-cuerdiisnation task following
repeated MDMA administration is shown on figure S.significant main effect of

treatment was observed on the first recall sed§ign;) = 4.540, p<0.05], one day after
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treatment. Recall impairments were observed withm®)/kg of MDMA (p<0.05) as
compared to saline on this day, but not on thersgcecall session [f21)= 2.433, NS].
In the set-shifting task (Figure 5B), mice had toftsfrom a “respond to cue-light
strategy” to a “respond to a position strategy&egs the left or right lever irrespective of
whether the cue-light was above it or not. One-WalOVA revealed a main effect of
treatment [k 21) = 3.594, p<0.05] on perseveration errors, butamonever reinforced
errors [Ro21) = 0.724, NS]. The post-hoc test showed that thabms of perseverative
errors was significantly increased in mice treatett 30 mg/kg of MDMA with respect

to saline-treated mice (p<0.05).

Invivo Microdialysis

One day after repeated drug administration, bagaaeellular levels of DA in
the striatum were not significantly different beemegroups: saline administration (7.36
+ 1.25 pg/20 ul), MDMA 3 mg/kg (7.59 + 1.23 pg/20,;and MDMA 30 mg/kg (7.86
+ 0.95 pg/20 pl). A challenge injection of MDMA (1fhg/kg, i.p.) increased DA
outflow in the striatum with respect to baselinemice previously treated repeatedly
with saline and with MDMA 3 mg/kg, but not in thopeeviously receiving MDMA 30
mg/kg (Figure 4A). Repeated measures ANOVA showengaificant main effect of
time [FRs55= 4.786, p<0.01], dose gh1)= 6.147, p<0.05], and a significant interaction
between factors [ ss) = 3.327, p<0.01]. Post-hoc analysis comparingtm@atment at
each time point after MDMA acute challenge showeghicant differences between
saline and 30 mg/kg of MDMA from 20 to 60 min affdDMA challenge (p<0.01-

0.001).
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Extracellular levels of DA were evaluated in thiiasum seven days after
repeated drug administration in different groupsmée. Basal extracellular levels of
DA in the striatum were not significantly differenbetween groups: saline
administration (5.92 = 0.82 pg/20 pl), MDMA 3 mg/k§.60 + 1.18 pg/20 pul), and
MDMA 30 mg/kg (6.63 £ 1.20 pg/20 ul). A challenggaction of MDMA (10 mg/kg,
I.p.) similarly increased DA levels in the striatumith respect to baseline in all groups
(Figure 4C). Thus, repeated measures ANOVA showsdraficant main effect of time
[Fs75y = 6.753, p<0.01], but no significant effect ofsdonor interaction between

factors.
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Discussion

This study shows that a repeated high dose of MDMd&uces persistent
impairments in recall of operant alternation bebaviand increases perseveration errors
in a set-shifting task, suggesting alterations ienmmry processing and reduced
behavioural flexibility. Moreover, this treatmentubts the ability of a subsequent
MDMA challenge to increase striatal DA indicatingduced dopamine transporter

(DAT) functioning and possible neurotoxic effects.

Mice trained in an operant alternation task weeated twice daily with MDMA
(3 or 30 mg/kg) during 4 days, and tested for texfahe task on the morning after each
drug administration. The highest dose of MDMA pexgively impaired recall of this
acquired behaviour, in line with previous data simgwdetriments in memory functions
in other behavioural paradigms after acute MDMAmiite (Glennon et al. 1987; Trigo
et al., 2008), rats (Able et al. 2006) and monk@ydfe et al2001; Frederick and Paule
1997). The deficits we observed were still apparafier treatment had been
discontinued, although levels of responding werekbi@ normal after 5 days of re-
training. Our microdialysis data closely paralletbd behavioural changes and showed
a time-locked transient reduction in DAT functiorativity in the striatum of mice
treated with the highest dose of MDMA. Thus, theaasient neurochemical changes
produced in the striatum could mediate the behaslalterations observed.

In agreement, neurotoxic doses of MDMA have beeowshto produce
temporary decreases in striatal DAT binding in mistudies using receptor
autoradiography (Trigo et al., 2008; Plaza-Zabakl.e 2010), or immunohistochemitry
(Granado et al., 2008) techniques. The recovergtodtal DAT after MDMA was
attributed to compensatory sprouting or branchifigdopaminergic nerve fibres

(Granado et al., 2008), or to transient MDMA-inddicegulation of DAT cell surface
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expression (Jayanthi and Ramamoorthy, 2005). Therevidence supporting the
involvement of the mesostriatal dopamine systemhabit formation/instrumental

conditioning (Faure et al. 2005), and the functiongeraction between the caudate
nucleus and the prefrontal cortex (PFC) is crufmalacquired learning (Histed et al.,
2009). Thus, our studies substantiate previousirfgel and suggest that MDMA-

induced decreases in DAT functionality in the s$tma of mice may be related to
memory and recall impairments.

In contrast, no changes in basal DA levels wereedlesl in MDMA-treated
mice with respect to controls. This lack of effeould be explained by the presence of
compensatory mechanisms following MDMA-induced waigrons in DAT activity. A
similar situation has been observed with respech-téT in rats following MDMA
exposure. Thus, while tissue 5-HT content (Capelal.e 2009), and MDMA-evoked
increases in 5-HT overflow (Shankaran and Gudel$R99) were reduced, no changes
in basal extracellular 5-HT levels were revealedr(8de, McQuade, Sharp, 1996).

The possibility that the deficits observed were daean anhedonic state,
reducing the motivation of mice to perform the @mertask was ruled out in parallel
behavioural studies. Thus, no changes in sacchmeference were observed either
during the 4 days of treatment or the followingrédgifree days with respect to control
mice treated with saline. Changes in locomotorvagtiproduced by the high dose of
MDMA, including hyperlocomotion or decreased locdimp due to stereotypic
movements, were also unlikely to have contributethe deficit in alternation observed
since animals were tested 19 h after drug admatistr without the drug on board.

On the other hand, both doses of MDMA (3 and 30kiggreduced preference
for a high-fat diet during and after treatment, ivhotal caloric intake was reduced by

the highest dose of MDMA only during MDMA adminigtion. This effect may be due
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to the anorectic properties of MDMA mediated byreased 5-HT and DA release in
brain areas related to feeding behaviour. Altevedyi this effect may be indirectly
related to MDMA-induced hyperthermia and its motiola of fat intake. In this sense,
studies in rats have shown a reciprocal effect ietady fats on MDMA-induced
hyperthermia. Thus, high-fat fed rats receiving MRIghow greater hyperthermia than
low-fat fed rats (Mills et al., 2007).

Contrary to these effects produced when MDMA wdsiaistered during the
acquisition period, mice pre-treated repeatediin WIDMA showed normal acquisition
of the operant alternation task, reaching critémidhe same number of training days
than controls. These results suggest that preatergtwith even high doses of MDMA
do not impair learning positive reinforced opertagks involving short-term memory.
In contrast, it has been previously shown that aisgee pre-treatment with a high dose
regimen of MDMA reduces the acquisition of actiweidance (Trigo et al., 2008), a

more complex behaviour entailing classical conditig and aversive reinforcement.

The effects of repeated MDMA on the acquisitioracdelayed alternation task
were also evaluated in mice previously trained édfgym operant alternation with no
delays. These experimental conditions assured aifispeeffect on behavioural
inhibition without a possible confounding effect alternation. In this paradigm, which
assesses central inhibitory processes related foulgmity and to medial PFC
functionality (Granon et al., 1994; Goldman-RaKli®95), mice must inhibit responding
for a period of time in order to receive a rewaddder these conditions, the group pre-
treated with the highest dose of MDMA performedtdrethan controls. However, this
amelioration was only observed on the first daytesting, and was probably due to
decreased reaction time since mice were slower tmanirols in making the first

response to begin the session. On subsequentragsiferences in performance were
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apparent between MDMA- and saline-treated mices Tuggests that the neuronal
adaptations taking place after this high dose regimf MDMA, including decreased
DAT functionality in the striatum may not interfenath inhibitory control under these
experimental conditions. In agreement, the relatiqm between impulsivity and
MDMA in humans has been difficult to establish wstbme studies showing increased
impulsivity in MDMA users (Morgan 1998), while ottsereport no differences from
control subjects (Fox et al. 2002). Another podisybior the lack of effect in our study
is that the attentional workload of the delays usetthis task was too low to reveal any
impairment. Accordingly, MDMA administration in gproduces persistent deficits in
a delayed non-match-to performance (DNMTP) proceduren longer delays intervals
(30 s) are employed (Marston et al., 1999). Howefartechnical reasons, these long
delays cannot be used in the delayed alternatglitamice (Weiss et al., 2005).

The high dose of MDMA also impaired visual-cue disination recall,
although this effect was transient with mice shawimaseline performance on the
second retraining session. More importantly, MDMWreased total errors to criteria in
the set-shifting task with respect to control miceated with saline. This effect was
mostly due to an increase in perseveration erwnde “never-reinforced” errors were
not affected. Thus, treated mice quickly learnedrtbvel strategy, but they continued to
respond to a stimulus that no longer produced aamdwdemonstrating decreased
behavioural flexibility. These results are in lwigh human data showing that subjects
with a history of MDMA use perform worse on cogmétitasks related to behavioural
flexibility and show more perseverative behavioiwen Geusau et al., 2004). However,
other data show no deficits in attentional settstgfin human MDMA users (Fox et al.,
2001). The formation of attentional sets, and thidita to shift from one strategy to

another have been related to mesocortical DA fanctn several different animal
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species (Roberts et al, 1994; Floresco et al, 2006)e PFC 5-HT systems have been
involved in other types of behavioural flexibilispich as reversal learning (Clarke et al,
2005). In line with the data showing the involvemehPFC DA in set-shifting, it has
been shown that repeated amphetamine administratioats induces impairments in
extradimensional set-shifting, which was attenudtedlirect infusion of a D1 agonist
into the PFC (Fletcher et al, 2005). In additiatswith a history of methamphetamine
self-administration showed selective impairments iset-shifting task and associated
changes in dopaminergic neural activity in the P@arsegian et al.,, 2011). Our
neurochemical data in mice show an MDMA-inducedregalation in striatal DAT
functioning, suggesting that alterations in stti@# could also promote behavioural
inflexibility. Likewise, Parkinsonian patients ihe early stages of the disease, when
dopaminergic deficits are mostly restricted to thsetrodorsal portion of the caudate
nucleus, are impaired in extradimensional setigigiftMonchi et al., 2007). Thus, our
results corroborate converging data showing thatfuinctional interaction between the
striatum and the PFC is required for optimal exeeutunctioning and that striatal DA
modulates this association (Nagano-Saito et ali8R0

In summary, our study shows that neurotoxic dosesMDMA producing
transient changes in DAT functionality in mice aassociated with temporary
impairments in memory and recall of operant alteoma Moreover, these alterations in
striatal dopamine activity may also contribute niflexible responding in a set-shifting

task.
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Figure L egends

Figure 1. Operant alternation behaviour in mice achievindeca before treatment
(BL), during the 4 days of treatment with MDMA (3fkg, n = 7; 30 mg/kg, n = 7) and
saline (n = 7), and during 7 days post-treatmehe d@ata represent the mean ratio of
correct responses + SEM. * p < 0.05; ** p< 0.01;*p*< 0.001 vs. saline treated

animals (Dunnet post-hoc test).

Figure 2. Saccharine preference (A) (% of total fluid intake mice before treatment
(BL), during the 4 days of treatment with salinex(8), 3 mg/kg (n = 8) and 30 mg/kg
of MDMA (n = 8), and during 7 days post-treatmesigh-fat food preference (B) (%
of total food intake) in mice before treatment (Bdlring the 4 days of treatment with
saline (n = 8), 3 mg/kg (n = 8) and 30 mg/kg of MBI¥h = 8), and during 7 days post-
treatment. Caloric Intake (C) (Kcal) in mice beftreatment (BL), during the 4 days of
treatment with saline (n = 8), 3 mg/kg (n = 8) & mg/kg of MDMA (n = 8), and

during 7 days post-treatment. The data represeanmeSEM. * p < 0.05; ** p < 0.01,

*** n < 0.001 (30 mg/kg vs. salineyx p < 0.05,%% p < 0.01 (3 mg/kg vs saline)

(Dunnet post-hoc test).

Figure 3. Operant alternation behaviour in mice followingatment with MDMA and
saline twice a day during 4 days (saline, n = md@kg of MDMA, n = 7; 30 mg/kg; n

= 6). The data represent the mean ratio of coresgonses + SEM.

Figure 4. Acquisition of operant delayed alternation (A)tiained mice (BL) one day
after treatment with MDMA (3 mg/kg, n = 7; 30 mg/kg= 6) and saline (n = 6). The
data represent the mean ratio of correct respanS&sVl. (B) Reaction time to produce

the first response on the first day of the opedmthyed alternation task (n = 6), 3mg/kg
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of MDMA (n = 7) or 30mg/kg of MDMA (n = 6). The datrepresent the mean latency
to response in sec £ SEM on day 5. ** p < 0.01, p*¢ 0.001 vs. saline treated animals

(Dunnet post-hoc test).

Figure 5. Visual-cue discrimination (A) in mice trained tateria (BL), and during 2

consecutive recall sessions following treatmenhwtline (n = 6), 3 mg/kg of MDMA

(n =8) and 30 mg/kg of MDMA (n = 8). Recall 1 anddall 2 were performed one and
two days after treatment, respectively. The dafaesent the mean ratio of correct
responses + SEM. * p < 0.05 vs. saline treated alsiibunnet post-hoc test). (B) Error
by type (Perseveration and Never Reinforced) predwehen the task was shifted from
a respond-to-cue light strategy to a respond-tatipasstrategy saline (n = 6), 3 mg/kg
of MDMA (n = 8) or 30 mg/kg of MDMA (n = 8). The tlarepresent the mean number

of errors to criteria + SEM. * p < 0.05 vs. salineated animals (Dunnet post-hoc test).

Figure 6. Dopamine (DA) outflow in the striatum (mean + SEMof baseline) of mice
previously treated with MDMA (3 and 30 mg/kg) aradigse twice a day for 4 days. One
day after treatment (day 5) (A), an acute challewgé MDMA (10 mg/kg; arrow)
increased DA outflow in mice treated with saline=(i@) and 3 mg/kg (n = 5), but not in
those treated with 30 mg/kg (n = 7). Significantfedences between the 30 mg/kg
treatment group and controls were observed frortoBD min after drug challenge (**
p < 0.01, ** p < 0.001, Dunnett post-hoc test).v&e days after the last drug
administration (day 11), an acute challenge withMWA (10 mg/kg; arrow) increased
DA outflow (B) in mice treated with saline (n = B,mg/kg (n = 6) and 30 mg/kg (n =

8).



