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Abstract

Rationale Ecstasy is a commonly used psychoactive drug
with 3,4-methylenedioxymethamphetamine (MDMA) as the
main content. Importantly, it has been suggested that use of
MDMA may be neurotoxic particularly for serotonergic (5-
hydroxytryptamine (5-HT)) neurons. In the past decades, sev-
eral molecular imaging studies examined directly in vivo the
effects of ecstasy/MDMA on neurotransmitter systems.
Objectives The objective of the present study is to review the
effects of ecstasy/ MDMA on neurotransmitter systems as
assessed by molecular imaging studies in small animals,
non-human primates and humans.

Methods A search in PubMed was performed. Eighty-eight
articles were found on which inclusion and exclusion criteria
were applied.

Results Thirty-three studies met the inclusion criteria; all were
focused on the 5-HT or dopamine (DA) system. Importantly, 9
out of 11 of the animal studies that examined the effects of
MDMA on 5-HT transporter (SERT) availability showed a
significant loss of binding potential. In human studies, this
was the case for 14 out of 16 studies, particularly in heavy
users. In abstinent users, significant recovery of SERT binding
was found over time. Most imaging studies in humans that

>4 Yosta Vegting
y.vegting@amc.uva.nl

Department of Nuclear Medicine, Academic Medical Center,
University of Amsterdam, 1105, AZ Amsterdam, The Netherlands

Department of Radiology, Academic Medical Center, University of
Amsterdam, 1105, AZ Amsterdam, The Netherlands

Brain Imaging Center, Academic Medical Center, University of
Amsterdam, 1105, AZ Amsterdam, The Netherlands

focused on the DA system did not find any significant effect of
ecstasy/ MDMA use.

Conclusions Preclinical and clinical molecular imaging stud-
ies on the effects of ecstasy/ MDMA use/administration on
neurotransmitter systems show quite consistent alterations of
the 5-HT system. Particularly, in human studies, loss of SERT
binding was observed in heavy ecstasy users, which might
reflect 5-HT neurotoxicity, although alternative explanations
(e.g. down-regulation of the SERT) cannot be excluded.

Keywords 3,4-Methylenedioxymethamphetamine -
MDMA - Ecstasy - Neuroimaging - PET - SPECT - fMRI -
Neurotoxicity - Serotonin - Dopamine

Introduction

Ecstasy is a common recreationally used psychoactive drug. The
name ecstasy refers to the main effects of the drug, because the
Greek word “ekotaolg” (ekstasis) means “standing out of
yourself”. Euphoric feelings and the ability to socialize can be
increased after use of ecstasy/3,4-methylenedioxy-
methamphetamine (MDMA). Moreover, people can experience
entactogenic effects and feel extremely connected with others
and some even have mild hallucinations (Reynolds 2013).
These effects are caused by MDMA, the main content of ecstasy
tablets, through a mechanism of enhanced release of the neuro-
transmitter serotonin (5-hydroxytryptamine (5-HT)) as well as a
relatively small release of another monoaminergic neurotransmit-
ter, namely dopamine (2-(3,4-dihydroxyfenyl)-ethaanamine
(DA)) (Lyles and Cadet 2003). Although it is well known from
animal studies that MDMA administration induces a massive
release of 5-HT and that frequent administrations of MDMA
may induce neurotoxic effects on the 5-HT system (Commins
et al. 1987; Lyles and Cadet 2003), administration of MDMA
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may also induce changes on other neurotransmitter systems.
Indeed, Battaglia et al. (1988) showed that MDMA has non-
negligible affinity for not only 5-HT; and 5-HT, receptors, but
also «;-adrenergic receptors, a,-adrenergic receptors, [3-
adrenergic receptors, muscarinic M; and M, receptors, histamine
H; receptors, DA D; and D, receptors, opioid receptors and
benzodiazepine receptor sites.

With the use of molecular neuroimaging techniques like
single-photon emission computed tomography (SPECT) and
positron emission tomography (PET) imaging, neurotransmit-
ter systems in the living brain can be visualized and specific
receptors/transporters quantified, both in laboratory animals,
in non-human primates and in humans. Several human molec-
ular imaging studies indicated that the 5-HT transporter
(SERT) binding is decreased in different brain regions of fre-
quent MDMA users (Buchert et al. 2007; McCann et al. 2005;
Zhou et al. 1998). However, there is discussion whether this
alteration in binding may reflect neurotoxicity. Some experi-
mental studies in rodents and primates indicate that adminis-
tration of MDMA damages the structural and functional in-
tegrity of the 5-HT system. In these studies, immunocyto-
chemistry was used and markers of 5-HT axon degeneration
were assessed, e.g. concentrations of 5-hydroxyindoleacetic
acid (5-HIAA), 5-HT and the SERT (Battaglia et al. 1987;
Commins et al. 1987). Immunocytochemistry showed mor-
phologic evidence of neuronal degeneration due to adminis-
tration of MDMA (Battaglia et al. 1987; Molliver et al. 1990;
O’Hearn et al. 1988; Ricaurte and McCann 1992). In contrast,
alternative explanations for the loss of SERT after MDMA
administration were put forward as well. It was suggested that
the administration of MDMA may cause a state of metabolic
exhaustion through a mechanism of modifications in gene
expression and protein function (Baumann et al. 2007). This
hypothesis is supported by studies that measured glial activa-
tion and silver staining, also indicators of neurotoxicity. In
these studies, no correlation was found between 5-HT deple-
tion induced by MDMA administration and markers of neu-
rotoxicity in mice treated with 10-20 mg/kg MDMA (Pubill
et al. 2003; Wang et al. 2004).

The United Nations Office on Drugs and Crime has esti-
mated that there were 18.8 million ecstasy users worldwide in
2013. From 2009 to 2013, a decrease was found in the prev-
alence of ecstasy use in the past year in subjects of 15 to
64 years (United Nations Office on Drugs and Crime 2015).
However, the average amount of MDMA in an ecstasy tablet
in the Netherlands has increased over the years (Van Laar et al.
2015; Vogels et al. 2009). Therefore, the amount of MDMA
administered within a short time frame may have risen.

Although in the last 10 years, the average dosage of
MDMA in ecstasy tablets has increased, potential long-term
effects of MDMA /ecstasy use remain unclear, most likely be-
cause the conducted studies differ in their methodology and
findings are thus difficult to compare. It has been suggested
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that ecstasy use might be a threat for public health (Cowan
2007); however, at the same time, an increased interest in the
use of MDMA in a therapeutic setting is being reported, for
example, to enhance the effectiveness of psychotherapy in
resistant, chronic posttraumatic stress disorder (PTSD)
(Oehen et al. 2013). Also, a recently published review of
Mueller et al. (2015) did not find convincing evidence from
neuroimaging studies that moderate use of MDMA is neuro-
toxic in humans.

To draw conclusions whether MDMA may induce changes
in neurotransmitter systems, we offer a review of the results of
imaging studies on the effects of ecstasy/MDMA on neuro-
transmitter systems in small laboratory animals, non-human
primates and humans.

Methodology
Search and information source

With the search terms stated below (Table 1), a search in the
online database PubMed was carried out updated until 14
November 2015. The Patient—Intervention—Comparison—
Outcomes (PICO) system (Richardson et al. 1995) was used
to construct the search. To increase the sensitivity of the
search, finally, only search terms for the intervention with
MDMA and search terms for the different imaging techniques
were included.

Selection of studies

Full-text articles were obtained on which inclusion and exclu-
sion criteria were applied. Criteria for selecting the articles
were as follows. Publications were included if (1) in vivo
imaging findings on neurotransmitter systems were reported
and (2) the data was obtained in a control group with an
MDMA-naive condition or in a serial measurement in which
the baseline measurement (T1) was in a MDMA-naive state.
Publications were excluded if (1) the study design was a case
report study or a review, (2) MDMA was given as a single
challenge, or (3) the study was a re-evaluation of previously

Table 1  Search terms in PubMed

((“N-Methyl-3,4-methylenedioxyamphetamine”[Mesh] OR
MDMA[tiab] OR Ecstasy[tiab] OR Ecstacy[tiab] OR
methylenedioxyamphetamine[tiab] OR N 3,4
Methylenedioxyamphetamine[tiab]) OR Ecstacy*)) AND
(“Tomography, Emission-Computed, Single-Photon”[Mesh] OR
SPECT(tiab] OR PET[tiab] OR PET scan* OR SPECT scan* OR
Single-Photon Emission-Computed Tomograph* OR “Positron-
Emission Tomography”[Mesh] OR Positron-Emission Tomograph*
OR phMRI[tiab] OR pharmacological MRI[tiab])
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published data. Figure 1 shows the flowchart of the inclusion
and exclusion of the studies.

Data extraction

Data was extracted about the (1) receptor/transporter studied,
(2) number of participated subjects and controls with key fea-
tures, (3) radiotracer used, (4) amount of ecstasy use/adminis-
tration, (5) minimal time of MDMA/ecstasy abstinence and
(6) results of the particular study. We extracted and reported P
values and preferably P values that were corrected for multiple
comparisons. For the papers that reported means and standard
deviations, we calculated the percentage of alteration of tracer

binding. We defined an increase or reduction as follows:

. o s (imaging outcome measure in MDMA users—outcome measure in controls)
Alteration = 100 outcome measure in controls

and expressed it as a percentage. To estimate the size of the
differences found (between the MDMA group and the control
condition), we calculated effect sizes (ES), using the Cohen’s
d. We subtracted the mean of the control group from the mean
of the MDMA group, which was divided by the pooled stan-

dard deviation as follows: d = M4 MDMA-M control
SD pooled

Results
Inclusion of studies

Eighty-eight studies were found after the initial search in
PubMed (Fig. 1). Thirty-three studies were included after ap-
plying inclusion and exclusion criteria as mentioned before.
The included studies examined the effects of ecstasy on 5-HT
synthesis, the SERT, 5-HT,4 receptor, 5-HT; 5 receptor, 5-
HT-ergic vesicular monoamine transporter (VMAT,; i.e.

VMAT expression in 5-HT-rich brain areas), DA D,/; receptor
and DA release, the DA transporter (DAT), decarboxylase
activity and DA-ergic VMAT (i.e. VMAT expression in DA-
rich brain areas).

Serotonin system
S-Hydroxytryptamine synthesis

In our search, only one human study on 5-HT synthesis was
found and included (Table 2). A whole-brain SPM analysis
showed decreased 5-HT synthesis in a large brain area, from
the prefrontal and orbitofrontal cortex all the way up to the
posterior parietal cortex in MDMA polydrug users compared
to polydrug using controls (data not in Table 2). Also, increased
uptake was observed in the brainstem, in the region of the
periaqueductal grey matter, as well as in parts of the left lateral
prefrontal cortex and temporal cortex. The volumes of interest
(VOI) analyses, in which gender effects were assessed, showed
that 5-HT synthesis levels were significantly increased in the
raphe nuclei (raphe, P = 0.01, effect size (ES) = 1.43) and tend
to be increased in the brainstem in female MDMA polydrug
users compared to female controls (Table 2). Furthermore, a
significant decreased tracer uptake was found in the lateral
orbitofrontal brain area in female MDMA polydrug users as
compared to female controls. Male MDMA polydrug users
showed lower uptake in the pre-central gyrus compared to male
controls (pre-central gyrus, P = 0.029, ES = —1.14).

Serotonin transporter

Twenty-seven studies were included that studied SERT bind-
ing in vivo (Tables 3 and 4). Eleven studies were performed in

Fig.1 Flowchart of the inclusion
and exclusion of studies

PubMED search: 88 studies

Assesment of full articles .

5-HT system
5-HT synthesis:

5-HT,, receptor:
5-HT,, receptor:

5-HT-ergic VMAT:

DA system

Included studies: 33

5-HT transporter (SERT): 28

Excluded studies: 55
Case report: 3
Review or comment on article: 15
No in vivo imaging study on mentioned 27
receptors:
1 Serial measurement without MDMA- 3
naive baseline scan:
5 MDMA challenge: 5
1 Re-evaluation of published data: 2

D,,; receptor and DA release:
Dopamine transporter (DAT):

Decarboxylase activity:
DA-ergic VMAT:

L
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Table 2 5-HT synthesis human studies
Technique Author Nr pts/controls  Inclusion and MDMA check Outcome Effect
used exclusion criteria size
[""CJAMT PET Booij etal. (2014) MDMA, 17 PD- MDMA: ecstasy >25 >3-week abstinent, MDMA vs PD-Controls:*
Controls, 18 times urine screening
Use of other drugs Men:
allowed
PD-Controls: Raphe: increase 3% 0.10
ecstasy <5 times
Use of other drugs Brainstem: increase 6 % 0.86
allowed Pre-cuneus: decrease -1% —0.18
Cannabis average <1 Pre-central gyrus: decrease —6 %  —1.14

time/month

(P=10.029)
Lateral orbitofrontal gyrus: 6 % 0.51
increase

Women:

Raphe: increase (P =0.01) 30% 143
Brainstem: increase 9% 0.58
Pre-cuneus: decrease -1% —0.07
Pre-central gyrus: increase 0 % 0.03
Lateral orbitofrontal: -11% -1.14

decrease (P = 0.03)

This table shows the results of human studies on 5-HT synthesis (VOI analyses; data taken from Table 5 in Booij et al. 2014, since these data could be
used to calculate effect sizes). Only significant P values (not corrected for multiple comparisons) are presented. “MDMA” means MDMA users. “PD-

Controls” are polydrug users (excluding MDMA use)
Results are shown of a selection of brain regions

animals and 16 studies in humans. Importantly, 14 out of 16 of
the human studies showed a significant loss of SERT binding,
while in animal studies, this was found in 9 out of 11 studies.
All over, the ES were larger (ranging from —0.38 to —20.03) in
animal studies than in human studies (ranging from —0.05 to
=2.17).

5-HT, 4 receptor

As shown in Table 5, only five human studies examined
in vivo the effects of MDMA on 5-HT,4 receptor binding.
A couple of animal studies explored the effects of ecstasy
administration on the 5-HT, 5 receptor as well; however, those
studies were excluded because they only used ex vivo imaging
techniques. Out of these five human studies, three showed a
significant increase in 5-HT,4 receptor binding in MDMA
users compared to controls. In contrast, the other two studies
showed a significant decrease of binding.

5-HT 4 receptor

In this review, we found one animal study on the 5-HTj5
receptor, which could be included. As can be seen from the
data presented in Table 6, no significant differences in 5-HT o
receptor binding were found between the baseline scan and
the scan after MDMA treatment.

@ Springer

Serotonergic vesicular monoamine transporter

The vesicular monoamine transporter (VMAT) is expressed in
all monoaminergic neurons. However, in 5-HT-rich brain
areas, such as the hypothalamus, VMAT expression represents
preferentially VMAT expression in 5-HT neurons. Solely,
Fantegrossi et al. (2004) studied VMAT binding in 5-HT-
rich parts of the brain (midline structures consisting of thalam-
ic and hypothalamic nuclei) as is shown in Table 7. Seven
monkeys were studied, whereof four monkeys self-
administered MDMA. No significant differences in VMAT
binding were reported between both two groups.

Dopamine system
Dopamine D,,; receptor and dopamine release

One study was included that explored the effect of MDMA on
striatal DA D,,3 receptors and endogenous DA release
(Table 8). At baseline level, striatal D, /53 binding was lower
in ex-MDMA users than controls, in all subdivisions of the
striatum, although this result was not statistically significant.
After playing a video game, ex-MDMA users seemed to have
a lower DA release in both left and right caudate nucleus and
putamen than controls. However, none of these differences
were statistically significant and ES were relatively low rang-
ing from 0.07 to 0.32.



3477

Psychopharmacology (2016) 233:3473-3501

5
1TH— % Ly— +(10°0 > &) 9sea10ap :sndwreooddry wvﬂwﬁmw?m.w WMMMMM MH mo
9TS— % Lb— «(100°0 > o) o582109P :Snwe[eY ], ! <M_EE.§% (S100) Te 10 )

o« 2UI2SPG SA FINAN 8 ‘BN/BwW ¢ PINaw sAavuowr anbesejA L VINAI + autjasvg HoqoD-uIopneag Lad gsvalo,,] &l
9% 97— 9SBAIOIP WNjeLnS
% tE— 9SBAIOP ”EWNHQUME\EEEMQHOQ%E
uljasvg sa %\DNG 1€ VIWAWN
% €1— 9SBAIOIP WNjeLnsS
P % 6¢— ASBAIIP “QEMDUME\OMEENQ-OQ%:
“outjasng sa sAop O] PN~ S9sop § “B/Sw ¢ PN Kosyuour snsayry 1 VWG + 2utjosvg  (eZ007) Te 10 wewoudy  LOHAS LID-9leail
| | | Sy g1 5 rp
66'1— % IT- (FP0°0 = d) osea1dap snurefey], ‘os0p | B o] ‘¢
8¢€0— % S— JSBAIOAP WNJeL)S Kep ‘asop [ Sy/Buw
“ouljasnq SA FINAW 0T ‘T-1 Aep :pvam SIBLIBISIM Q[N & PGV +2utjosvg  (ep007) TR WM 9P LOAAS LID-9lleail
101 % 9€ 9SBaIoUI (WnjeLNS
95— %SL—  «(10°0>d) (1100 "dns) asea109p :UTRIGPIA
SrT- % SE- #(10°0 > o) dsea109p :snuweferodAy
06°€— % TH— «(10°0 > &) asea10ap :sndureooddry
SLE— % Sh- #(10°0 > o) dsearoap :eepAwry
+(10°0 > &) suor3ar [eonI0dqng
WS- % - #(10°0 > &) 9sea109p :x01100 [e)dI00
L0°€— % LE— +(10°0 > &) 9sea109p :x01100 [erodwa],
Ly'S— % 6h— (1070 > ) 9SBAIOAP :XAUO0J [BIUOYAI]
+(10°0 > &) suo13ar [eon10)
:S]OJUOD SA PN PoIDaL-IINpy
690 % 0C 9SBAIOUI (WNJeLNS
005— % 69—  «(10°0 > d) 2sea109p (00 “dns) UreIqpIA
€ 1— % 07— 9sea10op :snuwefeyodAHq
L6°€— 9% 8¢— +(10°0 > &) sosea10ap :sndwreooddry
SLT— % 8¢- #(10°0 > ) 2sea109p :e[epSAwy
«(10°0 > g) suor3ai [eoniodqng
v v— % 8¢- #(10°0 > J) 9582199 :X31100 [eNdI00
87— % LT— «(10°0 > &) 9sea109p :Xa1100 [erodwd], 8 sjonuoy 8 VINAIN
11°¢— % GE— +(10°0 > ) 9SBAIOIP :XAU09 [RIUOLAIJ MNMMM M“cmh ey s
+(10°0 > 4) suorgar [eon10) ! whwﬁwmm
Sj04102 SA YN paIvay-juadsajopy  sasop § BY/w O FANAN SYeI Te)SIA\ 12I52]0pY (z107) Tew dworsy  10ddS LID-Ylleei]
9718 1031 awoonQ VINAIN 28esoq S[ewue s[reldq sfonuod/syd IN loyny pasn anbruyoay,

SoIprys [ewrue [YAS € dIqeL



Psychopharmacology (2016) 233:3473-3501

3478

86°¢— % S¢— 9SBAIOIP 1X3I0J [eIUOI]
S6'L— % 85— (50°0 > ) dsea109p :d1EpNED)
0S'S— % 09— (50°0 > &) 9seaT03P ‘TAWEING
806— % S9— # (S0°0 > o) 9S8AI00P SNWB[RY],
8Y's— % 19— (50°0 > o) esearoap :snwereodAy
16— 9% 95— 9SBOIOOP UIRIGPIA £prus 1 vonenmm
ve- % th- OSBAIOAP :SUOd 510509 sypuow /£ pue /]
S]04U0D SA NN *SISOP  “BN/BUW G PN uooqegq [ VAN + auijosvg (2002) Te 10 0qezs Lad asvalo,,]
% TE— (10°0 > ) @s€2109p :sUOJ
% 0E— (10°0 > g) 2sea109p :uofeydoouasajy
% €€—  (10°0 > d) 2sea100p :snuwereypodAy [eIpaj
0 76— (10°0 > g) 2Sea109p :Snurefey ],
% 0S— (10°0 > ) 9SL2I09p :UTRIGAIOJ [BIUIA
% 85— (10°0 > g) 9seardop uowreind/eepne)
% Sh— (10°0 > J) 9sea109p :Xa1100 TendiooQ
% 76— (10°0 > d) 9s€2100p :x01100 Jerodua],
o % 19— (10°0 > J) 95€a109p :X31I00 [EJUOI]
ouljosnq SN BY/BW Ty RSN (AN SSidiurr uaSumen g1 9 VI + autjasvg  (LO0T) 'Te 3 Suruun) lad gasvalo,,]
9I'E— % II— 9SBAIOOP :X31I00 9JE[NSUIO JOLIUY
20— o p— 95BAIOOP :USWEINg po— ocw_wm MMH %%&2
8 - % 6— 9SBAIOIP 1SNOONU djepne)) Sy/BW [H1-L6 ¥ $104U0)-Nd
VINQIA 93eur dwnjI| ¥ 2UIDI0)-S
S]04U0DNA S FINAN sdoyuout FIWAW-¥S sAauOU SNSSUY ¥ FIWAW-V'S (8007) 'Te 10 syyueyg ldad asvalo,,]
WS~ % L]- 9580109p X000 [endIoo
SLS=  %I1I- #(S0°0 > o) 2SBII0IP X300 [ejoLIRg
LT T— % G— 9SBAIOIP :X03109 Terodway,
6S°L— % 6—  x(S00°0 > J) 95La123P ;X010 dJR[NFULDPIN
SI'e— %01— OSBAIOIP XOLI00 [EUOLAI /8w 071>
851 % L osearour :sndureooddryy -oUIed0) S3ejul SWHIJI]
61°C o L asearour :efepSAury BYSW 171-L6
VINAIN 93ejut sumojIy
65— % 01— 9SBAIOAP SNWIB[RY ], scoyuou YIWW-V'S ¥ S]04U0-Nd
3nIp oAISN[OXd IEL D ONAY
S[oqUOY-Nd S  YINAN-VS oy} AJuo sgyuowr 77 SAUOW SNSAY S[EN Y YWAW-VS (1102) T8 2 pInoH 14d asvalo,]
LTS % €9— OSBOIOIP 1XOLI0O [EUOLAI
Iv= % €9- #(50°0 > o) 95L2109p :X01100 [ENdI00
<Iv= % 0v— #(S0°0 > o) 9B109D ‘WSUIRIG
9ZIS 109 awoonQ VINAIA 28esoq s[ewrue s[relq sjonuod/syd IN oyny pasn anbruyoa],

(panunuod) ¢ dqeL

pringer

Qs



3479

Psychopharmacology (2016) 233:3473-3501

% €L— 9582109p :X33109 [eNd1ooQ

% 8L— OSBOIOAP 1XOMO0J [BJOLIE]

% 79— JSBOIOOP 1XOHI0J [BJUOL]

PISBAIOOP UIBLIAI :SBATE [BO1I0))

% €C1 osearour :snwefeyiodAH

% 101 aseaIoul [UIRIGPIA

% S8 9SBAIOUI SUOJ

;Jo4u0d sa sypuout ¢ [ 42Yv YW

% 9'88— 49SBAI0AP "USIS X909 (11990

% CTCL— 49SBOIOAP "USTIS X100 [eIOLIR]

% Sv6— +9SBAIOAP "USIS ([RIUOI]

% 8 VL— 49SBOIOdP "UTIS rudweINJ

% $'99— £9SBAI0dP "USIS :o3epne))

% €15— +9S8A109p uSIs :snwreeylodAH

p % 6€S— +9SBAI0AP "USIS :SUOq $0S0p 3

:oujasnq sa SAvp (p 2Yb FINAN ‘By/Bw S PN uooqeq [ PINGI + 2uijasng  4(8661) 'Te 10 [OPAUdS LA TS9SNOWID, ]

yIvi— % 9¢— +(S0°0 > &) 2SBAIOIP [WIN[[2qRI0D)

9981 % Iv— +(S0°0 > &) 9sBa109p :x21109 [eNdI00

(4R35 % 8¢— +(S0°0 > &) 9SBAI0IP X000 dE[NIuI)

V'6— 9% G¢— +(S0°0 > ) 9SBa109p X000 [eIodWa],

I8°CI— % 0b— *Amo.o >d) 3SBAIOAP :XAUOD [eIdLIR]

16'6— % 9¢— +(S0°0 > ) 9SBAIOIP X0 [BIUOI

L9°8— % 9p— «(S0°0 > &) 9sea10op :9jepne)

88 11— % €S— +(S0°0 > ) 9sea10ap :usweIng

€0°0C— % LS— +(S0°0 > ) 9SLa109p snuweley [,

S6'6—  %vS— £(S0°0 > &) 9seardap :snweeypodAH

08°9— % - (S0°0 > o) 9sEAIOOP ‘UTRIQPIIN

06— % Iv— £(S0°0 > ) 9SBOI93p :SUOg
51043400 SA YA LAd TS9SNOWID ]

60— % TE~ (S0°0 > ) 9SB2103P 1WN[[3G3I))

Ly % €e- (500 > o) 9582109p :x31109 [e)d100

YSv— % 0v— (S0°0 > ) 2SBAIOIP :X0)100 de[nIuI)

86'¢— % 8¢— 9SBAIOIP X100 [erodway,

LY v— 9% 9¢— (S0°0 > J) 2Sea19p :XJI0J [eJALIR]
9Z1S 109 awonQ VINQIA 9Sesoq s[ewue S[rejq sjonuod/syd IN opny pasn anbruyod],

(ponunuod) ¢ dqeL

pringer

Qs



Psychopharmacology (2016) 233:3473-3501

3480

PaJe[no[ed 9 JOU PNOD SOZIS JOYY A “0I0JIAY ‘UOHEIIQNd dY) UI UMOYS AIOM S)NSAI [[E JON |,
oydeI3 e ur umoys sem BJep ‘sonjeA pAJewNsy

9]qe) SY) UL UMOYS JOU BIEP [BUIPNISUO] [EUOBIPPY

SUOI3aI UreIq JO UONOJ[AS B JO UMOYS B SNSIY ,

VINAIN pue
QUI)OXON]J IIM P3JeaI} I S)eX U} 18y} SUedW , VINAIN/N T, "VINAIA PUB SUITES [ Pajeal) Ik sjel oy ey} Suestl  VINAIN/TVS,, "VINQIA Y4 Pjeas; 218 S[ewIue o) Jey) Sued , VINJIAL, 'S[0BU0d
QATRU-3NIP QI8 _ S[ONUO)-N(],, ‘OUIEI00 PAIDJSIUNUPE-J[OS JBY} S[EWIUR SI  dUIRI0))-VS,, "VIN(IA PAIOISTUIPL-J[3S Jey} S[BWIUE ST  VININ-VS,, "UOYE) SEM UBJS PUOIIS B PUB USAIS sem VNN 18y}
KQq PaMO[[O] ‘USYe) St UBDS SUI[ASE] € Jey) SUBdW , WINAIA + SUI[ased,, ‘(€9aNd) POONpe Ul VNI YA PJeal) 9I0M Jey) Sjel a1 . S)el Pajean) Jnpy,, “(LZANd) 29U9S3[0pe Ul VINTIA YHM pajear)
QIOM TR} S)BI JIB _ SIBI PAJRAI} JUIISI[OPY,, *4 USIS O (1M pasTet die suosLiedwod s[dnnur 10§ pojodriod Son[eA J “UMOYS dIe SaN[eA J JuedyIusis A[UQ "[S UO SIIpmIs [ewrue jnoqe suodar a[qe) sy,

100> d)
% Li— JSBAIOAP :XILI0D [BIUOL]
100> d)
% SS— asearoop :sndwreooddry
100> d)
% 05— 9searoop :uowejnd djepne)
% 09— #(10°0 > o) 9sBAI00P :SnUE[RY ],
% 09— «(10°0 > &) osea10ap :snwreeyodA 9 S]04JU0D)-NJ
p o %Il +(10°0 > &) 2582100p :UILIGPII sosop g Sye1 Kopme( 9 YINan/N1d
H[ € Avp :S]0.10D SA YN/ TVS SBw 01 FIWAW —onBexdg ofey 9 PN/ TVS (0100) e 1T 14d WVAVldg ]+
06— % Iv— (S0°0 > o) 9SBAIOOP :XOUI0O [EIUOL]
89%— % 0¢— (S0°0 > o) @seaIO0p wNjeINg
9Sr— % TE- (S0°0 > o) 9seaI00p :snweley,
L6'L— % 6t— (S0°0 > o) 9seaIO0p ‘UILIGPIN SSOp § 9 SJ0UOD)-N(T
S]04U0D Sa sypuout 7| AoYp yIWAW BW S yNaw Aoyuoy 1 VPIWaN (z100) Tere YD 1dd IWVaVldg -+
dZIS 103 AwodNQ VINAIA 28esoq s[ewnue s[reRq sjonuod/syd IN Joypny pasn anbruyos],

(ponunuod) ¢ AqeL

pringer

Qs



3481

Psychopharmacology (2016) 233:3473-3501

9SBAIOIP Snurefey |,

% €L— 9SBAIOAP X100 [eNdIoo
% Ly— JSBOIOOP XOM0J Bl
% 99— JSBOIOOP 1X01I0J JOJOW AIOSUIS sarmsodxa ¢[> Siqeuue,)
% T1S— 9SBOIOOP X009 [eroduwa) JOLIJUI [BIPIIA] QATRU-SNIP :S]0.4U0D-NT
% St— 9SBAIOIP :X0}100 [erodwe) T0110dNg I> onel samsodxo
% 19— 9SBAIOOP :XOM0J [eluol) Joadng oﬁuoﬂw.%v%%ﬂmﬂm
% €6— JSBOIOOP X0MI0J [BIUOL) JOLIdJUI [BIPIIA] \<EQ.§ NdH
% O0p— 9SBAIOOP XOMO0J [BIUOHONGIO I< oner samsodxo
% 96— (10070 > o) 9S8AIO3P :XOH000IN SWNRH JO Joquuntt 1T sjoauo)-Nad
% TE~ +(100°0 > &) 9s82109p ‘B[EpSAWY 1oy mmwwwmm wwwmmﬂzmwx\ M:.Em\&wm:mwwmuhﬁm
r %61- #(100°0 = o) osea100p :wneLISopI[[ed . . suun souwm 7]< ueSouronyey v1 (NdW)
Jou0)-N( Sa NI JUAUNSQR JOIM-[ < 10 As®IS09 :NJH 40 NN s4asn JurLidfa.d-y NN (1107) 'Te 12 20z 14dd asvdalol
¥0°0 % 1 SSealoul ‘UIRIqpPIA
LT0— % G— OSBOIOOp SNUIBRY],
800 % T 9seaIoul JudWEINg
00°0 %0 o3ueyo ou :0)epne)
SP0—  %91— 9SBOIOOp SNOUN
80°0— % €— osea109p :sndwreooddry
850~ % 7E— 9SBAI0dP :XA)I0D [RUIYIOIUY
970~ % L— 9SBAI0OP [e[Ep3AWY
60— % €I— 9SBAIOP :B[NSU]
LS0— % ST— 9589109p :9)E[NSUIO JOLIUY
YI'l= % 001~ (10°0 = g) 9589109p X109 [eNCdI000)
99'0— % 001— OSBAIOIP XU [E)ALIE]
LY0—  %9]— 9SBaI09P :9qO] [e10dWId) [RIPIIN
68°0— % £S— (070 = ) 9SeaI109p :x2109 [erodwa]
00— % 001— 9SBAIOAP :XALI0D [RIUOLONQID QATRU-3NIP :S]0JUOD)-NT
. . . SIsAJeue pamoje
060~ %9P— (070 = d) 25e100p o100 [eRuHaId [EIPIN Irey ‘3uruoaIos s3n1p 1910 Jo asn
90— % €8— 95BAT0IP X01109 [ejuoyald [erdre[osioq suun [BUONBAIOA] [BUOISEIO() €1 sjouod-Nq
1S]045U0D)-NJ SA FINGIN QUOUNSQR JOAM-7< SN G < ASeISod NN <1 VWA (2102) ‘Te 12 ueqin 14d 9SvdalDul
% T— 9SBAIOAP (UIRIGPIA B —
o % TE- (100070 > o) 9580199P X110 [EJUOLAI] ey “Surusaios samsodxa ¢G> siqeuue)) 7€ S1049U0D-N
1S]0.010)-N(J SA PNV duln ‘juounsqe Aep-11< QATRU-3NIP :S]0JUOD-NT ST FIWaAW (F102) Te 0 0ebjo1] 14d asvaloul
az1s BLIDILIO
10959 awoonQ }ooUd VINAIN UOISN[OX0 PU. UOISN[OU] sjonuoo/syd IN Joyiny pasn onbruyoa],
Solpms Uy [YHS ¥ SIqBL

pringer

Qs



Psychopharmacology (2016) 233:3473-3501

3482

S0°0— % €— asearoap :suod [enusp
200 % 1 asearour :suod [esioq
PS1— % 8¢—  +(1000°0> ) 958a109P :X01100 9je[nNSULD JSOJ
60'1— % ST— «(10°0 > ) 9S8a109p :X9}100 9ye[nSuId Juy
or'1— % SE— +(100°0 > &) 958a109p X010 [eI0dW],
Wi- % Iy- +(100°0 > o) 9SBAIO3P X340 [EIOLIE]
0L0~ % €T~ #(S0°0 > ) 95BAIOIP :X3}100 [RJUOHONGIO
S8T— % 65— +(1000°0 > ) 582109p :X3}100 [edI000
66'0— % 8¢— #(10°0 > ) 9582109p :X0100 Jd1A
ST0— % 9— 9SBAINIP [uSweINg
9¢'0— % €1— 9SBAIORP :dyepne))
€S0— % 81— 9SBAIOaP SNUWIE[RY],
80'1— % LT— «(10°0 > ) 9sea10ap :sndureosoddryy Suruoords
. . ouLn “YINAIN
89°0— % 07— 9seoI0op :elepSAury pue s3nip
P€0— % SI- 9SBI09p UIBIGPIN ardonoyoAsd [[e 91 sjo4u0)-ad
S]04U0D-Ad S PNAN  WOH JUSUNSQE YOOM-TZ SO GT< ASeISOd NN 9T NG (8007) T8 30 UURDOW Ldd gsvaldu]
QATRU-SNIP 1S]0.4U0D-NT
s1osn 3nipAjod oareu
SIsAJeue -As®1S09 1s]0.41U0D)-d
Irey ‘3uruoaIos s3nIp 19730 Jo as
‘Supuiq gsvalo, ] pue sum IousUnsqe 61 SjoquUoD-Nd
asn VINQIA JO S[qeLIeA AU UdomIdq ‘s3nIp [euoneaIdal IedA-1< ‘sowny 6 S]041U0D)-qd
0 PAAISSQO SUOHE[ALIOD JUBOYIUSIS ON 10y Judunsqe Kep-¢< ST< AseIS00 PN AN-XH Tl FPIWaW-d (6007) ‘e 10 ferefos 1dd asvaloul
% 0€— 9SBAI09p :2)BM3uI) -
% LT— 9SBAIOAP X0 Je[nsu] -
% pE— 9sea109p :Jerodwiay -
% 61— 9SBAIOIP ([EJOLIE] -
% LT— 9SBAIOAP ([BJUOL] -
% 6E— asearoap :[endiooQ -
(1070 > ) 9S8AIOIP :SOI1LI0D [BIGAID))
93ueyo ou :urRIGPIA siqeuues 1dooxo
% 1€— +(100°0 > d) 9sea109p :sndwesoddiyg s3nup ou :sj0.0u0D)-NG
oSueyo ou :snpijed snqojn SSNIP JOYI0 JO 35}
. sIsATeue (Apuowurq
93ueyd ou :snweey], : :
Irey ‘SuruaaIds s1o1qe) Z—1) asn
r 93ueyo ou ‘wnjelg JuLm ‘PousUnSqR As©1800 0S S]04U0D-N
S]O4UODNT SA PN parodai Jo sAep 46111 oo s1ek ¥ FINAN 6y VINaW (0102) T& 12 ysTy L4d gsvald]
az1s BLIOILIO
10954 QwonQ Mooy VINAIN UOISN[OXd pue uoIsn[ouy sjonuoo/syd IN Joyny pasn anbruyoa],

(ponunuos)  alqe],

pringer

Qs



3483

Psychopharmacology (2016) 233:3473-3501

b
10— % 0p— 9sea109p 1opeW K213 [endioo 7 ueIpowt mo
110 % 0 93ueyo ou :1apewW A2I3 [RIUOI] ‘S1o[qe) 9 08RIOAY &
ro o B —— s o
910 % v SSealoul ‘UIRIqpIA SurusaIos duLmn dn mojjoy Suump 9¢ sjoquo)-qd
sjoquoy-dd s YWadmn ‘uounsqe JeIM-7< Ase1s00 pasn (N 6S VWA (28007) TeR UM op  1DAdS LID-YIezi]
LSO %Tl (10°0 > o) 10481y 1) UILIQ-o[OYM UEDA
sj0.0u0D-Ad 54 YINAW
OSBAIOUT 1X9}I00 [BJUOL] -
oseaour :snpifjed snqo[3 1oy -
9SBAIOAP X310 [eJU0T) WYSKY -
9SBAIOIP :X03109 [eydIooo Iy -
9SBAIOUT PUE JSBAIOIP SnuIefey], -
ur oueyo
A92(10°0 = J) WedyIusis 'Y -
(10°0 = &) d8ueyd JgO OU :S]ORUO)) - (RSS)
{(nass) wwadoppn) + pIwyd wexdoeno
(100=d) Suruoaios s1osn gnapAjod oAreu Surmor[oy
( 9583109p QO] [e311000 JoLIRUE YO suum ‘s3nip e -A$©1509 :5]043U0D) - L Sjouuo)-qd ranyd %
sjoquo)y-ad sa VWA LLOHAdS JO JUUNSQE JOOM-7<  SOWN) (G< ASEISOD (PN ol Yimamn (z107) e 10 mnoyos  1OAdS LID-Ylle]
€S0— % - 9s582109p :suod [enuap
81°0— % 8— 9sea100p :suod [esioq
€91- % Sh— (10000 > o) 9582109p X100 AR[NSUIO IS0
ST T—  %Pe— (1000 > ) 9SBI09P X100 aje[nSurd Uy
60— % St— (100070 > J) 9S€a109p :Xa1100 Terodwa],
98'1— % IS— (100070 > o) 9S8aI09P :X3LI0J [ELIe]
6T1- % Tr— (10070 > o) 95€2109p :XaL0J [EUOYONGIO
L= % 89— (100070 > ) 9sa190p :x01109 [eN1d1200
91— % SS— (1000°0 > ) 9sLA19P X100 JJ'TA
9€'0— % ¢El— OSBAIOOP uoweINg
wWwo-  %vi- 9SBAIOIP :djepne))
€9°0— 9% €7— (S0°0 > ) 2SeaI09p Snwe[ey ], s3nIp [euonLAIdAI
LTT— % 0b— (1070 > ) osea1oop :sndweooddry Joyo pasn sdnoid yog
90~ % 97— (S0'0 = ) dsea1oap e[epSAury siasn BnupAjod aaeu
-As®1S09 :s7047U0)-qd
6v'0— % I1C- 9SBAIOAP “UIRIQPIA SuruoaIos ouLn SuoIse200 Jeredas uo 61 Sjo4U0D-Jd
sjoquo)y-dd s FIWamn JUDUNSAE HOOM-T<  SOU) GT< ASISOd (/TN € rnan (5002) Te 10 uuBDIN Ldd gsvalonl
oz1s BLIONIO
1090 awoonQ oayo VINAIN UoISN[OXa pue uoIsn[ouy sjonuoo/syd IN oyny pasn anbruyda],

(panunuod)  IqeL



Psychopharmacology (2016) 233:3473-3501

3484

6100 ASBAIOUI UTRIGPIA
810°0 9SBAIOUI :01jeI JUIpUIq [[BIOAQ
$sjo4quo0)-d Sa YINANW-XH

8L0°0— JSBOIOOp SNWEBRY],
€0'0— 95BA109P X010 [eNdIoo
110°0— JSBAIOOP UIRIGPIA]
ST0'0— 9582109p :01el SuIpulq [[BIOAQ
Sjoquo)y-dd sa H-vWam

920°0— 9SBAIOAP :SNWIB[RY ],
$90°0— 95BA109P X000 [e)dIoo
€L0°0— JSBAIOdP UIRIQPIA]
0v0°0— 9582109p :01jel SUIpulq [[BIOAQ
r Sjoquoy~-dd $4 W-VIWAW

U0
(€ sa [ '3) s4asn 3nipjod

a41vu-Asv)s22 sa s.4asn Inipdjod Asvisor -

Ul 9SeaI03p OU :SNIAT 9)e[nuId JoLIUY
(p°c sa 7T “3) sjou0d

3uIsn 2oUDISGNS SA SA2SN ASDSIT -

ur (100°0 > o)
95BOI09P :SNIAS 91e[nN3UIO JOLIIUY
(€ sa [ '3) s4asn 3n.ipAjod
2010U-AsD)$22 SA s.4asn 3nipdjod Asvisor -
(€ sa 7T “3) sjou00
3uISn 2oUDISGNS SA SASN ASDSIT -

ur (100°0 > ) 2Se2109p :snuweey [,
(uipprw ur A[30ex9 an[eA-7)

(10070 > J) 9sea1oop :SnIAS oye[nsur)

(100°0 = ) 2sea100p :snuweey [

0q-S[OUOD-Ad $4 YINAN

S18A7DUD [2X0A-AG-]2X0/

9SBAIOOP :XM0J [erodwd],

JSBOIOOP 1XM0J [BIUOL]

(£00°0 > d) 9SeaI00p :Snue[RY ]

r 2qS100U0D-dd S H-VINAN

[UOISSAUS2L ADIUIT

s1osn SnupAjod oAreu
-Kse)$09 :sj0.0U0)-qd
QU
S)9Iqe} 0S< ‘Syuow
Cl<usunsqe - IWAN-4d
QWAL S19[qel
0$< osn Axedy H-FINAN
SUINSJI SI[qR) 0>
asn eIdpoul J-FININ

SurugaIos duLIn
JUSUNSAE JOoM-¢<

3

S[OUO0J dATRU
-3nip :sj0.0u0)-NJ (S

s1osn

SIQEUUED OATRU-ASB)SOd
:sjo4gu0)-sigpuun)) (¢

s1osn SnipAjod oareu
-As®1S09 570110~ d (€

S10SN SIqeUuEd

pue ASe}soo 9ANIJ[AS
S1qruund-F WA (¢

s1asn 3nipAjod Ase)soo
Anedy :qd-H-YIWaW (1
:SISA[eUR [9XOA-AQ-[OXOA

aumayI|

S)o[qe) ASe)S99 (0 ]>

‘s1osn SnipAjod dAreu
-As©1S09 1s]0.41U0D)-d
S3NIp 1970 JO osn ON

S

S19[qe} ASBISO9 (0 [<
‘szosn AAeY [J-FINAIN

sIsAJeue
Irey ‘GUTUORIOS dULIN
QUAUNISQR YIM-T<

Sl sjoquoy-dd
91 YINAN-XA
ECHVYIWAN
ST VWA

1 S104u0D-Nd (§

91 sjoguo)y-sigpuuny) (
§ spoqu0)-qd (€

1 s1qouund-y NN (T

01 ad-H-Ymaw (1
:sdno.ny

:s154)pup j2x0A-Aq-12X0/
8¢ Sjo4u0)-qd

€€ H- VWA

:sdnouny

UO1SS2L32.4 ADIUITT

+(81007)

Te 1o uewoudy  1DHJS LID-9[lea]

(98007) 'Te 30 uIp 9p

L104ddS LID-glleai]

80°0— % P— 9sBaI109p :1opew K213 [erodwa],
az1s BLIOILIO
10954 awoonQ NOOYd VINAIN UOISN[OXd pue uoIsnjouy sjonuoaysyd IN Joyny pasn anbruyod],

(ponunuos)  alqe],

pringer

Qs



3485

Psychopharmacology (2016) 233:3473-3501

Se0- % €— JSBAIOAP :[BITIO)) WA
S]0UOD)-N(T S FINAN-XT SIIqE) O< ‘Syuou
TI< WUoUnSQE FINAN-X €1 Sjo4u0)d-ad
80— % 6— *AMOO > a&v 9SEAIdIP ([eINI0D wﬁﬂﬁoo.hvm auumn QuIAJI 91 PINAW-XT
8]04U0D-N{ 4 FINAN ‘JUOUNSqE JOOM-EZ SI191q.) 0S< SFNAN T PIWam  (91007) ‘e 10 uewoudy  \LOAS LID-g[lez]
8970 9SBAIOUI :Snue[ey ],
001°0 (20°0 = ) 9seardur :xa1109 [endiooQ
¥T1'0 ($0°0 = J) dsearoul :UIBIPIA
(¥00'0=d)
LET0 9seAIOUI 01kl FUIpUIq [[BIOAQ
H-VINAI S YINAN-XH
9%0°0 9SBaIOUI iSnuue[ey ],
SLO0O— 9SBAIOAP X100 [eNdIod
0€0°0— 9SBAIVAP UIRIGPIIA!
1€0°0— 95BAI03p :0nel SuIpuIq [[BIAQ
sjoqu0D-Ad s8 YIWNAN-XA
1220— QSBAIOAP SnuwIe[ey],
SLT0— (10°0 > d) 9582109p :x21109 [eNd1000
vST0— (£10°0 = &) oSLAIOSP (UTRIQPIN
(100>d)
891°0— 9SBAIOIP :0nel SUIpuIq [[BIAQ
sjo4u0)-Aqd s« H-VINAN
00— 9SBAIOJP Snurefey],
780°0— 9SBAIOIP X310 [eNd1000
160°0— JSBAIOAP ‘UIBIQPIA
850°0— 9sBAI09P :0nel SUIpuIq [[BIAQ
r sjoqu0)-dd sa W-VIWAN
pro MO
vL1°0 dSeaIOUI :Snuefey ],
9000 9SBAIVAP X110 [eNdIo0
0€0°0 9SBAIOUI (UIRIQPIIA
£0°0 Ommouonﬁ ”Oﬁwh wﬁmﬁcmﬂ :NH®>O
H-VINAN S« VIWAN-XA
S60°0 mmmouoﬁm ”ma\ﬁmﬂmﬂrﬁ
ST0°0— 9SBAIOIP :X3100 [eNdIoo
JZIS BLIOILID
10909 auoonQ }oouo VINAIN uoIsn[oXa pue uoIsnjouy sjonuod/syd IN oyny pasn anbruyay

(panunuod) 4 dqeL

pringer

Qs



Psychopharmacology (2016) 233:3473-3501

3486

or'l— % L— 9SBAIOAP :SnJ[onu epne)) TSTTASEISTI
6T 1— % 9— JSBAIOAP udWRINg sjeue s \MMMQM%HMMMW ﬂ MMMNMW..\MM
66'1- Yo L= (5070 > ) asea1dap uofeydaousd Jrey ‘3UruoaIds dn morjoj urmnp s)o[qe) 01 PINQIN-XT
'SI04U0D-N( SA PN UL JUdUNSqe Kep-9< Ase1809 6 PWAN-Ad 1T VW@ (9007) '[e 39 stisewoy ], [Hd ZS9SNOID,,]
SO'T-  %9T— (100 > ) 9SEa1d9p SNuEey],
180— % IT— (100 = ) 9sea109p :2epne)
96'0— % v (10°0 = &) osea109p uoweng
I l— % ¢~ (100°0 > J) 9sea1d0p :uojeydoouasajy
-sjoquo)-dd sa VWA
S6'0— % vT— (10°0 = ) osea109p :snwefey,
€L0— % 81— (S0°0 > ) 2sea1d9p :2epne)
8¢°0— % ¥I— 9SBAIOAP udweINg
07T1— % 87— (10°0 = &) 2sea109p :uofeydaduasay
SyooM
SIOFUODNA S VAN (07< 9sn Jse] ‘s1edK ¢< oS}
wL0— % TT— (S0°0 = o) 9sea109p :snweey ], SIq®) 00P—0ST
€S0— % 91— 9SBOIOOp :9jepne)) ONEIUL WAL PNAN-XH
80— % II- 9SBAIOAP ‘USWERIN oum A1949 sInoy gy 6T S]04u0D-Nd
- ur sjo[qe) ¢< 10 8¢ sjoquo)-dd
L80- %St (S0°0 > o) aseatoap :uoeydoouasajy SuruaoIos ouLn YoM B owm [< osn 62 VIWAIN-XT
VAN SA VWA Juounsqe Kep-¢< Aseyso0 rensar (W 0 PIWNaW  ((L007) Te R meyong  19d TS9SNINID, ]
o1qvl Sty ul
apIS 1YL Y3 fO S)NSaL Y] Papnjoxa
900 % 1 asearoap uoweind g Aeq
6€°0— % 8— 9SBAIOAP :9yEpNed T AR
10— % C— 9SBAIOJP Snuwiefey ],
970 %t 9SBAIOUI [UdWRINg
LT°0- % €— 9SBAIOAP :2JEpnEe)
05°0— % L— 9sB0I00p :01e[N3ULD JOLISOJ
90'1— % €1— +(T0°0 = &) 9sea109p :ouULIEd[R)
L0-  %O01- +(20°0 = o) 9se0100p :TeN1dI00
8¢°0— % S— 9sBa109p :TeIodwd) S[PPIAN
120— 0 €— 9sea100p :Jerodwo) Jouoyuy
€0~ % G— 9SBOIOOP :9JR[NFUIO JOLIDIUY
1£0- % SSTIOOP oL ooyo siseq Je[n3a1 e uo
PPIS YT jpunioy ou ‘siskpeue Suisn Apuaimo ‘reak 01 S104U0-(d
SSIOMUOD G SCPIAN - TR WAURS NPIM[Z - [<SRIQE 05 < VAN 0L VAW #(6661) T 10 odwdg  1OAdS L1D-gllee]
az1s BLIOILIO
1939 QwoANQ NI VINAIN UOISN[OXd pue uoIsn[ouy sjonuoa/sid IN loyny pasn anbruyod],

(ponunuod) ¢ djqeL

pringer

Qs



3487

Psychopharmacology (2016) 233:3473-3501

)
% YE— 9SBAIOOP SNWIE[EY], Iedpoun st s3nIp .mo
% b (S0°0 > o) 95BR100p UIEIGPIN o mwwwﬁ%mwﬁ@ @&r_
R (500 > o) asea109p :snurereyiodA Suruooros suLn m:&waooo ajeredss uo S sjouuo)
cSI04U0D S8 YA UIUNSQE HOIM-EZ S GT< ASEISID AN YLVAAW  (8661) Te 10 UeDOIN LA TS9SNOWID,]
LT°0— % 6— 9sea100p :suod [enuop
00— % SI-— asea1dap :suod [es1o
IT'1— 9% S¢— (10°0 > ) 9SBaI09p :X10J JJB[NSUID JS0q
or'l— % zs— (1070 > ) 9sBa199p :Xa}100 dJe[NSUId JUY
0cT— % Iv— (10070 > J) 9sea100p :Xa)109 [erodwa],
or'l— % Th— (10°0 > ) 2SBAI09P X110 [BIALIR]
L90— % CTE— (S0°0 > ) 9SBAIIIP :XALI0D [BIUOLONGID
90'1T- % ¥S— (10°0 = &) 2SBa109p X210 [eNdIod
60— % TS— (10°0 > o) 9sBa103P :X3U00 Jd'TA
69'0— % 07— (S0°0 = ) osea109p uoweIng
€L0— % €C— (S0°0 > ) 2sea1d9p :Aepne)
10T— % 0¢— (10°0 > &) 2sB2I109p Snuwefey |,
11— % 6¢— (10°0 > &) oseardop :sndweooddipy
€90~ % sT- (S0°0S o) searoap eepsAwy s mmummmmwwm
&o-  %LI- 9SBAIOIP ‘UIRIGPIA Suruoaros ouumn SuOISE200 Jeredas uo 61 Sjo4u0D-qd
sjoqu0D-Ad S4 YIWAW JUAUNSAE Noom-7<  sown GT< ASeISOd PN ccywam  (S007) e 10 uueDIN  IHd TS9SNOWID ]
10— % T— 9SBAIOOP LIOPBW YA
L80— % 9— 9SBAIOAP SnuwIefey ],
80— % L— 9SBAIOAP SnJ[oNu dAepne))
18°0— % 9— 9SBOIOOp [uoweINg
- % L— +(S0°0 > &) 2sea10op :uofeydooudsap
q-S104U0)-dd S YIWAN
09°0- % L— 9SBAIOAP 1IANBW AIYA
€e - % L— 9SBAIOAP SNR[RY ],
QATRU-3NIP :S]0HUOD-NT
LT'T— % 8— 9SBAIOAP :Sn3onu djepne)) dn mo[[op
66°0— % 9— 9SBOIOOp [uowWeINg Surmp Ase)sod s1o[qe} ¢
96°'1— % 88— (5070 > &) osea10op :uofeydooussojy ‘SnapAjod :sjouo)-qd
. ) asn Ase)sod
o PN S YNAI Aaeay ‘uroped SnipAjod
09°0— % L— ASBAIOAP IOYBUW YA zoutioj ‘dn mojjoy Suunp
6C'1— % 9— JSBAIOIP Snweey ], SI91q®) S :qd-VIWNAN-XT
az1s BLIOILIO
1939 QwoANQ NI VINAIN UOISN[OXd pue uoIsn[ouy sjonuoa/sid IN loyny pasn anbruyod],

(ponunuod) ¢ djqeL



Psychopharmacology (2016) 233:3473-3501

3488

Pa1e[NO[BD 3 JOU P[NOJ SIZIS 103911 A DI0JaIaY) uonedrqnd 3y} Ul UMOYS JI9M SYNSAI [[B JON

omydeI3 e ur umoys sem eyep ‘sonfea voﬁEumm_b

(#007) Te 32 M2YONE JO UONEN[BAS-I © ST Apys oy, ,_

s3nip Jo sousunsqe pariodal 3y} JIaYd 0] 189} SUIUSIOS SULIN [BULIOJ OU SBM 1Y ], 5

eyep [0nuod 0} paredwod oFueyd 93ejued1ad ur passardxa 9q Jou p[nod eyep Ay Apuanbasuo)) "o[eods SruyyLIe3o] € ul passaldxo a10JoIY) pue PAINqLSIP AJ[EULIOU JOU SeM BJEp o) ‘Apnys SIy) up
(97007) T 19 WA\ 9p Jo Apms a1 Jo ojdwues oy 03 [eonuapt st ojdures Aprys oY) IA0ION (q1(07) SINSLI[[0d PUB UBWDUSY 0} paredwiod se papuedxd usaq sey djdwes Apnys oy ‘Apms sy U
9[eos orupLIESO[ € Ul pajudsard swoanQ

SUOI3aI ureIq Jo UONdAS JO SHNSAY

9]qe) 2y} Ul UMOYS JOU eJep [EUIPrYISUO] [EUOBIPPY

(98007) Te 12 uip 2 Jo Apmis oy Aq papnjout sem jey sjdwes ay) jo wed ur (SurSewn pajeadar yim) Apmys dn-moy[oy e st Apms SIyJ,,

108N VINQIA 2¥e1opouu st JA-VINJIAL, "SIosh SIqeuued
OATRU-ASBISOD IR  S[ONUOD)-SIqRUUE)),, "SIOSN SIqRUUED PUB ASBISOd 9ANII[S SI  SIqRUURI-INIAL, "sIosn SnipAjod Ase)sos Aaeay st Ad-H-VINAIAL, "S19S0 VINAIN A48 ST H-VINAIN,, "(9sn VINAIN
Surpnjoxo) s1aesn nipAjod are | sjonuo)-qd,, SIosn VNN JOWI0f suesu  VININ-X,, ‘(1> oner samsodxs awmnoyi jo sequnu uddouronjey/ VINJIA) siosn Suruejard-ueSouronyrey st  NdJH,, (1<
onel sarnsodxad swmajI[ Jo Joquunu udSouron|[ey/ VINJIA) siosn Sutdjoid-yINQIA St .NdIA,, "S[ODU0D dATRU-SNIp Ik  S|oNU0)-Nd,, SIosn VINAIA suedw  VINQIA,, ‘Poutiojiod sem sasA[eue [QA 10
1O © YOIyM UI SOIPMYS UI “,, USIS o) YIm padjIew o1e suosLieduwiod ojdnnuu 10§ pojodsIod Sonjea J ‘umoys dIe SonfeA g jueoyiuSis AJuQ "IYHS U0 pOPNJoul SIIPN)S Uetny oY) JO s)nsar oy spodor o[qe) sty L,

% €C— (S0°0 > o) 9s80109p ‘WNJ[2qaI)
% vT— (S0°0 > ) 9SBAIIIP :XALI0D [RIOLIE]
% 97— (S0°0 > ) 2Sea109p X210 [endIoo)
% 87— (S0°0 = J) 9SBOIO0P XOM0J [BJUOL]
% 67— (S0°0 > ) 9sBaI19p :X0U0D JJe[nur)
% 67— 9SBAIOIP :X0}100 [erodway,
% ST— (500> ) 9s80109p :SUO{
% ST— (500 = ) 9sea109p :udweng
% CTC— (500 > ) 9s80109p :91EpNE)
azIs BLIOILIO
19 QwoANQ NooYd VINAIN UOISN[OXd pue uoIsnjou| sjonuoo/syd IN loyny pasn anbruyod],

(ponunuod) ¢ J[qel,

pringer

Qs



3489

Psychopharmacology (2016) 233:3473-3501

0, €]— 9SBAIOAP X3)I00 [e10do) JOLIQJUI [RIPOJA]
T samsodxa g1 03 dn siqeuue))
% 11— 9sBAI0IP :X0)109 [erodwe) To110dng OATRU-SIIP :S/041U0 )N
% L— 9SBAIOIP :X0)I109 [eIUOI) JoLadng > oner samsodxo dwmna
% 0]—  9SBAIJIP :XA)0D [BIUOL} JOLIQJUI [BIPIIN Jo Ioquunu usSouron[iey/ VINAIN ‘NAdH
% C1— S5ERI0AP X300 [UOHONGIO (s T< oner samsodxo dwnJI| 1T :Sjo4u0)-Nq
. ] S[eam 6°9¢ siskeue ey Jo Toquunu uoSouron[iey/ VINAIN :2dW 01 :(ndH) s4osn (1100) lad w
q %6- #(€0°0 = o) 2581 1XAH0000N -9'1) ‘Guruoaros suLn sowm 71< Sutafpid-uaSowonry 11 TR -RSURY
:8]0.0u0)-N( Sa NdH/NdN SYoOM ['g  JuouNSqe JeIM-[<  sudouron[[ey Jo ASeisod \NJH 40 NN (NdN) S4osn SulLipfoid-FNqN  Q0ZNI [ me
(S0°0 < d) sjonuod
Ul Uey) SI9Sn IAIA U JoMO] Sem
q ANgg YZuruojoIds yorym ur suor3or oN
9¢'T %8I (£00°0 = &) esearout :[ejerredojuor,]
€T %L1 (200°0 = J) 9seaIoul ;[BIUOI] Apms 0y 1ouid skep 06<
(1000>d) sourweroydue 1510 puL SPIURIAYIO
P81 % 81 osearour :Jejorred-jerodwolondioo proe JIS10SAT “dures0d :sdnois yjog
: 9 (€00°0 = ) osearour :jerodurd S S1osT
Wl %0c €000 =d. ' L oom 8691 sisATeue Irey nipAjod oATRU-ASBISOD 1S]0.1U0D)-J (Z102) 144 duo
691  %0T (1000 = J) dsearout :[ejolied-eydioo0 —0pg)  ‘Surusaros ouun Sow G< ASeISOd NN 01 sjoquoD-aqd e -10dojeg
$]04u0D-Ad SA VWA~ SHPM 86 JUUNSAR JOIM-7< d[ewd g IV I VAQ@N  ouorid [dg,]
L0 % SL— 9SBaIddP ‘UIBIqPIA
P10 %11 aseaIOUl SnuWe[ey ],
€S0 % IL 9seaIoul ‘uduIRINg
S0 % 001 asealoul :9epne))
170 %8 9seaIdUI :SNOU)
650 %SI asearour :sndureooddry
1€0— %0I— X909 [euly IOy
S00— % I— 95BAI09D :e[epSAWY
$9°0 %I 9sBaIOUl BNSU]
W0 %8 9seaIOUl :0Je[NSUIO JOLINUY
IL0 %€l asearour :xo100 [endoo
180 %61 (£0°0 = ¢) 2SeaIOUI :XA)I0J [BJALIR]
€0 %8 osearour :0qo] [eroduid) [eIPAA
S0 %0l osea1our :x0)09 [erodwa],
90 %l 9SBAIOUT 1X)10J [BIUOLONGIO SATRU-BAID “$04109-NG
10 % T 9SBAIOUI :Xd109 [ejuolald [eIPIJN poptuzad sem sdouejsqns Ldd
00 =d) sisK[eue ey JIOUJ0 JO SSN [BUONBAINAT [BUOISEIO() (2102 L06001
980 %91  osealour :xa}0o [euoyad [eINR0SI00  (syoom g-7)  “Suruoands ouumn JUSW[OIUD 10J0q SYIUOW T | €I Sjoguod-Ng e TAN
S]047U0)-N S FIWAN SYoOM £°G  JuouNSqe NooMm-7< AJre[n3ar ‘sowm G[< ASeIsdd NI €1 YWanW ueqin D]
ozZIs Qououmsqe pasn
10909 QwoonQ  JO AWl UedA N0 VINAIN BLILID UOISN[OXD PUB UOISN[OU] sjonuoy/s)d IN Joyny  anbruyos,
sorprys uewny Y H-G S dIqeL

pringer

Qs



Psychopharmacology (2016) 233:3473-3501

3490

P3IEINO[ED 5Q JOU PINOI SIZIS JOYJD Y} “I0JAIAY ‘UONEDN[qN AT UI UMOYS A1oM SINSAI [[E JON ¢

yde13 e ur umoys sem Bjep ‘sonfeA pajewnsy ,

S19SN VINAIN

JOWLIOJ SueawW . VINAIN-X,, ‘(1> oner samnsodxa awmoji Jo oquinu uofouron[ey/VINJIA) siosn Surujoid-uagouronyiey st NJH,, (1< oner samsodxe awmajIy Jo Joquunu uaSouron[ey/vVNIA) siosn
Surujard-yINQIA ST . NdINL, (2SN VINQIA Surpn[oxa) sjonuod snipAjod are  S[onuo)-Jd,, "S[0IU0 ATRU-3nIp a1k  S[oNu0)-Nd,, SIS VNN SuUedW  VINQIN,, "Pouiofsad sem sasATeue [OA 10 [OY
B UOTYM UT SAIPNJS UI ¢, USIS 1) YIIM paspewt ore suosLredwod o[dnnur 10§ pajoatIod sanfea J Umoys dIe sonjea J juedyrudis A[uQ 10ydeser V1 -G o) uo saIpnjs uewiny Y Jo sjnsai oy sprodar o[qes sy,

S
el Ll (SO0 > of) 9562120 X21109 191220 -joam :Av SATEU-BTIP :SjO4UOD-N( (0002) LOHdS
a OSBRI A0 -L'8) Buruoasos sutm SI) 00505 6 S/04u0D-NG B 0STI6YTS
SJOJUODY~-N(T SA PN~ SYM 6'6]  JUdUNSQR [PUOW-7< AeUT WY ‘SIOSN JUdUNSQR TN S YW Uewduay [1 MNL
%91 «(¥0°0 = o) eseamdur :xo}00 [endog
% S 9SBAIOUI :XJLI0J [eIdLIR]
%9 JSBAIOUI :XJJI0D [BIUOI]
SI0UH0D-(d S8 YINAW-XT
% TE 9SBAIOUI :Xa)109 [B)1dI00()
% 1€ ASBAIOUI :XJ)I0J [eIdLIR]
% 0€ 9SBAIOUI :XJ}I0D [BJUOI]
VI S8 PN soourISqNS
% 21— (400 = g) 9searoop :x01109 [endooQ 10410 asn 0} papruied arom sdnois [y
% 61— (1070 > o) 9SBAIOOP X200 [EIdLIE] Stostt
% 61 R T T p—— ”mwww% N\w.wmw SnupAjod oAreu-£se)sod &SEMWME S -moo% Ly
2SERI0P :pIIPMIS SUOIBA UBIQ [V syoom ¢ Suiuooios oupn  Bnap sypuowt < “SRIAv 05< FAAN-XT LYAGWX  TER  0STI6YTS
o S100U0D-(d St YINAW QW WULUNSAE YooM= [< SIDIQEY 0S< FINAN LT PAQN  Uewduay [Tee,]
% Y— 95BAI0IP :X03109 [eNdIooQ
% 8— JSBAIOIP :XIUO0J [eIdLR]
% L— 9SBAIOIP :X}I0D I0jOW AIOSUDS
Eray ouaunsqe pasn
109549 Qw0 JO W) UBIN MY VINAIN BLIDJLIO UOISN[OXd PUB UoIsnouf sjonuod/syd IN Joyny  onbruyoay,

(ponunuod) ¢ JqeL,

pringer

Qs



Psychopharmacology (2016) 233:3473-3501 3491
Table 6 5-HT 5 receptor animal studies
Technique used Author Nr pts/controls Details animals Dosage drugs ~ Outcome Effect size

["'CIWAY-100635 Cumming
PET et al. (2007)

Baseline + MDMA 4  Gottingen

minipigs

a

MDMA: Mean No consistent or significant effect
42 mg/kg of MDMA treatment on [*'C]
WAY-100635 in any brain region

This table shows the results of the animal studies included into the 5-HT} 4 receptor. Only significant P values (not corrected for multiple comparisons)
are presented. “Baseline + MDMA” means that a baseline scan was taken, followed by that MDMA was given and a second scan was taken

#Not all results were shown in the publication; therefore, the effect sizes could not be calculated

Dopamine transporter

Three studies were found and included that examined the DAT
in ecstasy users (Table 9). One study showed a significant
increase of 13 % in striatal binding ratios of MDMA users
compared to controls (striatal binding ratios, P = 0.045,
ES =2.92), whereas the other two studies did not show any
significant difference.

Decarboxylase activity (|'*F]dopa positron emission
tomography)

Table 10 presents data of one study that was included exam-
ining decarboxylase activity. This research indicated that de-
carboxylase activity was increased in the caudate nucleus,
putamen (putamen, P=0.021, ES = 1.10) and ventral striatum
comparing ex-MDMA users to drug-naive controls. ES
ranged from 0.52 to 1.10. Ex-MDMA users were also com-
pared to polydrug using controls, but this comparison showed
no significant effect anymore (ES ranged from —0.04 to 0.47).

Vesicular monoamine transporter-dopaminergic
In this review, one animal study was found that investigated

the VMAT in a DA-ergic brain area (basal ganglia) (Table 11).
No significant differences were found in distribution volume

ratios comparing MDMA self-administering monkeys to
drug-naive controls.

Discussion

Results of molecular imaging studies showed quite consistent-
ly that SERT binding is lower after use/administration of ec-
stasy/ MDMA, particularly after administration of high dos-
ages, while studies on the 5-HT, receptor showed inconsis-
tent results. Results of molecular imaging studies on the DA
system are quite consistent in that most molecular imaging
studies in humans did not find any significant effect of
MDMA on the dopamine system. Here, we will focus primar-
ily on the statistically significant findings reported in Tables 2,
3,4,5,6,7,8,9,10 and 11.

5-Hydroxytryptamine synthesis

In this review, only one human study on 5-HT synthesis was
included (Table 2). The main reason that, until recently, only one
study looked into 5-HT synthesis in MDMA users is that the
PET radiotracer, alpha-[''C]-methyl-l-tryptophan ([''C]AMT),
which is a well-validated radiotracer to measure 5-HT synthesis,
is hardly available. In this study, only 17 MDMA users and 18
age-matched controls were included, whereof half of the
MDMA users and controls were men. Increases and decreases

Table 7 5-HT-ergic vesicular monoamine transporter (VMAT) animal studies
Technique used Author Nr pts/ Details animals  Dosage drugs Outcome Effect
controls size
["'CIDTBZ Fantegrossi SA-MDMA 4 Rhesus monkeys Extensive drug self-administration SA-MDMA vs PD-Controls:
PET etal. (2004) PD-Controls 3 including opioids and DVR midline structures (thalamic ~ °

psychostimulants
MDMA 1190-2508 mg
PD-Controls: MDMA and

and hypothalamic nuclei) vs
occipital cortex: no significant
differences®

METH-naive

This table reports the results of the animal studies included on 5-HT-ergic VMAT. “SA-MDMA?” is monkeys that self-administered MDMA. “PD-
Controls” are polydrug controls (excluding MDMA self-administration). “DVR” is the distribution volume ratio of ['' CJ]DTBZ

* Also presented in Table 11: DA-ergic VMAT

°Not all results were shown in the paper; therefore, the effect sizes could not be calculated

@ Springer
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Table 8 DA D, + DA release human studies

Technique used Author  Nr pts/ Inclusion and exclusion MDMA check Outcome Effect
controls criteria size
['**11BZM Weinstein ~ Ex-MDMA 9 Ex-MDMA: mean 5-month 1-18-month abstinent, Ex-MDMA:®
SPECT (2010)* PD-Controls abstinent (1-18 months) no formal urine Afier videogame vs baseline:
8 Use of other drugs screening test Left caudate: decrease 6% 0.07
PD-Controls: no current or Right caudate: decrease -3% 0.07
recent use Left putamen: decrease -1% 0.10

of ecstasy or marijuana

Right putamen: decrease 1% 0.10
PD-Controls:®
Afier videogame vs baseline:

Left caudate: decrease -17% 0.15

Right caudate: decrease -13% 0.21
(P<0.05)

Left putamen: decrease -7% 0.29

Right putamen: decrease 9% 032

Baseline:

Ex-MDMA vs PD-Controls:

Left caudate: decrease -17% —0.41

Right caudate: decrease -19% —0.50

Left putamen: decrease -16 % —0.44

Right putamen: decrease -17% —0.53

This table shows the results of human studies into DA D,/;; + DA release. Only significant P values (not corrected for multiple comparisons) are
presented. “Ex-MDMA” is former MDMA users. “PD-Controls” are polydrug controls (excluding MDMA use)

*Included patients that used antipsychotic treatment; however, they did not take their medication for 6 months at the time of the scans. There was no

formal urine screening test to check the reported abstinence of drugs

®More longitudinal data not shown in the table

in [''CJAMT trapping were observed comparing MDMA users
with controls; however, decreases were mainly seen in prefron-
tal-orbital and parietal regions and increases in the brainstem.
The differences were more extensive in men than in women. As
suggested by the authors, the decreases in the forebrain may
reflect 5-HT neurotoxicity and the increases in the brainstem
could be explained by an up-regulation of synthesis to compen-
sate the loss of 5-HT neurons. Nevertheless, further research
should be performed to draw definitive conclusions whether 5-
HT synthesis is altered in MDMA users. Also, it may be relevant
to perform studies in small laboratory animals with this radio-
tracer, to validate whether administration of MDMA is able to
induce detectable changes in 5-HT synthesis as assessed by this
radiotracer and to study the relationship between 5-HT synthesis
and 5-HT neurotoxicity.

Serotonin transporter

Eleven animal studies looked into the effects of MDMA on
SERT binding, and all of them showed lower SERT binding,
reaching statistical significant effects in ten of these studies
(Table 3). The ES were large (ranging from —0.38 to —20.03),
which indicates that the effect of MDMA on SERT binding is
arobust finding in animals. As compared to human studies, an
advantage of animal studies is that the animals were solely
treated with MDMA. In humans, however, polydrug use is
common, which makes it harder to look at the effects of
MDMA per se (Gouzoulis-Mayfrank and Daumann 2006).
Consequently, it may be hard to generalize the findings

@ Springer

observed in animals to humans. Also, in animal studies,
MDMA was administered frequently. Indeed, most of the an-
imal studies administered MDMA twice a day for 4 days in a
row, whereas humans typically only use one or two tablets of
ecstasy in the weekend. Moreover, relatively high doses with-
in a short interval (e.g. two doses per day for four consecutive
days) of MDMA were used in the animal studies (range 20—
141 mg/kg), which may explain the large ES, and the drug
was administered commonly intraperitoneally. However,
some research indicates that due to differences in metabolism,
neurotoxic dosages of MDMA are different between small
animal species and primates. In rats, only high dosages of at
least 20 mg/kg may be neurotoxic (Schmidt 1987). Using
differences in clearance and body mass/surface area between
monkeys and humans, an estimation of the neurotoxic dosage
of MDMA for a human can be made, which was estimated at
1.28 mg/kg by Ricaurte et al. (2000). As mentioned before,
humans typically use one or two tablets of ecstasy, each con-
taining approximately 138 mg (reflecting 2—4 mg/kg in a per-
son of 70 kg) (Van Laar et al. 2015). This dosage may be in the
neurotoxic range based on the prediction by Ricaurte et al.
(2000). In contrast, Baumann et al. (2007) argued that inter-
species scaling, which means adjusting doses between spe-
cies, should not be used, because behavioural, endocrine and
neurochemical reactions will occur at corresponding doses,
around 1-2 mg/kg. Furthermore, other researchers argued that
high doses, i.e. >25 mg/kg, of MDMA produce neurotoxicity
to all types of neurons (Jensen et al. 1993). These findings
implicate that the doses of MDMA used in most animal
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§ § research might be too high to compare the results of these
E S studies with human studies.
il I % Consistent with findings in animals, 14 out of the 16
e SERT studies performed in humans also showed signifi-
:; cantly lower SERT binding, particularly in cortical brain
<, g areas. However, not all studies corrected for multiple
E g % comparisons. Ten studies examined SERT binding in the
. gé % occipital cortex, and in six of these studies, the decrease
§ ; S o of SERT binding was most pronounced in this particular
§ %é —E brain area, with ES ranging from —0.21 to —2.17. Several
4 £ g experimental studies have reported that, indeed, high
L; %ﬁ %D g doses of ecstasy affect preferentially 5-HT-ergic projec-
o | I § : % tions to the occipital cortex (Oliveri and Calvo 2003).
% § ° 13:; % Hadzidimitrou and colleagues (1999) and Molliver et al.
é §' g © (S (1990) stated that axons with a great length, e.g. axons to
& the occipital cortex, have a higher sensitivity to neurotox-
2 < ic substances. Besides the cortical regions, forebrain re-
% % E gions were also examined. Four studies explored hippo-
- £ ; E campal SERT, and in 3 out of these 4 studies was the
% & g f‘.;,’ SERT binding significantly reduced in MDMA users;
g % E 2 however, only 2 were corrected for multiple comparisons.
'_g "g g,i —% It has been shown that heavy MDMA users have verbal
&8s = and visuo-spatial memory deficits, and loss of SERT in
i:gﬁ % ;: the hippocampus may contribute to these deficits (Bosch
§D = ;D% % ‘i et al. 2013). For cognitive processes like language and
© 2 = - ‘% %’ memory, the thalamus is also very important (Herrero
| 52 § Q g et al. 2002). Eleven studies found that the SERT binding
Sl& S8 a 3 was lower in this brain area in users with a history of
§ —g ecstasy use; however, only three studies showed signifi-
PR § s cant effects. It might be that SERT loss in the thalamus
g é < % plays a key role in verbal memory deficits too.
" § E m 2 The study of Urban et al. (2012) showed statistically non-
g = § g !é significant decreases of =100 % in SERT binding in the
2 2| = i % orbitofrontal and parietal cortex. These large percentages can
g gb[é] % be explained by the fact that the binding of ["'C]DASB in
= —; _— <8 8:8 these regions is very low, which hampers an accurate quanti-
[<§7:‘ % S £ 2:2 ° fication of SERT binding.
z| 2 § S 3 3 f It should be considered that different radiotracers with dif-
gl x| 38 2 é ;g ferent binding characteristics were used in studies on the ef-
2 8 o 2 fects of MDMA use/administration on SERT, which may have
§ g 5 2 g % influenced outcomes. SPECT studies used the non-selective
E é fz % E k5 tracer ['*’I]B-CIT, while PET studies used selective tracers,
g - § E 2 3; e.g. ["'C]DASB and ["®FJADAM (Chen et al. 2012; Frankle
5 B ST 5 S etal. 2004). Since ['**1]B-CIT binds with high affinity to both
g Z b 'E E f the DAT and SERT, SERT binding in DAT-rich areas (i.e.
E g @ :2 S : é striatum) cannot be assessed with this radiotracer. Other meth-
s| 2 E % ; 2 2 odological issues could have affected the accuracy of the
gn 2 E fi 2 quantitative measurements as well. For example, simple ratio
i s = £ ; methods were used in the SERT SPECT studies, which are
g g 5 E 53 more prone to changes in tracer delivery, whereas modelling
= éﬁ a = % g ;i time activity curves were used in some PET studies (e.g. the
= g % ‘g é 2 = study of Booij et al. (2014)). Finally, the limited spatial reso-
el &1 ET S F lution of PET scanners, and particularly of clinical SPECT
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scanners, can lead to an underestimation of the binding poten-
tial in small volumes (partial volume effect) (Erlandsson et al.
2012).

In the past 10 years, another technique called pharmaco-
logical MRI was evaluated to assess 5-HT dysfunction. This
technique measures the hemodynamic response on a pharma-
ceutical, e.g. a selective serotonin reuptake inhibitor (SSRI). It
is a very interesting development; however, more research is
necessary to validate this technique (Schouw et al. 2012;
Wingen et al. 2008).

Although the results of the included studies may be influ-
enced by differences in tracer and techniques (PET versus
SPECT, but also analysis techniques), the findings of imaging
studies on SERT were robust. Confirming previous studies,
use/administration of MDMA declines SERT binding.

5-HT), 4 receptor

Three out of five imaging studies showed an increased 5-
HT, A binding in MDMA users (Table 5). In these three stud-
ies, the period of abstinence for ecstasy ranged between 2.0
and 169.8 weeks and ES ranged between 0.14 and 1.84. The
other two studies showed a loss of 5-HT, 4 receptor binding,
and in these studies, the period of abstinence ranged between
1.6 and 36.9 weeks. The ['**I]JR91150 SPECT study of
Reneman et al. (2002c) showed that in recent MDMA users
(mean time of abstinence 3.3 weeks), postsynaptic 5-HT,4
receptor binding was significantly lower in all cortical areas
studied, while 5-HT,4 receptor densities were significantly
higher in the occipital cortex of ex-MDMA users. Moreover,
this study showed a significant positive correlation between
cortical 5-HT, 4 receptor binding and duration of abstinence
from MDMA (P < 0.01). Also, the same study showed, using
an ex vivo technique in rats and using the same radiotracer, a
decrease of binding followed by a time-dependent recovery of
cortical 5-HT,4 receptor binding, which was strongly and
positively associated with the degree of 5-HT depletion
(Reneman et al. 2002c). However, no positive correlation be-
tween the 5-HT), 5 receptor binding and time of abstinence was
found in the other studies (Di lorio et al. 2012; Erritzoe et al.
2011; Urban et al. 2012). The time of abstinence in the study
of Erritzoe et al. (2011) ranged between 1.6 and 36.9 weeks
and in the study of Di lorio et al. (2012) between 34 and
169.8 weeks, so these ranges should be large enough to eval-
uate a possible correlation between 5-HT, receptor binding
and time of abstinence. Moreover, the study of Urban et al.
(2012) did not show a decrease in receptor binding, although
the subjects were also relatively recent MDMA users (mean
time of abstinence 5.7 weeks, ranging from 2 to 8 weeks),
comparable to the study of Reneman et al. (2002c). So, all in
all, findings on 5-HT, A receptor binding in MDMA users are
inconsistent and it is uncertain if there is a relationship be-
tween time of abstinence and 5-HT, 5 receptor binding.

Dopamine system (dopaminergic vesicular monoamine
transporter, D,,;3 receptor and dopamine release,
dopamine transporter, decarboxylase activity)

Some experimental studies in animals suggested that admin-
istration of MDMA/ecstasy affects not only the 5-HT system,
but also the DA system. For example, Commins et al. (1987)
showed that when MDMA was given to rats in a high dosage,
DA levels were decreased in some brain regions. However,
other research showed that treatment with MDMA/ecstasy has
limited effect on the dopamine nerve endings in rats (Battaglia
etal. 1987; Stone et al. 1986). In mice, MDMA seems to be a
selective DA neurotoxin, while in rats a selective 5-HT neu-
rotoxin (Stone et al. 1986). Therefore, Easton and Marsden
questioned the ability to translate findings of animal studies on
DA neurotoxicity to humans (Easton and Marsden 2006).

In this search, we found one animal study and five human
imaging studies that examined the influence of ecstasy on the
central DA system and they showed consistently no signifi-
cant effects of MDMA on the DA system (Tables 8, 9, 10 and
11). One study in monkeys examined the VMAT expression in
the basal ganglia but did not find significant differences be-
tween the self-administering MDMA group and the polydrug-
administering control group. One human study explored the
effect of MDMA on baseline DA D,/; receptors and DA
release and no significant differences were found. Three
studies examined striatal DAT binding in MDMA users;
however, only one study of Reneman et al. (2002b) showed
statistically significant differences. In that particular study, the
effects of use of MDMA and amphetamines on striatal DAT
binding were assessed. MDMA users were compared to
polydrug using controls and the binding ratios in the striatum
were significantly increased (striatal binding ratios, increase
13 %, P = 0.045, ES = 2.92). However, comparing MDMA
users that used amphetamines less than 3 weeks before the
study to MDMA users, it was found that striatal binding ratios
were significantly decreased (striatal binding ratios, decrease
20 %, P =0.007, ES = —4.09). This study concluded that use
of amphetamines, and not the use of MDMA, might induce
loss of nigrostriatal DA neurons. Because of the polydrug use
of many ecstasy users, it is hard to look specifically at the
effects of MDMA and they stressed the importance of the
inclusion of a proper control group.

Only one study (Tai et al. 2011) looked into decarboxylase
activity (using ['®F]dopa PET) and found that there was a
significant increase in ex-MDMA users compared to drug-
naive controls, only in the putamen. However, the ex-
MDMA users were polydrug users and when comparing ex-
MDMA users to polydrug using controls, there was no signif-
icant effect anymore. This study stresses the importance of a
well-selected control group as well.

In short, the results on the DA system are quite consistent.
Most molecular imaging studies in humans did not find any
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significant effect of MDMA on the DA system. Further re-
search has to be conducted to draw definite conclusions
whether this system is affected in MDMA users.

Limitations

Several limitations of this review should be recognized. In this
review, we did not find imaging studies that assessed other
neurotransmitter systems than the 5-HT or DA system that
might be affected by MDMA. There is little imaging research
available on other receptors/transporters that may be influ-
enced by MDMA due to a lack of well-validated radiotracers
for every transporter/receptor of interest. Moreover, most of
the included studies used a very small number of subjects; the
number of subjects in animal studies was ranging from 1 to 26
animals and in human studies from 14 to 116 subjects.
Another limitation is the washout period used. A reasonable
period of abstinence of MDMA/ecstasy is necessary to ex-
clude direct pharmacological effects of MDMA on the neuro-
transmitter systems; this is of particular importance in studies
on the 5-HT and DA system. However, some studies in this
review used a minimal period of abstinence for ecstasy of only
1 week. Furthermore, the purity of ecstasy tablets varies and
the amount of MDMA in a tablet changed over the years;
consequently, there are limitations in comparing the results
of the human studies over time (Sherlock et al. 1999). Also,
not all studies were corrected for multiple comparisons, and
therefore, some significant findings could be explained by
chance.

3,4-Methylenedioxymethamphetamine and additional
drug use

MDMA users are likely to be polydrug users. Several studies
attempted to look specifically at the effects of MDMA by
including polydrug using control groups. The study of Tai
et al. (2011) (Table 10) showed the importance of a polydrug
using control group, because there was no significant differ-
ence left in decarboxylase activity when the data of the
MDMA group were compared to the data obtained in the
polydrug control group. Different subgroups of polydrug
users were also analysed by two studies to investigate the
effects of some commonly used drugs in combination with
MDMA, e.g. cannabis, cocaine and hallucinogens, on the
binding of several transporters/receptors. This approach can
be useful, because it may assess the influence of those drugs
on the outcome of studies that included drug-naive controls
instead of polydrug controls.

First, the study of de Win et al. (2008b) assessed the
specific/independent neurotoxic effects of heavy ecstasy use
and contributions of amphetamine, cocaine and cannabis.
They concluded that use of cannabis and cocaine did not have
any significant effect on the effects of MDMA on SERT
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binding as measured with ['**I]3-CIT SPECT, comparing
MDMA users with polydrug using controls. In the second
study of Erritzoe et al. (2011), reductions were seen in the
cerebral SERT binding in MDMA -preferring users, but not
in hallucinogen-preferring users, and they concluded that not
hallucinogens, but MDMA alters the presynaptic 5-HT-ergic
transmitter system. Taken these studies into account, use of
cannabis, cocaine and hallucinogens may not influence the
effects of MDMA on the SERT significantly.

Age-of-first exposure

One study (Klomp et al. 2012) looked into the effects of age-
of-first exposure on SERT binding in humans and rats. In the
early-exposed group, they found a significant inverse relation-
ship between age-at-first ecstasy use and ['** I]3-CIT binding
ratios in the SERT-rich midbrain; however, in the late-exposed
group, no significant relationship was seen. They stated that,
particularly, the developing brain might be sensitive to the
potential neurotoxic effects of MDMA use. In early-exposed
rats and humans however, they did not find lower SERT bind-
ing ratios in the midbrain. A likely explanation may be that the
midbrain of rats is already matured very early in the matura-
tion process; consequently, the effects of MDMA are less
pronounced. These results suggest that in future studies, age-
of-first exposure should be taken into account. Animal studies
already concluded that the maturing brain is affected differ-
ently by the administration of MDMA/ecstasy (Broening et al.
1994; Meyer and Ali 2002); however, no animal studies on
this topic were included. Only one human in vivo imaging
study passed our inclusion criteria; therefore, more research
has to be done to draw valid conclusions about what the role
of age-of-first exposure is on changes to neurotransmitter sys-
tems in humans.

Gender differences

Reneman et al. (2001a) reported about gender differences
in susceptibility to possible neurotoxic effects of MDMA
use. Several studies looked into this topic and came to
different conclusions. Buchert et al. (2004) confirmed
the association between sex and reduction of SERT
availability. However, de Win et al. (2008b) did not find
a gender effect on SERT availability. The only study that
looked into 5-HT synthesis reported on a decreased
["'C]IAMT trapping in frontal regions in males, but not
in women (Booij et al. 2014). In this study, men seemed
to be more susceptible to the effects of polydrug use. In
conclusion, whether gender plays an important role in
susceptibility to the effects of MDMA use is not
completely clear and further research on this topic should
be undertaken.
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Alteration in receptor binding and neurotoxicity

The main outcome of imaging research is commonly
expressed in terms of increased or decreased receptor/
transporter binding; however, the cause of the alteration re-
mains unclear in these studies. There are at least four expla-
nations for the observed decrease in receptor/transporter bind-
ing: down-regulation and/or endocytosis of the receptor/trans-
porter, neuronal damage resulting in loss of receptors/
transporters which are expressed on this particular neuron,
decreased expression of protein levels of the receptor and
endogenous neurotransmitter release induced by the drug
which could reduce the binding of the radiotracer (e.g. admin-
istration of MDMA/ecstasy can induce 5-HT release, which
can lead to lower 5-HT, 4 receptor availability). In this regard,
it is of interest that a study by Quelch et al. (2012) showed a
significant reduction in the ability of the radioligand
[*H]DASB to bind to the SERTs that are located intracellularly
(as compared to binding on the SERT expressed on the cell
membrane) and they speculate that down-regulation could
(partly) explain the reductions in SERT binding in MDMA
studies with the radioligand [''C]DASB, since MDMA has
been shown to redistribute SERT into intracellular compart-
ments (Kivell et al. 2010). To distinguish between causes of
lower receptor/transporter binding, further research in animal
brains, e.g. using electron microscopy (to assess internaliza-
tion of receptor binding) or high-performance liquid chroma-
tography to assess neurotransmitter concentrations and deter-
mination of By, (number of binding sites) and Ky (affinity for
the receptor), would be helpful.

Also, more translational research is necessary to examine
in which conditions lower SERT binding may reflect neuro-
toxicity. This is relevant since it is still debated whether ecsta-
sy use/administration is indeed neurotoxic. There are several
techniques developed that claim to measure neurotoxicity, e.g.
immunocytochemistry, immunohistochemistry, reactive
gliosis and silver staining. However, these techniques differ
in sensitivity and specificity and it can be questioned whether
they all can demonstrate 5-HT neurotoxicity.
Immunocytochemistry can be used to look at the structural
and functional integrity of the assessed neurotransmitter sys-
tem. Immunohistochemistry can be used to assess 5-HT axon
degeneration; with this technique concentrations of 5-
hydroxyindoleacetic acid (5-HIAA), 5-HT and the SERT can
be measured (Battaglia et al. 1987; Commins et al. 1987).
Glial activation (reactive gliosis) is a response to all nervous
system injury, and silver staining is a direct way to stain
degenerating neurons (O’Callaghan and Sriram 2005).
However, there are several limitations of these techniques. It
is argued that immunohistochemistry should be validated by
other means, because the neurotransmitter levels could be un-
measurable due to pharmacological depletions, while the neu-
ron itself can be intact (Baumann et al. 2007; Chang and

Slikker Jr 1995). Silver staining is not selective for damage
to serotonergic axons but also measures loss of other types of
neurons. However, this technique is very useful for measuring
neuronal loss (Jensen et al. 1993; O’Callaghan and Miller
1993). In fact, no SPECT or PET tracer is available that can
directly assess serotonergic/dopaminergic toxicity or degener-
ation per se. So, until yet, whether or not a lowered receptor/
transporter binding as assessed by PET/SPECT studies in
humans represents neurotoxicity is still a matter of interpreta-
tion. Importantly, MDMA is not only used recreationally.
Some researchers proposed to treat patients with MDMA,
e.g. as a catalyst in psychotherapy for PTSD patients
(Amoroso 2015; Doblin et al. 2014; White 2014), which fur-
ther highlights the need to be able to assess whether or not the
use of ecstasy is neurotoxic to humans.

Recovery

Not only the causes, but also the duration of the effects of
MDMA /ecstasy on receptor/transporter binding is important
to be further explored. As mentioned earlier, a number of
studies have investigated the effect of the duration of ecstasy
abstinence on the SERT binding by examining the reversibil-
ity of the SERT binding in relation to period of abstinence
from MDMA use/administration. Scheffel et al. (1998) al-
ready showed in a baboon study that SERT binding was in-
creased from 40 days to 9 months after MDMA administration
in the pons, midbrain and hypothalamus, whereas it remained
decreased in cortical regions (pons: increase 35.7 %, mid-
brain: increase 95 %, hypothalamus: increase 168.5 %). In
human studies, similar results were found. Reneman et al.
(2001b) concluded that SERT binding of ex-MDMA users
that stopped using MDMA for more than a year was similar
to that binding of MDMA-naive controls. Moreover, Buchert
et al. (2004) found a significant positive correlation between
SERT binding and period of abstinence. Two years later, the
same research group found a significant increase over the
course of time of SERT binding of MDMA users and of
SERT binding in the thalamus of ex-MDMA users, respec-
tively (MDMA: P < 0.01; ex-MDMA: thalamus P = 0.006)
(Buchert et al. 2006). Selvaraj et al. (2009) further supported
the idea of SERT recovery; there was no difference in SERT
binding between former ecstasy users and drug-naive controls
after 1 year of abstinence. Moreover, Erritzoe et al. (2011)
concluded that the duration of abstinence was positively relat-
ed to SERT binding in pallidostriatum, amygdala and thala-
mus, but not in the neocortex. According to their data, recov-
ery of the pallidostriatal SERT binding takes 200 days. In
conclusion, there seems to be some evidence that there is a
recovery of SERT binding. If there is indeed recovery of
SERT binding over time, the relevant question is then whether
this recovery represents functionally intact 5-HT neurons. The
study of Reneman et al. (2001b) suggests that this may not be

@ Springer



3498

Psychopharmacology (2016) 233:3473-3501

the case, because SERT binding in ex-MDMA users, who had
stopped using MDMA for more than 1 year, was similar to
control levels but demonstrated similar deficits on the RAVLT
memory test as current MDMA users. Indeed, a couple of
studies showed that even small doses of MDMA could lead
to cognitive impairments, e.g. in verbal memory, and these
impairments persist over time (Quednow et al. 2006; Schilt
etal. 2007). A review of Parrott (2013) confirms that different
cognitive functions can be affected by ecstasy use. There are
deficits found not only in retrospective and prospective mem-
ory but also in higher cognition, complex visual processing,
sleep architecture, sleep apnoea, pain, neurohormonal activity
and psychiatric status. Therefore, recovery of SERT binding
may reflect sprouting of 5-HT neurons or reduced endogenous
neurotransmitter release after 5-HT toxicity has occurred, in-
stead of recovery of the functional integrity of the 5-HT
neurons.

However, another study of Halpern et al. (2011) found little
evidence in ecstasy users for cognitive impairments. This
study was designed to minimize methodological limitations
and concluded that studies on cognitive function should be
interpreted with caution. If it is true that use of ecstasy does
not lead to persistent cognitive impairments, the recovery of
SERT binding may simply reflect normalization of the adap-
tation (e.g. down-regulation), which may occur initially after
MDMA use. In sum, several studies have shown that there is a
recovery in SERT binding after MDMA use/administration,
but it is not clear whether this is the result of recovery of the 5-
HT neurons or other causes. Future fundamental studies on
this topic are therefore recommended.

Implications for practice

Selection criteria for the inclusion of subjects are very impor-
tant for the quality of a given study. Research has shown that
regular ecstasy users are polydrug users, so controls have to be
matched on polydrug intake to rule out the effects of other
drugs. As mentioned earlier, some studies showed that results
were not significant anymore when polydrug-using controls
were used instead of controls without a history of other drugs.
The studies in this review used a great diversity of criteria to
select subjects.

To generalize findings from animal studies to the human
context, animal studies have to mimic the human context as
accurately as possible. In many animal studies on the effects of
MDMA, MDMA was administered passively. However, ani-
mal studies in which MDMA was self-administered may best
reflect the human situation. The effects found on SERT bind-
ing were less pronounced in studies which used MDMA self-
administration compared to studies which treated the animals
passively with MDMA (ES ranged from —0.72 to 5.82 in
SERT studies with self-administration and 0.69 to 20.03 in
other studies), although the accumulated lifetime intake was
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higher in the studies with self-administering animals (97—
141 mg/kg lifetime intake compared to 40-80 mg/kg in other
studies). However, the number of animals used in these stud-
ies was relatively small; four MDMA self-administering mon-
keys and four controls were used in both studies.

Concluding remarks

In the present review, we examined the effects of the use/
administration of the drug ecstasy/MDMA on neurotransmit-
ter systems in human and animal brains through imaging stud-
ies. The results of imaging studies reveal consistently that
heavy use/administration of ecstasy/MDMA induces loss of
SERT binding; however, these studies cannot conclude defi-
nitely whether this reduction in binding represents 5-HT neu-
rotoxicity. The effects of MDMA/ecstasy on the 5-HT, 5 sys-
tem are not consistent, while in human, the DA system may
not be significantly affected. Some studies showed that use of
MDMA is correlated with deficits on several cognitive func-
tions; however, opinions remain divided on this topic.
Therefore, to come up with definite conclusions whether the
use of ecstasy is neurotoxic in humans, large translational
studies are still needed.
Current knowledge

— Heavy use/administration of MDMA decreases SERT
binding; however, after a certain period of time (40—
200 days), SERT binding recovers.

— In humans, MDMA does not seem to affect the DA
system.

— Use of cannabis, cocaine and hallucinogens does not
seem to influence the effects of MDMA on the SERT.

Remaining questions

— Is MDMA use able to induce detectable changes in 5-HT
synthesis? To validate this, supporting studies in small
laboratory animals may be performed with [''C]JAMT
PET.

— Does a decline in SERT binding reflect neurotoxicity? It
may be relevant to perform more translational research.

— What is the cause and functional significance of SERT
binding recovery; sprouting, regeneration, recovery of ad-
aptation or endogenous neurotransmitter release? Future
fundamental studies on this topic are recommended.

—  What are the causes of an increase or decrease in receptor
binding? Further research in animal brains could be done,
e.g. using high-performance liquid chromatography to
assess neurotransmitter concentrations and determination
of B (number of binding sites) and K (affinity for the
receptor).
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— Does gender play an important role in susceptibility to
possible toxic effects of MDMA use?

—  What are the effects of young ecstasy use? Results sug-
gest that there is an inverse relationship between age-at-
first ecstasy use and ['** T]B-CIT binding ratios in the
midbrain. However, only one study is performed on this
topic; therefore, more research has to be done to draw
valid conclusions.
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