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Abstract

Studies have strongly suggested a disturbed regulation of dopaminergic neurotransmission in attention-deficit/hyperactivity
disorder (ADHD) and Parkinson’s disease (PD). A genetic and phenotypic overlap between both disorders is discussed. A
well-studied risk gene for PD is the gene coding for a-synuclein (SNCA). a-Synuclein, a protein located primarily in the
presynaptic vesicles, has been suggested to play a role in the modulation of dopamine transporter (DAT) function. DAT is
the target of psychostimulants for the treatment of ADHD and plays a key role in regulating the dopamine concentrations
in the synaptic cleft. In our sample consisting of German families with children affected by ADHD, we tested for associa-
tion of allelic variants of two functionally relevant polymorphisms of the a-synuclein gene (NACP-Repl: 156 families, 232
children; rs356219: 195 families, 284 children) with ADHD. Transmission disequilibrium test analysis revealed no over-
transmission for NACP-Repl (OR 1, p,,,, =1 p,q;=1) and rs356219 (OR 1.28; p, ., =0288) in affected siblings. However,
a subanalysis on trios with index children showed a nominal association of rs356219 with ADHD (OR 1.43, p,,..=0.020),
which survived Bonferroni correction (p,q;=0.039); again, no association for NACP-Rep1 (OR 0.8, p=0.317, p,4;=0.634)
was found. In conclusion, we found in our pilot study a trend for an association of the rs356219 genotype in SNCA that may
affect a-synuclein function and contribute to the aetiology of ADHD. In light of the small sample size of our study, the link
between PD and ADHD through dopamine-related neurobiology warrants further investigations. Future studies on SNCA in
large ADHD samples should focus on specified symptoms and traits, e.g. attentional capacities or emotional dysregulation.
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Introduction

The aetiology of attention-deficit/hyperactivity disorder
(ADHD) still is subject of extensive research efforts. How-
ever, a large body of evidence suggests that ADHD is a
highly heritable and multifactorial neurodevelopmental
disorder. Multiple genes with small effect sizes as well as
environmental factors contribute to the development and
course of the disorder (Banaschewski et al. 2017; Thapar
and Cooper 2016).

Previous studies have reported abnormalities in various
neurotransmitter systems underlying the symptomatology
of ADHD (for a review, see Faraone et al. 2015). In par-
ticular, disturbance of the dopaminergic neurotransmis-
sion has been linked to dysfunction of brain structures that
modulate locomotion, executive function, working mem-
ory, emotional regulation, and reward processing. Though
genetic studies have shown association between ADHD
and genes involved in dopaminergic neurotransmission,
study results remain heterogeneous and effect sizes are
small (Albayrak et al. 2008). The dopamine transporter
(DAT) is a presynaptic located protein that plays a key role
in regulating the dopamine concentrations in the synaptic
cleft by removing dopamine from the synaptic cleft and
returning it to the presynaptic neurons (Giros et al. 1996).
The effect of psychostimulants such as amphetamine and
methylphenidate is mediated mainly by inhibition of DAT
(Walitza et al. 2014). Finally, neuroimaging studies dem-
onstrated an increased density of DAT in the striatum
of ADHD patients using positron emission tomography
(Fusar-Poli et al. 2012) and a morphological abnormal-
ity of the substantia nigra (dopamine neurons from this
region project to the striatum) in children with ADHD
using transcranial sonography (Krauel et al. 2010; Roma-
nos et al. 2010).

Parkinson’s disease (PD) is the second most common
neurodegenerative disease in the elderly (Ascherio and
Schwarzschild 2016). Pathologically, PD is characterized
by a preferential loss of neuromelanin-containing dopa-
minergic neurons in the substantia nigra pars compacta,
accompanied by the accumulation of intracellular protein-
aceous a-synuclein-rich inclusions named Lewy bodies
and a reduction in striatal dopamine (Sian et al. 1999).

ADHD (Thapar and Cooper 2016) and PD (Kalia and
Lang 2015) have several disturbances of neurotransmitter
systems in common that lead to motoric and emotional
dysfunctions, cognitive and attentional problems. Due to
the pivotal role of a disturbed dopaminergic neurotrans-
mission in ADHD as well as in PD, mutual neurobiologi-
cal underpinnings have been discussed (Mehler-Wex et al.
2006, Kehagia et al. 2014). Previous studies on a potential
genetic overlap of ADHD and PD found heterogeneous
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results (Jarick et al. 2014, Geissler et al. 2017). Analysis
of shared heritability in common disorders of the brain
demonstrated that there is little or no correlation between
PD and psychiatric brain disorders including ADHD
(The Brainstorm Consortium 2018). However, sufficient
research is not available. It might be therefore very inter-
esting to focus on specific subgroups of gene variants.

A well-studied risk gene for PD is the gene coding for
a-synuclein (SNCA). Recent evidence suggests that dopa-
minergic neurotransmission is modulated by a-synuclein,
which is located primarily in the presynaptic vesicles (Butler
et al. 2017; Sidhu et al. 2004). Therefore, we carried out a
family-based study to examine whether there is association
of genetic variants of SNCA in ADHD. We selected two
functional polymorphisms: a dinucleotide repeat polymor-
phism covering the 5'-upstream region (NACP-Repl) and
the single nucleotide polymorphism (SNP) rs356219 in the
3'-downstream region of SNCA. These variants have been
reported to affect a-synuclein function by influencing SNCA
transcription rate and mRNA stability or by altering the gen-
eration of alternative splice isoforms (Venda et al. 2010).

Materials and methods
Sample

Participants were recruited in children and parents, and phe-
notypically characterized by a team of experienced child and
adolescent psychiatrists in the outpatient unit of the Depart-
ment of Child and Adolescent Psychiatry, Psychosomatics
and Psychotherapy, University of Wiirzburg. Since recruit-
ment started before publication of DSM-5, ADHD criteria
according to DSM-IV were applied (American Psychiatric
Association 2000). All patients agreed to participate in the
study, and written informed consent was obtained from all
participants. The study was approved by the Local Ethics
Committee of the University of Wiirzburg.

Families were included if they had one or more children
affected with ADHD to perform family-based association
and genome-wide linkage studies. The index patient was
required to be older than 8 years and to fulfil DSM-IV cri-
teria for the combined subtype; other affected siblings in a
family had to be older than 6 years.

Psychiatric diagnoses were based on the Schedule for
Affective Disorders and Schizophrenia for School-Age
Children—Present and Lifetime version (K-SADS-PL).
Mothers received the unstructured introductory interview,
the diagnostic screening interview, and if required Supple-
ment Completion Checklist and upon fulfilment of screening
criteria the appropriate diagnostic supplements. The child
accomplished the screening interview of the K-SADS and in
case of positive screening for mood or anxiety disorders the
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respective supplements of the K-SADS-PL. Additionally, the
Child Behavior Checklist and a German Teachers’ Report
on ADHD symptoms according to DSM-IV were assessed.
ADHD combined subtype had to fulfil at least six criteria for
inattention and at least six for hyperactive—impulsive symp-
toms, the inattentive subtype at least six symptoms of inat-
tentiveness and less than six of hyperactivity—impulsivity,
and the hyperactive—impulsive subtype at least six symptoms
of hyperactivity—impulsivity and less than five symptoms of
inattentiveness.

Exclusion criteria were 1Q <75, confounding psychiat-
ric disorders such as schizophrenia, any pervasive devel-
opmental disorder, Tourette’s disorder, primary mood or
anxiety disorders, neurological disorders such as epilepsy,
any acquired brain damage or foetal alcohol syndrome, pre-
mature deliveries, or maternal reports of severe pregnancy
or birth complications.

Genotyping

DNA was extracted out of whole blood samples by stand-
ard salt precipitation. Procedures were described previously
in detail (Renner et al. 2008). Genotyping of r$s356219 and
NACP-Repl was performed using the ABI PRISM SNaP-
shot Multiplex kit (Applied Biosystems, Germany) accord-
ing to manufacturer instructions, followed by capillary elec-
trophoresis on an ABI 3100 Genetic Analyzer. To assure
high genotyping quality, potentially ambiguous genotypes
were removed from analysis.

Finally, in the overall sample including index children and
their siblings, 284 children of 195 families were genotyped
successfully for rs356219 and 232 children of 156 families
for NACP-Repl. In the subsample consisting only of the
index children, 195 children were successfully genotyped
for rs356219 and 156 children for NACP-Repl.

Statistical analysis
For all statistical analyses, PLINK v 1.9 (Purcell et al. 2007)

was applied. Genotyping results of rs356219 and NACP-
Repl were checked for Mendelian inconsistencies and set

missing if aberrations occurred. None of the studied poly-
morphisms showed deviation from Hardy—Weinberg equilib-
rium. Minimum minor allele frequencies (MAF) were set to
0.1. Association of rs356219 with ADHD was tested apply-
ing the transmission disequilibrium test with two-tailed p
values. Diallelic TDT was performed on SNCA NACP-Repl
alleles 259 and 261, since the others were rare (MAF <0.1).
Thus, the 263 repeat which was determined as a risk allele
for PD in previous reports could not be analysed (Mara-
ganore et al. 2006). Bonferroni correction for multiple test-
ing was applied.

Results

Table 1 shows the distribution of alleles of SNCA genotypes.
Transmission disequilibrium test analysis revealed no over-
transmission for NACP-Repl in affected siblings as shown
in Table 2.

Since inclusion criteria differed between index children
and affected siblings concerning age and ADHD subtype,
a subanalysis on trios with index children only was per-
formed (Table 2). This demonstrated a nominal associa-
tion of rs356219 with ADHD, but again no association for
NACP-Repl was detected. Table 3 shows the demographic
characteristics of the sample genotyped for rs356219 with
details on ADHD subtypes and comorbidities.

Discussion

In the present pilot study, we tested the hypothesis whether
genetic variants in SNCA (promoter and 3'-region) are
associated with ADHD. We found no association between
ADHD and the NACP-Repl as well as rs356219 polymor-
phism in the overall sample including affected siblings. In
the analysis including index children only, again no associa-
tion was found for NACP-Rep1. However, an over-transmis-
sion of 15356219 was detected.

This interesting finding may be explained by the differing
inclusion criteria. The index children were required to be

Table 1 Marker family-

based association analysis of
functional markers of the gene
coding for a-synuclein

Sample Marker Minor allele Transmission Non- Trans-  p value (PLINK) Adjusted
trans- mission value®
mission  rate (PLINK)

Siblings 15356219 G 68 52 57 0.144 0.288

NACP-Repl 259 61 61 50 1 1

Trios 1s356219 G 51 30 63 0.020 0.039

NACP-Repl 259 36 45 44 0.317 0.634

Siblings transmission disequilibrium test analysis including affected siblings; frios transmission disequilib-
rium test analysis with index children only

4Correction after Bonferroni
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Table 2 Distribution of genetic

. : Sample rs356219 NACP-Repl
variants of the gene coding for
a-synuclein in analysed samples Genotypes n Genotypes n Genotypes n
of children with ADHD
Siblings AA 107 259/259 21 261/261 113
AG 141 259/261 77 261/263 14
GG 36 259/263 3 263/263 4
Trios AA 72 259/259 13 261/261 77
AG 93 259/261 51 261/263
GG 30 259/263 3 263/263 3

Siblings transmission disequilibrium test analysis including affected siblings; frios transmission disequilib-
rium test analysis with index children only

4Correction after Bonferroni

Table 3 Clinical data with comorbidities for the subsamples genotyped for rs356219

Sample Sex ADHD subtype (N)  Mean age (y) 1Q CD (N) ODD (N) Dep (N) Anx (N)  Tic (N) OCD (N)
Siblings m=218 CT 231 11, 42 104 33 116 60 43 32 6
f=66 1A 50
HI3
Trios m=162 CT=181 11,07 104 26 76 41 33 26 5
f=34 1A 15
HIO

Anx anxiety disorder, CD conduct disorders, CT combined type, Dep depressive disorders, HI hyperactive—impulsive type, /Q intelligence quo-
tient, /A inattentive type, OCD obsessive—compulsive disorders, ODD oppositional defiant disorders, Tic tic disorders

at least 8 years old and suffer from combined type ADHD,
whereas affected siblings were older than 6 years and could
be affected by all subtypes (Table 3). The lower limit was
chosen in order to ensure the relative persistence of ADHD
symptoms and to exclude children who may show pheno-
copies of the disorder during preschool age but do not fulfil
diagnostic criteria for ADHD during subsequent develop-
mental stages (Shelton et al. 2000; Barkley et al. 2002).

Due to the small sample size, subanalyses regarding, for
example, subtype, severity of symptoms, or comorbidities,
were not possible. Yet, the result indicates a differential
influence of 1s356219 in ADHD subgroups and it would be
highly interesting to perform subanalyses regarding symp-
tomatology especially on potential underlying endopheno-
types like emotional dysfunction or motoric patterns. Our
sample was part of the newest ADHD GWAS by Demon-
tis et al. (2018) on more than 20.000 individuals affected
by ADHD and more than 30.000 controls. In this GWAS,
rs356219 was also covered, but showed no association.
However, the authors reported differential correlations in
the included samples and discussed heterogeneity by, for
example, phenotyping of the samples as a potential underly-
ing factor. Thus, our German family sample might reflect a
subgroup with more profound quantitative traits in an over-
lap between ADHD and PD.

Certainly, the rather low sample size is a major
limitation to our study and we consider our results as
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preliminary, especially since due to low frequency we
were not able to analyse the 263 repeat of NACP-Repl,
which was reported as a risk allele previously (Maraganore
et al. 2006). Further, it was not possible to examine the
potential influence of rs356210 on ADHD core symptoms
or traits like irritability. However, since this is the first
study on SNCA in ADHD it has a pilot character and may
facilitate subsequent studies with larger sample sizes and
especially the possibility to differentiate according to spe-
cific symptoms.

In future studies, it would be important to investigate
larger sample sizes. Additionally, the focus should be on a
search for common candidate genes for ADHD and PD and
studies should include also assessments of environmental
factors. It might be also interesting to examine ADHD sub-
samples with pronounced motoric symptoms or even PD.
Further studies could also analyse common genetic linkages
not to the clinical phenotypes but to the underlying endophe-
notypes such as impulsivity, emotional dysfunctions, inat-
tentiveness, or motoric patterns.

In conclusion, we found evidence for an association
between SNCA variant rs356210 and a-synuclein function
that may affect the aetiology of ADHD. Despite the small
sample size, our findings underline the interesting poten-
tial link in dopamine-related neurobiology between PD and
ADHD.
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