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Abstract

Ecstasy is the common name for a drug mainly containing a substance identified as 3,4-
methylenedioxymethamphetamine (MDMA). It has become popular with participants in “‘raves”,
because it enhances energy, endurance and sexual arousal, together with the widespread belief that
MDMA is a safe drug [Byard, R.W., Gilbert, J., James, R., Lokan, R.J., 1998. Amphetamine
derivative fatalities in South Australia. Is “ecstasy” the culprit? Am. J. Forensic Med. Pathol. 19,
261-265]. However, it is suggested that this drug causes a neurotoxicity to the serotonergic system
that could lead to permanent physical and cognitive problems.

In order to investigate this issue, and during an ERP recording with 32 channels, we used a visual
oddball design, in which subjects (14 MDMA abusers and 14 paired normal controls) saw frequent
stimuli (neutral faces) while they had to detect as quickly as possible rare stimuli with happy or
fearful expression.

At a behavioral level, MDMA users imply longer latencies than normal controls to detect rare
stimuli. At the neurophysiological level, ERP data suggest as main result that the N200 component,
which is involved in attention orienting associated to the detection of stimulus novelty (e.g.
[Campanella, S., Gaspard, C., Debatisse, D., Bruyer, R., Crommelinck, M., Guérit, J.M., 2002.
Discrimination of emotional facial expression in a visual oddball task: an ERP study. Biol. Psychol.
59, 171-186]), shows shorter latencies for fearful rare stimuli (as compared to happy ones), but only
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for normal controls. This absence of delay was interpreted as an attentional deficit due to MDMA
consumption.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Ecstasy (3,4-methylenedioxymethamphetamine) or MDMA is a popular recreational
drug among young outgoing people because of its proprieties of mood enhancers,
especially in discotheques. This drug benefits of the widespread idea that its use is quite
safe (Dowling et al., 1987; Byard et al., 1998). However, during those last few years, many
researchers have tried to demonstrate the importance of the damages generated by MDMA,
such as hyperthermia and disseminated intravascular coagulation, fatal arrhythmia, organs
destruction, or even death (Fineschi et al., 1999). Mental disorder such as depression
(Benazzi and Mazzoli, 1991; McCann and Ricaurte, 1991; McCardle et al., 2004) or panic
disorder (McCann and Ricaurte, 1992) have also been related to MDMA consumption.

A great part of MDMA studies have been conducted on animals (rodents, dogs, large
variety of primates) and many of those studies concern MDMA toxic and long-lasting
effects on brain neurons. MDMA is an indirect serotonergic agonist and also influences
other systems of neurotransmission. MDMA frees serotonin and inhibits its reuptake: this
increases the amount of serotonin in the synaptic slit, the main consequence being a long-
lasting reduction of serotonin and serotonergic activities (Audenaert, 2003). Accordingly,
other findings showed that MDMA causes toxic effects on brain serotonin (5-HT) neurons
and dose-related reduction of brain 5-HT concentrations and transporters, as well as
histological evidence of 5-HT axon degeneration (Steele et al., 1994 for a review). Studies
also underline that most severe reduction of 5-HT activities occurred in the rats neocortex,
striatum, and hippocampus (see Lyles and Cadet, 2003 for a review). Neuronal recovery
seems to occur over several months in rats but seems to be only partial in monkeys and
primates (Ricaurte et al., 2000).

If serotoninergic activities seem to be affected by MDMA consumption, dopamine-
releasing effects of MDMA have also been demonstrated (Steele et al., 1994; Brodkin
et al., 1993). Overall, it has been suggested that all these neurochemical effects of MDMA
consumption could lead to severe cognitive deficits. Nevertheless, the applicability of those
findings on humans have been contested for several reasons: (1) the doses used in animal
studies are much higher than the ones taken by humans; and (2) the drug administrations
differ between animals and humans and there are potential species differences (see
Ricaurte et al., 2000 for a discussion). As a consequence, a deeper review of the literature
suggests that the impact of MDMA consumption on human cognition is not yet clearly
circumscribed, as revealed, for instance, by the following heterogeneous results.

On the one hand, some authors used neuropsychological tests such as the test for
attentional performance (TAP) or the Wechsler adult intelligence scale-revised (WAIS-R)
(for e.g. see in Gouzoulis-Mayfrank et al., 2000), and psychopathological scales, such as
the Beck Depression Inventory and the Spielberg State-Trait Anxiety Inventory (see, e.g.
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Verkes et al., 2001). Results suggest cognitive impairments and psychiatric complaints as
depression or anxiety when the use of MDMA is repeated (Gouzoulis-Mayfrank et al.,
2000). Those cognitive impairments are quite large and are underlined for different kinds
of memory, central executive functions, reasoning and semantic recognition. It was
moreover suggested that these deficits could be referred to the serotonin deficit (for
reviews, see Montoya et al., 2002; Parrott, 2002; Lyles and Cadet, 2003). Indeed, several
studies have shown that 5-HT depletion could induce memory deficits (for review, see
Altman and Normile, 1998) as well as depressive and anxiety disorders (Deakin, 1998).
However, contrasting data evidenced only moderate cognitive impairments in MDMA
users by using the same material: Thomasius et al. (2003) did not show any significant
differences between groups when the TAP test was used, and identical results were
observed with the WAIS-R: Krystal et al. (1992) did not underline any difference between
groups for the performance on this test.

On the other hand, functional neuroimaging studies applying positron emission
tomography (PET) on humans revealed central nervous alterations after the repeated
use of ecstasy: McCann et al. (1998) found a reduction of serotonin transporter in
MDMA users compared to controls. Indeed, these authors found reduced glucose
metabolic rates in MDMA group compared to controls in hippocampus and striatum
(Obrocki et al., 1999), striatum, amygdale and cingulate (Buchert et al., 2001) and
increased glucose rates in Brodmann’s area 10 and 11 (Obrocki et al., 1999). Those
results seem to show that MDMA is neurotoxic for the serotonergic system and could
then explain the damage to the central nervous function as well as the neuropsychiatric
deficits (Obrocki et al., 2002). However, for instance, Gamma et al. (2001) measured with
PET the cerebral blood flow during a memory cognitive task: the results did not differ
between the group of ecstasy users and the control group. It is also unclear whether
ecstasy abuse causes delayed or chronic alterations of the human nervous system
(McCann and Ricaurte, 1993). Semple et al. (1999) have reported evidence for recovery
from alteration of brain 5-HT neurons after withdrawing MDMA, and Reneman et al.
(2001) observed no difference in the 5-HT transporter density in individuals who stopped
using MDMA more than 2 years ago when compared to controls. Another study did not
show significant global or regional cerebral blood flow difference in abstinent MDMA
users (Chang et al., 2000).

It is also interesting to note that a decrease in dopamine transporter in MDMA users,
with consequent poor motor/memory performances, have been reported (Volkow et al.,
2001), whereas in an isolated case, Koch and Galloway (1997) showed that the striatal
levels of dopamine in the brain of a chronic ecstasy user were within the normal range.

On the whole, it appears that current neuroimaging studies on humans have not been
able, at least up to now, to clearly define whether MDMA consumption led automatically to
cognitive impairments. Due to the ever-increasing problem of drug abuse among young
people and adolescents (Neiman et al., 2000), it seems to us particularly relevant to clarify
whether MDMA users will show cognitive deficits. In the present study, we choose to
confront MDMA users and controls non-abusers to a variation of the visual oddball
paradigm, in which subjects were confronted with one frequent stimulus (a neutral face)
and two deviant ones they have to detect as quickly as possible (a happy and a fearful face).
This choice was guided by several reasons.
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Many ERP studies have used an “‘oddball” paradigm, in which subjects are asked to
detect, amongst a series of standard stimuli, an infrequent deviant one. The detection of
stimulus change may play a role in directing attention to events of biological importance
(Halgren and Marinkovic, 1995). This is indexed by two main ERP components: (1) When
subjects are placed in attentive conditions, deviant visual stimuli evoke a N2 component
peaking at occipital electrodes around 250 ms, which indicates a switch of attention to
biologically significant events in order to cope with them (Campanella et al., 2002; Halgren
and Marinkovic, 1995); (2) a P3b component maximally recorded at parietal sites around
450 ms, which is functionally related to later conscious, decisional and premotor response-
related stages (Bentin et al., 1999). In other words, this kind of detection task will allows us
to separate the attentional (preparation-to-process) and the response-related (preparation-
to-respond) steps implied during the task. Our principal aim will be to examine whether
there is any difference, in the MDMA users group compared to the paired controls group,
when they have to detect stimuli that are physically different than a standard one. More
precisely, a major interest of this study is that, due to ERP excellent temporal resolution, we
will be able to examine the time course of a hypothetical deficit presented by MDMA users
when they have to detect rare stimuli: if the N200 component is impaired, this could reflect
attentional deterioration, whereas a P3b impairment (with an intact N200) would reflect a
later decisional deficit.

The use of the oddball paradigm has also another potential interest. Indeed, converging
evidence indicates that a network of brain regions responds to stimuli that are contextually
novel, such as N2 and P3 components generated by oddball designs. This network includes
areas in the prefrontal cortex, cingulate gyrus medial temporal cortex and the hippocampus
(e.g. Ranganath and Rainer, 2003; Horn et al., 2003). Moreover, it is nowadays largely
accepted that ERP components reflect postsynaptic effects of neurotransmitters like
glutamate and GABA and indirect modulating effects from neuromodulators like acetyl-
choline, noradrenaline, dopamine and serotonine (Frodl-Bauch et al., 1999). More precisely,
several studies showed that ERP components generated in oddball designs (such as N2 and
P3b) could be modulated by serotoninergic (e.g., Hansenne and Ansseau, 1999) and dopa-
minergic (e.g., Sohn et al., 1998) influences. Then: (1) as serotonin and dopamine decreases
have been reported in MDMA users (Buchert et al., 2001; Volkow et al., 2001); and (2) as the
N2 and the P3b components are submitted to serotonergic and dopaminergic influences, the
oddball design used in the present study could then allow us to show the neurotoxic effect of
MDMA consumption by means of the potential modulation of these components.

Finally, neutral and emotional faces were used in the present study as frequent and
deviant stimuli. We know that emotions are important in our everyday life in social
interaction, adjustment and coordination of our behavior with respect to others. Failure to
adequately communicate one’s emotional and motivational state and/or adequately perceive
the internal state of others is likely to result in interpersonal and personal problems. We used
then emotional faces in order to increase the ecological validity of our stimuli."

' Another interest of using emotional visual faces stimuli is that waves in response to those stimulations are
well known: P100/N100 complex has a proposed striate and extrastriate origin and is typically described in visual
ERP studies reflecting primary visual analyses (Gomez et al., 1994; Heinze et al., 1994), VPP/N170 are usually
considered as face-specific (Bentin et al., 1996, 1999; Rossion et al., 1999; Campanella et al., 2002b).
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Overall, MDMA is supposed to cause body and brain damages. However, at the present
time, there is no consensus on the effects generated by this substance on the human brain
and cognition. Even so, the use of ecstasy seems to cause neurotoxic damage to the
serotonergic and dopaminergic neurons. By means of an ERP oddball paradigm, we hope
to provide empirical data showing whether the detection of new rare stimuli is processed
differently by MDMA abusers as compared to control non-abusers. Moreover, we think it
relevant to investigate where the differences occurring in a group of ecstasy users
originated at the cognitive level. Due to their excellent temporal resolution, event-related
potentials (ERPs) allow us to explore the temporal course of the various stages implied in a
cognitive function (Rugg and Coles, 1995). This would help us to define where did
originate some differences in the information-processing system (e.g., Campanella et al.,
2002, 2004).

2. Experiment
2.1. Subjects

ERPs were recorded in 14 ecstasy users (MDMA users) and 14 paired normal
subjects (CONTROLS). MDMA users were recruited via our acquaintances. Both
groups had to answer a questionnaire where they were asked to list the different drugs
they are consuming or they used to consume, quantities and frequencies, when they
started and for how long they stopped using drug(s) if they did stop. We did not reveal that
we were looking for subjects using MDMA only. At the beginning we wanted to select
people only consuming MDMA. This was partially possible as many MDMA users also
use cannabis. As a matter of fact, we matched subjects by using their age: CONTROLS
ages ranged from 23 to 30 (mean: 26; S.D.: 1.7) and MDMA users ages ranged from 20 to
32 (mean: 25; S.D.: 3.1); the scores of the 13-items Beck Inventory Depressive Scale
(mean: 2.79; S.D.: 3.24 and mean: 3.14; S.D.: 2.45 for CONTROLS and MDMA users,
respectively); the Spielberger Anxiety Inventory-Trait and State (mean: 42.57; S.D.: 9.25
and mean: 41.5; S.D.: 9.84 for CONTROLS and MDMA users, respectively); and their
cannabis consumption. We are aware that cannabis consumption could influence
cognition and cognitive ERPs. However, the literature on the use of cannabis and its effect
on cognitive processes is not clear: some studies found attentional and memory
impairments (Solowij et al., 2002), even if these ones are reversible and related to
recent cannabis exposure (Pope et al., 2001). Some other studies report unimpaired
cognition (e.g., Lyketsos et al., 1999). Then, in order to avoid any problem, we paired
control and MDMA subjects on smoking and no-smoking cannabis. Finally, it is
also interesting to note that, in our MDMA users group, the MDMA consumption ranged
from 13 to 350 pills (mean: 143.07; S.D.: 109.12: range 13-350, in a period going from
1 to 10 years).

Table 1 summarizes all subjects’ characteristics. A paired ¢-test did not show any
difference between the two groups for the age (¢34, = 1.829; NS), the Beck scale
(t13 ax) = —0, 285; NS), the STAI-S scale (113 qr) = 1.506; NS) and the STAI-T scale
(ta3 ar) = 0.261; NS). All subjects were right-handed men.
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Table 1
MDMA and CONTROLS means and standard deviation (S.D.) of age, Beck, STAI-E, STAI-T results

AA N Mean Pills On/off Beck STAI-E STAI-T
age (S.D.)

MDMA 14 24.64 (3.13) 143.07 (109.12) On=6, off =8 3.14 (2.45) 41.50 (4.93) 41.50 (9.84)
CONTROLS 14 25.57 (1.74) 0O 2.79 (3.24) 43.93 (5.44) 42.57 (9.26)

For MDMA, number of pills taken and consumption still going on (on) or stopped (off).

2.2. Recordings

Electroencephalogram (EEG) recordings were performed with 32 electrodes mounted
in an electrode Quick-Cap. Electrode positions included the standard 10-20 International
System locations and intermediate positions. Recordings were made with a linked
mastoid physical reference. The EEG was amplified by battery-operated SYNAMPS
amplifiers with a gain of 30,000 and a band-pass of 0.01-100 Hz. The impedance of all
electrodes was kept below 20 k(). EEG was continuously recorded (sampling rate
500 Hz, Neuroscan) and trials contaminated by EOG artifacts were eliminated off-line.
Epochs beginning 150 ms prior to stimulus onset and continuing for 850 ms were created.
Codes synchronized with stimulus delivery were used to average selectively the epochs
associated with different stimulus types. Two parameters were coded for every stimulus:
(1) the type of the stimulus (rare HAPPY; rare FEAR; and in order to have the same
number of averaged frequent stimuli, only the frequent stimuli preceding the deviant
ones); and (2) the response type (keypress for deviant stimuli, no keypress for frequent
ones). This coding allowed us to compute different averages of ERP target stimuli. These
averages were made for each subject individually. Data were filtered with a 30 Hz low-
pass filter.

2.3. Stimulation and procedure

Stimuli consisted in four faces (2 women and 2 men) with neutral, happy and fearful
expressions. These faces were selected from the highly standardized set of pictures of
Ekman & Friesen series (1976) (actors PE, JJ, MO and PF).

Subjects were confronted with a total of 16 blocks (four different blocks repeated four
times each). One block was defined by 100 stimuli. For instance, block 1 used PE face and
presented 84 frequent stimuli with neutral expression and 16 RARE stimuli, 8
HAPPINESS and 8 FEAR.

During the ERPs recording, subjects sat on a chair in a dark room with their head
restrained in a chin rest. Their head was placed 1 m from the screen and the stimuli were
6 cm horizontal and 8 cm vertical, subtending a visual angle of 3° x 4°. The order of the 16
blocks varied across subjects. The screen background was black. Faces were presented for
500 ms. A black screen was displayed as intertrial interval, lasting randomly between 1300
and 1600 ms, but subjects had 1500 ms to answer since stimulation onset. The participants
had to point out as quickly as possible the occurrence of a deviant stimulus by pressing a
mouse button with their right index finger.
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2.4. Data analysis

Each ERP component (N100, P100, N170, VPP, N200, P3a, and P3b) was manually
identified on the basis of its latency range, topographical distribution and reproducibility
from the channels: Oz, O1, O2, Cz, C3, C4, Pz, P3, P4, P7, P8, Fz, F3, F4, F7, F8.
Moreover, by means of ASA 3.0 (ANT Software), a dipole analysis was performed on the
grand-average ERP components specifically generated by the oddball design (i.e., N2/P3a
complex and P3b component) in order to investigate the influence of MDMA consumption
on their generators. A spherical three-layer head model was used.

2.5. Statistical analyses

As performance was at 98% correct, only correct response latencies were statistically
analyzed with Systat 5.1%. At selected electrodes, individual peak amplitudes and
individual maximum peak latencies could be obtained separately for the ERPs resulting
from the subtraction of waveforms evoked by standard and deviant stimuli. These values
were tested using repeated-measures of analyses of variance (ANOVAs). When appropriate
and in order to compensate the ‘“‘non-sphericity’”’ in repeated-measures ANOVA, the
Greenhouse-Geisser adjustment of degrees of freedom was used to avoid increasing type I
family-wise error rate.

3. Results
3.1. Behavioral data

Two main results can be observed: (1) as already shown in the literature (Campanella
et al., 2004) MDMA stimuli are detected faster as compared to MDMA stimuli as
confirmed by an ANOVA which shows a main stimulus effect (¥ 6 = 56,634; P <.0001).
This effect is observed in both groups (MDMA stimuli mean latencies for MDMA: 386 ms;
S.D.: 36.38; for MDMA users: 410 ms; S.D.: 46.64 and MDMA stimuli for CONTROLS:
416 ms; S.D.: 35.72; for MDMA users 442 ms; S.D.: 44.85); (2) MDMA users are slower
than CONTROLS when they have to detect rare stimuli (mean of HAPPY and FEAR
STIMULI), paired Student’s 7-tests show that this effect is significant when comparing
HAPPY stimuli detections (#(13 ar)= —2.903; P =.012) and FEAR stimuli detections
(f(]g df) = —3713, P= 003)

Itis also interesting to note that the MDMA users implied in this experiment have a great
variance in their frequency and quantity of ecstasy consumption. In order to give further
support to the idea that the decrease showed by MDMA users in the detection of rare
stimuli was specifically due to MDMA consumption, we performed a paired Student’s #-
test comparing the response latencies of high-MDMA users (>100 pills; mean of 232,
S.D.: 79; n = 7) versus low-MDMA users (<100 pills; mean of 56, S.D.: 31; n = 7). It was
shown that high users had significant higher response latencies than low ones (mean high:
445 ms, S.D.: 37.295; mean low: 408 ms, S.D.: 45.453; t¢ ar)=—2.607; P=.04).
Interestingly, these two subgroups also showed the above mentioned difference between
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HAPPY and FEARFUL stimuli (low—HAPPY: 425 ms, S.D.: 51.627; FEAR: 391 ms,
S.D.:40.526, 16 a.1, = 5.313, P = .002; high—HAPPY: 459 ms, S.D.: 31.559, fear: 429 ms,
S.D.: 47.063, 16 a1, =2.789, P = .032).

3.2. Neurophysiological data

Fig. 1 shows the grand-average waveforms obtained in response to frequent stimuli.
As classically observed in the ERP face literature, we found for both groups: (1) a
bipolar P100/N100 complex, recorded around 110 ms at occipital and central sites, which
has a proposed striate and extrastriate origin and is typically described in visual ERP
studies reflecting primary visual analyses (Gomez et al., 1994; Heinze et al., 1994); and
(2) a bilateral N170 recorded at occipito-temporal sites (P7 and P8) and reversing polarity
at Cz with positive counterpart being called the vertex positive potential (VPP,
Campanella et al., 2000). Those two components (VPP/N170) are usually considered as
face-specific (Bentin and Deouell, 2000), even if this is still matter of debate (Rossion
et al., 2003). Note that if we observed those four components in both groups, they did not
behave in the same way for N170 (from channels P7, P8), which amplitude is reduced in
the MDMA group as shown by the ANOVAs performed for the between-subjects effect

Classical waves in Controls

8 q P100
s —o0z
£ —PZ
3
s P8
'EL —P7
< —CZ

-4

N100 4 Ti
N170 ime (ms)

8. Classical waves in MDMA users

6
s
E 4]
8 2 =
2 —PZ
20
Q.
g P8
< 24 —P7

-4 J —CZ

Time (ms)

Fig. 1. Classical ERP waves obtained for faces: the P100/N100 complex recorded at centro-occipital sites (Cz,
0Oz), and the N170 recorded at bilateral occipito-temporal sites (P7, P8). Please note the absence of the P300
component (Pz), as no response was required for frequent stimuli; and the lower amplitude of the N170 recorded
for MDMA users.
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Table 2
Mean latencies and amplitudes of classical face-ERP waves for frequent stimuli
Components Electrodes Mean amplitudes (mV) for Mean latencies (ms) for
CONTROLS MDMA CONTROLS MDMA

P100 (074 5.87 6.07 112 121
N100 CczZ —3.50 —-3.25 114 122
N170 P7 —291 —-1.59" 155 164

P8 —3.58 —0.72" 157 156

* Significant at P = .005.

(F126=9881; P=.004) (Table 2). Other components did not show any significant
differences.

Fig. 2 shows that regular oddball components were observed in both CONTROLS and
MDMA groups for the rare minus frequent stimuli condition. Indeed, a negativity was
maximally recorded around 230 ms at Oz, with a positive counterpart recorded around
250 ms at Fz. The waveforms and topography lead us to conclude that this bipolar complex
is probably identical to the well-described N2/P3a complex, observed for instance by
Halgren and Marinkovic (1995) or Campanella et al. (2002). Table 3(a) and (b) shows the
mean amplitudes and latencies observed for both components (N2/P3a and P3b) in

Oddball waves in controls

P3b

E —oz
2 ——PZ

£ cz

B 4

<

Time (ms)
Oddball waves in MDMA users
8 - P3b

s

E —0z
§ ——PZ
= cz
[-%

13 FZ
<

150 ms

Time (ms)

Fig. 2. Classical oddball waves, N2/P3a and P3b, recorded in both groups on Oz, Pz and Fz, and obtained by
means of the subtraction FREQUENT stimuli — RARE stimuli.
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Table 3
(a) Mean amplitudes and (b) mean latencies for the “oddball” components in RARE-FREQUENT, HAPPY and
FEAR stimuli conditions

Components  Electrodes RARE-FREQUENT stimuli HAPPY stimuli FEAR stimuli
CONTROLS  MDMA CONTROLS MDMA CONTROLS MDMA

(a) Mean amplitudes

N200 01 —3.88 —3.67 —4.16 —346 442 —3.80
02 —3.82 —3.51 —3.52 —4.00 —4.66 —3.75
P3a F3 2.88 2.10 321 2.04 2.96 2.53
F4 2.94 2.46 3.21 2.43 3.02 2.80
P3b P3 5.46 5.16 5.50 5.08 5.98 6.42
P4 5.92 491 6.03 5.14 5.70 5.28

(b) Mean latencies

s

N200 ol 230 246 252" 250 225 245
02 230 247 251" 250 225" 250
P3a F3 238 253 250 248 234 252
F4 237 247 250 249 235 254
P3b P3 434" 465" 457 483" 407 460"
P4 434" 468" 448’ 478" 419 465"

Threshold of significance for data with * significant at P = .005; significant at P = .001; * significant at P = .001;
" significant at P =.02.

response to rare stimuli (happy and fear). N2 component was maximally recorded at the
occipital sites (O1, O2), P3a at the frontal sites (F3, F4) and P3b at the parietal sites (P3 and
P4).

3.3. General “RARE-FREQUENT” comparison

In the RARE minus FREQUENT condition (mean of HAPPY and FEAR stimuli),
ANOVAs 2 x 2 with group as between factor (MDMA versus CONTROLS), and
lateralization (LEFT versus RIGHT) as within factor did not show significant result for N2
and P3a components. However, P3b latencies results show a main group effect (and no
effect of lateralization nor interaction): MDMA users show delayed latencies as compared
to CONTROLS (F 56 =4567; P = .042); amplitudes are not different.

3.4. MDMA versus CONTROLS for HAPPY and FEARFUL stimuli

An ANOVA 2 x 2 with group as between factor (MDMA versus CONTROLS), and
lateralization (LEFT versus RIGHT) as within factor, did not show any difference for the
N2 and P3a waves (HAPPY in CONTROLS versus HAPPY in MDMA; FEAR in
CONTROLS versus FEAR in MDMA). An identical analysis was performed on P3b
latencies and amplitudes. There was no difference (in amplitudes and latencies) when
HAPPY stimuli were considered. However, when P3b latencies are considered, a main
effect of group on FEAR condition emerged (and no effect of lateralization nor
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interaction): MDMA users show delayed latencies as compared to CONTROLS for FEAR
stimuli (F 26 = 6410; P =.018).

3.5. HAPPY versus FEAR stimuli inside both groups

We also compared waves in response to HAPPY versus FEAR stimuli per groups
(HAPPY versus FEAR in CONTROLS; HAPPY versus FEAR in MDMA). ANOVAs
2 x 2 x 2 with group as between factor (MDMA versus CONTROLS), lateralization
(LEFT versus RIGHT) and emotion (HAPPY versus FEAR) as within factors were
performed. Results suggest:

e On amplitudes:

o Anemotion X lateralization effect (mean FEAR left: 6.20; FEAR right: 5.50; HAPPY

left: 5.29; HAPPY right: 5.59) (F} 6 = 6404; P = .018) for the P3b component.
e On latencies:

o An emotion effect for FEAR (mean: 237 ms) versus HAPPY (mean: 251)
(F125=4572; P =.042) for the N200 component: however, paired Student’s z-tests
revealed that this difference was significant in normal controls (FEAR: 226 ms;
HAPPY: 252 ms; t(13 a.,) = 3.25; P = .006) but not for MDMA users (FEAR: 248 ms;
HAPPY: 250 ms; [(]3 df) = 02, NS)

o An emotion effect for FEAR (mean: 438) versus HAPPINESS (466) (F 56 = 14,107;
P =.001) for the P3b component in both groups (normal: FEAR: 414 ms; HAPPY:
453 ms; MDMA: FEAR: 460 ms; HAPPY: 484 ms).

o An emotion X lateralization effect (mean FEAR left: 434; FEAR right: 442; HAPPY
left: 470; HAPPY right: 463) (F; 26 = 6350; P =.018) for the P3b component.

o A main effect of group: MDMA users show delayed latencies as compared to
CONTROLS (mean latencies for MDMA: 471 and for CONTROLS: 433)
(F126=6391; P =.018) for the P3b component.

3.6. Dipole analysis

As suggested above, converging evidence indicates that a network of brain regions
responds to stimuli that are contextually novel, such as N2 and P3 components generated
by oddball designs. This network includes areas in the prefrontal cortex, cingulate gyrus,
medial temporal cortex and the hippocampus (e.g. Ranganath and Rainer, 2003; Horn et al.,
2003). In the present study, we performed a dipole analysis by using ASA 3.0 (ANT
Software) in order to investigate the neural generators evoking N2/P3a and P3b
components (on grand-averages waveforms). As can be seen in Table 4, an interesting
dipole fit solution was defined for the N2/P3a complex, generated in normal controls, by 3
fixed dipoles including the anterior (BA 32) and the ventral (BA 25) cingulate gyrus. The
cingulate gyrus is well known to be involved in attention and emotional processing (Lane
et al., 1997), as it shows, for instance, a significant decrease in depression (suggesting a
fundamental role in the regulation of mood; see Bench et al., 1993), and its lesion provokes
akinetic mutism, a condition associated with blunting of emotional experience (Damasio
and Van Hoesen, 1983). Concerning the P3b component, it is suggested that the best dipole
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Table 4
Synthesis of the dipole analysis in MDMA and CONTROL groups for the oddball components (N2/P3a, P3b) by
using a three-layer spherical head model for each individual subjects

X y z Best fit Mean GOF (%)
latency (ms) magnitude (nAm)

Control subjects BA 32 50 0 16

N2/P3a BA 25 right 10 8 —8 253 870" 80"
BA 25 left 10 -8 -8

MDMA users BA 32 50 0 16

N2/P3a BA 25 right 10 8 -8 254 538 73
BA 25 left 10 -8 -8

Control subjects BA 9 right 21 43 39

P3b BA 9 left 21 43 39 468 5056" 83"
SMA right 8 4 56
SMA left 8 -4 56

MDMA users BA 9 right 21 43 39

P3b BA 9 left 21 —43 39 452 4061 74
SMA right 8 4 56
SMA left 8 -4 56

Threshold of significance for data with " significant at P < .05, with ™ significant at P =.005 and with ="
significant at P = .007.

solution is represented by two pairs of dipoles situated in the supplementar motor area
(SMA) and the prefrontal cortex (BA 9): this is in perfect agreement with the fact that this
P3b component is generally referred to several psychological concomitants, such as
decision-making and premotor response preparation (Halgren et al., 1994).

However, it was shown that when these dipolar configurations are used in MDMA
abusers, they present: (1) a lesser efficiency to account for N2/P3a complex (the explained
residual variance is worse than for normal controls: #(;3 4, = 3.425; P = .005); (2) a lower
activity to generate N2/P3a component in the anterior and the right ventral cingulate cortex
(ta3 ar)=2.314; P=.038); and (3) identical results for the P3b component (explained
variance: t13 q¢) = 3.617; P =.007; magnitude: t(13 g1, =2.549; P =.024).

3.7. Summary of results

At the behavioral level, it is shown that fear is detected faster than happiness in both
groups of subjects. However, CONTROLS are globally faster than MDMA users to detect
rare stimuli, and high-MDMA users (consumption of more than 100 pills) implied longer
response latencies than low ones.

The ERP data suggest that, on classical waves, only MDMA N170 amplitudes are
reduced as compared to CONTROLS. Moreover, when oddball components are
considered: (1) the N200 component, which is involved in attention orienting associated
to the detection of stimulus novelty (e.g. Campanella et al., 2002), shows in both groups a
higher amplitude when fearful expressions are detected; however, it also suggests shorter
latencies for fearful rare stimuli but only for normal controls; (2) the P3b component which
reflects later conscious, decisional and premotor response-related stages (e.g. Bentin et al.,
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Fig. 3. Comparison of HAPPY and FEAR rare stimuli (Oz, Pz, Fz). In normal controls, a delay could be observed
as for the N2 than for the P3b component. This delay was restricted to the P3b in MDMA users.

1999), is altered in MDMA abusers patients as compared with normal controls, as delayed
latencies for the detection of rare stimuli are observed (see Fig. 3 for illustration).

Finally, a dipole analysis was performed in order to define the generators involved in
N2/P3a complex and P3b component. An interesting dipole fit solution was defined for the
N2/P3a complex by dipoles situated in the cingulate gyrus, whereas these dipoles were
situated in the SMA and the prefrontal cortex for the P3b component. However, it was
shown that these same dipole solutions were less efficient (worse explained variance) and
presented a lower magnitude when MDMA abusers were considered.

4. Discussion

Recreational drugs are generally consumed because of their psychotropic effects, but
many of them also have systemic effects as well as adverse effects on the central and
peripheral nervous system. Indeed, MDMA use may result in such systemic effects as
cardiac dysrythmias, disseminated intravascular coagulation, hyperthermia, acute renal
failure and hepatic abnormalities (Neiman et al., 2000). Moreover, MDMA possesses both
central nervous system stimulant effects and hallucinogenic properties, the serotonergic
effects being more prominent than the dopamine-releasing effects (Steele et al., 1994). The
fact that these neurochemical properties automatically lead MDMA users to present
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cognitive deficits is still matter of debate. In the present study, MDMA users and paired
healthy non-abusers were confronted during an ERP recording to a visual oddball task.

As facial expressions were used in the present experiment, a first step consists in
investigating whether conventional ERP components evoked by faces could be observed
(see for instance, Jeffreys, 1989; Bentin et al., 1996; Rossion et al., 1999; Campanella et al.,
2000). Complexes as P100/N100, N170 synchronized with the VPP were then clearly
identified in response to our facial stimuli. Moreover, as we used an oddball design, we can
observe that the traditional ERP waves obtained by subtracting FREQUENT stimuli from
RARE ones, i.e. the N2/P3a complex and the P3b (see for instance, Campanella et al.,
2002), are also observable in both groups of our study.

Results suggest that CONTROLS as well as MDMA users showed faster responses to
fearful faces expressions as compared to happy ones; however, MDMA are globally slower
than CONTROLS to detect rare stimuli (mean of HAPPY and FEAR stimuli).

This was neurophysiologically indexed as follows: on the one hand, we observed—in
normal controls—a posterior N2 component, reflecting the degree of voluntary attention
related to visual information-processing during a target detection task (Campanella et al.,
2002; Halgren et al., 1994). The N2 was both enhanced in amplitude and of shorter latency
for fearful stimuli. As facial muscles are differently involved in the production of happy
and fearful expressions (Ekman and Friesen, 1976), it could be that the physical differences
between neutral and fearful faces are more important than physical differences between
neutral and happy ones. This could lead subjects to detect more quickly the physical
differences related to the fearful facial expression, providing support for a critical role of
this fear system in fast adaptive behavior to threats (Whalen et al., 1998). A principal role is
suggested for amygdale, which could play some role in tuning the visual system to become
more sensitive to threat cues by means of efferent projections to primary sensory areas
(Campanella et al., 2002; Davidson and Irwing, 1999; Ledoux, 1995). The greater
attentional resources devoted to fearful faces can be considered as adaptive, as it is
important to correctly identify fear in order to understand what is at stake and how to cope
with it.

On the other hand, we also obtained a parietal P3b component, which was functionally
related to several psychological concomitants (such as decision-making, premotor
response preparation, context updating). This component showed greater amplitude and
an earlier peak latency for fearful faces than for happy ones, indicating a complete
consistency between behavioral and neurophysiological data. Indeed, a behavioral delay
was obtained for response latencies, suggesting that fearful stimuli were detected faster
than happy ones.

The situation is thus quite clear for normal controls, and it has already been described as
such in the literature (see for instance, Campanella et al., 2004): due to higher physical

2 The N2/P3a complex is generally described as representing an “attentional orienting complex” (Halgren
etal., 1994; Campanella et al., 2002). More precisely, the N2 component generally refers to the switch of attention
needed to take a new information into account (e.g., Campanella et al., 2002), whereas the P3a component is more
sensitive to the degree of novelty of the new information (e.g., Suwazano et al., 2000). In the present study, all rare
stimuli have the same probability of occurrence, sharing then the same level of “‘novelty” among the train of
standard stimuli. As a consequence, we do not wait for P3a modulations, and this explains why only N2 results
will be reported in the present study.
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differences, fear stimuli are detected faster than happy ones, and ERP correlates of this
behavioral effect are defined by a delay in the P3b component (reflecting the response-
related stage), that originated in the greater attentional resources (reflected by a N2 of
shorter latency onset) devoted to fearful faces.’

However, the situation is quite different when MDMA users were considered. First, it
was shown that MDMA users implied longer latencies than normal controls to detect rare
stimuli. This was neurophysiologically indexed by a delayed P3b component (mean
latencies for MDMA: 471 ms and for CONTROLS: 433 ms). Second, even if fearful
stimuli were detected faster than happy ones in both groups, it is suggested in the
present study that this effect did not originate at the attentional level in MDMA users.
Indeed, statistical results showed that there was no latency effect on the N2 component
when happy and fearful faces are compared in MDMA group (FEAR: 248 ms;
HAPPY: 250 ms), but only an effect on the P3b component (FEAR: 460 ms; HAPPY:
484 ms).

In other words, the present data suggest that, in normal controls, the behavioral effect
that consists in detecting more precociously fearful faces than happy ones originates at
the attentional level of the information-processing system (delayed N2 extending to
delayed P3b), whereas it was postponed to the decisional level in MDMA users (only
delayed P3b). We suggest that this difference found its origin in MDMA neurotoxic effect
leading to serotonin exhaustion (Audenaert, 2003), and that this neurotoxicity particularly
affects attentional processes. Indeed: (1) MDMA induced a decrease in serotonergic
activities (e.g., Buchert et al., 2001); (2) the attentional N2 component is generated by a
distributed neural network including the cingulate gyrus, and it could be modulated by
serotonergic influences (Hansenne and Ansseau, 1999); and (3) if we consider the dipole
analysis performed in the present study, we can observe that, in normal controls, dipoles
situated in the cingulate gyrus explained a great part of the residual variance of the N2/
P3a component, whereas, in MDMA users, these same dipoles present a lesser magnitude
and a worse explained variance. As a consequence, we put forward the hypothesis that the
consumption of MDMA has produced serious neurotoxic effects by affecting serotonergic
activities, and that this deficit causes attentional deficits in MDMA users (neurophy-
siologically indexed by the absence of effect on the N2 component). This seems to us
particularly important, as previous studies investigating the effect of MDMA
consumption on cognition have been mainly focused on impairments for different
kinds of memory, central executive functions, reasoning and semantic recognition
(Montoya et al., 2002 for review). In the present study, it was suggested by means of
ERPs that the cognitive deficits due to MDMA abuse could be due to an earlier deficit
situated at the attentional level of the information-processing system. Note that this
attentional interpretation could also account for the fact that normal controls are faster to
detect deviant stimuli than MDMA users. This was in perfect agreement with a recent
study of McCardle et al. (2004), showing, at a behavioral level, that MDMA users are

3 Please note that we also obtained an emotion X lateralization interaction in amplitudes and latencies for the
P3b component. This interaction suggests that the P3b component is left-lateralized for the FEAR stimuli, but not
for the HAPPY ones. This result is in perfect agreement with neuroimaging studies showing that fearful facial
expressions generated higher left amygdala activities than happy ones (e.g., Morris et al., 1996, 1998).
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more easily distracted and are less efficient at focusing attention on complex tasks. The
present study gives, at our knowledge, the first neurophysiological account for this
phenomenon.

Nevertheless, we are aware that these results should be considered as preliminary, and
that several points should be verified in further studies. First, the attentional deficit we
evidenced in this study has been obtained by means of emotional facial expressions. We
showed that, when confronted to an identical amount of physical differences (neutral
versus fear), MDMA users show delayed attentional resources as compared to normal
controls. Moreover, we showed that the N170, a bilateral occipito-temporal negativity,
functionally related to the configural processing of the face (e.g., Bentin et al., 1996;
Campanella et al., 2002b), has a lower amplitude in MDMA users. Then, it would be useful
in future researches to delineate whether the deficit observed here in MDMA users—that
could be defined as a deficit in the detection of physical differences—was specific to the
emotional modality, and if it referred to a more general “‘face processing” impairment.
Second, in the present study, we were confronted with MDMA abusers who are still
consuming (N = 6) and to others who have stopped (from 1 to 11 months). As it has been
suggested that neuronal recovery seems to occur over several months in rats but seems to be
only partial in monkeys and primates (Ricaurte et al., 2000), it would be interesting to
investigate the reversibility of the cognitive impairments due to MDMA consumption as
well as the time course of this potential recovery. We should also note that in our MDMA
sample we had a great variance in the amount of MDMA consumption (from 13 to 350
pills). Then, it would also be relevant to study the relative influence of high- versus low-
doses consumption on cognitive processes, keeping in mind that the frequency of use may
also have a differential effect (it may be different to consume 10 pills in 1 year or 10 pills in
one month). Third, it has been shown that women presented an increased susceptibility to
the 5-HT-releasing effects of MDMA, so that equal doses of MDMA per kilogram body
weight produced stronger responses in women compared to men (Liechti et al., 2001). With
this in mind, the issue of gender was dealt by including only males in our study (as in
Semple et al., 1999). However, as outlined by Kish (2002), it would be interesting to
investigate whether gender differences could be evidenced when male and female MDMA
abusers are confronted to cognitive tasks. Fourth, empirical evidence have been gathered
showing that ecstasy polydrug users present different cognitive deficits from ““specific”
ecstasy users (e.g., Fox et al., 2002). This implies that future studies may use multiple
control groups in order to define the specific cognitive deficits induced by the consumption
of a specific drug.

To conclude, progress in preventing and treating drug misuse and addiction requires a
fuller understanding of the significance of cognitive dysfunction in the onset and
maintenance of drug-seeking behavior (Rogers and Robbins, 2001). An important step for
this purpose is to provide convincing links between cognitive deficits and underlying
changes in brain physiology. Current empirical data seem to show that substance abuse is
likely to involve changes within multiple levels of the neurocognitive system. By using
ERPs, the present study furnishes preliminary data suggesting that the use of MDMA could
lead to attentional deficits, which may suspect more severe cognitive alterations. As
suggested above, further studies are needed to improve the understanding of deleterious
MDMA effect on human cognition.
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