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3,4-Methylenedioxymethamphetamine (MDMA), the main psychoactive component of the recreational drug ecstasy, is a potent
serotonin (5-HT) releaser. In animals, MDMA induces 5-HT depletion and toxicity in 5-HT neurons. The aim of this study was to
investigate both presynaptic (5-HT transporter, SERT) and postsynaptic (5-HT,a receptor) markers of 5-HT transmission in recently
abstinent chronic MDMA users compared with matched healthy controls. We hypothesized that MDMA use is associated with lower
SERT density and concomitant upregulation of 5-HT,a receptors. Positron emission tomography studies using the SERT ligand
[''CJDASB and the 5-HT receptor ligand [''CJMDL 100907 were evaluated in 13 current and recently detoxified MDMA users and
I3 matched healthy controls. MDMA users reported a mean duration of ecstasy use of 8 years, regular exposure, and at least 2 weeks of
abstinence before the scans. SERT and 5-HT,4 receptor availability (binding potential, BPnp) were analyzed with a two-tissue
compartment model with arterial input function. Current recreational MDMA use was significantly associated with lower SERT BPyp and
higher 5-HT; receptor BPyp in cortical, but not subcortical regions. Decreased SERT BPyp was regionally associated with upregulated
5-HT,a receptor BPyp. In light of the animal literature, the most parsimonious interpretation is that repeated exposure to MDMA in
humans, even in moderate amounts, leads to damage in 5-HT neuron terminals innervating the cortex. Alterations in mood, cognition,
and impulse control associated with these changes might contribute to sustain MDMA use. The reversibility of these changes upon

abstinence remains to be firmly established.

INTRODUCTION

The psychoactive component of the popular recreational
drug ‘ecstasy’ is 3,4-methylenedioxymethamphetamine
(MDMA). MDMA is used for its distinct positive social
and emotional effects (Cohen, 1995). MDMA exerts its
effects mainly through direct interaction with the serotonin
(5-HT) system, by stimulating 5-HT efflux through binding
to and reversal of the 5-HT reuptake transporter (SERT),
resulting in increase in synaptic 5-HT levels. In animals,
repeated exposure to MDMA is associated with damage to
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5-HT neurons at doses overlapping those used by humans
(Ricaurte et al, 1985; Schmidt et al, 1986). Decreased density
of SERT, exclusively expressed in 5-HT neurons, has been
validated as a biomarker of MDMA neurotoxicity in animals
(Insel et al, 1989; Ricaurte et al, 1988; Scheffel et al, 1998).
These animal studies raise the serious concern that
recreational use of MDMA in humans may result in transient
or permanent damage to the 5-HT system, leading to increased
vulnerability to mood, anxiety, and impulse control disorders
(de Win et al, 2006; Quednow et al, 2007). As the neurotoxic
effects of MDMA translate into reduced SERT density, measure-
ment of brain SERT levels in human MDMA users provides an
indicator of this presumed toxicity. The ability to image SERT
in living humans using the nuclear medicine techniques of
single photon emission computed tomography (SPECT) and
positron emission tomography (PET) has been slow and
difficult to develop, but progress over the last decade has
delivered the tools required to address this important issue.
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The first imaging agent detecting SERT in the living
brain was the SPECT tracer ['*’I]f-CIT (Laruelle et al,
1993). Robust visualization of SERT by ['*1]B-CIT is
limited to the midbrain, due to its lack of selectivity
(Laruelle et al, 1993). Studies with ['**I]5-CIT in MDMA
users showed inconsistent results (Reneman et al, 2001;
Semple et al, 1999). The second imaging agent amenable to
visualization of SERT in the living human brain was the PET
tracer [''C]McN 5652 (Szabo et al, 1995). The first study
performed with this ligand reported a major and global
decrease in SERT density in MDMA users compared with
controls (McCann et al, 1998), a finding that was broadly
disseminated in public education campaigns. Subsequent
studies performed with [''C]McN 5652 by the same US
group (McCann et al, 2005), and studies performed in
Germany (Buchert et al, 2003; Thomasius et al, 2006) were
unable to replicate this dramatic finding, but showed
moderately lower SERT binding in some but not all
subcortical regions. The limitations of ["'C]McN5652 as a
SERT imaging agent might account for these discrepancies
(Parsey et al, 2000).

More recently, the PET tracer [''C]DASB was developed
as a superior agent for SERT imaging (Houle et al,
2000), with significantly improved imaging qualities over
[''C]McN 5652 (Frankle et al, 2004). Studies of current
MDMA users performed with [''C]DASB in Baltimore
(McCann et al, 2005, 2008), Toronto (Kish et al, 2010),
and Copenhagen (Erritzoe et al, 2011) did not replicate the
original [''C]McN 5652 finding of a large reduction in SERT
density throughout the brain (Szabo et al, 1995), and only
one study detected SERT abnormalities in subcortical areas
(Erritzoe et al, 2011). However, these [''C]DASB studies
consistently showed lower SERT densities in cortical areas.
The first aim of the present study was to further document
these findings in an independent cohort of current MDMA
recreational users.

Sustained damage to 5-HT terminals might also translate
into alterations of 5-HT postsynaptic markers. Under
certain conditions, chronic 5-HT depletion is associated
with upregulation of 5-HT,, receptors (Cahir et al,
2007; Heal et al, 1985). A SPECT study performed with
[12°1]R93274 suggested decreased and increased 5-HT,4
receptors in current and former MDMA users, respectively
(Reneman et al, 2002). A more recent study performed
with the PET 5-HT,, radiotracer ['®F]altanserin in recently
detoxified MDMA users detected no changes in 5-HT,4
receptors (Erritzoe et al, 2011). These divergent results
might stem from technical limitations of the SPECT
tracer ['*’1]JR93274 (Abi-Dargham et al, 1997). The second
aim of the present study was to characterize 5-HT,4
receptor availability in MDMA users using [''CJMDL
100907, a PET ligand that provides both high selectivity
toward 5-HT,, receptors and high signal-to-noise ratio
(Lundkvist et al, 1996a).

A group of adult, chronic, and current MDMA recrea-
tional users, devoid of psychiatric conditions and a group
of matched healthy controls, underwent a 2-week
period of monitored abstinence before scans with
[''CIDASB and [''C]MDL 100907. We hypothesized that,
compared with control subjects, MDMA users would
display lower [''C]DASB and higher [''C]MDL 100907
binding.
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SUBJECTS AND METHODS

All procedures were approved by the Institutional Review
Board at the New York State Psychiatric Institute. Informed
consent was obtained for all subjects after a complete
description of study procedures.

MDMA using subjects were required to have used ecstasy
at least 15 times during their lifetime and to have used
MDMA regularly during at least 12 months before enroll-
ment. Occasional recreational use of substances other than
MDMA was permitted. Subjects remained abstinent from all
drugs for 2 weeks before PET scanning. MDMA use was
ascertained by subject report, evaluated by the Psychiatric
Research Interview for Substance and Mental Disorders
(PRISM) (Hasin et al, 1996) and/or Structured Clinical
Interview for DSM-IV Disorders (SCID) (First et al, 1996).
Exclusion criteria included any other lifetime axis I disorder
as assessed with the PRISM and/or SCID, including present
substance abuse or dependence, other than alcohol or
nicotine abuse or dependence, or cannabis past abuse;
pregnancy or lactation, medical conditions, and presence
of metallic objects in the body precluding MRI scan.
Abstinence from all drugs for at least 2 weeks before PET
scanning was required and monitored with twice weekly
urine toxicology and confirmed again on the day of the PET
scan. The use of MDMA during the previous 3 months was
confirmed by hair analysis.

Healthy control subjects were matched by age, ethnicity,
and gender. Inclusion/exclusion criteria were the same as for
MDMA subjects, except no DSM-IV Axis I diagnoses were
allowed, including any substance abuse or dependence.

[''CIMDL 100907 and [''C]DASB were prepared as
previously described (Lundkvist et al, 1996b; Wilson et al,
2000). Both PET scans with ["'C]MDL 100907 and
[''CIDASB were acquired on the same day whenever
possible, in order to avoid a second catheter placement.
A polyurethane head immobilization system was used
(Soule Medical, Tampa, FL) to reduce head motion during
scanning. For both compounds, the maximal injected
dose was 20 mCi. PET imaging was performed on the ECAT
EXACT HR + (Siemens Medical Systems, Knoxville, TN).
Following completion of a transmission scan (10 min),
the radiotracer was administered as an i.v. bolus over 45s.
Emission data were collected in the 3D mode for 90 and
100 min for [''C]MDL 100907 and [''C]DASB, respectively.
Arterial input function was measured as previously
described (Abi-Dargham et al, 2000). MRI scans for all
subjects were acquired on a GE 1.5T Signa Advantage
system (GE Healthcare, Milwaukee, WI).

Images were reconstructed by filtered-backprojection to
a 128 x 128 x 63 matrix (voxel size of 1.7 x 1.7 X 2.4 mm°)
with attenuation correction using the transmission data
and a Shepp 0.5 filter. Images were then processed with
the image analysis software MEDx (Medical Numerics,
Germantown, MD). All frames were realigned to a frame of
reference, using the realignment tool in the SPM2 software
package and were co-registered to the individual MRIs by
maximization of mutual information.

The primary analysis of this study was a region of interest
(ROI)-based analysis. ROI boundaries were drawn on each
individual MR image according to previously described
criteria (Abi-Dargham et al, 2000). ROI time activity curves



were analyzed using a two-tissue compartment model
(2TCM) with arterial input function. The total regional
distribution volume (Vr, ml/cm?), defined as the ratio of the
total tracer concentration in the region to the metabolite
corrected plasma concentration at equilibrium, was derived
from the rate constants. Binding potential (BPyp) was
estimated in each ROI according to:

BPxp = Vr(ROI)/Vp(cerebellum) — 1

BPyp is equivalent to fypBumax/Kp where Byax (nM) is the
concentration of sites available for binding, Kp (nM) is the
equilibrium dissociation constant of the radiotracer for
the sites, and fyp is the free fraction in the nondisplaceable
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compartment. Analyses were performed on the Matlab
programming platform (Mathworks, Natick, MA). ROI time
activity curves were also analyzed using a simplified region
of reference model (SRTM) a method that does not use the
arterial input function (Gunn et al, 1997).

Results from the ROI analyses were confirmed and
illustrated with a voxel-wise analysis. Individual BPyp maps
were generated for each subject and were nonlinearly
transformed into a common template space, by fitting each
voxel to a one-tissue compartment (1TC) analysis. Indivi-
dual BPyp maps were normalized to a T1-weighted, single
subject MRI template. Data were smoothed with a 12-mm
FWHM Gaussian kernel. Group means were compared
using a two-group t statistic.

Table I Group Demographics, Scan Parameters, and Binding Potentials

[''CIDASB study

[''CIMDL 100907 study

Parameter
MDMA users Controls p-value MDMA users Controls p-value
N I3 13 — — I3 —
Age (years) 308+38 273+75 0.15 — 311 £ 101 092
Gender 8M/5F 8M/5F — — 9M/4F
Ethnicity 2AABC/IH/ I AS/ I Mixed IAA/BC/2H/ 1 AS/ | Mixed — — | AA/9C/IH/ 1 AS/ I Mixed
Injected activity (mCi) [3.1£0.7 124+ 19 024 98144 2.1 £50 0.23
Specific activity (Ci/mmol) 795392 706 £251 0.50 1169 607 1221 £711 0.84
Injected mass (ug) 59+28 56%20 0.77 33105 43%23 0.14
Clearance (I/h) 168 £ 56 159 + 54 0.69 20361 177 +34 0.19
fp (%) 0.09 £0.02 0.10+0.02 0.64 0.31+£0.05 0.31+0.07 0.74
Cerebellar V¢ (ml/g) 9.7+23 0.1 £2.5 0.63 192+£53 204+ 2.1 0.46
Region of interest [''C]IDASB BPND [''CIMDL 100907 BPND
NeoCortex
Dorsolateral prefrontal cortex 0.01 £0.06 0.06 £0.09 0.16 248 +£0.47 2.13£033 0.04
Medial prefrontal cortex 0.07 £0.05 0.13+£0.08 0.04 253+046 247+0.39 0.74
Orbitrofrontal cortex 0.00 £0.07 0.03+0.08 032 226+056 1.98£0.31 0.13
Temporal cortex 0.07 £0.09 0.15+0.09 0.04 243+0.50 221£033 0.19
Medial temporal lobe 0.36+0.18 043%0.11 0.24 0.68+0.19 0.630.11 0.37
Parietal cortex 0.00 +0.05 0.04+0.07 0.09 2.38+0.49 200+0.38 0.03
Occipital cortex —0.01 £0.08 0.10£0.11 0.01 2341044 207+03lI 0.08
Limbic
Anterior cingulate 024£0.11 030£0.10 0.13 242+040 225+0.34 0.25
Insula 046£0.17 052+0.14 0.34 2.19+£045 1.96+024 0.11
Amygdala 099 +0.34 .06 +0.18 0.51 0.67 £0.22 0.68+0.16 0.87
Entorhinal cortex 0.34+0.23 045%0.14 0.14 0.95+0.30 1.05+0.35 0.42
Hippocampus 0.31+0.15 0.32+0.09 097 0.38+£0.08 0.33+0.09 0.16
Uncus 056024 065+0.15 027 1.05+047 097+0.28 0.69
Subcortical
Caudate 0.77%0.18 077£0.15 099 0.10£0.12 0.05%0.10 0.26
Putamen 121 £033 [L19£0.16 0.86 0.12+£0.09 0.07£0.10 0.24
Thalamus 094+0.22 099+0.15 0.53 0.10+0.06 0.09 £0.08 0.70
Midbrain 1.97+£0.56 195+0.39 092 —0.02 £0.09 —0.08£0.07 0.10

fp refers to the plasma-free fraction; Vi is the total regional distribution volume of the reference region.

While n= 13 healthy controls were matched to the ecstasy group for each tracer, only eight of them were scanned with both tracers, five in each control group were

different between tracers.

Bold values indicate statistically significant between group difference.
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Group means are presented as averaget SD. A linear
mixed model across all regions, all cortical regions, and all
subcortical subregions, respectively, with regional BPyp as
the dependent variable and ROI as repeated measure, was
performed to test for a global effect of MDMA use on BPyp.
A two-tailed probability value of 0.05 was selected as the
significance level. Pairwise comparisons of marginal group
means were also examined at the ROI level. Relationships
between clinical parameters and BPyp were analyzed using
Pearson correlation coefficients. Parameters analyzed were
number of lifetime sessions, total duration of use, frequency
of use, and length of abstinence before the scan.

RESULTS

Fourteen MDMA users were recruited into this study.
One subject was excluded after the scans, due to a technical
problem during the [''CIMDL 100907 scan. Thus,
13 MDMA users were included in the final analysis. A total
of 18 healthy controls were scanned, out of which 8
underwent both [''C]DASB and [''C]MDL 100907 scans.
Five subjects underwent only the [''C]DASB or [''C]MDL
100907 scan.

MDMA users were young adults of both genders and
predominantly Caucasians (Table 1) and showed a range of
severity and duration of ecstasy use. Total lifetime sessions
of MDMA use was moderate (10-99) to severe (>100)
(Parrott et al, 2002), with a mean of 142, median of 50, and
range of 15-1050 sessions. Total duration of use was 93
months (mean), with median of 84 and range of 4-216
months. Frequency of use was 1.9 sessions per month
(mean), with median of 0.8 and range of 0.3-6.3 sessions
per month. Abstinence period before the PET scans was
5.7 weeks (mean), with median of 8 and range of 2-8 weeks.

Among MDMA users, six were nicotine smokers and
seven were nonsmokers (among the controls, only one was
a smoker). All MDMA subjects were using alcohol regularly
and two met criteria for alcohol dependence or abuse, res-
pectively. Most MDMA subjects (10/13) had used cannabis
regularly. Five out of 13 MDMA subjects had > 10 lifetime
exposures to hallucinogens (lysergic acid diethylamide,
mushrooms, psilocybin, and mescaline). MDMA subjects
with > 10 lifetime exposures to other illegal drugs included
cocaine, n=1; ketamine, n=1; amphetamine, n=3; and
opiates, n=1. All subjects had negative urine toxicologies
for any substance of abuse on the day of the PET scan.

There were no significant group differences in demo-
graphic or scan variables (Table 1). As expected from the
regional distribution of SERT in the human brain (Laruelle
et al, 1988), [''C]DASB specific binding was high in
subcortical regions and very low in cortical regions
(Figure 1).

MDMA users exhibited lower ['!C]DASB BPyp compared
with healthy control subjects when all regions were analyzed
together (F=27.07, p<0.001), when all cortical regions
were analyzed (F=25.65, p<0.001), but not when sub-
cortical regions were analyzed (F=1.99, p=0.16). In each
case, the region by diagnosis interaction was not siﬁniﬁcant.

When individual regions were examined, ["'C]DASB
BPyp was significantly lower in MDMA users compared
with healthy control subjects in medial prefrontal cortex,
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Figure I Parametric map of BPyp of the serotonin transporter ligand
[''C)DASB (top) and the 5-HT receptor [''CJMDL 100907 (bottom)
computed for |3 MDMA users (XTC, right column) and |3 healthy control
subjects (HC, middle column). Individual BPyp maps were generated for
each subject and were nonlinearly transformed into a common template
space. The co-registered structural MRIs with lines indicating the planes of
view (coronal and transverse) on the left are the average from four
subjects. Displayed are the regions of highest ligand binding. Regions of high
[''C]DASB binding are subcortical (striatum, thalamus, midbrain), while to
signal is very faint in cortical regions. The reverse is true for [''CJMDL
100907. [''CJMDL 100907 binding is higher in cortical regions, and
[''CJMDL 100907 specific binding is barely detectable in subcortical
regions.

occipital cortex, and temporal cortex (Table 1; Figure 2),
though none of the pairwise regional comparisons survive
correction for multiple comparisons. SERT-specific binding
could not be detected in several cortical regions in MDMA
users (Table 1). Similar results were obtained using SRTM
as the analytical method. Results from the ROI analysis were
confirmed and illustrated by the SPM analysis (Figure 3).

There were no correlations between availability of SERT
and any clinical parameters (including duration of absti-
nence) that reached statistical significance. [''C]DASB BPyp,
in DLPFC and parietal cortex showed a trend to negative
correlation with lifetime total uses of MDMA (r= —0.46,
p=0.12 and r=—0.46, p=0.11). Duration of MDMA use
was negatively related to [''C]DASB BPyp in occipital
(r=-0.47, p=0.12) and parietal cortex (r=-—0.44,
p=0.14). None of these correlations were significant.

Also for [''CIMDL 100907, there were no significant
group differences in demographic or scan variables (Table 1).
As expected from the known distribution of 5-HT,, receptors
in the human brain (Laruelle and Maloteaux, 1989), [**C]MDL
100907 specific binding was high in cortical regions and
very low in subcortical regions (Figure 1).

MDMA users exhibited higher [''C]MDL 100907 BPyp
compared with healthy control subjects when all regions
were analyzed together (F=12.73, p<0.001), when all
cortical regions were analyzed (F=14.55, p<0.001), and
when only subcortical regions were analyzed (F=7.38,
p=0.007). There was no significant region by diagnosis
interaction. [''C]JMDL 100907 BPyp was significantly
higher in MDMA users compared with healthy control
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Figure 2 Scattergrams of [''CJDASB (two top rows) and [''CJMDL 100907 (lower row) BPyp values in MDMA users and control subjects in selected
cortical regions: medial temporal lobe (MTL), medial frontal cortex (MFC), temporal cortex (TEMP), occipital cortex (OCC), dorsolateral prefrontal cortex

(DLPFC), and parietal cortex (PAR).

subjects in dorsolateral prefrontal cortex and parietal
cortex, although these did not survive correction for
multiple comparisons (Table 1; Figure 2). Similar results
were obtained using SRTM as the analytical method. Results
from the ROI analysis were confirmed and illustrated by the
SPM analysis (Figure 3).

No correlations were observed between availability of
5-HT,s receptor and any of the clinical parameters of
ecstasy use history, including duration of abstinence.
Among cortical regions, a trend to correlation was observed
between the magnitude of difference in ['C]MDL 100907
binding between groups (higher for ecstasy users) and the
difference in [''C]DASB binding (lower for ecstasy users;
r* =0.54, p=0.057; Figure 4). The two medial regions
(medial temporal lobe and medial prefrontal cortex) were
the least affected on both parameters.

DISCUSSION

This study confirmed the results of recently published
[''C]DASB studies (Erritzoe et al, 2011; Kish et al, 2010;
McCann et al, 2005, 2008), reporting that MDMA use is
associated with significantly lower cortical SERT availability
following a short period of abstinence. This study also
revealed that postsynaptic 5-HT,, receptors were upregu-
lated in the regions where SERT was lower, an observation
that might capture a compensatory upregulation of these
receptors secondary to a state of 5-HT depletion.

The strengths of this study include the use of the
most selective radiotracers currentl?r available for SERT
([''C]DASB) and 5-HT,, receptors ([''CIMDL 100907), and
a fully quantitative approach to BPyp derivation that
included measurement of arterial input function. While

Neuropsychopharmacology
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/._\[”c] DASB BP: XTC < HC

Figure 3 Voxel-wise group mean comparisons of [''C] MDL 100907
and [''CJDASB BP\p between MDMA (XTC) and HC subjects. Each
subject's PET data were analyzed using a ITC model for both ligands.
Individual BPnp maps were normalized to a Tl-weighted, single subject
MRI template. Data were smoothed with a 12-mm FWHM Gaussian
kernel. Group means were compared using a two-group t statistic. There
were widespread clusters of voxels in cortical regions reaching trend level
difference for XTC < HC with [''C]JDASB BPyp (top: occipital, parietal,
and prefrontal cortices, p =0.08, FDR corrected) and for XTC > HC with
[''C] MDL 100907 BPyp (bottom: parletal and dorsolateral prefrontal
cortex, p =0.06, FDR corrected) that, in general coincided with the ROI
analysis results. The display threshold was set at p< 0.01. The vertical line
in each view shows the slice level of the other view for that ligand. The
color scale represents the values of the t statistic.

BPyp can be derived without an arterial input function, the
use of this outcome measure to assess between group dif-
ferences implies the assumption that the nonspecific binding
does not differ between the groups. In this study, this
assumption was verified (no between group differences were
observed in cerebellar V3 Table 1), which validates the use of
BPyp as an outcome measure for between group comparison.

The weaknesses of this study include the relatively low
number of subjects and the fact that MDMA users also used
other drugs, mainly alcohol and cannabis. Previous work
established that alcohol abuse or dependence per se is not
associated with alterations of 5-HT parameters measured
in vivo (Erritzoe et al, 2009, 2010; Martinez et al, 2009). To
our knowledge, no studies have yet demonstrated the
integrity of these 5-HT parameters in cannabis users.
Subjects included in this study also occasionally used other
drugs. To find subjects with a decade of exposure to MDMA
and no exposure to alcohol, cannabis, or other drugs is
extremely difficult. To control for the use of other drugs,
some studies of SERT availability have included a control
group of polysubstance users with no exposure to MDMA,
and failed to report alterations of SERT in this group
(Buchert et al, 2003; Selvaraj et al, 2009). Some studies have
demonstrated lower SERT binding in users of methamphet-
amine (Kish et al, 2009; Sekine et al, 2006). Thus, the
possibility that other drugs might have contributed to the
alterations of the 5-HT parameters observed in the MDMA
users cannot be strictly ruled out, but is unlikely given the
small number of subjects with a history of methamphet-
amine use in this sample (n=3).

Neuropsychopharmacology
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Figure 4 Association between the percent difference in group means
for the two ligands in the seven cortical regions (DLPFC, dorsolateral
prefrontal cortex; MPFC, medial prefrontal cortex; OFC, orbiotfrontal
cortex; occipital cortex, parietal cortex, temporal Ctx, MTL, medial
temporal lobe). For each ligand and each region, data are expressed as
percent change compared with controls. R is the Pearson product moment
correlation coefficient; the p-value is for a two-tailed t-test with 5 df.
Cortical regions with the lowest [''CJDASB BP (x axis) showed the highest
in [''CJMDL 100907 BP. This was significant at trend level. Interestingly, the
two medial regions (MPFC and MLT) showed the smallest change,
presumably due to relatively shorter axonal length.

In this study, current MDMA abusers showed lower
cortical SERT binding compared with controls. The moni-
tored period of abstinence before the scans was relatively
short (2 weeks), raising concerns that residual binding of
MDMA to the SERT might have contributed to the reduced
SERT availability. However, the regional specificity of this
effect makes this explanation unlikely: While the finding
was global in the cortical regions, it was more pronounced
in the medial prefrontral, temporal, and occipital cortex and
when comparing cortical to subcortical regions.

It is theoretically conceivable that a decreased 5-HT
function in the cortex might be a predisposing factor to the
use of MDMA and that the use is a consequence rather than
a cause of 5-HT dysfunction. While this study cannot refute
this hypothesis, the experimental evidence in animals of
the selective neurotoxicity of MDMA toward 5-HT neurons
supports the proposition that sustained MDMA exposure is
directly responsible for the alterations of 5-HT parameters
observed in this study.

Given the clinical and geographic heterogeneity of the
MDMA user populations studies, it is remarkable that 5 out
of 5 studies, including this one, performed with [''C]DASB
in current (ie recently abstinent) MDMA users showed
lower SERT availability in neocortical regions (Table 2).
The four other studies have also reported alterations in the
hippocampus. Conversely, all studies but one showed
unaltered levels in the striatal regions or in the thalamus,
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Table 2 [''CJDASB Studies in Current (n=>5) and Former (n= 1) MDMA Abusers

Study Catchement area n MDMA users  Cortex Limbic Striatum Thalamus Midbrain

McCann et al (2005)  Baltimore, USA 23 Current Lower Lower No difference  Lower No difference
McCann et al (2008) Baltimore, USA l6  Current Lower Lower No difference No difference No difference
Kish et al (2010) Toronto, CA 49 Current Lower Lower No difference No difference No difference
Erritzoe et al (2011) Copenhagen, DK 14 Current Lower Lower Lower No difference No difference
This study New York, USA I3 Current Lower No difference No difference No difference No difference
Selvargj et al (2009) London, UK 12 Former No difference No difference No difference No difference No difference

Lower/no difference refers to [''CJDASB binding in MDMA users compared with healthy controls.

and all studies reported unaltered levels in the midbrain.
The low expression of SERT in the cortex (Figure 1) and the
resulting small and noisy specific signal recorded with
[''C]DASB in this region (Frankle et al, 2006) makes this
body of results particularly impressive. If anything, altera-
tions of SERT in the cortex should be more difficult to
detect than in the SERT-rich regions of the thalamus,
midbrain, and striatum. Studies with higher affinity SERT
radiotracer such as [''C]JAFM might be useful to further
assess these findings (Huang et al, 2002).

These PET findings are entirely consistent with the
preclinical literature that showed that vulnerability of
5-HT neurons to MDMA is related to the axonal length
(Molliver et al, 1990), making 5-HT neurons with the
longest axons, innervating the cortex more susceptible to
MDMA damage compared with the neurons innervating
subcortical structures. Even within cortical regions, a differ-
ence is observed between the medial and dorsal regions,
with dorsal regions associated with longest axonal lengths
being more affected than the medial regions (Figure 4).

The only [''C]DASB study that failed to detect changes in
MDMA users is the study of Selvaraj et al (2009), who
investigated [''C]DASB in 12 former MDMA abusers (last
use >1 year before the scan). This finding suggests that the
lower SERT availability observed in current users might be
reversible. However, caution should be used before adopt-
ing this conclusion. As mentioned earlier, [''C]DASB
measurement in the cortex is noisy, and the Selvaraj et al
(2009) study did not include a positive group of current
users. Thus, more work, including longitudinal studies
of abstinence, is needed to test the reversibility of these
changes. We were not able to demonstrate any correlation
between length of abstinence and SERT or 5-HT,, binding,
but a relatively small sample size and a small range of
duration of abstinence compared with other studies that
found indicators of reversibility may have been limiting.

PET [''C]DASB studies per se cannot ascertain if the
lower SERT availability observed in the cortical regions of
current MDMA users corresponds to a loss of these termi-
nals due to the neurotoxic effect of the drug or a functional
downregulation of SERT expression as a homeostatic reac-
tion to the repeated MDMA exposures, or some combina-
tion of both factors.

To our knowledge, this is the first study to evaluate
5-HT,, receptors in recent MDMA users with PET and
a truly selective 5-HT,, receptor PET ligand, [''CIMDL
100907. MDMA users showed higher 5-HT,4 receptor avail-
ability compared with control subjects in the cortex. Initial

findings from SPECT studies performed with ['**I]R93274
suggested a complex effect of MDMA on 5-HT,, receptors
dependent on duration of abstinence, with 5-HT,, receptor
availability lower and higher in current and former MDMA
users, respectively (Reneman et al, 2002). Because of the low
signal-to-noise ratio of ['*’IJR93274 (Abi-Dargham et al,
1997), confirmation with better ligands currently available
was necessary. Recently, Erritzoe et al (2011) reported no
difference in 5-HT,, receptors measured with ['®F]altan-
serin in the cortical regions of current MDMA users.
Compared with [''CJMDL 100907, ['®F]altanserin is less
selective for 5-HT,, receptors, as it displays nonnegligible
affinity for 5-HT,¢ receptors (Kristiansen et al, 2005). Yet,
this factor is unlikely to account for these different results
(Kristiansen et al, 2005). More likely, the more prevalent
use of hallucinogens in the Danish study might explain
the difference in the findings, as these drugs are 5-HT,4
receptor agonists and, as such, are expected to down-
regulate 5-HT,, receptors (Pranzatelli, 1991).

A number of animal studies showed that chronic 5-HT
depletion leads to upregulation of 5-HT,, receptors,
supporting the hypothesis that 5-HT,, receptor upregula-
tion observed in this study might be secondary to sustained
5-HT de}l)letion (Cahir et al, 2007; Heal et al, 1985). The
higher [''C]MDL 100907 binding was observed in the
neocortex, that is, in the same region where SERT density
was lower. Moreover, within the cortex, a relationship
(significant at trend level) was observed between lower
[''C]DASB binding and higher [''C]MDL 100907 binding
(Figure 4), a relationship that might be driven by impact of
axonal length of 5-HT neurons vulnerability to MDMA.
Thus, the data converged to indicate the existence of an
alteration in both presynaptic and postsynaptic 5-HT
markers in the cortex, alterations consistent with a state
of decreased 5-HT tone and in line with the animal data
showing the vulnerability of cortical 5-HT terminals to
repeated MDMA exposure. It remains unclear if the
alterations observed in this study represent reversible
functional adaptations, potentially irreversible neurotoxic
changes, or some combination of both factors.

The result from this study confirms, in an independent
cohort, that current MDMA exposure is associated with
lower SERT availability in cortical but not subcortical
regions. This study also reveals that upregulation of 5-HT,4
receptors is found in cortical areas of these subjects,
suggesting the existence of a chronic state of lower 5-HT
tone in these subjects. Together with the animal literature,
the most direct interpretation of these studies is that
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repeated exposure to MDMA, even at moderate levels,
leads to changes in serotonin parameters in the most
vulnerable 5-HT neurons, that is, 5-HT neurons innervating
the cortex. The reversibility of these changes upon sustained
abstinence is suggested by several studies (Buchert et al,
2006; Erritzoe et al, 2011; Kish et al, 2010; McCann et al,
2005; Selvaraj et al, 2009), supporting temporary down-
regulation of SERT and upregulation of 5-HT,, in response
to acute 5-HT depletion, but remains to be firmly estab-
lished. The functional implication of these changes are
unknown, but it is conceivable that alterations in mood,
cognition, and impulse control associated with these
changes might contribute to sustain the MDMA-taking
behavior.
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