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Effects of sedative drug use on the dopamine system: a

systematic review and meta-analysis of in vivo
neuroimaging studies

Felicia Kamp', Lisa Proebstl', Nora Penzel’, Kristina Adorjan'?, Andrej llankovic®, Oliver Pogarell’, Gabi Koller', Michael Soyka’,
Peter Falkai', Nikolaos Koutsouleris' and Joseph Kambeitz'

Use of alcohol, cannabis and opioids is highly prevalent and is associated with global disease burden and high economic costs. The
exact pathophysiology of abuse or addiction associated with these sedative substances is not completely understood, but previous
research implicates the important role of the striatal dopamine system in the addiction process. Multiple studies investigated
changes in the striatal dopamine systems of users of sedative substances, but currently these results are very heterogeneous.
Therefore, we conducted a meta-analysis of in vivo neuroimaging studies investigating dopaminergic alterations in the striatum of
users of alcohol, opioids or cannabis. Analyses for each substance were conducted separately for the availability of D2/D3
dopamine receptors, dopamine transporters and dopamine synthesis capacity. In total, 723 substance users and 752 healthy
controls were included. The results indicated a significant lower striatal D2/D3 receptor availability in alcohol users compared to
controls (g =0.46) but no difference in dopamine transporter availability or dopamine synthesis capacity. Our analysis indicated
that changes of dopamine receptors and transporters are moderated by the duration of abstinence. Comparing opioid users with
controls revealed a significant lower D2/D3 receptor availability (g = 1.17) and a significantly lower transporter availability (g = 1.55)
in opioid users. For cannabis users, there was no significant difference in receptor availability compared to controls and too few
studies provided information on dopamine transporter availability or synthesis capacity. Our analysis provides strong evidence for a
central role of the striatal dopamine system in use of alcohol or opioids. Further studies are needed to clarify the impact of the

dopamine system in cannabis users.

Neuropsychopharmacology (2019) 44:660-667; https://doi.org/10.1038/s41386-018-0191-9

INTRODUCTION

Drug use is a global major health problem and despite much
effort, it apparently remains stable over the last few years [1]. With
an estimated global prevalence of 3.8% in 2015 (183 million
people), cannabis represents the world’s most widely used illegal
drug [1]. Alcohol is another globally prevalent substance which is
related to high economic, social and health costs. According to the
World Health Organization (WHO), the prevalence of alcohol use
disorders in the whole world is 4.1%, with its highest prevalence in
the WHO European regions with 7.5% and American regions with
6.0% [2]. While the prevalence of opioid-dependency is less
marked (globally 0.22%, Europe 0.35% and North America 0.30%),
it comes with the high risk of serious health consequences,
especially if considering the high number of drug-related deaths
[3]. This marked impact of sedative drugs on global health
underscores the importance for a better understanding of the
underlying pathophysiological processes in order to prevent the
development of addiction and to offer effective therapies. Current
in vivo research with positron emission tomography (PET) and
single-photon emission computed tomography (SPECT) suggests a
crucial role of the dopaminergic system in emergence and
maintenance of addiction [4-6]. Especially striatal regions

innervate strongly with dopaminergic neurons and thus seem to
be key regions in drug addiction [7]. Specifically, evidence for
reduced striatal dopamine transporter (DAT) availability in alcohol
users was found in some [8-10] but not all studies [11-13].
Similarly, there is evidence for a lower striatal dopamine receptor
binding in alcohol-dependent patients relative to healthy controls
[13-15] but again, other studies reported conflicting results [16,
171. Investigation of dopamine synthesis capacity and alcohol use
yielded mixed results, including findings of higher presynaptic
dopamine function in the putamen of alcohol users compared to
controls [18], but also no difference in presynaptic dopamine
function between alcohol users and controls [18, 19]. Opioid users
have been repeatedly reported to exhibit reductions in D2 [20-22]
and DAT availability [23-26]. Interestingly, alterations in D2
receptor availability in cannabis users seem to be less prevalent
[27-29], while there is evidence for reduced DAT [30, 31] and
dopamine synthesis capacity [32] in cannabis users.

In summary, there are inconsistent results regarding the
influence of sedative drugs on the striatal dopaminergic system.
Therefore, the current work summarizes findings on striatal
dopaminergic functions and sedative substances from human
PET and SPECT studies into a systematic review and meta-analysis.
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METHODS

Literature search and data extraction

We conducted a comprehensive literature search to identify all
neuroimaging studies using PET and SPECT to investigate DAT,
dopamine D2/D3 receptors and dopamine synthesis capacity in
human participants abusing alcohol, cannabis or opioids. Details
of the literature search and data extraction are reported in the
supplementary methods. Exclusion criteria were non-English
language, postmortem studies, no original data, single-case
studies, only investigation of extrastriatal regions or only voxel-
wise analysis. The first author extracted the relevant data and all
extractions were cross-checked by the second and third author. If
data were not provided we contacted the authors of respective
papers. The main outcome measure was the difference in the
availability of D2/D3 receptors, availability of DAT or dopamine
synthesis capacity between the control group (healthy non-users)
and the user group. Depending on the methodological approach
of the individual studies, availability was estimated based on BPyp
(ratio of specific to nonspecific binding), BPp (ratio of specific
binding to total plasma parent), V; (ratio of the concentration of
radioligand in a region of tissue to that in plasma), distribution
volume ratio (the ratio of the distribution volume in a receptor
region to the distribution volume in a nonreceptor-containing
region), specific uptake ratio (uptake ratio of binding in a region of
interest in comparison to a non-binding reference region) or F;
(mean fractional tracer uptake values).

The specific measurement of this difference in binding potential
varied across the studies and is displayed for each study in the
supplementary tables (Table S1-S3). To calculate effect sizes,
means, standard deviations (SDs), standard errors of the mean
(SEM) and confidence intervals were extracted. Additionally, the
name of the authors, year of publication, imaging method (PET or
SPECT), investigated hemisphere and striatal region, radioligand
used and population characteristics (group size, age, number of
females and males, smoking status, positive or negative drug
status at the time of scan, minimum and mean duration of
abstinence of the patient group) were extracted.

Data analysis

Separate meta-analyses were conducted for the different sub-
stances and brain regions. For each analysis, the effect size
(Hedge's g) of the difference between the control and user group
in binding potential was computed. A random-effects meta-
analytic model was employed, as we did not assume homogeneity
among studies [33]. The summary effect sizes were computed
using a restricted maximum-likelihood estimator [34] by using the
Metafor package [35] in R, version 3.3.2 [36]. To assess the impact
of heterogeneity on the meta-analysis, we calculated the
inconsistency parameter ( value). Moderator analyses were
conducted with duration of abstinence, age, gender and year of
publication as moderator variables. Publication bias was evaluated
by the Egger’s regression test [37]. We determined a minimum of
three studies to conduct a meta-analysis. The significance level
was set at p < 0.05 (two-tailed).

RESULTS

Selected articles

The initial literature search revealed 225 articles. After exclusion of
190 publications, 35 studies including 723 substance users and
752 healthy controls remained for a qualitative analysis (see Figure
S1 for a flow chart). Many studies investigated multiple samples
[8,9,12,13,15, 17, 24, 25, 31, 38-41]. Thus, we use k as an index
for the number of samples, n for the number of studies and N for
the number of participants. Included articles were separated by
the investigated substance, resulting in n=16 studies (k=
23 samples) for a qualitative synthesis of alcohol, n =12 studies
(k=17) for a qualitative synthesis of opioids and n=7 studies
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(k = 8) for a qualitative synthesis of cannabis. Two studies [10, 42]
had overlapping samples, wherefore only the study with the larger
sample [10] was included. Tomasi et al. [43] presented the relevant
data only graphically; therefore, we estimated means and SDs
from the respective figure using Web Plot Digitizer 3.10 [44]. Two
publications reported other measures of dispersion than SDs:
confidence intervals [8] and standard errors of the mean [22]
which were transformed into SDs. Several studies reported
means and SDs separately for the left and right hemisphere
[18, 19, 22, 24, 26-28, 39, 45]. Here, measures for the brain region
spanning both hemispheres were summarized as explained in the
supplementary methods. Some articles only reported results for
striatal subregions; hence, we summarized this information into
indicators of the whole striatum [16, 20, 27, 29, 43, 46, 47] or into
indicators of the dorsal striatum [15, 18, 21, 22, 24, 28, 31, 39]. Two
studies used the same control and patient group for investigating
DAT and D2/D3 receptor and were included in both analyses
[9, 13]. Guardia et al. [17] reported separated results for the patient
group based on a later relapse. In this case, we compared the
same control group once with the relapsed patient group and
once with the patient group without relapse. Shi et al. [24] used
the same control group as a comparison for two different patient
groups.

All participants were aged over 18 years and the majority did
not have a major psychiatric or neurological illness, except
substance abuse or dependency in the patient group. The
duration of abstinence in the patient group varied across studies,
with some studies also investigating current users. When studies
reported the results of two scanning times for the patient group
(before and after treatment), results of both scans were included
in the analyses in order to gain more samples and additional
information on the moderation effect of abstinence [8, 15, 38-41].
Details about characteristics of the participants, imaging methods
and analysed regions are reported in the supplementary results
and displayed in Tables S1-S3. In sum, there were sufficient
studies to conduct separate meta-analyses of striatal and
substriatal D2/D3 and striatal DAT availability in alcohol users,
striatal and substriatal DAT availability in opioid users and striatal
and substriatal D2/D3 in cannabis users.

Alcohol

We included k = 12 samples comprising N = 127 alcohol users and
N =119 controls for the analysis of D2/D3 receptor availability in
the whole striatum (see table S1 for characteristics of the studies).
There was a significant summary effect size of g =0.46 (z=3.13,
p <001, >=3236, see Figs. 1 and 2), indicating lower D2/D3
receptor availability in alcohol users compared to controls.
There was no evidence for a publications bias in the Egger’s test
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Fig. 1 Barplot overview: changes of striatal dopamine in sedative
drug users
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Study Outcome Tracer SMD [95%-Cl]

Volkow, 1996 D2 [11C]raclopride S 1.03[0.20, 1.86]
Volkow, 2007 D2 [11C]raclopride 0 0.42 [-0.21, 1.04]
Volkow, 2002 D2 [11C]raclopride e 0.92 [-0.03, 1.88]
Volkow, 2002 D2 [11C]raclopride e 1.47 [ 0.44, 2.49]
Spreckelmeyer, 2014 D2 [18F]fallypride —a— 0.12 [-0.72, 0.96]
Rominger, 2011 D2 [18F]fallypride —a— 0.28 [-0.46, 1.03]
Rominger, 2011 D2 [18F]fallypride —O—i 0.32 [-0.39, 1.03]
Repo, 1999 D2 [123l]epidepride e —-0.33[-1.26, 0.60]
Martinez, 2005 D2 [11C]raclopride e ! 1.08[0.31, 1.84]
Guardia, 2000 D2 [1231]IBZM oo -0.07 [-0.93, 0.79]
Guardia, 2000 D2 [1231]1IBZM - 0.74[-0.21, 1.70]
Erritzoe, 2014 D2 [11C]PHNO eme -0.13[-0.87, 0.60]
Summary of D2/D3 receptor studies 0 0.46 [0.17, 0.74]
Kuikka, 1998 DAT [123]3-CIT —a 2.33[1.38, 3.28]
Volkow, 1996 DAT [11C]d-threo MPH s -0.26 [-1.27, 0.75]
Tiihonen, 1997 DAT [123]B3-CIT —.— 2.51[1.53, 3.48]
Repo, 1999 DAT [123I]PE2I Co—— 1.57[0.51, 2.62]
Laine, 2001 DAT [123]3-CIT bl —-0.14 [-0.71, 0.43]
Laine, 1999 DAT [123]3-CIT il —-0.28 [-0.81, 0.24]
Laine, 1999 DAT [123]3-CIT C 0.99[0.44, 1.55]
Cosgrove, 2009 DAT [123]B-CIT e -0.02 [-1.15, 1.11]
Cosgrove, 2009 DAT [123]3-CIT ———H —-2.20 [-3.45, -0.96]
Summary of DAT studies ‘ 0.51 [-0.43, 1.45]
Tiihonen, 1998 Synthesis [18]F-dopa —a— -1.09 [-2.09, -0.10]
Kienast, 2012 Synthesis [18]F-dopa —— —-0.20 [-1.00, 0.61]
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Fig. 2 Forest plot of meta-analysis of striatal dopaminergic function in alcohol users

(p = 0.32). Moderator analyses did not show evidence for an effect
of year of publication or age on the estimated summary effect
size. However, there was a significant effect of mean days of
abstinence (p = 0.02), indicating a decreasing effect with increas-
ing abstinence duration, see Figure S2. In a further analysis, we
investigated the D2/D3 receptor availability in the subregions of
the striatum (nucleus caudate and putamen). For the analysis of
the caudate, we included eight samples (from n=6 studies)
comprising N = 87 alcohol patients and N = 84 controls. There was
a significant summary effect size (g =0.51, see Fig. 3), indicating
lower caudate D2/D3 receptor availability in the patient group
(k=8, z=260, p<0.01, I°=4829). However, the Egger's test
indicated the potential presence of a publication bias (p =0.03).
For the analysis of the putamen, we included the same eight
samples with the respective number of participants. There was a
significant summary effect size (g=0.45), indicating lower
receptor availability in the user group (k=8, z=2.58, p=0.01,
I =34.31). There was no evidence for publication bias (p = 0.13).

In the meta-analysis of DAT availability for the whole striatum,
we included k=9 samples comprising N=107 alcohol users
and N =136 controls (see Table S1). The summary effect size of
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Study Outcome Tracer SMD [95%—Cl]

Zijlstra, 2008 D2 [1231]1IBZM |—-—| 0.55[-0.20, 1.29]
Wang, 1997 D2 [11C]raclopride D —a— 1.31[0.39, 2.23]
Martinez, 2012 D2 [11C]raclopride o 1.71[0.90, 2.52]
Summary of D2/D3 receptor studies - 1.17 [0.46, 1.87]
Zaaijer, 2015 DAT [123]B3-CIT |—-—| 0.43[-0.54, 1.41]
Zaaijer, 2015 DAT [123]B3-CIT | 0.75[-0.21, 1.71]
Yuan, 2015 DAT [99mTc] TRODAT-1 ot 2.55[1.75, 3.35]
Yeh, 2011 DAT [99mTc] TRODAT-1 S 0.81[0.13, 1.50]
Yeh, 2011 DAT [99mTc] TRODAT-1 0 1.42[0.80, 2.04]
Xu, 2015 DAT [99mTc] TRODAT-1 —a— 2.59[1.86, 3.31]
Shi, 2008 DAT [11CICFT I—-—i 0.98[0.07, 1.89]
Shi, 2008 DAT [11C]CFT S — 1.39[0.41, 2.36]
Liu, 2013 DAT [99mTc] TRODAT-1 . 2.34[1.52, 3.16]
Liu, 2013 DAT [99mTc] TRODAT-1 —a— 2.99[2.26, 3.72]
Jia, 2005 DAT [99MTc]TRODAT-1 — 0.90[0.34, 1.46]
Jia, 2005 DAT [99MTc]TRODAT-1 i 1.68 [ 1.09, 2.28]
Hou, 2011 DAT [99MTc]TRODAT-1 —ap 3.30[2.44, 4.16]
Cosgrove, 2010 DAT [123]3-CIT |—-—| —-0.64 [-1.65, 0.36]
Summary of DAT studies - 1.55[0.99, 2.12]
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= greater in non-users
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Fig. 4 Forest plot of meta-analysis of striatal dopaminergic function in opioid users

0.51 (z=1.06, > = 92.06, see Fig. 1) did not reach significance (p =
0.29). Egger’s test did not show evidence for publication bias (p =
0.81). Moderator analyses did not show evidence for an effect of
age (p =0.33) but for year of publication (p = 0.04) and for mean
days of abstinence (p <0.01), showing an increasing effect with
increasing abstinence (see Figure S2). There were no studies
investigating the DAT availability in the subregions of caudate and
putamen.

There were only two samples investigating the dopamine
synthesis capacity in the whole striatum in a total of N=21
alcoholic patients and N =21 controls (see Table S1). One of
these studies [18] found higher—but not statistically significant
—striatal dopamine uptake values in the patient group
(g=-1.09; z=-2.15; 95% Cl: -2.09 to -0.10; p =0.28), while
the other study [19] did not find evidence for a difference in
dopamine uptake between alcohol users and controls (see also
Figs. 1, 2). Only Tiihonen et al. [18] investigated the dopamine
synthesis capacity in the subregions caudate and putamen for
N =10 alcohol patients and N =8 controls. Here, a significant
effect size of g =-1.06 was detected in the putamen (z=-2.11;
95% Cl: -2.06 to -0.07; p=0.03), showing an increased
presynaptic dopamine function in alcoholic patients. The
difference in synthesis capacity in the caudate however did
not reach significance (g =-0.83; z=-1.68; 95% Cl: -1.80 to
0.14, p = 0.09).

Neuropsychopharmacology (2019) 44:660 - 667

Opioids

Three samples investigated the D2/D3 receptor availability in the
whole striatum in a total of N=39 opioid users and N=45
controls (see Table S2). The summary effect size for striatal D2/D3
receptor availability between opioid users and controls was highly
significant with g = 1.17 (z=3.24, p < 0.01, I = 54.78), indicating a
lower receptor availability in opioid users (see Figs. 1 and 4). There
was no evidence for publication bias (p = 0.52). The same samples
were included in the meta-analysis of the striatal subregions
caudate and putamen. There was a significant difference between
opioid users and controls in the receptor availability in
the caudate (see Fig. 3) with an effect size of g=1.07 (z=4.58,
p < 0.001, > =0.00). Likewise, opioid users also had a lower D2/D3
receptor availability in the putamen, but this difference
slightly failed statistical significance (g=1.00; z=1.96, p = 0.05,
I> =77.86).

A total of 14 samples comprising N =253 opioid users and
N = 164 controls met the inclusion criteria for the meta-analysis of
DAT in the whole striatum (see Table S2). There was a significant
difference of striatal DAT availability between opioid users
and controls with an estimated effect size of g=1.55 (z=5.39,
p=<0.001, I>=86.71), indicating lower DAT availability in opioid
users (see Figs. 1, 4). There was no evidence for a publication bias
(p=0.29). Moderator analyses showed a decreasing effect size
with increasing age (p = 0.03, see Figure S3). The variables year of

SPRINGER NATURE
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Study Outcome Tracer SMD [95%—Cl]
Volkow, 2014 D2 [11C]raclopride v—l—l 0.29 [-0.28, 0.86]
Urban, 2012 D2 [11C]raclopride [ -0.25 [-0.94, 0.45]
Tomasi, 2015 D2 [11C]raclopride —— -0.65 [-1.37, 0.06]
Sevy, 2008 D2 [11C]raclopride R 0.08 [-1.06, 1.21]
Albrecht, 2013 D2 [11C]raclopride »—-—« 0.25[-0.69, 1.18]
Summary of D2/D3 receptor studies ’ -0.07 [-0.47, 0.33]
Leroy, 2011 DAT [11CIPE2I boeme 0.30 [-0.46, 1.06]
Leroy, 2011 DAT [11CIPE2I —s— 1.77[0.82,2.71]
Bloomfield, 2014 Synthesis [18]F-dopa —— 0.85[0.19, 1.51]

greater in users <

= greater in non-users
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Fig. 5 Forest plot of meta-analysis of striatal dopaminergic function in cannabis users

publication and mean days of abstinence did not have an effect
(p > 0.05). There were seven samples comprising N= 116 opioid
users and N = 76 controls for the meta-analysis of DAT availability
in the subregion of nucleus caudate. The summary effect size for
DAT availability in the caudate between opioid users and controls
was significant with g=1.65 (z=4.67, p <0.001, > = 77.56), see
Fig. 3. However, the Egger’s test revealed a potential publication
bias (p < 0.001). Meta-analysis of the putamen including the same
samples indicated a significantly lower DAT availability in opioid
users (g=1.60, z=5.71, p<0.001, >=70.26), see Fig. 3. Again,
the Egger’s test yielded evidence for a potential publication bias
(p<0.01). There was no study investigating the dopamine
synthesis capacity in opioid users in neither the whole striatum,
nor in a striatal subregion.

Cannabis

We included five samples comprising N =67 cannabis users and
N =65 controls in the meta-analysis of D2/D3 receptor availability
in the whole striatum (see Table S3). There was no difference in
striatal D2/D3 availability between cannabis users and controls
(g=0.07, z=0.34, p=0.734, >=26.24, see Figs. 1, 5). There
was no evidence for publication bias (p=0.92). Moderator
analyses did not show evidence for an effect of year of publication
(p =0.66) or age (p = 0.86) on the estimated summary effect size.
The same five samples were also used for the meta-analysis of D2/
D3 receptor availability in the substriatal regions of caudate and
putamen (see Fig. 3). There was no significant difference in D2/D3
availability between cannabis users and controls neither in
caudate (g =-0.15; z=-0.89, p =0.37, > =0.00) nor in putamen
(g=-0.10; z=-0.46, p = 0.64, I =34.91). In both analyses, there
was no evidence for publication bias (p > 0.05).

SPRINGERNATURE

The only sample investigating striatal DAT availability in N=13
cannabis users had two different control groups: one control
group consisted of nonsmokers (N = 14), while in the other group
all subjects were smokers (N = 14). The comparison of cannabis
users and nonsmoking controls revealed a highly significant effect
size of g=1.77 (z=3.66; 95% Cl: 0.82-2.71, p < 0.001), while the
comparison of cannabis users and smokers showed no significant
difference (g=0.30, z=0.77; 95% Cl: -0.46 to 1.06, p=0.45,
see Fig. 5). Similar results were obtained when analysing
striatal subregions (caudate and putamen). There was a
significant difference between cannabis users and nonsmoking
controls in both subregions (caudate: g =1.76, z=3.65, 95% Cl:
0.81-2.7, p < 0.001; putamen: g = 1.37, z=3.01, 95% Cl: 0.48-2.26,
p <0.01) but no difference between cannabis users and nicotine-
smoking controls (caudate: g =0.27, z= 0.7, 95% Cl: -0.49 to 1.03,
p=049; putamen: g=0.24, z=0.63, 95% CI: -0.51 to 1.0,
p=0.54).

There was one sample studying the dopamine synthesis
capacity in the whole striatum in N=19 cannabis users and
N =19 controls, which revealed a significant difference between
users and controls, showing a lower striatal synthesis capacity in
cannabis users (g = 0.85, z=-2.51; 95% Cl: 0.19-1.51, p < 0.01, see
Fig. 5).

DISCUSSION

As far as we know, this is the first meta-analysis on the influence of
sedative drugs on dopaminergic functioning in the human brain.
Overall, our results indicate marked alterations in sedative drug
users and thus provide support for the importance of dopamine in
the pathophysiology of drug use and addiction.

Neuropsychopharmacology (2019) 44:660 — 667



The outcome of reduced D2/D3 receptors in opioid and alcohol
users relative to non-using controls is in line with previous reports
in users of psychostimulants such as cocaine and (meth-)
amphetamine [4] and supports the hypothesis of generally lower
striatal dopamine receptor availability in substance users [48].
Because most D2/D3 ligands do not differentiate precisely
between D2 and D3 receptors or the high- and the low-affinity
state of the D2 receptor, our finding of reduced D2/D3 receptor
availability in opioid and alcohol users could be attributed to any
of those structures. One study investigating alcohol users
employed the radioligand [11CJPHNO, a tracer that is to some
degree specific for the D3 receptor and for the high-affinity form
of the D2 receptor, found no difference between drinkers and
controls [16]. Thus, the result of reduced receptor availability in
alcohol users predominantly seems to reflect reduced levels of D2
receptors in the low-affinity form. Further studies with different
tracers are needed to gain insights regarding the specific receptor
changes associated with opioid use.

One potential reason for the reduced receptor availability found
in alcohol and opioid users could represent an overexposure of
postsynaptic cells with dopamine. Support for this hypothesis
comes from animal research demonstrating an increase of
extracellular dopamine following the administration of alcohol
and opiates [49]. Yet similar results from human studies are rare,
but Boileau et al. [50] could prove an alcohol- induced dopamine
release in a small sample of healthy humans. Studies examining
this effect in humans after opioid intake are lacking. If we follow
the results from animal research and the hints from the Boileau
[50] study, the increased exposure to dopamine associated with
acute alcohol and opioid use can result in a subsequent
downregulation of dopamine receptors. This in turn means a
reduced activation of reward circuits, which induces an ongoing
'need for activation' and therefore an enhanced motivation for
substance use. There are indeed animal and human studies
demonstrating a correlation between the availability of dopamine
receptors and alcohol intake or craving [51, 52]. Considering the
results from our moderator analysis, a reversibility of the down-
regulated D2 receptors in alcohol users with ongoing abstinence
seems to be likely and could therefore protect from further
relapse. However, more long-term studies are needed to verify the
potential reversibility since the effect of our moderator analysis
could be overrated by one study with very long abstinence
duration [9]. Nevertheless, evidence for a 'self-protecting mechan-
ism' in the form of increasing D2 receptors also comes from
research on non-alcoholic members of an alcoholic family: Volkow
et al. [53] found a higher D2 receptor availability in these subjects
compared to members of families without a history of alcohol
abuse. The author’s interpretation, the idea that high levels of D2
receptors may protect against alcoholism, is therefore in line with
our reflections. They also investigated the association between the
D2 availability and metabolism in frontal brain regions and
suggest that the protective function of a higher D2 availability
arises from regulating behavioural and emotional control circuits.
This hypothesis also matches results from research about
impulsive behaviour (which itself is linked to addiction) and
decreased D2 receptor levels [54].

Data about receptor alterations and their behavioural correlates
in opioid users are more vague as seen in alcohol studies. Zijlstra
et al. [22] found hints for a correlation between D2 availability and
acute (but not chronic) craving and between dopamine release
and chronic craving. However, Martinez et al. [20] found no
correlation between dopamine receptor availability or presynaptic
dopamine and the choice to self-administer heroin. Nevertheless,
research about dopamine release and long-term use of alcohol or
opioids again showed similar results for both substances: Several
studies demonstrated a blunted dopamine release after an
amphetamine challenge in alcohol-dependent [14, 47] and in
heroin-dependent individuals [20] relative to controls. Following
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this path of reduced extracellular dopamine in permanent users,
another downregulation of dopamine transporters would be
reasonable as an adaptive process to avoid a loss of dopamine. In
fact, we did find a significant difference in DAT availability
between opioid users and controls with a large effect size
supporting the idea of downregulated DAT. In alcohol users, there
was a numerically similar effect size for DAT as for D2/D3
reductions, but due to a larger heterogeneity between studies, the
effect size of DAT reduction did not reach significance. Surpris-
ingly, we found a negative moderator effect of abstinence
duration on DAT availability in alcohol users, which is in contrast
to previous results [55] and to our result of a positive moderator
effect of abstinence on receptor availability in alcohol users.
Maybe our moderator analysis of DAT and abstinence in alcohol
users was blurred by two studies [9, 10] which reported extreme
heterogeneous abstinence durations (1 week to 4 years) and from
which we only estimated the mean abstinence duration.
Concerning alterations in DAT and their clinical implications there
are only preliminary results. Shi et al. [24] could not find a
correlation between DAT availability and craving in opioid users,
and to our knowledge, studies investigating this association in
alcohol users are missing. However, Heinz et al. [56] found a
negative correlation between dopamine synthesis capacity and
alcohol craving but there are conflicting results concerning a
potentially altered presynaptic dopamine synthesis capacity in
alcohol users. Tiihonen et al. [18] found hints for an elevated
dopamine synthesis capacity in alcohol users which could be seen
as another compensation for low postsynaptic dopamine function,
but Kienast et al. [19] did not find this effect.

Taken together, our results indicate a damping effect of both,
chronic alcohol and opioid use on the dopamine system but it
remains unclear which specific processes are involved in these
alterations. Possible moderating factors we could find are
abstinence duration in alcohol users and age in opioid users.
Surprisingly, we saw the effect of decreasing DAT with increasing
age in opioid and not alcohol users, but since this effect is seen in
healthy humans as well [57], it might not be opioid specific.
Especially when interpreting the result of lower D2 receptor
availability in alcohol and in opioid users, other moderating factors
than those we could investigate in our analyses must be kept in
mind, since former research on D2 receptor availably in non-users
revealed further possible influencing factors as, for example, the
influence of social dominance [58], genetic ancestry [59] or sleep
deprivation [60].

Considering the clinical implications of the dopaminergic
changes, much more research is needed to identify crucial
pathways in triggering craving and relapse.

There were only few neuroimaging studies investigating the
dopamine system in cannabis users. In the meta-analysis of D2/D3
receptor availability, striatal dopamine receptor availability did not
differ between cannabis users and non-users. Volkow et al. [29]
suggest that this could result from the fact that cannabis also
affects cannabinoid 1 (CB1) receptors, which form heterodimeric
receptor complexes with D2 receptors. The stimulation of CB1
receptors could alter the effect of D2 receptor agonists and thus
prevent the receptor downregulation seen in other substance
users. We could neither see an effect of cannabis on striatal DAT
availability, but there were too less studies to conduct a
quantitative analysis. It needs further research to identify
if the use of cannabis really does not affect striatal DAT availability
and if so, which processes differ from that triggered by opioids
and alcohol. One potential difference could already represent
the missing of a blunted dopamine release in cannabis users [48].

The only study examining the striatal dopamine synthesis
capacity in cannabis users did find a significant difference
between users and controls with a large effect size. Restrictively,
it has to be said that in this study, the cannabis users experienced
psychotic-like symptoms when consuming cannabis, so again
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more research is needed to clarify if this result can be replicated
generally in cannabis users. At the current state of research,
cannabis seems to have less direct influence on the dopamine
system compared with alcohol or opioids.

In sum, this meta-analysis illustrates the importance of future
neuroimaging research about associations between drug use and
dopaminergic alterations. Future studies can be highly beneficial
when including information of possible moderating factors as
described earlier, or when comparing different substance users
directly (e.g. one study investigating alcohol users, opioid users
and non-users) and when investigating long-term effects of drug
use abstinence, respectively.

Limitations

In general, the quality of a meta-analysis is to a great degree limited
by the quality of the individual studies included. In our present
analysis, there was evidence for between-study heterogeneity most
likely resulting from differences in the included patient samples as
well as differences in the employed methodology. Such hetero-
geneity might not only represent a limitation but also offers the
opportunity for the investigations of moderator effects as we did
where possible. For example, we included studies in our meta-
analysis where the user group received two scans, because we
preferred to use this additional information to gain more insights
about the moderation effect of abstinence. We believe that in a
meta-analysis, there is not only the risk of bias associated with
inclusion criteria that are too lenient but also with criteria that are
too restrictive and lead to bias through exclusion of valuable
information. Therefore, we decided to include additional information
where possible and to analyse them in our moderator analyses.
However, we could not analyse the effect of lifetime dose of drug
use, the duration of consumption or the pharmacologic treatment
status of the patients as very few studies provided sufficient
information. Another potentially moderating factor we could not
further investigate represents the smoking status. There is evidence
that nicotine influences dopaminergic structures as well, especially
in interaction with other substances, so these effects need to be
further explored [12, 31, 61]. Furthermore, while most studies stated
their participants had no 'major' psychiatric comorbidities, this might
still play a role in the current analysis as dopaminergic alterations
have been reported for, e.g. schizophrenia [62, 63] or bipolar
disorder [64]. Finally, as already discussed, many factors affecting
especially dopamine receptors could already be seen in nonuser
subjects. Considering these influences of impulsivity, social dom-
inance, sleep or genetic ancestry it seems likely that these factors
have an even greater impact in substance users. However, most of
the included studies did not report these measures, so we were not
able to determine their impact on our results.

Apart from differences in patient samples, methodological factors
represent another source of heterogeneity. One methodical varying
factor lies in the different investigated regions of interest. For example,
due to small samples, we had to merge studies with different
determination of striatum. Furthermore, the use of different radio
ligands and binding potential outcomes can result in heterogeneity,
as can factors affecting the measurement of dopaminergic functions
in general (e.g, the different reference regions or differences in
measures from whole-blood, plasma or tissue).

Finally, drug addiction is a complex neuropsychological process
and involves many neurobiological and psychological factors.
Other brain regions or different neurotransmitters may also play a
role in substance dependency. Especially, the investigation of
extrastriatal regions might evolve further insights on interrelated
neuronal pathways. Unfortunately, at the present time, there are
not enough studies to draw conclusions according to the
literature available. Furthermore, it remains unclear if the
dopaminergic alterations are really caused by the use of
substances or if they already existed before the onset of substance
abuse and rather display risk factors.

SPRINGERNATURE

CONCLUSION

There is marked evidence for a reduction of D2 receptor
availability in alcohol and opioid users, as well as for a reduction
of DAT availability in opioid users but no distinct evidence for
dopaminergic changes in cannabis users. Insights about the
therapeutical relevance of these changes need to be further
explored. Abstinence duration seems to influence the dopami-
nergic alterations caused by chronic alcohol consumption.
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