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Abstract

Background: The association between blunted dopaminergic neurotransmission and alcohol use disorder (AUD) is well-known. In
particular, the impairment of postsynaptic dopamine 2 and 3 receptors (DRD2/3) in the ventral and dorsal striatum during the development
and maintenance of alcohol addiction has been investigated in several positron emission tomography (PET) studies. However, it is
unclear whether these changes are the result of adaptation or genetic predisposition. Methods: Here we investigated the association
between DRD2/ankyrin repeat and kinase domain-containing 1 (ANKK1) TaqlA allele (rs1800497) status and striatal DRD2/3 availability
measured by 18F-fallypride PET in 12 AUD patients and 17 sex-matched healthy controls. Age and smoking status were included as
covariates. Results: Contrary to our expectations, TaqlA allele status was not associated with striatal DRD2/3 availability in either
group and there was no significant difference between groups, possibly due to the relatively small sample size (N = 29). Conclusions:
Nonetheless, this is the first in vivo study investigating the relationship between dopamine receptor availability and genetic factors in
AUD. The pitfalls of assessing such relationships in a relatively small sample are discussed. Clinical Trial Registration: The published
analysis is an additional, post hoc analysis to the preregistered trial with clinical trial number NCT01679145 available on https://clinical
-trials.gov/ct2/show/NCT01679145.

Keywords: alcohol use disorder; dopamine D2 and D3 receptor availability; DRD2/ANKK1 TaqIA allele status; 18F-fallypride PET

1. Introduction to the DRD?2 allele (A2, rs1800497 (C)). The minor allele
(41, rs1800497 (T)) has been associated with a reduction
of dopamine receptor availability and therefore been sug-
gested to contribute to the development of substance use

disorders also other mental disorders [12—15].

Alcohol use disorder (AUD) is a complex and chronic
disorder with high costs for society. The pathogenesis of
AUD involves an interplay of social, individual, and biolog-
ical factors; approximately 50% of the etiology of alcohol
dependence is attributed to genetic influence [1]. More precisely, the minor allele (41, rs1800497 (1))
has been linked to alcohol dependence in several studies

Chronic alcohol intake is associated with lower [16—19] although the effect size was found to be small [20].

dopamine receptor availability. In particular, reduced avail-

ability of dopamine D2 and D3 receptors (DRD2 and
DRD3, respectively) in the striatum of patients with alco-
hol dependence compared to healthy controls (HCs) has
been demonstrated by several positron emission tomogra-
phy (PET) studies [2-9] and described in recent reviews
[10,11]. However, it is unclear whether these changes re-
flect neuroadaptations to excess acute striatal dopamine re-
lease during regular substance use or are the result of ge-
netic predisposition for substance use disorder. Several po-
tential contributing genetic factors have been discussed in
the literature. The Taql A polymorphism of the dopamine
D2 receptor DRD2 gene is a SNP (rs1800497) giving rise

Inconsistencies in published results have cast doubt on
the functional relevance of the DRD2/ANKK 1 TaqlA allele
in AUD, as there is limited evidence that rs1800497 affects
DRD2 role. A recent meta-analysis of 62 studies including
16294 participants found that the positive association be-
tween DRD?2 and alcoholism was due to low allele frequen-
cies in control subjects rather than changes in DRD2 gene
expression [21]. On the other hand, single nucleotide poly-
morphism (SNP) of the DRD2/ANKKI (rs1800497) Taql
allele was shown to be linked to reduced striatal DRD2/3
availability [22], which has also been reported in obesity,
schizophrenia, and schizoaffective disorder [23]. Addition-
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ally, TaqlA allele status was found to be associated with
higher DRD2/3 availability in patients with major depres-
sive disorder and lower availability in HCs [24].

To date there have been no in vivo studies investigat-
ing DR availability and DRD2/ANKKI TaqlA allele status
in AUD, except for a postmortem study reporting a link be-
tween the binding characteristics of DRD2 in the cerebral
cortex and AUD [16]. We previously showed that dorsostri-
atal DRD2/3 availability was reduced in AUD patients and
individuals at high risk for developing AUD compared to
HCs [3].

With the present study we aim to examine the
DRD2/ANKK1 TaqlA4 allele status to investigate if the
DRD2/3 availability (measured by 18F fallypride-PET)
is moderated by the presence of the minor allele (A1,
rs1800497 (T)) and whether this relationship depends on
group affiliation (AUD versus healthy controls).

2. Materials and Methods

This study was part of a multicenter project inves-
tigating behavioral, genetic, and neuroimaging changes
associated with reward-based learning and its relevance
to the maintenance of alcohol dependence (http://www.le
ad-studie.de; clinical trial number NCT01679145). The
study was approved by the local ethics committee (Charité—
Universitatsmedizin Berlin; EA1/245/11) and all subjects
gave written, informed consent before participating. Re-
cruitment took place between 2014 and 2016. The main
objective was to investigate striatal DRD2/3 availability
by PET as well as glutamate level in the prefrontal cor-
tex by magnetic resonance imaging (MRI) in patients with
or at high risk of developing alcohol dependence, as well
as in HCs. As we also planned to explore the neu-
rochemical changes in AUD with potential predisposing
genetic factors, blood samples were collected from the
study participants for biochemical analysis and genotyping.
The specific research question of the association between
DRD2/ANKK1 (rs1800497) Taql allele status and DRD2/3
availability was evaluated in a post hoc analysis. The as-
sessed samples constituted a subsample of the above men-
tioned study cohort for which PET and genetic data were
available.

2.1 Sample

The sample consisted of 17 HCs and 13 detoxified,
abstinent patients diagnosed with AUD. One male AUD
patient had to be excluded during the process because he
showed an extremely unlikely value for receptor availabil-
ity at limbic striatum (<1). We therefore considered the
entire measurement invalid and excluded all data points for
that participant. Therefore, the final sample consisted of 12
diagnosed AUD patients.

Subjects were matched for age, sex, education, hand-
edness, and smoking status (Table 1, Ref. [25-27]). AUD
patients were recruited from hospitals in Berlin and had

met Diagnostic and Statistical Manual for Mental Disor-
ders, 4th Edition (DSM-IV) criteria for AUD for at least 3
years (American Psychiatric Association, 2000) prior to the
start of the study. The patients were diagnosed at the par-
ticipating institutions by a trained clinician and their diag-
nosis was later confirmed with the Composite International
Diagnostic Interview (CIDI) [28,29] during testing. AUD
patients had been abstinent for about 34.4 days and at least
72 h when they were tested, had mild withdrawal symp-
toms (Clinical Institute Withdrawal Assessment for Alcohol
score <3), and were free of any psychotropic medication
for at least 4 half-lives [30]. There was one outlier in the
AUD group with an abstinence duration of 96 days, which
did not influence the results. HCs were recruited via lo-
cal online platforms and did not meet DSM-IV criteria for
AUD in the standardized telephone screening, which was
confirmed with the CIDI.

All study participants with any other current substance
use or dependence apart from alcohol and nicotine were ex-
cluded from the study. Healthy controls were instructed not
to drink any alcoholic beverages in the 24 h before PET
scanning. Compliance was verified by urine screening and
breath alcohol tests. Participants with any contraindications
for MRI, current pregnancy or nursing, or any neurologic
or major psychiatric disorder according to DSM-IV criteria
were also excluded from the study [26,27,31].

The study consisted of 3 separate testing sessions. In
the first session, participants were asked to complete clin-
ical questionnaires such as the Alcohol Dependence Scale
or Obsessive Compulsive Drinking Scale, and underwent
blood sampling for the genetic analyses MRI and PET scan-
ning took place in the second and third sessions, respec-
tively [25,26].

2.2 DNA Extraction and Genotyping

DNA was semi-automatically extracted from whole
blood with the Chemagen Magnetic Separation Module
(Perkin Elmer, Boston, MA, USA). Genotyping was per-
formed with the Infinium Psych Array Bead Chip (Illumina,
San Diego, CA, USA). Three subjects (two male AUD sub-
jects and one female healthy control) were excluded from
the final sample as outliers in the genome-wide associa-
tion study. We examined the status of the 757800497 SNP,
which is also known as the 7aglA polymorphism of the
DRD? gene. The minor allele is a C-to-T substitution (i.e.,
Al, rs1800497[T]) that is associated with a reduced num-
ber of dopamine binding sites in the brain and is thought to
play a role in alcoholism, smoking, and certain neuropsy-
chiatric disorders [16]. As there are 2 different allele types,
3 genotypes were possible (41/41, A1/40, and A0/40). Be-
cause of the very limited prevalence of 41/41 in the HC (n
=0) and AUD (n=1) groups, we pooled A1/41, A1/40, and
A1l into a single group. The allele frequencies are shown in
Table 2.
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Table 1. Sample characteristics (n = 29).

. Group o

Variable p value for test statistic
AUD (n=12) HC(n=17)

Demographic characteristics
Sex, no. of females/males /11 2/15 0.77¢
Education, years 15.1 (3.6) 14.8 (3.3)} 0.622
Age, years 44.5 (9.3) 45.4 (8.9) 0.80P
Smoker, % 83 59 0.16°
Clinical characteristics
Duration of abstinence, days 34.4(23.6) - -
Severity of alcohol dependence’ 17.7 (5.8) 3.53.8) <0.0001*2
Craving? 13.7 (8.0) 3.8(3.3) <0.0001*2

Data are shown as mean (standard deviation) unless otherwise indicated.

fDetermined using the Alcohol Dependence Scale [25].

iDetermined using the Obsessive Compulsive Drinking Scale [26,27].

$Information was not available for 1 subject.

*Significant difference; *Wilcoxon rank-sum test; b test; °x? test.
Abbreviations: AUD, alcohol use disorder; HC, healthy control.

Table 2. Means and standard deviations of 18F-fallypride BPxp®.

Associative striatum

Limbic striatum

Sensorimotor striatum

HC-A-(n=7) 24.58 (2.77)
HC-A+ (n = 10) 2433 (3.18)
AUD-A- (n = 8)° 19.74 (3.90)
AUD-A+ (n=4) 22.56 (1.08)

24.39 (1.85) 30.75 (2.02)
24.56 (2.84) 29.03 (2.55)
22.66 (2.06) 25.24 (2.92)
23.55 (1.61) 27.57 (0.51)

*Data are shown as mean (standard deviation).

Abbreviations: AUD, alcohol-use disorder; 4—, no risk allele; A+, at least 1 risk allele;

HC, healthy control.

aBPnp estimates the ratio of DRD2/3-bound 18F-fallypride to nondisplaceable 18F-

fallypride at equilibrium.

®One AUD subject was excluded for extremely low means (m = 0) of 18F-fallypride BPxp

in the limbic striatum.

2.3 MRI and PET Data Acquisition and Processing

For MRI, T1-weighted images were acquired using a
3 Tesla Verio scanner (Siemens, Munich, Germany) with
a magnetization prepared rapid gradient echo (MPRAGE)
sequence (isotropic resolution = 1.0 mm, repetition time =
2.3 s, echo time = 3.03 ms, inversion time = 900 ms, and
flip angle = 9°).

PET scanning was performed using a time-of-flight
PET/computed tomography (CT) system (Gemini TF 16;
Philips Medical Systems, Amsterdam, The Netherlands)
[32]. Dynamic PET imaging was started simultaneously
with intravenous injection of 18F-fallypride [33,34]. Data
were acquired over 4 h in 3 blocks with breaks in be-
tween. A low-dose CT scan for attenuation correction was
performed before each block [35]. PET images were re-
constructed using the iterative line of response—row ac-
tion maximum likelihood algorithm of the scanner software
with default parameter settings (3 iterations, 33 subsets, and
“normal” relaxation). Head motion during the PET acquisi-
tion was corrected frame-by-frame using the realign tool of
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the Statistical Parametric Mapping software package [36].
Thereafter, all PET frames were coregistered to each sub-
ject’s MPRAGE MRIL

The 2-step simplified reference tissue method
was used to obtain voxel-by-voxel parametric maps of
the nondisplaceable binding potential (BPxp) of 18F-
fallypride. This method reduces statistical noise using a
global rate constant of tracer clearance from the reference
region [37]. BPyp estimates the ratio of DRD2/3-bound
18F-fallypride to nondisplaceable 18F-fallypride at equi-
librium [38]. The superior longitudinal fasciculus as
defined by Johns Hopkins University Laboratory of Brain
Anatomical MRI [39] was used as a reference region to
maximize the statistical power [40]; the cerebellum was
considered unsuitable as a reference region given the
cerebellar atrophy that occurs in AUD [41].

Each subject’s T1 images and BPyp map were nor-
malized to Montreal Neurological Institute (MNI) anatomic
space using the unified segmentation approach [42]. We
used the limbic, associative, and sensorimotor striatum as
regions-of-interest (ROIs) predefined in MNI space [43,
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44]. The BPyp for each ROI was averaged between the
left and right hemispheres to reduce the number of compar-
isons for primary analyses and because we did not have a
priori hypotheses about laterality effects. We included age
and smoking status as covariates in our analyses as both
of these variables were shown to be independently asso-
ciated with altered dopamine receptor availability [7,45].
One AUD subject was excluded from further analysis due
to extremely low means (m = 0) of 18F-fallypride BPxp.

2.4 Statistical Analysis

We used R (R 4.0.0, Bell Laboratories, Murray Hill,
NJ, USA) and Ime4 (Version: 1.1-25, https://cran.r-pro
ject.org/web/packages/Ime4/index.html) to perform linear
mixed effects analyses of the relationship between SNP sta-
tus and DRD2/3 availability across prespecified striatal re-
gions. We entered phenotype (AUD patients versus HCs)
and SNP status (risk SNP versus no risk SNP) into the
model as fixed effects; intercepts for subjects and brain
site were entered as random effects. Visual inspection of
residual plots did not reveal any obvious deviations from
homoscedasticity or normality. The p values were ob-
tained by likelihood ratio tests of the full model with ver-
sus without the effect in question (maximum likelihood).
DRD2/ANKK1TaqlA genotype distribution did not signifi-
cantly differ from Hardy—Weinberg equilibrium (p > 0.05,
x2=0.723,df=1).

3. Results

Means and standard deviations of 18F-fallypride
BPyp for all group combinations are shown in Table 2. The
data structures of the 3 ROIs are displayed as boxplots in
Fig. 1.

In the basic model (receptor availability ~1 + brain site
+ phenotype [HC/AUD] +[1 | ID]), 61% (interclass correla-
tion coefficient) of the total variance in receptor availability
was accounted for by person clustering. There was a signif-
icant improvement in model fit with a nested data structure
(logLik Ax?[1]=31.8, p < 0.0001); both the Akaike infor-
mation criterion (AIC) and Bayesian information criterion
(BIC) were smaller with this model (AIC: 446.26 versus
416.46; BIC: 456.13 versus 428.79).

As expected, we found a significant main effect of
phenotype status (0 = HCs; 1 = AUD patients) (x?[1] =
11.49, p < 0.001), indicating that BPyp across brain regions
was lower in AUD patients compared to controls. Includ-
ing DRD2/ANKK1 TaglA allele status did not significantly
improve model fit (x2[1] = 0.276, p = 0.5996), indicating
that the DRD2/ANKK1 TaqlA allele does not predict BPnp
either alone or through interaction with group.

4. Discussion

The results of this study demonstrate that DRD2/3
availability is reduced in the associative, sensorimotor, and
limbic striatum of AUD patients compared to HCs. This
supports our hypothesis and is in line with our previous

finding of reduced striatal DRD2/3 availability in AUD pa-
tients compared to individuals at high risk of AUD and HCs
[3,46]. Contrary to our hypothesis we did not find an associ-
ation between the presence of the minor allele (risk allele)
of the TaglA4 polymorphism of the dopamine D2 receptor
DRD?2 gene and striatal DRD2/3 availability in AUD pa-
tients versus HCs. This result must be interpreted with cau-
tion because of the limited effect size and relatively small
sample size.

Several studies have reported a link between
DRD2/ANKKI Taql4 allele status (rs/800497) and
alcohol-related behaviors [16-20]. While DRD2/ANKKI
TaqlA allele status and striatal DRD2/3 availability have
been investigated in clinical studies [22—24,47] and post-
mortem samples [48,49] ours is the first study to examine
DRD2/ANKKI TaglA allele (rs1800497) and DRD2/3
status in AUD patients in vivo. However, a study in
patients with schizophrenia found no association between
DRD? availability and TaqlA allele status by single photon
emission computed tomography [50].

Despite the well-known contribution of dopaminer-
gic impairment to AUD and other substance use disorders
[3,5,8,9,51,52], few studies have examined the relationship
between DRD2/3 and genetic predisposing factors in AUD,
possibly because of power issues in PET studies, which may
also have contributed to the null result in this study. There-
fore, our findings are noteworthy as other studies might
have experienced similar limitations.

Our study population consisted of 12 AUD patients
and 17 HCs, which is a typical sample size for PET stud-
ies but caused statistical difficulties when calculating allele
frequencies in the same sample. Because there were 2 dif-
ferent allele types and hence, 3 genotypes (41/41, A1/A0,
and 40/40), the compared groups were relatively small. To
minimize the effect of small sample size on the results and
because of the lack/very small number of homozygous al-
leles in the HC (n = 0) and AUD (n = 1) groups, we pooled
Al/Al and A1/40 into a single group. Many other studies
have experienced the issue of insufficient data for homozy-
gous alleles, especially in HCs [23,50-52], and have thus
been unable to detect between-group differences in the ef-
fect of DRD2/3 status for the 3 genotypes of DRD2/ANKK
TaglA rs1800497, as was the case in our study. More-
over, even after pooling homozygotes and heterozygotes,
the compared subgroups were still relatively small, result-
ing in power issues in the statistical analyses. One way to
overcome this limitation in the future is to pool the results
of comparable PET studies with genetic data to increase the
sample size.

As the molecular mechanism by which 7aglA allele
status influences DRD2 expression is unknown, the func-
tional relevance of any observed associations must be in-
terpreted with caution. Preclinical studies have reported the
regulation of ANKK expression by dopamine [53,54], but
no direct interaction has been demonstrated thus far.
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Fig. 1. DRD2/3 Receptor Availability per site/ phenotype/ allele status. Dopamine receptor D2 and 3 availability in the associative,

sensorimotor and limbic striatum and allele status in individuals with AUD and HC. The D2/3 availability was measured in BPnxp of
18F-fallypride for each of the three different ROIs and shown for patients (AUD) and controls (HC). A—, no risk allele; A+, at least 1 risk

allele.

As described above, low allele frequencies in control
subjects may drive associations between DRD?2 gene status
and AUD [16]. However, in this study the allele frequency
in HCs was comparable to that in AUD patients for the sub-
group with no risk allele (A—: HC, n = 8 and AUD, n =
7), and was higher in HCs than in AUDs in the risk allele
subgroup (A+: HC, n= 10 and AUD, n = 4).

Another factor potentially contributing to our results
was the use of 18F-fallypride as the radioligand; this
high-affinity DRD2/3 antagonist is nonselective for DRD2
and may be displaced by endogenous dopamine, although
the density of DRD3 in the ventral and especially dor-
sal striatum is relatively low [55]. Moreover, endogenous
dopamine may have influenced data acquisition although
there were no stimuli during the scanning and the partici-
pants were not actively drinking at the time of the study.
The use of specific DRD2 radiotracers such as [ IC][NMB
may improve the specificity of the results [23].

5. Conclusions

We were able to show that DRD2/3 availability is re-
duced in the associative, sensorimotor, and limbic striatum
of AUD patients compared to HCs. This supports our previ-
ous finding of reduced striatal DRD2/3 availability in AUD
patients compared to individuals at high risk of AUD and
HCs [3,46]. Contrary to our expectations we did not find
any association between DRD2/ANKK TaqlA allele status
and striatal DRD2/3 availability, although this result must
be interpreted with caution because of the limited effect size
and relatively small sample size.
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Clarifying the association between DRD2/ANKKI
TaqlA allele status and DRD2/3 availability is impor-
tant for resolving the longstanding controversy of whether
dopaminergic impairment in the striatum of individuals
with alcohol dependence is the result of compensatory
downregulation or genetic predisposition. To this end, addi-
tional investigations that combine data from different PET
studies are needed to overcome the issue of low statistical
power inherent in this type of research.

6. Limitations and Future Perspectives

The main limitation of this study was the issue of the
lack of power. This problem stems from our limited sample
size (N = 29) which may be appropriate for a PET study but
is complicated by investigating three different genotypes
in two subgroups (AUD versus HC). Nonetheless, similar
studies in this research field, possess comparable sample
sizes such as Eisenstein et al. (n=39; n = 18) and Savitz et
al. (N =36) [23,24]. Other studies provide larger samples,
but investigated healthy controls only such as Pohjalainen
et al. and Hirvonen et al. (both used the same sample of N
=54)[12,51,52]. To be able to evade this issue it is impor-
tant to pool data between research groups. Therefore, the
dataset of this study is available online (https://osf.io/t4brz/)
to make it accessible to other researchers of this field.

Author Contributions

GS, JG, TG, MS and EF conceived the study; GS, EF,
LF, JG, AH, MS, TG, TZ and RB drafted the manuscript;


https://osf.io/t4brz/
https://www.imrpress.com

GS, EF, LF, TZ, TG and RB analyzed and interpreted the
data; LF created the figures; EF and JG supervised the
study; TZ, AH, TG, RB, AH and MS revised the manuscript
for important intellectual content. All authors contributed
to editorial changes in the manuscript. All authors read and
approved the final manuscript.

Ethics Approval and Consent to Participate

The study was conducted in accordance with the
Declaration of Helsinki and approved by the Institutional
Review Board (or Ethics Committee) of Charité Univer-
sitdtsmedizin Berlin (EA1/245/11). Written informed con-
sent was obtained from all subjects involved in the study.

Clinical Trial Registration

Preprint is available on https://psyarxiv.com/kx9ma;
Dataset and analysis are available on https://osf.io/t4brz/;
The published analysis is an additional, post hoc anal-
ysis to the preregistered trial with clinical trial number
NCT01679145 available on https://clinical-trials.gov/ct2/
show/NCT01679145.

Acknowledgment

We want to thank all voluntary participants for their
participation in this trial. We acknowledge financial sup-
port from the Open Access Publication Fund of Charité —
Universitatsmedizin Berlin and the German Research Foun-
dation (DFQG).

Funding

This research was funded by the German Re-
search Foundation (Deutsche Forschungsgemeinschaft,
FOR 1617: grants FR 3572/1-1, WA 1539/7-1, HE
2597/14-1, HE 2597/15-1, HE 2597/14 -2, HE 2597/15-
2, GA 707/6-1, RA 1047/2-1, and RA 1047/2-2). Dr.
med. Dr. phil. Eva Friedel is a participant in the BIH-
Charité Clinician Scientist Program funded by the Charité—
Universitidtsmedizin Berlin and Berlin Institute of Health.

Conflict of Interest

The authors declare no conflict of interest.

References

[1] Dick DM, Bierut LJ. The genetics of alcohol dependence. Cur-
rent Psychiatry Reports. 2006; 8: 151-157.

[2] Erritzoe D, Tziortzi A, Bargiela D, Colasanti A, Searle GE, Gunn
RN, et al. In Vivo Imaging of Cerebral Dopamine D3 Receptors
in Alcoholism. Neuropsychopharmacology. 2014; 39: 1703—
1712.

[3] Gleich T, Spitta G, Butler O, Zacharias K, Aydin S, Sebold M, et
al. Dopamine D2/3 receptor availability in alcohol use disorder
and individuals at high risk: towards a dimensional approach.
Addiction Biology. 2021; 26: e12915.

[4] Heinz A, Siessmeier T, Wrase J, Hermann D, Klein S, Griisser-
Sinopoli SM, et al. Correlation between dopamine D_2 receptors
in the ventral striatum and central processing of alcohol cues

(6]

[10]

[11]

[12]

[13]

[15]

[16]

[17]

[18]

[19]

and craving. American Journal of Psychiatry. 2004; 161: 1783—
1789.

Heinz A, Siessmeier T, Wrase J, Buchholz HG, Griinder G, Ku-
makura Y, et al. Correlation of alcohol craving with striatal
dopamine synthesis capacity and D 2/3 receptor availability:
a combined [8F] DOPA and ['8F] DMFP PET study in detox-
ified alcoholic patients. American Journal of Psychiatry. 2005;
162: 1515-1520.

Hietala J, West C, Syvilahti E, Nagren K, Lehikoinen P, Sonni-
nen P, et al. Striatal D2 dopamine receptor binding characteris-
tics in vivo in patients with alcohol dependence. Psychopharma-
cology. 1994; 116: 285-290.

Rominger A, Cumming P, Xiong G, Koller G, Boning G, Wulff
M, et al. [18F]fallypride PET measurement of striatal and extras-
triatal dopamine D2/3 receptor availability in recently abstinent
alcoholics. Addiction Biology. 2012; 17: 490-503.

Volkow ND, Wang G, Maynard L, Fowler JS, Jayne B, Telang
F, et al. Effects of alcohol detoxification on dopamine D2 re-
ceptors in alcoholics: a preliminary study. Psychiatry Research:
Neuroimaging. 2002; 116: 163—172.

Volkow ND, Wang G-, Telang F, Fowler JS, Logan J, Jayne
M, et al. Profound Decreases in Dopamine Release in Striatum
in Detoxified Alcoholics: Possible Orbitofrontal Involvement.
Journal of Neuroscience. 2007; 27: 12700—12706.

Alexandre MCM, Colonetti T, Bavaresco DV, Simon CS, Don-
dossola ER, Uggioni MLR, et al. Evaluation of the dopaminergic
system with positron-emission tomography in alcohol abuse: a
systematic review. Psychiatry Research. 2019; 281: 112542.
Kamp F, Proebstl L, Penzel N, Adorjan K, Ilankovic A, Pogarell
O, et al. Effects of sedative drug use on the dopamine system:
a systematic review and meta-analysis of in vivo neuroimaging
studies. Neuropsychopharmacology. 2019; 44: 660—667.
Pohjalainen T, Rinne JO, Nagren K, Lehikoinen P, Anttila K,
Syvilahti EKG, et al. The al allele of the human D2 dopamine
receptor gene predicts low D2 receptor availability in healthy
volunteers. Molecular Psychiatry. 1998; 3: 256-260.

Blum K, Braverman ER, Wood RC, Gill J, Li C, Chen TJH, et
al. Increased prevalence of the Taq I Al allele of the dopamine
receptor gene (DRD2) in obesity with comorbid substance use
disorder: a preliminary report. Pharmacogenetics. 1996; 6: 297—
305.

David SP, Strong DR, Munafo MR, Brown RA, Lloyd-
Richardson EE, Wileyto PE, et al. Bupropion Efficacy for Smok-
ing Cessation is Influenced by the DRD2 Taql A Polymorphism:
Analysis of Pooled Data from two Clinical Trials. Nicotine and
Tobacco Research. 2007; 9: 1251-1257.

Spellicy CJ, Harding MJ, Hamon SC, Mahoney III JJ, Reyes JA,
Kosten TR, et al. A variant in ANKK1 modulates acute subjec-
tive effects of cocaine: a preliminary study. Genes, Brain and
Behavior. 2014; 13: 559-564.

Blum K. Allelic association of human dopamine D2 receptor
gene in alcoholism. The Journal of the American Medical As-
sociation. 1990; 263: 2055-2060.

Blum K, Noble EP, Sheridan PJ, Finley O, Montgomery A,
Ritchie T, et al. Association of the A1l allele of the D2 dopamine
receptor gene with severe alcoholism. Alcohol. 1991; 8: 409—
416.

Mignini F, Napolioni V, Codazzo C, Carpi FM, Vitali M, Romeo
M, et al. DRD2/ANKK1 TaqlA and SLC6A3 VNTR polymor-
phisms in alcohol dependence: Association and gene—gene in-
teraction study in a population of Central Italy. Neuroscience
Letters. 2012; 522: 103-107.

Neiswanger K, Hill SY, Kaplan BB. Association and linkage
studies of the TAQI A1 allele at the dopamine D2 receptor gene
in samples of female and male alcoholics. American Journal of
Medical Genetics. 1995; 60: 267-271.

&% IMR Press


https://psyarxiv.com/kx9ma
https://osf.io/t4brz/
https://clinical-trials.gov/ct2/show/NCT01679145
https://clinical-trials.gov/ct2/show/NCT01679145
https://www.imrpress.com

[20]

(21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

Berggren U, Fahlke C, Aronsson E, Karanti A, Eriksson M,
Blennow K, et al. The tagl DRD2 Al allele is associated with
alcohol-dependence although its effect size is small. Alcohol and
Alcoholism. 2006; 41: 479-485.

Jung Y, Montel RA, Shen P, Mash DC, Goldman D. Assess-
ment of the Association of D2 Dopamine Receptor Gene and
Reported Allele Frequencies with Alcohol Use Disorders: A
Systematic Review and Meta-analysis. JAMA Network Open.
2019; 2: €1914940.

Gluskin BS, Mickey BJ. Genetic variation and dopamine D2 re-
ceptor availability: a systematic review and meta-analysis of hu-
man in vivo molecular imaging studies. Translational Psychia-
try. 2016; 6: e747.

Eisenstein SA, Bogdan R, Love-Gregory L, Corral-Frias NS,
Koller JM, Black KJ, et al. Prediction of striatal D2 receptor
binding by DRD2/ANKK1 TaqlA allele status. Synapse. 2016;
70: 418-431.

Savitz J, Hodgkinson CA, Martin-Soelch C, Shen P, Szczepanik
J, Nugent AC, et al. DRD2/ANKK1 Taqla polymorphism
(rs1800497) has opposing effects on D2/3 receptor binding in
healthy controls and patients with major depressive disorder.
International Journal of Neuropsychopharmacology. 2013; 16:
2095-2101.

Kivlahan DR, Sher KJ, Donovan DM. The Alcohol Dependence
Scale: a validation study among inpatient alcoholics. Journal of
Studies on Alcohol. 1989; 50: 170-175.

Anton RF, Moak DH, Latham P. The Obsessive Compulsive
Drinking Scale: a Self-Rated Instrument for the Quantification
of Thoughts about Alcohol and Drinking Behavior. Alcoholism:
Clinical and Experimental Research. 1995; 19: 92-99.

Anton RF. Obsessive-compulsive aspects of craving: develop-
ment of the Obsessive Compulsive Drinking Scale. Addiction.
2000; 95: 211-217.

Jacobi F, Mack S, Gerschler A, Scholl L, Hofler M, Siegert J, et
al. The design and methods of the mental health module in the
German Health Interview and Examination Survey for Adults
(DEGS1-MH). International Journal of Methods in Psychiatric
Research. 2013; 22: 83-99.

Wittchen H-, Lachner G, Wunderlich U, Pfister H. Test-retest
reliability of the computerized DSM-IV version of the Munich-
Composite International Diagnostic Interview (M-CIDI). Social
Psychiatry and Psychiatric Epidemiology. 1998; 33: 568-578.
Sullivan JT, Sykora K, Schneiderman J, Naranjo CA, Sellers
EM. Assessment of Alcohol Withdrawal: the revised clinical in-
stitute withdrawal assessment for alcohol scale (CIWA-Ar). Ad-
diction. 1989; 84: 1353-1357.

Anton RF. What is craving? Models and implications for treat-
ment. Alcohol Research & Health. 1999; 23: 165-173.

Surti S, Kuhn A, Werner ME, Perkins AE, Kolthammer J, Karp
JS. Performance of Philips Gemini TF PET/CT scanner with
special consideration for its time-of-flight imaging capabilities.
Journal of Nuclear Medicine. 2007; 48: 471-480.

Mukherjee J, Yang Z, Das MK, Brown T. Fluorinated
benzamide neuroleptics—III. Development of (S)-N-[(1-
allyl-2-pyrrolidinyl)methyl]-5-(3-[18F]fluoropropyl)-2,3-
dimethoxybenzamide as an improved dopamine D-2 receptor
tracer. Nuclear Medicine and Biology. 1995; 22: 283-296.
Slifstein M, Hwang D, Huang Y, Guo N, Sudo Y, Narendran R,
et al. In vivo affinity of [ 18F]fallypride for striatal and extrastri-
atal dopamine D2 receptors in nonhuman primates. Psychophar-
macology. 2004; 175: 274-286.

Slifstein M, Kegeles LS, Xu XY, Thompson JL, Urban N, Cas-
trillon J, et al. Striatal and extrastriatal dopamine release mea-
sured with PET and [18F] fallypride. Synapse. 2010; 64: 350—
362.

Statistical Parametric Mapping (SPM). Wellcome Department

&% IMR Press

[37]

[38]

[39]

[40]

[41]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

of Imaging Neuroscience, Institute of Neurology, London,
UK, 2017. Available at: http://www.fil.ion.ucl.ac.uk/spm/ (Ac-
cessed: 2 August 2017)

Wu Y, Carson RE. Noise Reduction in the Simplified Reference
Tissue Model for Neuroreceptor Functional Imaging. Journal of
Cerebral Blood Flow and Metabolism. 2002; 22: 1440-1452.
Innis RB, Cunningham VJ, Delforge J, et al. Consensus nomen-
clature for in vivo imaging of reversibly binding radioligands.
Journal of Cerebral Blood Flow and Metabolism. 2007; 27:
1533-1539.

Hua K, Zhang J, Wakana S, Jiang H, Li X, Reich DS, et al.
Tract probability maps in stereotaxic spaces: Analyses of white
matter anatomy and tract-specific quantification. Neurolmage.
2008; 39: 336-347.

Ishibashi K, Robertson CL, Mandelkern MA, Morgan AT,
London ED. The simplified reference tissue model with 18F-
fallypride positron emission tomography: choice of reference re-
gion. Molecular Imaging. 2013; 12: 10.2310/7290.2013.00065.
Beck A, Wiistenberg T, Genauck A, Wrase J, Schlagenhauf F,
Smolka MN, et al. Effect of Brain Structure, Brain Function, and
Brain Connectivity on Relapse in Alcohol-Dependent Patients.
Archives of General Psychiatry. 2012; 69: 842.

Ashburner J, Friston KJ. Unified segmentation. Neurolmage.
2005; 26: 839-851.

Martinez D, Slifstein M, Broft A, Mawlawi O, Hwang D, Huang
Y, et al. Imaging Human Mesolimbic Dopamine Transmission
with Positron Emission Tomography. Part II: Amphetamine-
Induced Dopamine Release in the Functional Subdivisions of
the Striatum. Journal of Cerebral Blood Flow and Metabolism.
2003; 23: 285-300.

Mawlawi O, Martinez D, Slifstein M, Broft A, Chatterjee R,
Hwang DR, ef al. Imaging human mesolimbic dopamine trans-
mission with positron emission tomography: I. Accuracy and
precision of D(2) receptor parameter measurements in ventral
striatum. Journal of Cerebral Blood Flow and Metabolism. 2001;
21: 1034-1057.

Fehr C, Yakushev I, Hohmann N, Buchholz HG, Landvogt C,
Deckers H, et al. Association of low striatal dopamine d2 re-
ceptor availability with nicotine dependence similar to that seen
with other drugs of abuse. The American Journal of Psychiatry.
2008; 165: 507-514.

Sebold M, Spitta G, Gleich T, Dembler-Stamm T, Butler O,
Zacharias K, et al. Stressful life events are associated with stri-
atal dopamine receptor availability in alcohol dependence. Jour-
nal of Neural Transmission. 2019; 126: 1127-1134.

Comings DE. The dopamine D2 receptor locus as a modifying
gene in neuropsychiatric disorders. JAMA: the Journal of the
American Medical Association. 1991; 266: 1793—-1800.
Thompson J, Thomas N, Singleton A, Piggott M, Lloyd S, Perry
EK, et al. D2 dopamine receptor gene (DRD2) Taql A poly-
morphism: reduced dopamine D2 receptor binding in the human
striatum associated with the A1 allele. Pharmacogenetics. 1997;
7: 479-484.

Noble EP. Allelic Association of the D2 Dopamine Receptor
Gene with Receptor-Binding Characteristics in Alcoholism or
Gene ism. Archives of General Psychiatry. 1991; 48: 648—654.
Laruelle M, Gelernter J, Innis RB. D2 receptors binding poten-
tial is not affected by Taql polymorphism at the D2 receptor
gene. Molecular Psychiatry. 1998; 3: 261-265.

Hirvonen MM, Lumme V, Hirvonen J, Pesonen U, Nagren K,
Vahlberg T, ef al. C957T polymorphism of the human dopamine
D2 receptor gene predicts extrastriatal dopamine receptor avail-
ability in vivo. Progress in Neuro-Psychopharmacology and Bi-
ological Psychiatry. 2009; 33: 630-636.

Hirvonen M, Laakso A, Nagren K, Rinne JO, Pohjalainen T,
Hietala J. C957T polymorphism of the dopamine D2 receptor


http://www.fil.ion.ucl.ac.uk/spm/
https://www.imrpress.com

[53]

[54]

(DRD2) gene affects striatal DRD2 availability in vivo. Molec-
ular Psychiatry. 2004; 9: 1060-1061.

Espafia-Serrano L, Guerra Martin-Palanco N, Montero-
Pedrazuela A, Pérez-Santamarina E, Vidal R, Garcia-Consuegra
1, et al. The Addiction-Related Protein ANKK1 is Differentially
Expressed during the Cell Cycle in Neural Precursors. Cerebral
Cortex. 2017; 27: 2809-2819.

Hoenicka J, Quinones-Lombrafia A, Espafia-Serrano L, Alvira-
Botero X, Kremer L, Pérez-Gonzalez R, et al. The ANKK 1 Gene

[55]

Associated with Addictions is Expressed in Astroglial Cells and
Upregulated by Apomorphine. Biological Psychiatry. 2010; 67:
3-11.

Searle G, Beaver JD, Comley RA, Bani M, Tziortzi A, Slifstein
M, et al. Imaging dopamine D3 receptors in the human brain
with positron emission tomography, [11C] PHNO, and a selec-
tive D3 receptor antagonist. Biological Psychiatry. 2010; 68:
392-399.

&% IMR Press


https://www.imrpress.com

	1. Introduction 
	2. Materials and Methods
	2.1 Sample
	2.2 DNA Extraction and Genotyping
	2.3 MRI and PET Data Acquisition and Processing
	2.4 Statistical Analysis

	3. Results
	4. Discussion
	5. Conclusions
	6. Limitations and Future Perspectives
	Author Contributions
	Ethics Approval and Consent to Participate
	Clinical Trial Registration
	Acknowledgment
	Funding
	Conflict of Interest

