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Opiate-Induced Dopamine Release Is Modulated by
Severity of Alcohol Dependence: An [18F]Fallypride
Positron Emission Tomography Study
Katja N. Spreckelmeyer, Michael Paulzen, Mardjan Raptis, Thomas Baltus, Sabrina Schaffrath,
Julia Van Waesberghe, Magdalena M. Zalewski, Frank Rösch, Ingo Vernaleken, Wolfgang M. Schäfer,
and Gerhard Gründer

Background: Preclinical data implicate the reinforcing effects of alcohol to be mediated by interaction between the opioid and dopamine
systems of the brain. Specifically, alcohol-induced release of �-endorphins stimulates �-opioid receptors (MORs), which is believed to cause
dopamine release in the brain reward system. Individual differences in opioid or dopamine neurotransmission have been suggested to be
responsible for enhanced liability to abuse alcohol. In the present study, a single dose of the MOR agonist remifentanil was administered in
detoxified alcohol-dependent patients and healthy control subjects to mimic the �-endorphin-releasing properties of ethanol and to assess
the effects of direct MOR stimulation on dopamine release in the mesolimbic reward system.

Methods: Availability of D2/3 receptors was assessed before and after single-dose administration of the MOR agonist remifentanil in 11
detoxified alcohol-dependent patients and 11 healthy control subjects with positron emission tomography with the radiotracer [18F]fally-
pride. Severity of dependence as assessed with the Alcohol Use Disorders Identification Test was compared with remifentanil-induced
percentage change in [18F]fallypride binding (�%BPND).

Results: The [18F]fallypride binding potentials (BPNDs) were significantly reduced in the ventral striatum, dorsal putamen, and amygdala
after remifentanil application in both patients and control subjects. In the patient group, ventral striatum �%BPND was correlated with the

lcohol Use Disorders Identification Test score.

onclusions: The data provide evidence for a MOR-mediated interaction between the opioid and the dopamine system, supporting the
ssumption that one way by which alcohol unfolds its rewarding effects is via a MOR-(�-aminobutyric acid)-dopamine pathway. No
ifference in dopamine release was found between patients and control subjects, but evidence for a patient-specific association between

ensitivity to MOR stimulation and severity of alcohol dependence was found.
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L ike other drugs of abuse, alcohol is assumed to exert its rein-
forcing effects via activation of the mesolimbic dopamine
system (1). Preclinical data provide evidence that this activa-

ion involves increased firing of dopamine neurons in the ventral
egmental area (VTA) of the midbrain (2) and a subsequent increase
f dopamine released into the striatum, specifically the nucleus
ccumbens (NAc) (3). In humans, evidence for alcohol-induced do-
amine release in the striatum was provided by positron emission

omography (PET) studies, showing increases in tracer displace-
ent from dopamine D2/3 receptors after alcohol consumption in

nonalcohol-dependent social drinkers (4 – 6), although some stud-
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es failed to find significant effects of alcohol on tracer binding (7,8),
ossibly as a consequence of small sample sizes. The mechanism by
hich alcohol triggers dopamine release is not yet fully under-

tood. Ethanol does not act on dopamine neurons directly but is
resumed to exert its effect via interaction with different neu-

otransmitter/neuropeptide systems (see Vengeliene et al. [9] for a
eview). One route of action involves the opioid system. Animal
ata have provided evidence that ethanol-induced �-endorphin

elease increases dopamine release in the NAc by activating �-opi-
id receptors (MORs) in the VTA (10). The activation of the dopa-
ine system by MORs seems to be mediated via inhibition of �-ami-

obutyric acid (GABA)ergic neurons that normally hold the
opamine system under inhibitory control (11). It is not yet clear
hether a similar mechanism is active in the human brain. One PET

tudy tried to assess the effect of MOR stimulation on striatal dopa-
ine release in a relatively small group of healthy participants (n �

), reporting slight increases in D2/3 receptor binding of [11C]raclo-
ride rather than the expected decrease after stimulation with the
OR agonist alfentanil (12). No changes in [11C]raclopride binding
ere found in heroin addicts taking methadone maintenance treat-
ent after MOR stimulation with diamorphine and hydromor-

hone (13).
However, evidence has accumulated in animals and humans,

hat liability to abuse alcohol is associated with changes in the
pioid system. Specifically, greater sensitivity of pituitary �-endor-
hin to ethanol was found in alcohol-preferring rats (14). Although
revious human studies failed to detect differences in plasma en-
orphin levels in alcohol-dependent individuals (15), enhanced

-endorphin release to ethanol was found in subjects with high risk
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for alcoholism (i.e., subjects from families with a history of alcohol-
ism) compared with low-risk subjects (16). Also, increased MOR
density/affinity was found in alcohol-dependent patients and could
be linked to experiences of craving and risk to relapse after alcohol
consumption was stopped (17).

With regard to dopamine, prior research has provided evidence
that dopamine activity is blunted in alcohol-dependent patients.
Reports of lowered dopamine D2 receptor availability in the stria-
um (18,19) suggest reduced extracellular dopamine levels in alco-
ol-addicted patients, although not all studies replicated this find-

ng (20). Studies addressing presynaptic dopamine function in
etoxified alcohol-dependent patients and healthy control sub-

ects via amphetamine/methylphenidate challenge reported de-
reased presynaptic dopamine release in the patient group (21,22).
owever, there is evidence that attenuated basal dopamine func-

ion, suggested not only in alcohol-dependent patients but also in
ndividuals addicted to other drugs of abuse (23,24), might be con-
rasted by pathologically elevated dopamine release in response to
he drug itself (25). This assumption is supported by preclinical data
ndicating elevated dopamine responses to ethanol administration
n animals with chronic alcohol consumption as well as in alcohol-
referring rat lines compared with control animals, despite equal

26) or even lowered (27) baseline levels of extracellular dopamine.
Thus, it might be hypothesized that in alcohol-dependent pa-

ients greater sensitivity to MOR stimulation is also associated with
ncreased dopamine release in the NAc, irrespective of dopamine
unction at baseline. In vivo microdialysis has revealed that admin-
stration of selective MOR agonists increases dopamine release in
he NAc of the rat (28). However, differential effects with regard to
lcohol consumption have not yet been assessed, nor has the effect
een demonstrated in the human brain.

We used the MOR agonist remifentanil to test the effect of MOR
timulation on dopamine release in a group of recently detoxified
lcohol-dependent patients and healthy comparison subjects. Pos-

tron emission tomography and the D2/3 receptor selective tracer
[18F]fallypride were used to assess MOR agonist-induced dopamine
release compared with baseline.

Methods and Materials

Subjects
The local ethics committee, the Federal Institute for Drugs and

Medical Devices, and the Federal Office for Radiation Protection
approved this study.

Eleven recently detoxified male alcohol-dependent patients
(47.9 � 7 years old, range 36 –57 years) and 11 healthy male control
subjects (45.4 � 7 years old, range 36 –57 years) were included in
the study after providing written informed consent. None of the
participants had been taking any psychotropic medication for at
least 2 weeks. All patients fulfilled the diagnosis of alcohol depen-
dence according to the ICD-10 and DSM-IV criteria and had no other
psychiatric Axis I disorder, no history of drug dependence, and no
current drug abuse (urine drug testing and Structured Clinical Inter-
view for DSM-IV), except for nicotine abuse and caffeine consump-
tion. Severity of alcohol dependence was assessed with the Alcohol
Use Disorders Identification Test (AUDIT) published by the World
Health Organization (2001). All patients participated in the detoxi-
fication program of the Department of Psychiatry, Psychotherapy
and Psychosomatics at the Rheinisch-Westfälische Technische
Hochschule Aachen University Hospital in Germany. Time since last
drink at the time of scanning ranged between 8 and 48 days (me-
dian � 32 days), with the exception of one patient who had been

abstinent for 126 days at the time of scanning (hence, medium
uration of abstinence for the whole group � 36 days). Alcohol
bstinence at the time of the scan was confirmed via urine test,
nalyzing ethyl glucuronide, which mirrors potential alcohol intake
ithin the last 5 days.

All subjects were scanned twice with PET with the dopamine
eceptor radiotracer [18F]fallyride, once at baseline and again 2
eeks later (mean � 2.4 � 1.9) after remifentanil administration.
emifentanil was injected 5 min before [18F]fallyride administration
ith the dose adjusted to participant weight (.3 �g/kg body-
eight). Craving for an alcoholic drink was assessed immediately
efore and after each scan session with the Alcohol Urge Question-
aire.

ET Scanning
The PET scans were acquired with a Siemens ECAT EXACT 922/47

hole-body PET scanner (CTI/Siemens, Knoxville, Tennessee) in
hree-dimensional mode (field-of-view: 16.2 cm; 47 planes; full
idth at half maximal axial: 4.6 mm, in-plane: 6.0 mm). The radio-

ynthesis of [18F]fallypride was a high-yield modification of the
ethod for the synthesis of [18F]desmethoxyfallypride, as de-

cribed in detail previously (29, 30). First, a 15-min transmission scan
ith a 68Ge source was carried out for subsequent attenuation

orrection. Afterwards, a mean of 221 MBq (SD � 26) of [18F]fally-
ride was injected intravenously as a bolus into a cubital vein over
pproximately 30 sec. The specific activity at the time of injection
as 746 GBq/�mol (SD � 662), corresponding to an injected mass
f .3 �g (SD � .7). The PET data were acquired over a duration of 180
in. For registration purposes, a volumetric magnetic resonance

maging (MRI) scan of the head of each participant was also per-
ormed.

The PET data analysis was performed with PMOD software (ver-
ion 3.1, PMOD Technologies, Zurich, Switzerland). To correct for
ET frame misalignment caused by head movement, the dynamic
ET frames were first realigned to a reference summed image of a
eriod with little movement (between 40 and 60 min) with the
ithin modality Automatic Image Registration algorithm (31) as

mplemented in PMOD (PMOD Technologies). The motion-cor-
ected dynamic PET dataset of each individual was coregistered
rigid body transformation) to the MRI of the same subject with a

utual information algorithm. The MRI was spatially normalized to
he T1-weighted MRI template of the Montreal Neurological Insti-
ute with nonlinear warping. The obtained transformation param-
ters were applied to the corresponding PET dataset. Parametric

mages of nondisplaceable binding potentials (BPND) were gener-
ted from the dynamic PET scans, with a basis function implemen-
ation of the simplified reference region compartmental model
32,33). The BPND refers to the ratio at equilibrium of specifically
ound radioligand to that of nondisplaceable radioligand in tissue.
he cerebellum was chosen as reference region. To assess differen-
ial effects of group and/or treatment on the mesolimbic reward
ystem, a region-of-interest (ROI) analysis was performed. The ROIs
ere automatically defined in Montreal Neurological Institute

pace with a predefined template image based on the AAL tem-
late and applied to the coregistered PET image of each individ-
al. The striatum was divided into ventral striatum, dorsal cau-
ate, and dorsal putamen, following the method described by
awlawi et al. (34).

The change in D2/3 receptor availability as a result of change in
ndogenous dopamine concentration was calculated as the per-
entage change in binding potential with respect to nondisplace-
ble tracer concentration in the brain (%�BPND), with the following
quation:
%�BPND � 100 * [(BPND MOR-agonist ⁄ BPND baseline) � 1].

www.sobp.org/journal



p

A
n
.

a

r
s
m
l
a

p
.

R
C

o
g
i
t
�
�
r

D

s
p
r
a
b
A
o
b
c
(

s
s
[
l

T

V

A
A
N
N
N
[

[

[

772 BIOL PSYCHIATRY 2011;70:770–776 K.N. Spreckelmeyer et al.

w

Statistical Analysis
Group demographic comparisons were performed with un-

paired t tests. Separate repeated-measures analyses of variance
(ANOVAs) were performed on specific activities and injected
masses with factors “group” (patients vs. control subjects) and
“treatment” (scan 1 vs. scan 2). In the statistical analysis on [18F]fally-

ride BPNDs, only regions were included with a mean BPND � 1.0 to
avoid errors due to a low signal-to-noise ratio. Data from five ROIs
were included, following this approach, in the statistical analysis:
ventral striatum, dorsal caudate, dorsal putamen, amygdala, and
thalamus. To assess group differences in BPND at baseline, a multi-
variate ANOVA with ROI (ventral striatum, dorsal caudate, dorsal
putamen, amygdala, thalamus) as within-subject factor and diag-
nostic group (patients, control subjects) as between-subject factor
was performed on the data collected in the first scanning session
(SPSS Statistics, Chicago, Illinois). Effects of MOR agonist adminis-
tration (remifentanil) on [18F]fallypride-BPND in the two groups
were analyzed in a multivariate repeated-measures ANOVA with
treatment (baseline, MOR agonist) and ROI (ventral striatum, dorsal
caudate, dorsal putamen, amygdala, thalamus) as within-subject
factor and diagnostic group (patients, control subjects) as be-
tween-subject factors. In both analyses, the Huynh-Feldt-�-correc-
tion was used in the event of violations of sphericity assumptions.
Post hoc comparisons were performed with paired t tests with
Bonferroni correction for multiple comparisons. In all analyses, a
two-tailed probability value of p 	 .05 was chosen as statistically
significant. Effect size of significant results is reported with partial

-squared (
p

2). To test for a relationship between drinking behav-
ior and sensitivity to opiate stimulation, Pearson product-moment
correlations were calculated between AUDIT score and %�BPND in
the defined ROIs, separately in patients and control subjects. All
tests were additionally performed with age as a covariate (i.e., cal-
culating partial correlations), to ensure that associations between
AUDIT score and %�BPND were not confounded with age effects.

Results

Demographic Data and Clinical Measures
Mean age was not different between patients and control sub-

jects [47.9 � 7 vs. 45.4 � 7; t (20) � .9, p �.05]. Measures of depen-
dence severity were significantly higher in alcohol-dependent pa-
tients than control subjects (Table 1). In the patient group, no
significant correlation was found between AUDIT score and days of
abstinence (p � .05).

Specific activities and injected mass did not differ significantly
between patients and control subjects; nor were they significantly
different at scan 1 and 2 (all p � .05) (Table 1).

Craving Assessment
Reported craving was not significantly different between pa-

tients and comparison subjects at any time point (all compari-
sons p � .05).

PET Data Analysis
D2/3 Receptor Availability at Baseline. The multivariate

NOVA on baseline data (collected during the first scan) revealed
o significant effect of group or group � region interaction (p �

05). No significant correlation was found between baseline BPND

and AUDIT score of patients or between baseline BPND and days of
bstinence of patients (both p � .05).

Effects of MOR Agonist Administration on D2/3 Receptor
Availability. The repeated-measures ANOVA revealed a main ef-
fect of treatment with remifentanil [factor treatment: F (1,20) �

13.55, p � .001, 
p

2 � .41], which interacted with region [treatment � d

ww.sobp.org/journal
egion interaction: F (4,80) � 9.61, p � .001, 
p
2 � .33], reflecting

ignificantly reduced dopamine D2/3 receptor availability after ad-
inistration of the MOR agonist remifentanil compared with base-

ine in the ventral striatum (�9.5%), the dorsal putamen (�8.3%),
nd the amygdala (�12.5%) (Figure 1, Table 2).

There was no significant group � treatment [F (1,20) � 1.3,
� .27] or group � treatment � region interaction [F (4,80) �

97, p � .37].

elationship Between MOR Agonist-induced Percentage
hange in BPND (%�BPND) and AUDIT Score

A significant correlation between %�BPND and AUDIT score was
nly seen in the ventral striatum and was restricted to the patient
roup (r � �.62, p � .02), reflecting an increase of %�BPND with

ncreasing severity of alcohol dependence (Figure 2). The correla-
ion remained statistically significant after controlling for age (r �

.56, p � .046). No significant correlation was found between
%BPND and AUDIT score or �%BPND and days of abstinence, in any

egion (all p � .05).

iscussion

The primary goal of this study was to examine the effects of MOR
timulation on dopamine release in detoxified alcohol-dependent
atients compared with healthy control subjects. The MOR agonist

emifentanil was used to mimic the effect of �-endorphin release
fter ethanol consumption. Activation of MORs is presumed, on the
asis of rodent data, to inhibit GABAergic neurons in the VTA (11).
ssuming that VTA dopamine neurons are under the tonic control
f VTA GABA-neurons (35), blockade of GABAergic innervation is
elieved to increase the activity of VTA dopamine neurons, hence,
ausing enhancement of dopamine release in VTA projection areas
10).

In a group of 11 patients and 11 control subjects, we found a
ignificant BPND reduction after stimulation with remifentanil in
ubregions of the striatum and in the amygdala. The reduction in
18F]fallypride BPND is consistent with an increase in dopamine
evels in these regions.

This is the first study demonstrating MOR stimulation–induced

able 1. Demographic Data and Clinical Measures

ariable

Alcohol-
Dependent

Patients
Healthy Control

Participants

ge 47.9 � 7 45.4 � 7
UDIT Scorea 24.8 � 9 4.3 � 3
umber of Drinking Days/Weeka 3.6 � 1 2.4 � 1
umber of Alcoholic Drinks/Daya 8.2 � 2 3.6 � 3
umber of Smokers/Group 4/11 4/11

18F]Fallypride Injected Activity (MBq)
Scan1 223.2 � 34.1 227.5 � 25.1
Scan 2 213.5 � 23.0 218.4 � 24.8

18F]Fallypride Specific Activity
(GBq/�mol)

Scan1 849.9 � 673.1 707.7 � 840.7
Scan 2 742.7 � 840.7 692.9 � 563.6

18F]Fallypride Injected Mass (�g)
Scan1 .19 � .2 .64 � 1.3
Scan 2 .24 � .3 .22 � .2

Mean � SD.
AUDIT, Alcohol Use Disorders Identification Test.
aSignificant (p 	 .05).
opamine release in the human mesolimbic reward system. The
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lines. MOR, �-opioid receptor.
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esult is in line with preclinical findings in rodents (11,28) and pro-
ides further evidence for the existence of an (most likely GABA-
ediated) interaction cascade between MORs and dopaminergic

rojections in limbic brain areas (10,36). It was hypothesized that
opamine release induced via MOR stimulation would differ be-

ween patients and control subjects. The group comparison did not
ield a significant difference between patients and control subjects.
owever, in the patient group, the relative decrease in D2/3 recep-

or availability was associated with drinking severity (i.e., �%BPND

as larger in patients reporting past heavy drinking). This finding
ndicates that sensitivity of the MOR-(GABA)dopamine pathway to

OR stimulation is not equally pronounced among alcohol-depen-
ent individuals. Rather, there seems to be an association between
OR-mediated dopamine response and severity of alcohol abuse.

he finding is mirrored by reports that MOR blockade with the MOR
ntagonist naltrexone, successfully used as treatment to reduce
raving and relapse rates in alcohol and opiate addicts, is unequally
ffective and differs in severity of side effects in different individuals

37,38). It has been suggested that these differences might be
aused by individual variances in MOR density/affinity (38). A re-
ently detected association between a polymorphism of the MOR
ene (OPRM1) and alcohol misuse (37,39) seems to support this
otion. Effectiveness of naltrexone to reduce craving and relapse

ates by blocking MORs was more pronounced in alcohol-depen-
ent individuals carrying a variant of the OPRM1 gene (A118G single
ucleotide polymorphism) that has been associated with greater
lcohol consumption and preference (40).

In the present study we did not assess MOR availability directly.
owever, Heinz et al. (17) reported higher MOR availability in detox-

fied alcohol-dependent patients than in comparison subjects,
hich also correlated with experienced craving. It can be specu-

ated, assuming a link between craving and drinking severity (41),
hat the association between remifentanil-induced dopamine re-
ease and dependence severity in our sample can be attributed to a
reater number of MORs (i.e., greater sensitivity to MOR stimula-

ion) in heavy drinkers. Of course, the finding that MOR stimulation
ith a MOR-specific agonist stimulates pronounced dopamine re-

ease in alcohol-dependent individuals does not necessarily mean
hat alcohol would have the same effect. However, a recent PET
tudy with social drinkers revealed alcohol-induced striatal dopa-

ine release to be particularly pronounced in individuals carrying
he A118G single nucleotide polymorphism of the OPRM1 gene
42), providing yet another piece of evidence for a link between
eightened MOR sensitivity and increased dopamine release in

esponse to alcohol consumption.
Our finding of reduced BPND in striatal subregions somewhat

iffers from the finding by Hagelberg et al. (12). The authors re-
orted a small increase in tracer binding after stimulation with
lfentanil in a group of nonalcohol-dependent participants. Their
egions of interest encompassed the caudate nucleus and the pu-
amen, without further regional subdivision. In our study, no signif-
cant effect was observed in the dorsal caudate, but a decrease was
bserved in the ventral striatum and the dorsal putamen. In the

ight of massive differences in direction and extent of dopaminergic
rojections to striatal subdivisions (43), methodological differences

n ROI partition might well cause divergent findings (34). Also, it
annot be ruled out that differences in the pharmacokinetics of the
wo opioids (44) as well as differences in the administration proto-
ol and/or PET tracer characteristics led to different effects. Finally, it
eeds to be noted that, like Hagelberg et al., we observed hetero-
eneous effects among our participants, and a decrease of BP
Figure 1. Individual changes in ventral striatum nondisplaceable binding
otentials (BPND) (top), dorsal putamen (middle), and amygdala (bottom) at
aseline and after stimulation with remifentanil in patients (black lines) and
ND

as not observed in all (Figure 1). The reasons for this interindi-

www.sobp.org/journal
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vidual variance in MOR stimulation-induced tracer displacement
are not yet clear and need to be addressed in further studies.

Also, prior efforts to probe drug-induced presynaptic dopamine
release in alcohol-dependent patients have shown blunted dopa-
mine responses compared with control subjects (21,22). The con-
tradiction between these results and our data is likely due to the use
of different stimulus drugs. We tried to mimic the effects of ethanol-
induced �-endorphin release by administering a specific MOR ago-

ist (remifentanil). It is assumed, on the basis of preclinical data (27),
hat MOR agonist-initiated dopamine release is mediated by an

Table 2. Dopamine D2/3 Receptor Availability at Baselin

Tre

Groupa
Baseline

BPND Mean

Ventral Striatum Whole Group 10.62 � .4
Patients 10.54 � .6
Control Subjects 10.69 � .5

Dorsal Caudate Whole Group 14.03 � .7
Patients 13.63 � 1
Control Subjects 14.43 � .9

Dorsal Putamen Whole Group 15.93 � .7
Patients 15.96 � .9
Control Subjects 15.90 � 1

Amygdala Whole Group 2.17 � .1
Patients 2.30 � .2
Control Subjects 2.05 � .1

Thalamus Whole Group 2.09 � .2
Patients 1.89 � .2
Control Subjects 2.29 � .2

MOR, �-opioid receptor; BPND, nondisplaceable bind
able binding potential.

aNo significant effect of group or group � region.
bResult of post hoc pairwise comparison (Bonferroni
cSignificant.

Figure 2. Correlation between self-reported dependence severity as as-
sessed with the Alcohol Use Disorders Identification Test (AUDIT) and
remifentanil-induced percentage change in nondisplaceable binding po-
tential (%�BPND) of [18F]fallypride in the ventral striatum of alcohol-depen-
t
ent patients [r(10) � �.62, p � .02, and r(8) � �.56, p � .046, if age was

included as covariate].

ww.sobp.org/journal
ncrease in dopamine firing rather than an increase of dopamine
ynthesis. Instead, amphetamine—which was used by Martinez et
l. (21) and Volkow et al. (22)— has been shown to stimulate dopa-
ine release from newly synthesized cytosolic pools (45). Together,

hese findings indicate that a previously described reduced basal
opamine function in the striatum of drug-dependent individuals
oes not exclude an exaggerated phasic dopamine response to
rug-specific stimulation.

Several limitations of the study should be addressed. First, it
eeds to be noted that remifentanil is ultra-short-acting and has a

ast clearance rate from the brain. In our study, remifentanil was
dministered as a single bolus injection, and as a consequence of
ethodological constraints (lack of arterial blood sampling), the

ata did not allow for an examination of changes in distribution
olume after drug administration. Hence, although microdialysis
howed an increase in dopamine in the rat brain after remifentanil
dministration (46), it is not clear whether the relatively long-lasting
ffects on tracer binding measured by PET can really be attributed
o the short-lasting remifentanil effect. However, in previous stud-
es, evidence has been provided for a temporal dissociation be-
ween agonist-induced dopamine increase as seen in microdialysis
nd a prolonged decrease in PET ligand binding (47). Specifically,
xtracellular dopamine increase after amphetamine challenge as
ssessed with microdialysis has been shown to last for 2 hours (48),
hereas the in vivo decrease in PET binding potential lasts approx-

mately 24 hours (49). This prolonged decrease in receptor binding
ompared with microdialysis findings has been attributed to ago-
ist-induced D2 receptor internalization (50). Hence, it seems well
lausible that the observed changes in [18F]fallypride binding are

ndeed a consequence of the remifentanil stimulation.
Second, for methodological reasons (to avoid the possibility

hat long-term effects of remifentanil would influence the baseline
can), scans were not counterbalanced across participants. Hence,
t needs to be taken into consideration that differences between
rst and second scan might relate to repetition effects. However,
est-retest variability for [18F]fallypride was reported to be 3.8% in

After MOR Stimulation with Remifentanil

nt Condition

MOR-Stimulation
BPND Mean � SE pb

�%BPND

Mean � SE

9.56 � .40 	.001c �9.51 � 2.35
9.19 � .55 �12.03 � 3.85
9.93 � .57 �6.99 � 2.65

13.17 � .61 .05 �4.53 � 3.12
12.32 � .82 �6.83 � 5.9
14.03 � .87 �2.23 � 3.17
14.22 � .62 	.001c �8.26 � 2.32
14.08 � .70 �10.36 � 3.76
14.99 � 1.07 �6.16 � 2.75

1.86 � .12 	.001c �12.46 � 2.17
1.92 � .19 �12.87 � 3.21
1.80 � .15 �12.06 � 3.07
1.89 � .18 .05 �5.55 � 5.77
1.70 � .26 �10.07 � 5.75
2.09 � .25 �1.03 � 10.13

otentials; %�BPND, percentage change in nondisplace-

cted for multiple comparisons).
e and

atme

� SE

3
9
5
2
.13
2
1
9
.07
5
6
7
0
8
9

ing p
he striatum and 6%– 8% in other limbic structures (51). The effects
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found in our study were significantly larger, supporting the as-
sumption that they could be attributed to remifentanil administra-
tion rather than repetition. Another drawback of our study is the
lack of a placebo control condition. Because dopamine release has
been reported during administration of placebo and related to its
anticipated effects (52), the possibility needs to be taken into ac-
count that the effects observed in the present study might be
triggered by psychological rather than pharmacological factors.

Third, we did not directly assess MOR density (or availability,
respectively) in our subjects. Thus, it can only be assumed that
elevated dopamine levels in heavy drinkers in response to remifen-
tanil administration are a consequence of a MOR upregulation,
suggested to exist in alcohol-dependent individuals (17).

Fourth, in the patient group, time of abstinence ranged be-
ween 8 and 126 days, although 10 of 11 patients had stopped
rinking 	50 days before participation in the study. Nevertheless, it
annot be ruled out that the mechanisms under study (opioid,
ABA, or dopamine-related functionalities) were subject to change
ver the course of abstinence. To test this possibility, exploratory
orrelation analyses were performed, between days of abstinence
nd baseline BPND, days of abstinence and �%BPND, or days of

abstinence and AUDIT score, none of which yielded significant
results.

Finally, no effects of craving could be detected in our patient
group. This is surprising and contradicts previous reports of signif-
icantly higher craving in detoxified alcohol-dependent individuals
compared with control subjects. The most likely explanation for the
lack of self-reported craving is that patients succumbed to social
pressure. Because most of them had only recently stopped drinking
and were still hospitalized, they might have felt obliged to negate
an urge to drink alcohol.

To summarize, our data imply that direct stimulation of MORs
enhances dopamine release in the brain reward system, providing
important evidence for MOR-mediated control of the mesolimbic
dopamine pathway. Our findings indicate that, in alcohol-depen-
dent patients, sensitivity of the MOR-(GABA-)dopamine pathway is
associated with dependence severity. After replication in larger
samples, the results might help to specify pharmacological targets
for the reduction of craving and prevention of relapse in detoxified
alcohol patients.
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