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SUMMARY 
The susceptibility to common psychiatric disorders is largely determined by genetic factors. 

Knowledge of these factors may give insight into the causes of these disorders, and, more 

importantly, open new ways for prevention and treatment. Identifying the causal DNA vari-

ants, however, has proved to be difficult, despite considerable research efforts. One explana-

tion is that many genes and environmental factors are involved, which would require large 

study populations to detect variants with modest effects. Some variants may be involved in 

specific disease symptoms only, or their relative importance could differ between population 

subgroups. In both cases, detecting such variants would be difficult in unselected, ethnically 

diverse patient samples. 

This thesis describes genetic studies performed on clinically well-defined, homogeneous 

groups of Dutch patients suffering from schizophrenia and attention-deficit hyperactivity 

disorder (ADHD), and presents novel techniques for efficiently performing such studies. 

In a large sample of unrelated schizophrenia patients, we investigated 12 functional candidate 

genes involved in dopamine neurotransmission. Dopamine dysregulation has long been im-

plicated as a causal factor in schizophrenia, since most of the effective drug treatments block 

dopamine receptors in the brain. In this study, which was performed using microsatellite 

markers and pooled DNA from patients and controls, we found no evidence however for a 

significant contribution to schizophrenia from any of these genes. These results suggest that 

if dopamine genes are involved in schizophrenia, their role must be small.  

Schizophrenia has a very diverse clinical presentation and disease course in individual pa-

tients, which suggests the existence of disease subtypes with different biological causes. To 

investigate this possibility, we collected patients with and without the deficit form of schizo-

phrenia. The deficit syndrome is characterized by prominent, enduring negative symptoms, 

such as decreased interest, social withdrawal and flattened affect. In these groups, we investi-

gated variants in several genes that have recently been implicated in schizophrenia. We found 

that the neuregulin 1 and RGS4 genes were almost entirely associated with the non-deficit 

group, which provided genetic support for a distinct aetiology of clinically recognizable forms 

of schizophrenia. The PIP5K2A gene, which has previously been implicated in bipolar disor-

der, was strongly associated with both deficit and non-deficit schizophrenia. For several other 

recently reported genes, such as dysbindin (DTNBP1) and G72/G30, we were able to rule 

out a substantial role in Dutch schizophrenic patients. 

In ADHD, genes from the dopamine system have also been regarded as candidate genes, 

since the most effective medication blocks the dopamine transporter. We have investigated 

the dopamine transporter gene (DAT1), as well as the dopamine receptor genes 4 (DRD4) 

and 5 (DRD5), in a large family sample of Dutch children with ADHD. We found no evi-
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dence for association of these genes with the disorder. In the same families with affected 

pairs of siblings, we have performed one of the first whole-genome linkage studies in 

ADHD. The results indicated that DNA regions on chromosomes 15q and 7p might contain 

genes that contribute to the disorder. On chromosome 7, we found no support for involve-

ment of dopa decarboxylase (DDC), a functional candidate gene in the linkage region. 

Besides specific genetic studies in these two disorders, two techniques are presented for the 

efficient screening of genetic markers. A new mathematical procedure was developed to cor-

rect the so-called stutter artefact in the analysis of microsatellite markers. This method en-

ables the accurate and efficient estimation of microsatellite marker allele frequencies in DNA 

pools (combined DNA from large groups of individuals, which can be screened for differ-

ences between patients and controls). Finally, an inexpensive and efficient method was devel-

oped for analyzing single nucleotide polymorphisms (SNPs) on standard DNA sequencing 

equipment.



1 INTRODUCTION 
Psychiatric diseases are a major cause of individual dysfunction and suffering. Many disorders 

have an early onset and persist throughout life, and since they occur with a relatively high 

frequency in the population, the burden on families and society is also large. Unfortunately, 

the options for prevention and treatment are still limited. Little is known about specific risk 

factors, and the current medication is usually not effective for all patients, while many drugs 

have substantial side effects. 

Ignorance about the causes of psychiatric disorders hinders the development of specific pre-

ventive measures and medication. It has long been known that psychiatric illness runs in 

families, which could be explained by shared environmental risk factors, or by a heritable sus-

ceptibility. Studies in twins and adopted children have repeatedly indicated that the major 

psychiatric disorders are largely, although not completely, genetically determined [1]. The pat-

tern of inheritance in families is not like that of "classical" monogenic genetic disorders, in 

which a single change, or mutation, in the heritable material is sufficient to cause disease. In 

addition, the risk for relatives of a patient to develop the same disorder is generally lower 

than would be expected if only one genetic factor were involved. Interplay of several genetic 

variants and environmental risk factors is therefore the most likely explanation for the occur-

rence of most psychiatric disorders. Like asthma, diabetes, and many other diseases, psychiat-

ric disorders therefore belong to the so-called complex disorders. 

Recently, the genetic causes of many monogenic disorders have been discovered. These suc-

cesses have fuelled the hope that the same techniques could elucidate the causes of complex 

disorders. 

1.1. General approaches for finding disease-related DNA variants in 
complex disorders 
If heritable traits and disorders are transmitted through the DNA, the genetic susceptibility to 

disease must be the result of certain variants (specific forms of which are called alleles in ge-

netic terms) somewhere in the four-letter DNA sequence. These differences between indi-

viduals may change the structure of proteins, which are produced using the information con-

tained in the DNA, or the rate of production of a protein (gene expression). Proteins are es-

sential for nearly all of the biological processes in the body, and a change in protein function 

may therefore lead to a disturbance in these processes, and ultimately to disease. Those parts 

of the DNA that contain the information for the production of proteins are the genes.  

In a worldwide effort that took many years, the Human Genome Project and a private se-

quencing effort have recently revealed the nearly complete DNA sequence of a limited num-

ber of individuals [2, 3]. Using this information, thousands of genes, or predicted genes, have 
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now been localized. Only a fraction of the entire DNA appears to consist of genes, while the 

function of the remaining DNA is largely unknown, but may involve regulation of gene ex-

pression (details are given in the text box). 

 

All in our genes? By definition, disease-related variants in monogenic disor-
ders have deleterious consequences, which usually result from changes that 
severely affect the structure of the protein. In complex disorders, on the other 
hand, the disease-related variants are not sufficient to cause disease by 
themselves. This could mean that other genes can normally compensate for 
the effects of a single deleterious variant, or the changes may have less seri-
ous effects. In addition to variants that change protein structure, changes 
may also involve regulatory sequences around otherwise intact genes, result-
ing in different amounts of protein being produced. Regulatory regions may 
be close to the gene, such as promoter regions or enhancer and silencer re-
gions, but may also involve distant sequences, which regulate the expression 
of multiple genes. Of the few identified disease-related genes in complex dis-
orders, a substantial number seems to involve changes in regulatory se-
quences [4]. Finally, the heritable differences between healthy individuals and 
patients may not always lie in the DNA sequence itself, but in so-called epi-
genetic factors such as DNA methylation [5]. This process renders DNA re-
gions less available for transcription, thus reducing the function of genes con-
tained in them. 

 

It is technically not yet feasible to compare the entire DNA sequence in large numbers of pa-

tients and controls. Genetic investigations therefore have to reduce the work by focusing on 

DNA regions of special interest, or by reducing the number of variants to be studied [6]. 

Current genetic methods rely on the assumption that a certain disease-related variant arose at 

some point in history in a founder individual. This variant has been transmitted to later gen-

erations, and might still be present in a higher frequency in currently living individuals with a 

specific disease, than in control individuals. In order to be detectable, a variant should be pre-

sent in a substantial number of patients. This could be the case, if specific variants in complex 

disorders play modest roles in causing disease, without being subject to strong negative selec-

tion (see below). 

 

Common disease, common variant? The rapidly declining risk for more dis-
tant relatives of affected individuals indicates that at least several genetic 
variants are involved in most common psychiatric disorders, but the exact 
number of variants, or the number of different variants within single genes is 
unknown. The 'common disease-common variant' (CDCV) hypothesis pre-
dicts that only a limited number of predominating variants contribute substan-
tially to disease. As was recently pointed out, this is a likely possibility if the 
current world population is the result of a rapid expansion from a small foun-
der population, in which one or a few disease-related variants were already 
present at relatively high frequencies [4]. Such variants would be under lim-
ited or no selection pressure, and they would also be present at high fre-
quencies in the unaffected population. A related model, which does not take 
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into account population expansion, predicts that, in the absence of strong se-
lection, some genes will by chance alone eventually contain disease-related 
variants with relatively high population frequencies [7]. Due to their high fre-
quencies, however, such variants would contribute disproportionately to all 
disease cases at the population level. Genetic studies would detect these 
frequent variants, and the genes that contain them, in the first place [8, 9]. It 
is possible that, in addition to a few very frequent dominating alleles, many 
genes may also contain rare disease-related variants [7]. Moreover, many 
genes might not contain disease-related variants with high frequencies at all. 
The sparse empirical data in complex disorders suggest that common dis-
ease-related alleles are present in at least a number of common disorders 
studied to date [10]. Possibly, however, these findings represent the 'low-
hanging fruit', and completely different approaches, such as extensive direct 
sequencing, may be required to detect additional low-frequency variants [11, 
12]. 

 

Using genetic markers to detect disease-related variants. Not only the disease-related variant itself 

will be transmitted to affected children, but the surrounding DNA as well. Variants near a 

disease-related variant can therefore function as genetic markers, which indicate the presence 

of a true disease-related variant. Such markers are associated, or in linkage disequilibrium 

(LD) with the truly disease-related variant [13]. Any type of DNA variation that can be meas-

ured could be used as a genetic marker (see below). Currently, the most frequently used types 

of DNA variations are microsatellites and single nucleotide polymorphisms (SNPs). 

 

Types of genetic markers, and methods for their analysis. Microsatellites, 
or short tandem repeats (STRs) are DNA sequences with short repeated mo-
tifs, mostly with a length of 2 to 5 nucleotides per repeated unit (e.g. 
CACACACA etc.), and with varying numbers of repeat units between indi-
viduals [14]. Although these repeats are abundant in the genome, their func-
tion is unknown. In rare cases, expanded repeats are known to influence 
gene expression, or to be disease-causing, most notably certain triplet repeat 
motifs [15], but in most instances the repeat number seems to be of little 
functional importance. Repeat numbers can be measured after making multi-
ple copies of the repeat sequences with the polymerase chain reaction 
(PCR). Fragments with different repeat numbers will have a different length 
and electrical charge, and will migrate at different speeds through an electri-
cally charged polymer gel. Recently, this electrophoresis process has been 
largely automated. Fragments are labelled with a fluorescent dye, which can 
be detected when it passes a laser beam. Fragments of many different indi-
viduals can be run in parallel through a gel, or arrays of gel-filled capillaries, 
and different markers can be run simultaneously by choosing different frag-
ment sizes and dye colours, which results in high-throughput genotyping sys-
tems. 
Single nucleotide polymorphisms (SNPs) are DNA variations at a single base 
pair position; for instance, some persons may have an A, where others have 
a G at the same position. SNPs are even more abundant in the genome than 
microsatellites. Many techniques for determining SNPs have been described 
[16, 17], and the choice will mainly depend on the genotyping needs and the 
budget of the investigator. Since SNPs generally consist of only two possible 
variants, they are generally less informative than microsatellites, which usu-
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ally have many different repeat sizes, and are therefore said to be highly po-
lymorphic. However, by combining information from several nearby SNPs, 
more informative marker haplotypes can be formed. 

 

Linkage disequilibrium declines in time. With each new generation, the region of DNA around a 

disease-related variant that is shared with the founder will become smaller, due to a process 

called recombination. The entire DNA is present in two copies in each individual. One copy 

was obtained from the mother, the other from the father. During the formation of reproduc-

tive cells, the two linear DNA strands line up, random breaks are made at the same positions 

in both strands, and DNA fragments of equal length are exchanged between the two DNA 

copies. As a result of this recombination, the single DNA copy that is transmitted to a child is 

a unique blend of the two DNA copies of the parent. Only a limited number of recombina-

tions take place with each generation, and the DNA regions shared between parents and chil-

dren, or between siblings, are therefore large on average. With each following generation, 

new recombinations can take place at random positions around the disease-related variant. 

The DNA region around this variant that is still shared with the founder will thus become 

smaller in time. 

Genetic association studies 
Instead of investigating all possible DNA variation, genetic association studies reduce the 

workload by studying a limited number of genetic markers for association, or LD, with a dis-

ease-related variant [18]. Markers close to a disease-related variant will generally be in strong 

LD with it, while LD will decay with increasing distance between the marker and the disease-

related variant, among other factors (see below).  

 

Patterns of linkage disequilibrium in the genome. Besides the number of 
generations since two variants first occurred together, the distance between 
them, and the recombination rate in their genomic region will also determine 
the chance of a recombination [13]. Recent studies showed that fine-scale 
patterns of linkage disequilibrium (LD) are irregular and only partially ex-
plained by the distance between markers [11, 19]. LD reportedly occurs in a 
block-like pattern, in which regions of low recombination and high LD seem to 
be separated by recombination 'hot spots' [20, 21]. This concept of so-called 
haplotype blocks suggests that many SNPs within a block occur in a limited 
number of combinations (haplotypes). Most SNPs will then be redundant, and 
characterized by a limited number of 'haplotype-tagging' SNPs (htSNPs) 
within each block [22]. Data on LD patterns and haplotype blocks are now be-
ing collected in large collaborative efforts, such as the HapMap project, in the 
hope of greatly reducing the number of SNPs to be typed in a region of inter-
est [23]. 
The amount of LD can be calculated in different ways. Frequently used 
measures are D' and r2, which vary between zero (both variants are inherited 
completely independently) and one (complete LD, i.e. specific variants are 
always found together) [24]. 



Introduction  ●  15 

 

The average distance at which LD between variants can still be detected will determine the 

density of genetic markers that is necessary to find a disease-related variant through associa-

tion studies. The number of markers needed for a comprehensive genome screen has been 

suggested to be several hundreds of thousands in each individual. Although genotyping tech-

niques are advancing rapidly, such studies are still barely feasible in large numbers of patients 

and controls. As a result, genetic association studies have so far been restricted to candidate 

genes or candidate DNA regions. 

Candidate gene studies. Assuming that susceptibility to a disease is the result of variation in 

protein function, one could start with studying those parts of the DNA that code for proteins 

(genes), ignoring possible distant regulatory sequences [25]. A further reduction of research 

work is possible by focusing on genes with a function that is likely to be involved in the de-

velopment of a disorder (functional candidate genes). For instance, it may be known that 

drugs that are used to effectively treat a disorder modulate the products of such genes. Alter-

natively, a gene or its product may have been found to be defective in animals with behav-

ioural disturbances that resemble a psychiatric disorder [26, 27]. 

Functional candidate gene studies require a priori assumptions about the biological causes of 

a disorder. If unknown biological systems are involved, they are not likely to be identified. 

 

Choosing controls. Case-control designs carry a risk of spurious findings 
due to a phenomenon called population stratification [28]. In the presence of 
population subgroups with different frequencies of marker alleles as well as 
different disease frequencies, an association of marker alleles with the dis-
ease may be noticed that is not caused by the presence of a disease-related 
variant. Several methods have recently been proposed to detect population 
subgroups, or to correct for the presence of base-line allele frequency differ-
ences between cases and controls [29, 30]. 
Another drawback of the use of unrelated patients and controls is that haplo-
types must be estimated in the absence of phase-known haplotypes from 
parents. The transmission disequilibrium test (TDT) is a particular form of as-
sociation study, in which the DNA from the parents instead of unrelated indi-
viduals is used as a control. This design protects against population stratifica-
tion, since the patient and the controls will always share the same population 
subgroup. However, collecting DNA from parents can be difficult, especially in 
late-onset disorders, or in psychiatric disorders which result in a high fre-
quency of disrupted families. 
 

Linkage studies in affected sibling pairs 
A limiting factor in whole-genome association studies are the enormous number of markers 

that would need to be genotyped, due to the limited LD between distantly related individuals. 

Marker numbers can be reduced, however, by studying families instead of individuals [31]. 

Like in association studies, the underlying assumption of linkage studies is that a disease-

related variant was transmitted from a founder person to currently living patients. In a similar 
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fashion, we expect that within one family, siblings with a disorder received the same disease-

causing variant from a parent. However, within this family, the number of recombinations 

from parent to children will be low, causing affected siblings to share much larger DNA re-

gions around the disease-related variant, than distantly related individuals. Consequently, only 

a small number of genetic markers (typically 300-800) will be sufficient to determine which 

DNA regions are shared by affected family members [32]. Siblings have a 50% chance of 

sharing any random part of the DNA. Large numbers of affected sib(-ling) pairs must there-

fore be studied to determine if certain DNA regions are shared by significantly more than 

50% of sibling pairs. If so, this DNA region could contain a disease-related variant. 

The limited number of markers required for affected sib pair studies makes linkage studies 

very efficient for screening the entire DNA for involvement of specific regions in a disorder. 

However, identified linkage regions will typically be very large, and contain tens or hundreds 

of candidate genes. Therefore, in a second phase, linkage regions are usually fine-mapped by 

association studies in unrelated individuals, using high-density marker sets, in order to pin-

point the disease-related gene. 

1.2. Genetics of schizophrenia 
Schizophrenia is a psychiatric disorder that generally presents itself in late adolescence or 

early adulthood, and affects approximately one percent of people worldwide [33]. Broadly, 

two classes of symptoms can be distinguished. Psychotic, or positive, symptoms include dis-

turbances of perception (hallucinations) and delusions, while diminished interest and drive, 

disorganization of thoughts and speech, flattening of affect, and social withdrawal are re-

garded as negative symptoms. Positive or negative symptoms may predominate in individual 

patients, and the course of the disease is highly variable. Some patients have a relatively be-

nign course with exacerbations and remissions, but in other patients, negative symptoms are 

persistent. Different criteria have been proposed to distinguish clinical schizophrenia sub-

types, with the rationale that the differences in clinical presentation and disease course may 

reflect different underlying disease causes [34]. Recognition of schizophrenia subtypes might 

then be very valuable for predicting the disease course in an individual patient, and for choos-

ing the appropriate therapy. Following the disease descriptions by Kraepelin, almost one cen-

tury ago, a Kraepelinian form of schizophrenia was defined by the criterion that the patient 

had not been able to take care of himself for the last five years [35]. A more elaborate list of 

criteria has been proposed to delineate the deficit syndrome, a form of schizophrenia in 

which negative symptoms are prominent, primary, and enduring [36]. 

 

The deficit syndrome. Clinically, the ‘deficit syndrome’ was defined as a 
form of schizophrenia with predominantly negative symptoms and a chronic 
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course with a poor prognosis. The syndrome is diagnosed using the Sched-
ule for the Deficit syndrome (see page 158) [36, 37]. It is estimated that 15% 
of first-episode patients, and 25-30% of chronic patients will meet deficit crite-
ria [38]. Several observations suggest that deficit schizophrenia may repre-
sent a distinct biological entity [38, 39]. For example, deficit patients were 
found to have higher blood levels of homovanilic acid (HVA), a breakdown 
product of dopamine, than other schizophrenia patients and eye-tracking ab-
normalities are especially prominent in deficit schizophrenia [40, 41]. Family 
studies indicate that the deficit syndrome aggregates in families and that it is 
significantly associated with a positive family history of schizophrenia [42]. 
The risk to develop schizophrenia is estimated to be 1.75 times greater for 
first-degree relatives of deficit patients than for relatives of non-deficit pa-
tients. In addition, there is a lower association of the deficit syndrome with a 
family history for other psychiatric disorders [43]. Together, these observa-
tions suggest a high genetic contribution to the deficit syndrome. 

 

The underlying pathophysiology of schizophrenia has been proposed to be a deficit in sen-

sory gating, meaning that persons with schizophrenia respond to extraneous stimuli as well as 

to internal thoughts that other people can ignore. The causes for the inability to discern rele-

vant from irrelevant information, however, are unknown. No gross abnormalities of brain 

structure have been reported in schizophrenic patients. 

Imaging studies have consistently shown a small reduction of brain volume, as well as an in-

creased volume of the lateral ventricle in schizophrenic patients [44]. The loss of volume ap-

pears to be progressive during the course of illness [45]. Functional MRI studies, which 

measure local brain activity, suggest disruption of functional circuits, rather than local dys-

function of specific brain regions. Reported environmental risk factors include complications 

during pregnancy and birth, lower socio-economic status, living in urban areas, and migration 

[46, 47]. Together, however, environmental factors seem to play a minor role. 

Twin and adoption studies have consistently shown that genetic factors account for ap-

proximately 80 percent of the susceptibility for developing schizophrenia, and that most 

likely several or multiple genes are involved [48]. Different types of studies have been used in 

attempts to identify these genes. 

Functional candidate genes 
Genes involved in dopaminergic and serotonergic neurotransmission have been investigated 

repeatedly, because antipsychotic medication is known to influence these systems. Results 

have been both positive, as well as negative, and the findings were not very consistent. Re-

cent meta-analyses of all the available data have suggested small, but significant roles for sev-

eral of these genes, e.g. the serotonin 2a (5HT2a) receptor [49, 50], the dopamine D2 [51] and 

D3 receptors [52-54], and the COMT gene [55]. 



18  ●  Chapter one 

Chromosomal abnormalities 
In a large Scottish family, psychiatric disorders, including schizophrenia, are inherited to-

gether with a translocation (exchange of genetic material) between chromosomes 1 and 11 

[56]. The breakpoint of this translocation disrupts two genes, which have been named DISC1 

and DISC2, for Disrupted In SChizophrenia. This observation was regarded as a curiosity for 

some time, but recently the DISC1 gene was found to be associated with schizophrenia, 

schizoaffective disorder, and bipolar disorder in a sample of unrelated cases and controls [57]. 

Small deletions in the chromosome 22q11 region result in the Velo-Cardio-Facial Syndrome 

(VCFS), which is associated with significantly increased rates of psychosis and schizophrenia 

[58, 59]. This syndrome is quite rare, and in itself will not explain the majority of schizophre-

nia cases, but some of the genes contained in the region of deletion may play a role in other 

schizophrenia patients, or provide clues to relevant genes and pathways. Candidate genes in 

this region, for which association with schizophrenia has been reported, are COMT, 

PRODH2 and ZDHHC8 [60-62]. 

Linkage studies 
Taken together, the known functional candidate genes explain only a fraction of the total ge-

netic contribution to schizophrenia, indicating that other genes must be involved. In search 

of such genes with unknown functions, numerous schizophrenia linkage studies have been 

performed. Unfortunately, the evidence for involvement of certain genomic regions was not 

highly significant in most studies, and positive findings were frequently hard to replicate. Still, 

several genomic regions are supported by different linkage studies, some of which have sig-

nificant evidence at the whole-genome level (on chromosome regions 1q, 6p. and 13q). Re-

cent meta-analyses found the strongest combined evidence for linkage on chromosome re-

gions 1p-q, 2p-q, 3p, 5q, 6p, 8p, 11q, 13q, 14pter, 20p and 22q [63, 64]. 

Genetic association studies in linkage regions 
These findings have prompted association studies in regions of linkage, and several putative 

schizophrenia susceptibility genes have recently been identified [65]. Among these genes are 

neuregulin 1 (NRG1) on chromosome region 8p [66], dysbindin (DTNBP1) on chromosome 

region 6p [67], and G72/G30 on chromosome region 13q [68]. The regulator of G-protein 

signalling 4 (RGS4) gene is located in an area of linkage on chromosome region 1q21-22. 

Moreover, the expression of this gene was found to be downregulated in the brains of 

schizophrenic patients [69]. For each of these genes, replications have been reported, and al-

though no causal variants have been detected yet, they are regarded as serious candidates. A 

recent report suggested that these genes, as well as a number of other putative schizophrenia 

susceptibility genes, might all be involved in glutamate neurotransmission [70]. Like the func-
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tional candidate genes, however, these positional candidate genes only marginally increase the 

risk to develop schizophrenia, typically with a factor of less than two, and together they still 

leave a large proportion of the total genetic risk for schizophrenia unexplained. This raises 

the question, whether the traditional genetic approaches are suitable for identifying the ma-

jority of heritable factors involved in this disorder. 

1.3. Genetics of attention-deficit hyperactivity disorder (ADHD) 
ADHD is a childhood-onset psychiatric condition characterized by excessive motor activity, 

impaired attention and impulsive behaviour [71]. It affects up to 5% percent of children in 

western societies [72], with boys being affected three times more frequently than girls. Symp-

toms persist into adulthood in a substantial number of patients (30 to 60 percent). ADHD is 

frequently accompanied by other psychiatric disorders, such as oppositional defiant disorder 

(ODD), substance abuse, anxiety and mood disorders, and language disorders [73]. 

We know very little about the causes of ADHD. Although gross structural brain abnormali-

ties are absent, multiple studies have demonstrated reductions in cerebral volume in patients 

with ADHD, as well as healthy siblings [74]. Measurements of the electrical activity of the 

brain using EEG have repeatedly shown deficits in event-related potentials (ERP) and other 

changes, which may differ between diagnostic subgroups [75, 76]. Poor inhibitory control and 

deficits in fronto-striatal circuitry are regarded as core problems. 

Family, twin, and adoption studies have demonstrated a large genetic contribution to the de-

velopment of the disorder, with an estimated heritability of 80 percent [77]. Although some 

authors have suggested that one gene could predominate in causing the disorder [78], the 

large difference in concordance rates between monozygotic and dizygotic twins, and the rela-

tively modest recurrence risk to first-degree relatives are more compatible with the involve-

ment of multiple genes and environmental factors. Most genetic studies in ADHD have fo-

cused on functional candidate genes [79]. Genes involved in dopaminergic and noradrenergic 

neurotransmission have been extensively studied, since effective medication used to treat 

ADHD changes the function of these systems [80]. Consequently, other genes that may in-

fluence the levels of these neurotransmitters in the brain are interesting ADHD candidate 

genes. Recent meta-analyses of genetic studies have indicated that variants in the dopamine 

transporter gene (DAT1) and the dopamine receptor genes 4 and 5 (DRD4 and DRD5) are 

associated with a small increase in the risk of developing ADHD [81-83]. Results for many 

other investigated genes were not always consistent, however. Together, the functional can-

didate genes investigated so far only explain a minor proportion of the total genetic suscepti-

bility to ADHD. This suggests that other, as yet unknown, genes or gene systems are in-

volved in the development of the disorder. Linkage studies in ADHD, which could help to 
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identify such genes, had not been performed when the research described in this thesis 

started in 1999. 

1.4. DNA pooling 
Large samples of patients will have to be analyzed for the detection of genetic variants with 

small effects, as in a typical complex disorder. DNA pooling is a way to reduce the workload 

of such studies by combining equal amounts of DNA from many individuals before the 

analysis [84, 85]. Compared with individual genotyping, which results in a signal that repre-

sents the two alleles (specific forms of variations) in each individual, the signal from a DNA 

pool will somehow represent the total spectrum of alleles that is present in the DNA pool. 

DNA pools of patients and controls can then be screened for different frequencies of vari-

ants. Both SNPs and microsatellites have been analyzed in DNA pools. 

 

The problem of different signal intensities of alleles. Most SNP genotyp-
ing techniques produce pool signals in which the signal intensity of an allele 
does not correspond directly with the number of alleles present in the pool. 
Factors like differential amplification of alleles during PCR, the use of different 
fluorescent labels for both alleles, or different annealing properties of allele-
specific probes can all cause such discrepancies. A systematic over- or un-
der-estimation of allele frequencies may bias statistical tests, and possibly re-
sult in false-positive and/or false-negative findings [86]. Pool signals can be 
corrected for different signal intensities, after first measuring a number of het-
erozygous individuals (both alleles are present in equal amounts) [86]. This 
approach was reported to result in highly accurate estimates of allele fre-
quencies. Especially in the case of infrequent alleles, however, finding suffi-
cient heterozygous individuals may require a considerable amount of addi-
tional genotyping. 

 

A major drawback of the analysis of SNPs in DNA pools is that it is impossible to construct 

multi-marker haplotypes, since specific combinations of SNPs in individuals cannot be de-

termined. Haplotypes can be reconstructed, if pools of only a few individuals are used [87], 

which obviously greatly reduces the efficiency of pooling studies. In many situations, SNP 

haplotypes may have greater power to detect association than single SNPs [88, 89]. Multi-

allelic microsatellite markers may be particularly suitable for analysis in DNA pools, since 

they carry the information comparable with a SNP haplotype in a single marker. 

Compared with SNPs, however, the occurrence of PCR-induced stutter artefacts hinders de-

riving accurate allele frequencies from microsatellite genotype patterns. After PCR amplifica-

tion and electrophoresis of a microsatellite, peaks are visible with a length of one to several 

repeat units less than the original microsatellite. When repeats of different lengths are present 

in a DNA pool, these so-called stutter peaks will contribute to neighbouring peaks, which 
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makes it impossible to directly derive allele frequencies from the electrophoresis pattern (for 

a graphical example and a detailed introduction to stutter see page 81 onwards). 

Some authors preferred to neglect stutter, with the argument that patient and control pools 

will suffer from stutter to the same extent, and they quantified differences in the total pool 

patterns between cases and controls. This approach does not allow the comparison of differ-

ences for single variants, or the combination of results from different experiments [90]. 

Moreover, biased estimates of the frequencies of different variants may lead to an under- or 

overestimation of differences between patient and control pools. A fundamentally different 

way to compare pool patterns is to correct pool patterns for stutter, in an attempt to obtain 

accurate estimates of allele frequencies from the signal, and subsequently analyze these as if 

they were results obtained from individual genotyping. All described methods for stutter cor-

rection in DNA pools require additional genotyping of individual DNA samples to measure 

the intensity of the stutter artefact, which can vary between markers. Additional individual 

genotyping will obviously reduce pooling efficacy, and some authors therefore suggested that 

stutter correction is not worth the effort. Uncertainty about the optimal way to handle the 

stutter artefact may explain why DNA pooling using microsatellites is not widespread. DNA 

pooling has been used, however, for genome-wide association studies in several complex ge-

netic traits, in studies involving up to 6000 microsatellites (see below). 

 

The analysis of microsatellite patterns obtained from DNA pools.  
Methods without stutter correction. Visual comparison of banding patterns 
from amplified DNA pools on electrophoresis gels resulted in the identification 
of obesity loci in mice [91]. In humans, several markers associated with 
Tourette syndrome were found using the same approach [92]. Daniels et al. 
obtained pool signals from fluorescently labelled PCR products [93]. Differ-
ences between patterns were detected by overlaying the pool patterns of 

cases and controls and comparing the shared area under the curves (∆AIP 
method). The authors were able to replicate a previously found association of 
two markers with hemochromatosis. This method was also used to search for 
loci associated with high cognitive ability in children [94, 95]. The shared area 
under the curve could be influenced by differences in running conditions be-
tween the pools and by the scaling of pool patterns to their highest peaks. 
This might explain the frequent false-positive findings that were reported. 
Collins et al. found peak height to be a more reliable measure than area un-
der the curve [96]. They proposed a method that compares the sum of the 

absolute differences in peak height of all peaks in the pool patterns (∆TAC 
method). Although the true frequencies could not be derived from the pools, 

the correlation between true allele frequencies in pools and ∆TAC was high, 

and considerably better than for the ∆AIP statistic. Determining the signifi-

cance levels of differences between pool patterns is difficult. Both the ∆AIP 

and the ∆TAC method require simulations of large series of pool patterns, 
which are based on a very simplified general model that assumes equal stut-
ter for all markers. Instead of comparing a measure of the total difference for 
all alleles, peak heights from pool patterns could also be analyzed as if they 
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represented true allele frequencies. This method has been applied to a 
whole-genome screen with nearly 6000 polymorphic markers in multiple scle-
rosis [97]. Several loci were identified that had previously been suggested by 
linkage studies. As was pointed out, PCR artefacts like stutter are likely to 
distort the estimates and have a negative effect on the power to detect differ-
ences [98].  
Methods with stutter correction. Daniels et al. obtained the relative area under 
the first and second stutter peaks from several homozygous individual geno-
types and subtracted these stepwise from the peaks in the pool patterns, 
starting with the longest allele. This method, which did not take into account 
allele-specific stutter, did not produce sufficiently accurate allele estimates 
[93]. Perlin et al. constructed a more sophisticated allele-specific correction 
matrix for stutter and used it in a deconvolution algorithm, which resulted in 
highly accurate correction of individual genotypes [99]. This method was ap-
plied to pool patterns by analyzing one dinucleotide marker associated with 
hemochromatosis [100]. Twenty individuals were genotyped to obtain correc-
tion values for stutter and differential amplification (DA). After correction, es-
timated frequencies closely resembled true frequencies and the previously 
reported association with the marker could be replicated (although it was 
pointed out that this was a relatively strong association, which was also ap-
parent from uncorrected comparison of the pools) [100]. Kirov et al. combined 
elements from different methods [90]. Ten individual genotypes were used to 
construct a correction model for stutter and to determine differential amplifica-
tion, assuming a linear increase with allele length for both artefacts. Peak 
heights were corrected for stutter by stepwise subtraction, as first applied by 
Daniels et al., followed by correction for differential amplification. In several 
dinucleotide repeat markers correction resulted in allele frequencies that ap-
proached true frequencies. Moreover, by adding alleles to pools it was shown 
that correction resulted in the detection of differences that were significant in 

individual genotyping, whereas both the ∆AIP method and uncorrected com-
parison underestimated the differences [90]. Several groups reported 
tetranucleotide markers to more or less reflect true allele frequencies without 
any stutter correction [90, 100, 101]. 

1.5. Sample heterogeneity in genetic studies 
Results of genetic studies in complex disorders have generally been difficult to replicate. The 

effect of single variants appears to be small, which can be explained in several ways. First, 

specific disease-related variants may be present in all patients, with only a small contribution 

to the development of the disease. In this situation, very large patient samples would be 

needed to detect these variants. It is also possible that the relative contribution of specific 

variants differs between populations, or between groups of patients with specific characteris-

tics. In unselected, heterogeneous patient samples, single variants will then contribute mainly 

to small subgroups of patients, and stratification of patient samples according to ethnic back-

ground or specific characteristics could be expected to facilitate their detection. 
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Reducing ethnic heterogeneity 
Some patients may belong to a particular ethnic subgroup, in which a certain disease-related 

variant is present in higher frequencies than in other populations. The occurrence of a popu-

lation bottleneck in history, with a small number of founder individuals, would increase the 

genetic homogeneity of this subpopulation. The study of geographically or socially isolated 

populations has therefore been suggested as a way of increasing the power of genetic studies 

[102-106]. Moreover, LD in young isolates may be more extensive than in the general popula-

tion, which would allow the use of marker sets with a lower density in association studies 

[107-109]. 

Studying isolates may be an efficient way to identify genetic variants involved in complex dis-

orders, but results from such studies may be specific for the isolated population under study, 

and not necessarily reflect the most important genetic risk factors in the general population. 

The majority of genetic studies have been performed in ethnically unselected samples, and 

there is little actual data on how genetic heterogeneity in the general population could influ-

ence such studies. Recent studies suggest that extensive heterogeneity is present across ethnic 

subgroups [110], and that even in populations considered to be relatively homogeneous, like 

the Icelandic population, genetic subgroups can be identified [111]. Genetic heterogeneity 

may therefore be a significant problem in the study of complex disorders. 

Reducing clinical heterogeneity 
In the absence of reliable biological disease markers, disease classification in psychiatry is en-

tirely based on clinical criteria, such as those laid down in the Diagnostical and Statistical 

Manual (DSM-IV) [71]. However, in patients assumed to suffer from the same disorder, there 

may in fact be partially different underlying causes. Alternatively, psychiatric symptoms that 

are observed in distinct disorders may share common disease mechanisms. This is, for exam-

ple, suggested by the familial co-occurrence of ADHD and autism [112].  

The study of endophenotypes has therefore been proposed as another way to increase the 

genetic homogeneity of study samples [113, 114]. An endophenotype can be any measurable 

specific characteristic (trait) that is associated with the disorder, and which can be present in 

patients, as well as in relatives that do not meet all the criteria for psychiatric disease. This 

could be a specific behavioural or cognitive deficit, such as short-term memory, or more 

basal physiological disturbances, such as eye-tracking patterns, or electrical activity in the 

brain in reaction to stimuli. An endophenotype that is part of the entire, clinically recognized 

disease syndrome might involve a smaller number of genetic variants, which could therefore 

be more easily detectable. 
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1.6. Outline of this thesis 
The work presented in this thesis had three aims: 

- The identification of genes or chromosomal regions involved in the development 

of schizophrenia and ADHD; 

- Investigating genetic differences between schizophrenia patients with and without 

prominent negative symptoms; 

- The development of techniques for efficient marker analysis in genetic association 

studies. 

Section I: Genetic studies in schizophrenia 
When the work described in this thesis started in 1999, many different schizophrenia linkage 

studies had been published with apparently inconsistent results. Likewise, results of studies of 

functional candidate genes were difficult to interpret, and hard to replicate. 

Hypothesizing that part of the problems in the genetic study of complex disorders could be 

the result of sample heterogeneity, we collected a large, ethnically homogeneous sample of 

unrelated schizophrenia patients for association studies. Special efforts were made to include 

a large number of patients with deficit schizophrenia, to allow the study of genetic variants in 

patient subgroups with different clinical characteristics. 

Chapter two describes a systematic screening using DNA pooling of schizophrenia functional 

candidate genes involved in dopamine neurotransmission. Chapter three presents the analysis 

of the neuregulin 1 gene in patients with different clinical characteristics (deficit and non-

deficit schizophrenia), while chapter four describes a similar study of the dysbindin, 

G72/G30, RGS4 and PIP5K2A genes. 

Section II: Genetic studies in ADHD 
The starting point for the genetic studies in ADHD was a multitude of published studies in 

functional candidate genes with inconsistent results, while no whole-genome linkage studies 

had been performed. 

We collected an ethnically homogeneous sample of families with multiple children affected 

with ADHD for linkage and association studies. In chapter five, markers in the dopamine 

transporter gene and the dopamine receptor genes 4 and 5 were investigated for association 

with ADHD. A whole-genome scan in 164 affected sibling pairs with ADHD is presented in 

chapter six. These results are followed up in chapter seven, which describes an association 

analysis of the dopamine decarboxylase gene (DDC), located in a linkage peak on chromo-

some 7. 
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Section III: New genotyping techniques 
Genetic studies in complex disorders are limited by the capacity of genotyping techniques. 

Large-scale application of DNA pooling using microsatellites appeared to be hindered by 

PCR-induced artefacts, and uncertainty about ways to handle these. In chapter eight, the 

characteristics of PCR-induced stutter artefacts in microsatellite genotyping are investigated 

in detail. These results are worked out in chapter nine, in which a novel method was devel-

oped for correcting the stutter artefact in DNA pools. 

Single nucleotide polymorphisms (SNPs) are becoming increasingly important as genetic 

markers, but methods for their analysis are usually either time-consuming, or they require 

considerable investments in genotyping equipment. In chapter ten, we describe the develop-

ment of an efficient method for SNP genotyping on standard DNA sequencing equipment, 

which is present in most genetic laboratories. 

 

Finally, in chapter eleven the results are discussed and compared with other studies, followed 

by some speculations about future developments in genetic research into psychiatric disor-

ders.





 

 

SECTION I 

 

GENETIC STUDIES IN SCHIZOPHRENIA 





2 NO ASSOCIATION BETWEEN 12 DOPAMINERGIC 
GENES AND SCHIZOPHRENIA IN A LARGE DUTCH 
SAMPLE 

 

M.L.C. Hoogendoorn, S.C. Bakker, H.G. Schnack, J-P.C. Selten, H.G. Otten, W. Verduijn, 

F.M.M.A. van der Heijden, P.L. Pearson, R.S. Kahn and R.J. Sinke  

Abstract 
It has been suggested that genes involved in dopamine neurotransmission contribute to the 

pathogenesis of schizophrenia. However, reported associations of the disorder with genetic 

markers in dopaminergic genes have yielded inconsistent results. Possible explanations are 

differences in phenotyping, genetic heterogeneity, low marker informativity, and the use of 

small sample sizes. Here, we present a two-stage analysis of twelve dopaminergic genes in a 

large sample of Dutch schizophrenic patients. To reduce genetic heterogeneity, only patients 

with at least three Caucasian grandparents of Dutch ancestry were ascertained. An efficient 

genotyping strategy was used, in which polymorphic microsatellite markers were first 

screened for association in DNA pools. Promising results were followed up by individual 

genotyping in an extended sample. The pooled samples consisted of 208 schizophrenic pa-

tients and 288 unmatched control individuals. For each of the genes, more than one microsa-

tellite marker was selected where possible, either intragenic or close to the gene. After cor-

recting for multiple testing, significantly different allele frequencies were detected for DRD5 

marker D4S615. Subsequently, we individually genotyped this particular marker and another 

DRD5 marker, as well as a DRD3 marker that could not be analyzed using the pooling strat-

egy. This was done in an extended sample of 282 schizophrenic patients and a control sample 

of 585 individuals. In this second stage of the study, we found no association between these 

three markers and schizophrenia. The results of our comprehensive analysis provide no evi-

dence for association between schizophrenia and 12 dopaminergic genes in a large Dutch 

sample.  

Introduction 
Multiple data from pharmacological and neuroimaging studies suggest that dopaminergic 

neurotransmission is dysregulated in schizophrenia. Since genetic factors contribute about 

80% to the aetiology of this complex disorder [48], dopaminergic genes can be considered as 

schizophrenia candidate genes. However, previous studies on genes implicated in dopaminer-

gic neurotransmission were inconclusive [65], although meta-analyses of dopamine D2 and 

D3 receptor polymorphisms have suggested small but significant effects on the susceptibility 

to schizophrenia [53, 115]. There may be several explanations for the lack of conclusive re-
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sults, e.g. clinical heterogeneity caused by the use of different phenotypes or phenotyping in-

struments, genetic heterogeneity, lack of power due to small sample sizes, and low marker 

informativity. Most previous association studies of schizophrenia and the dopamine system 

examined only one or a few dopaminergic genes, and they most often tested for association 

with only one or few specific polymorphisms. The purpose of the current study was to per-

form a comprehensive candidate gene analysis between 12 genes involved in dopaminergic 

transmission and schizophrenia in a sample of Dutch patients. Our aim was to identify any 

possible association for any of these genes, rather than to restrict our analyses to previously 

reported singular, associated functional variants. We therefore set out to screen for associa-

tion using microsatellite polymorphisms, as these markers are multi-allelic and thus highly 

informative.  

The study was conducted in two stages. Firstly, a DNA pooling technique was used for a fast 

screening of microsatellite markers within and around the 12 genes. A major advantage of 

pooling is that it greatly reduces the amount of genotyping by combining patient and control 

samples separately before the analysis [85, 90, 93, 116]. Secondly, if any of the markers 

showed significant differences in allele frequencies between the groups of pooled cases and 

pooled controls, individual genotyping was performed in an extended case sample and an in-

dependent control sample.  

Materials and methods 
Patients. The sample was ascertained through mental health services and relatives' support 

groups in the Netherlands. We diagnosed 208 unrelated patients with a primary diagnosis of 

schizophrenia (DSM-IV) using the Comprehensive Assessment of Symptoms and History 

(CASH, [117]) and additional information from medical records and clinicians. All patients 

were diagnosed by well-trained raters. To reduce genetic heterogeneity, only patients with at 

least three Caucasian Dutch-born grandparents were included. All participating patients pro-

vided written informed consent and the Medical Research Ethics Board of each participating 

institution approved the project. For replication of pooling results using individual genotypes, 

the sample was extended with 74 patients to a total of 282 patients. The inclusion criteria for 

these 74 patients were the same as for those who were ascertained for the original sample. 

Controls. For the DNA pooling study, a total of 288 samples were obtained from 179 anony-

mous blood bank donors, and 109 control individuals from our department. For replication 

of pooling results by individual genotyping, a largely independent sample of 585 unmatched 

controls was assembled from 472 different anonymous blood bank donors, and 113 controls 

from our department. All subjects gave permission for their blood to be used for research 

purposes. Information about descent was not available from the control subjects. 
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Genes of interest. Twelve genes were studied (Table 2.1), three of which are involved in the 

synthesis of dopamine: Tyrosine Hydroxylase (TH), Dopa Decarboxylase (DDC), and Dopa-

ß-hydroxylase (DBH). Five of the genes are coding for the dopamine receptors: DRD1, 

DRD2, DRD3, DRD4, and DRD5. One gene codes for the dopamine transporter: DAT1, 

and lastly, three genes are involved in the degradation of dopamine: Monoamine oxidase A 

(MAOA), Monoamine oxidase B (MAOB), and Catechol-O-Methyltransferase (COMT). 

 

Table 2.1. Microsatellite marker information 

a Mono,mononucleotide repeat; di,dinucleotide repeat; tetra, tetranucleotide repeat.  
b kb, kilobase; up, upstream from gene; down, downstream from gene. 
 

Gene Marker Repeata Distanceb Primers 

Tyrosine Hydroxylase 

(TH) 

TH01 Tetra Intragenic GTGGGCTGAAAAGCTCCCGATTAT 

ATTCAAGGGTATCTGGGCTCTGG 

Dopa Decarboxylase 

(DDC) 

DDC_Intra Di Intragenic TAGCTTATTGCTAGGATATTAGG  

CTTTCCCAGCTATCTCTCTC 

Dopa-beta-Hydroxylase 

(DBH) 

DH59AC Di 6 kb down GCAGTCACGCATCCTTATGG  

CAGCTCTGGGCTCATGCTC 

 DBH_Up Di 31 kb up AGACAGACACCCTACCTCAC  

GTGTCTTGTTTTCAGGGAAGTT 

Dopamine Transporter 

1 (DAT1) 

D5S2005 Di 52 kb up CCTCAGGTGGGTTATTGAC  

CCCAGGGCTTTACGAGT 

Dopamine Receptor 1 

(DRD1) 

DRD1_Dwn55kb Di 55 kb 

down 

GTGTCTTACAACAATTTGGGAAGAGAT 

CCATTTTCAGTAGCAACAAA 

 DRD1_Dwn57kb Tetra 57 kb 

down 

GTGTCTTCTAGCACCAAGGTCAAAT 

GGGCTTACATGTCTAGGTGA 

Dopamine Receptor 2 

(DRD2) 

D11S3179 Di 166 kb 

down 

CTTCCTACCAAAGGGGC 

ATCAATCCATCAGTGGGG 

 RH27315 Di Intragenic GGAGGGCGGTGCGGTCAT  

CAGGAGCACGTTTCTCATAC 

Dopamine Receptor 3 

(DRD3) 

DRD3_Dwn Di 48 kb 

down 

AGGTTGCCATTTAATTCTGT  

GTGTCTTGCCTATAATCCCAAAACTT 

Dopamine Receptor 4 

(DRD4) 

DRD4_Mono Mono Intragenic ACAGGCCCTGAGGTTTCC 

GTGGGGAAGGGGTGTTTC 

Dopamine Receptor 5 

(DRD5) 

DRD5_Dwn Di 3 kb down AGGGAGTTTCACCATGTTAG 

ATGTTGTTTTACCCACTGGT 

 DRD5 Di 17 kb 

down 

CGTGTATGATCCCTGCAG  

GCTCATGAGAAGAATGGAGTG 

 D4S615 Di 128 kb up CTATACATCACCATTTGTCTGTGGC 

GCTAAGCTATTGCAGTAATTTGCTAC 

Monoamine oxidase A 

(MAOA) 

MAOA_Dwn Di 65 kb 

down 

GTGTCTTAGGAGCACCTACCTTTATGA 

GAGCAAAAGAATGAAACTCC 

Monoamine oxidase B 

(MAOB) 

MAOB_Up Di 70 kb up CTGTCTCCCAAATATGTCCT 

GTGTCTTCAGATGGTTATTCCTTCCAT 

Catechol-O-

methyltransferase 

(COMT) 

COMT_Intra Mono Intragenic GTGTCTTGAGACAGCAGAATTGCTTA 

GCAACTGTGAATGGATACAG 
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Markers. Marker and primer selection was done as described by Schnack et al. [118]. All poly-

morphic microsatellite markers were within or near the selected genes of interest. For marker 

information see Table 2.1. 

Genotyping and analysis. Preparation of pools, PCR and genotyping were performed as de-

scribed by Schnack et al. [118]. Volumes containing equal amounts of DNA of individual 

samples were combined into two pools of patients (n=104 and n=104) and three pools of 

controls (n=109, n=90, and n=89). Genotypes of individual DNA samples were used to cor-

rect patterns of dinucleotide markers for PCR induced stutter artefacts (for details of the cor-

rection method see Schnack et al.[118]). After genotyping of the 10 individual samples, stutter 

correction models were derived for each dinucleotide marker. Pool patterns were then cor-

rected for the artefact, in order to accurately determine the allele frequencies in the pools of 

cases and controls. No correction method was used for tetranucleotide markers, as these 

markers show far less stutter artefacts, and for mononucleotide markers, for which the con-

tribution of stutter could not always be determined reliably. 

Statistical analysis. The allele frequencies obtained from the stutter-corrected pool patterns 

were converted to counts and summed. Alleles with frequencies of less than 5% were clus-

tered in one rest group. The allele counts of the combined pools of patients and controls 

were tested for significant differences with the CLUMP program [116]. For each comparison 

10,000 Monte Carlo simulations were performed. We expect markers in close proximity of 

each other not to be completely independent because of linkage disequilibrium. Bonferroni 

correction would therefore have been too conservative, and correction was thus applied for 

the total number of tested genes rather than the total number of markers.  

Individual genotyping was performed for each marker for which the allele frequencies dif-

fered significantly between patient pools and control pools, unless the difference was caused 

by alleles with a frequency of less than 5%. DNA extraction, PCR parameters, amplification 

and statistical analysis were the same as described for the pools. Two independent raters ana-

lyzed the genotypes, which included 99 random control duplicates. Hardy-Weinberg equilib-

rium was calculated using the GENEPOP program [119]. 

Results 
Table 2.2 shows the results of the comparisons of the allele counts derived from the com-

bined patient pools and combined control pools. Comparisons were made after correction 

for PCR artefacts. All markers were successfully genotyped except the DRD3 marker, which 

showed alleles that were separated by less than 2 base pairs and could therefore not be cor-

rected for stutter artefacts. For marker DRD1_Down57kb, the genotyping of one of the con-

trol pools failed (n=109). Three markers reached P values < 0.05. However, when we com-

bined the alleles with a frequency of less than 5% for these markers, and corrected for testing 
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11 genes, the allele frequencies between the pools of patients and the pools of controls were 

significantly different only for marker D4S615 (DRD5).  

 

Table 2.2. Results of comparisons of allele counts derived from patient and control pools, after stutter 

correction for dinucleotide markers 

Gene Markera P valueb 

Tyrosine Hydroxylase (TH) TH01 0.157 

Dopa Decarboxylase (DDC) DDC_Intra 0.672 

 DBH_Up 0.009 

Dopamine Receptor 1 (DRD1) DRD1_Dwn55kb 0.101 

 DRD1_Dwn57kb 0.734 

Dopamine Receptor 2 (DRD2) D11S3179 0.082 

 RH27315 0.599 

Dopamine Receptor 3 (DRD3) DRD3_Dwn n.a. 

Dopamine Receptor 4 (DRD4) DRD4_Mono 0.160 

Dopamine Receptor 5 (DRD5) DRD5_Dwn 0.025 

 DRD5 0.233 

 D4S615 0.002 

Dopamine Transporter (DAT1) D5S2005 0.082 

Monoamine oxidase A (MAOA) MAOA_Dwn 0.747 

Monoamine oxidase B (MAOB) MAOB_Up 0.198 

 MAOB_Intra 0.510 

Catechol-O-methyltransferase (COMT) COMT_Intra 1.000 
a Mono, mononucleotide repeat; kb, kilobase; Up, upstream from gene; Dwn, downstream.  
b P value < 0.05 is printed in bold; P value < 0.00455 is printed in bold and italics (P value considered to be sig-
nificant after Bonferroni correction for testing 11 genes). 

 

Subsequently, three markers were genotyped individually in the extended patient sample and 

in the independent control sample: DRD3_Dwn, D4S615 and DRD5_Dwn. Because of fail-

ure of the stutter correction of marker DRD3_Dwn, we decided to genotype this marker in-

dividually, along with the DRD5 markers, DRD5_Dwn and D4S615. Marker DRD5_Dwn, 

although not reaching a P value < 0.00455, was selected because this marker is in much closer 

proximity to the DRD5 gene than marker D4S615. The difference for marker DBH_up was 

entirely due to the rare alleles that were combined in the rest group, and this marker was 

therefore not genotyped individually. Duplicate genotypes were in agreement, and the three 

markers were in Hardy-Weinberg equilibrium. No significant difference in allele frequencies 

was found for the DRD3_Dwn marker (p=0.43). Nor was there evidence for significantly 

different allele frequencies for the two DRD5 markers (DRD5_Dwn: p=0.35; D4S615: 

p=0.63) that were used.  

Discussion 
Using a comprehensive candidate gene analysis, we examined the association between 

schizophrenia and 12 genes involved in dopaminergic neurotransmission. In this large sample 
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of 282 narrowly defined Dutch patients, we found no evidence for association with any of 

the markers close to or within these dopaminergic genes and schizophrenia. One possibility is 

that one or more of these genes are involved in the development of schizophrenia, but that 

the effect of the causative mutation is too small to detect in this study. We screened for asso-

ciation with polymorphic microsatellite markers in close proximity to, or within, candidate 

genes, not for particular functional variants. It is therefore possible that the microsatellite 

markers that we used are not in linkage disequilibrium with causative mutations within the 

dopaminergic genes of interest. This question is difficult to address. To date, in contrast to 

information about LD of numerous SNPs available from the HapMap project, little is known 

about disequilibrium between microsatellite loci, although there is evidence that microsatellite 

markers may detect LD over larger distances (of over 0.5 cM and even up to 2 cM [107, 120]) 

than SNPs.  

Determining the power of a genetic association study requires several assumptions to be 

made, such as the frequency of marker alleles and disease-related alleles, linkage disequilib-

rium between them, and the effect size of the risk allele. Consequently, the exact power for a 

genetic association study is difficult to indicate [121], although a rough indication can be pro-

vided. If, for example, we assume that the studied markers are in complete linkage disequilib-

rium with disease-related mutations, and that DNA pooling does not influence the sensitivity 

of the tests, then the power to detect a high-risk allele with a relative risk of 1.3, or with a 

relative risk of 1.5, is 73% and 91%, respectively, in the pooled stage of the study, for both a 

marker and high-risk allele frequency of 0.2. Moreover, with our sample of 282 patients and 

585 control subjects typed individually in the second stage of the study, under these same as-

sumptions the power to detect a high-risk allele with a relative risk of 1.3 (1.5) is more than 

90% (99%). Even after changing the assumption of complete linkage disequilibrium to one of 

considerably less linkage disequilibrium (for example D'= 0.65), the power of the second 

stage of this study would still be 81%, for a high-risk allele with a relative risk =1.5 [122]. 

In the first stage of this study, we found a significant association of a microsatellite marker 

close to the DRD5 gene, when we compared allele frequencies of pools of schizophrenic pa-

tients and controls. This marker, D4S615, was also associated with schizophrenia in a com-

bined sample of Scottish and Irish schizophrenic patients [123]. However, when we subse-

quently extended our sample of patients, used an independent control group and genotyped 

all DNA samples individually to verify the association, we could not confirm our initial find-

ing of association with this marker. There are at least three possible explanations for our dif-

ferent findings in stages 1 and 2. Firstly: the pooling method used might not be accurate 

enough in detecting association. This explanation seems unlikely, for we compared the allele 

frequencies of the patients that were typed in pools and the genotypes of these same patients 
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when genotyped individually. Comparisons were made for markers D4S615 and 

DRD5_Dwn, and no significant differences between allele frequencies derived from pools 

and those from individual genotyping were found. Secondly: the different results may be due 

to population stratification: different control groups were used in the two stages of the study. 

However, for various other markers (not shown in this study) we tested for differences in al-

lele frequencies between these two control groups and we detected small, but non-significant 

differences in allele frequencies. We should therefore not rule out a third possibility: the sig-

nificant association between D4S615 and schizophrenia in stage one of the study was due to 

chance findings, and by increasing the power of the study in stage 2 we failed to replicate our 

initial findings.  

Although substantial evidence points to altered dopaminergic function in schizophrenia, the 

combined data of our efficient and powerful two-stage study show no support for association 

with any of the dopaminergic genes we examined in a large Dutch sample. One must take 

into account that the polymorphisms we tested may not have been in linkage disequilibrium 

with disease-related alleles, but the results of this study could also imply that these genes are 

not directly involved in the pathophysiology of schizophrenia. However, the hypothesis of 

dopaminergic imbalance in schizophrenia still warrants further research. It is possible that it 

is not the genes implicated in the maintenance of dopaminergic transmission, but rather those 

involved in the development of dopamine neurons, or those important for dopamine neuron 

survival that influence susceptibility to schizophrenia.  
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3 NEUREGULIN 1: GENETIC SUPPORT FOR 
SCHIZOPHRENIA SUBTYPES 
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Abstract 
The neuregulin 1 gene (NRG1) has repeatedly been shown to be associated with schizophre-

nia. We hypothesized that the heterogeneous disease course in schizophrenia is related to dif-

ferent susceptibility genes. Therefore, we have genotyped three previously reported markers 

at the NRG1 locus in 130 Dutch patients with deficit schizophrenia (characterized by endur-

ing, idiopathic negative symptoms) and 130 patients with non-deficit schizophrenia, and 

compared these with 585 control individuals. 

Single nucleotide polymorphism (SNP) SNP8NRG221533 (p=0.004) as well as two- and 

three-marker haplotypes (p=0.001-0.041) were associated with non-deficit schizophrenia, but 

not with the deficit syndrome (p>0.31). The associated SNP allele is different from the one in 

the previously reported at-risk haplotype in Iceland. Our results further support the evidence 

for NRG1 as a schizophrenia susceptibility gene across populations, and suggest that the 

course of illness in schizophrenia is influenced by different sets of genes. 

 

SIR-The deficit syndrome is a form of chronic schizophrenia characterized by enduring, 

idiopathic negative symptoms [37]. Patients with this clinically distinct disease subtype have 

been suggested to differ in several biological aspects from patients with a more benign course 

with exacerbations and remissions [38]. We hypothesized that part of the heterogeneity of 

disease course in schizophrenia is related to different contributing genetic factors. The 

neuregulin 1 gene (NRG1), assumed to be involved in glutamate neurotransmission and neu-

rodevelopment, was recently reported to be associated with schizophrenia in several, but not 

all populations [66, 124-129]. We have investigated the association of NRG1 with schizo-

phrenia in patients with and without the deficit syndrome. 

In order to enrich the sample for patients with the deficit syndrome, 282 schizophrenia pa-

tients were mainly recruited from psychiatric hospitals. Patients had at least three Dutch-born 

Caucasian grandparents. DSM-IV diagnosis of schizophrenia, excluding schizoaffective dis-

order, was made using the Comprehensive Assessment of Symptoms and History (CASH) 

[117] and information from medical records. The Schedule for the Deficit Syndrome (SDS) 

[36] was completed for 260 patients (92.2%), 130 of whom met deficit criteria. Twenty-nine 

patients had severe negative symptoms, which may have been secondary to factors such as 
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substance abuse. Following the SDS, they were classified as non-deficit schizophrenia. The 

Medical Ethical Committee of the UMC Utrecht approved the study and all patients gave 

written informed consent. The control panel (n=585) consisted of 472 DNA samples from 

random Dutch individuals, obtained from the Immunogenetics and Transplantation Immu-

nology Section of the Department of Immunohaematology and Blood Transfusion, LUMC, 

Leiden and 113 healthy controls from our department. Under optimal conditions, these sam-

ples have approximately 90% power to detect a locus with a relative risk (RR) of 1.5, and still 

75% to detect a locus with a RR of 1.25. 

All 5 single nucleotide polymorphisms (SNPs) from the previously reported at-risk haplotype 

[66] were first screened in DNA pools from an unselected subset of patients (n=208) and in-

dependent controls (n=179), using the SNaPshot technique (Applied Biosystems, Foster City, 

Ca, USA). SNP8NRG221533 was genotyped individually on a 7900HT TaqMan system (Ap-

plied Biosystems). Microsatellites 478B14-642 and 478B14-848 [66] were analyzed on an ABI 

3700 sequencer (Applied Biosystems), and genotyped by two independent raters. GENEPOP 

[119] software was used to verify Hardy-Weinberg equilibrium (HWE). Haplotypes, linkage 

disequilibrium (LD) and likelihood ratios were calculated using UNPHASED software [130]. 

Alleles and haplotypes with frequencies <1% were combined. Global P values were calcu-

lated using n-1 degrees of freedom (n= number of alleles or haplotypes). No correction of P 

values for testing several markers and haplotypes was applied, because the markers were in 

LD and tests are therefore not independent. 

SNP8NRG221533, which was the most strongly associated single marker in previous studies, 

showed a significantly higher frequency of the T allele in the schizophrenia pool than in con-

trols (p<0.01). This marker was then genotyped individually in the extended sample, as was 

microsatellite 478B14-848, which is part of the reported at-risk haplotype [125]. Before test-

ing for association, we calculated LD between the markers, and found it to be low (D'=0.20), 

which is in agreement with a recent study [128]. Therefore, we genotyped microsatellite 

478B14-642, instead of the even more distant third microsatellite from the reported at-risk 

haplotype. This marker is located much closer to the SNP, and was recently found to be in a 

different LD block than 478B14-848 [128]. Indeed, in our sample, 478B14-642 was in con-

siderable LD with SNP8NRG221533 (D'=0.60), but not with 478B14-848. All three markers 

were in HWE. 

Interestingly, SNP8NRG221533 was associated with non-deficit schizophrenia (p=0.004), 

but not with deficit schizophrenia (p=0.542). Likewise, haplotypes of SNP8NRG221533 and 

478B14-642 were significantly associated with non-deficit schizophrenia only (Table 3.1). It is 

not very likely that population stratification caused the association, because there were no dif-

ferences in allele frequencies between patients originating from different areas of the Nether-
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lands, or between the two control samples. Given the relatively low prevalence of deficit 

schizophrenia (15-30% of patients [38]), it is perhaps not surprising that we found NRG1, 

first identified in samples unselected for deficit schizophrenia, to be associated with non-

deficit schizophrenia.  

 

Table 3.1. Results of association analysis of three markers at the NRG1 locus 

a for marker details see Stefansson et al. [66]. 
b distance in kilobases from SNP8NRG221533, which is located upstream of NRG1-isoform GGF2, at 23 kb from 
the start of exon 1. 
c single alleles and haplotypes with frequencies >1% are shown. Specific haplotypes are shown if the P value for 
the haplotype was below 0.05. Overall= global P values for all alleles or haplotypes. NOTE: P values for single 
alleles/ haplotypes are presented without correction for the number of alleles/ haplotypes tested. These values 
should therefore be regarded as explorative results, indicating the largest differences.  
d frequencies as percentage of all alleles and haplotypes. 
e P value of likelihood test of 130 deficit and 130 non-deficit patients vs. 585 controls. P values <0.05 for global 
tests are shown in boldface. Post-hoc, the difference between deficit and non-deficit groups was significant 
(p=0.01), and SNP8NRG221533 was associated with schizophrenia in the entire sample (p=0.02). NOTE: haplo-
types including M3 (overall P values= 0.009-0.041) are not presented. Since this marker was hardly in LD with the 
other markers, it is not likely to contribute much information to the two-marker haplotype. 
Genotypes of CEPH individuals for M2 were: 133101=1/5; 133102=5/7; 134701=5/5; 134702=1/5, and for M3: 
133101=3/3; 133102=4/4; 134701=4/7; 134702=4/6. The 4-allele of M3 corresponds to the associated 219-bp 
allele in the Icelandic at-risk haplotype (V. Steinthorsdottir, personal communication). 
 

Markera kbb Variantc Control  Schizophrenia 

    Non-deficit Deficit 

   %d % d P valuee % d P valuee 

SNP8NRG221533 - C 38.7 29.2 0.004 36.6 0.542 

(M1)  T 61.3 70.8 0.004 63.4 0.542 

  Overall   0.004  0.542 

        

478B14-642 17 1 30.8 35.6 0.147 31.8 0.767 

(M2)  2 4.9 5.9 0.528 4.3 0.670 

  5 51.6 50.0 0.639 50.8 0.805 

  6 5.0 3.5 0.304 4.7 0.828 

  7 7.4 4.7 0.105 8.5 0.549 

  Overall   0.362  0.959 

        

478B14-848 97 3 14.1 13.4 0.775 16.1 0.409 

(M3)  4 33.1 33.5 0.911 34.3 0.722 

  5 13.6 15.0 0.582 12.9 0.761 

  6 17.6 23.6 0.030 14.5 0.233 

  7 20.9 13.4 0.005 21.0 0.977 

  Overall   0.048  0.749 

        

Haplotype M1-M2  C-1 1.3 0.0 0.027 1.6 0.793 

  C-5 33.7 25.0 0.006 31.2 0.479 

  T-5 17.8 25.0 0.010 19.6 0.539 

  Overall   0.001  0.965 
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The putative functions of NRG1 in gliogenesis, neuronal migration and synaptic plasticity 

[66] seem to indicate a neurodevelopmental cause in non-deficit schizophrenia. Our results 

support previous suggestions that deficit schizophrenia may represent a distinct biological 

entity [38]. The rapid and persistent clinical deterioration seen in many deficit patients could 

be the result of a degenerative process, dominated by other than the recently suggested gene 

systems, and environmental factors. The identification of susceptibility genes for deficit 

schizophrenia may be very valuable, since negative symptoms are a cause of much disability, 

and often resistant to the current treatment. Compared with the findings in Iceland, different 

SNP alleles and haplotypes are associated in the Dutch population. Different associated 

NRG1 haplotypes have been described [126, 129] and, as pointed out, it is not unexpected 

that mutations in different populations have a different haplotype background [131]. Like-

wise, different haplotypes were found to be associated for dysbindin (DTNBP1), another 

schizophrenia susceptibility gene [132]. Additional fine mapping studies are required to iden-

tify the causative variation(s), and to establish if NRG1 or a nearby gene is involved [129]. 

In conclusion, our results further support the evidence for NRG1 as a schizophrenia suscep-

tibility gene across populations, and suggest that the course of illness in schizophrenia is in-

fluenced by different sets of genes. 
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4 ASSOCIATION OF DEFICIT AND NON-DEFICIT 
SCHIZOPHRENIA WITH THE PIP5K2A AND RGS4 
GENES, NOT WITH THE DYSBINDIN AND G72/G30 
GENES 

 

S.C. Bakker, M.L.C. Hoogendoorn, J. Hendriks, K. Verzijlbergen, S. Caron, H.G. Otten, 

W. Verduijn, J.-P. Selten, P.L. Pearson, R.S. Kahn and R.J. Sinke 

Abstract 
The clinical presentation of schizophrenia patients is very heterogeneous, suggesting the exis-

tence of disease subtypes with different underlying causes. Previously, we have reported an 

association of the neuregulin 1 gene with non-deficit schizophrenia, but not with deficit 

schizophrenia (characterized by enduring, idiopathic negative symptoms). This study investi-

gates the role in both clinical subtypes of the dysbindin, G72/G30 and RGS4 genes, repeat-

edly reported to be associated with schizophrenia, and the PIP5K2A gene, which has hardly 

been studied in schizophrenia thus far. Selected single nucleotide polymorphisms (SNPs) 

were genotyped in 273 Dutch schizophrenia patients, 146 with deficit schizophrenia, and 580 

controls. SNPs in the dysbindin and G72/G30 genes were not significantly associated with 

(non-) deficit schizophrenia. In the RGS4 gene, however, one SNP (p=0.03) and a two-

marker haplotype (global p=0.02) were associated with the non-deficit type only. Finally, in 

the PIP5K2A gene, we detected strong association with a SNP that leads to a change in pro-

tein structure (p=0.00005). There was no apparent difference between deficit and non-deficit 

patients. In conclusion, our data suggest that the RGS4 gene is associated with non-deficit 

schizophrenia, and that the PIP5K2A gene is a new susceptibility gene for schizophrenia in 

general. 

Introduction 
Schizophrenia is a mental disorder that affects approximately 1% of the population world-

wide. With a peak onset in late adolescence and early adulthood, it causes much individual 

suffering and large health care expenses for society. Family studies have consistently shown 

that the susceptibility to schizophrenia is largely determined by heritable factors (approxi-

mately 80 percent). Most likely, multiple genes and environmental factors are involved, which 

may explain why the identification of schizophrenia susceptibility genes has proved to be dif-

ficult. Recently, however, systematic fine mapping efforts in regions of replicated linkage 

have resulted in the identification of several genetic variations that are associated with 

schizophrenia. Evidence is now accumulating for the involvement of genes near these varia-

tions in schizophrenia and related psychiatric disorders [65]. 
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One of these genes, dysbindin (DTNBP1), was identified as a schizophrenia susceptibility 

gene after fine mapping of a linkage region on chromosome 6p22. The first reported associa-

tion in Irish multiplex families [67] has been replicated in schizophrenia cohorts from Ireland 

[133] [134] and the UK [132], Germany/Israel [135], Sweden [136], Bulgaria [137] and China 

[138]. No association was found in German and a Polish samples [136]. There seems to be 

extensive molecular heterogeneity, with different markers and their combinations (haplo-

types) being associated across populations. 

G72 and G30 are two overlapping genes, on complementary DNA strands, at chromosome 

location 13q32-33, a linkage region for schizophrenia and bipolar disorder. Fine mapping of a 

5 Mb critical interval resulted in detection of significant association of schizophrenia with 

several single nucleotide polymorphisms (SNPs) and SNP haplotypes in a 65 kilobase (kb) 

region that comprised both genes [68]. These results, from a French-Canadian and a Russian 

sample, have been replicated in samples from Germany [139], China [140] and in an Ameri-

can sample that also included psychosis NOS [141]. Interestingly, SNPs in this region ap-

peared to be also associated with bipolar disorder in several studies, further suggesting a 

shared genetic background for both disorders [142, 143]. 

The first indications for involvement of the RGS4 gene came from gene expression studies, 

which showed a decreased expression in brains of schizophrenic patients [69]. In addition, 

the gene is located in a schizophrenia linkage region on chromosome 1q21-q22 [144]. A 

comprehensive association study of the region around the gene resulted in a group of four 

associated SNPs in three samples with a Caucasian, a mixed and an Indian background [144]. 

Involvement of the same SNPs was subsequently confirmed in two Irish [145, 146] and a 

UK/Irish sample [147]. RGS4 is involved in the regulation of G protein-coupled receptors, 

and may modulate dopamine and glutamate receptors [144].  

Chromosome region 10p12 was also repeatedly linked to both schizophrenia and bipolar dis-

order. This region harbours the PIP5K2A gene, the product of which synthesizes phosphati-

dylinositol 4,5 bisphosphate, a membrane phospholipid that plays a central role in signal 

transduction and trafficking of synaptic vesicles. Lithium, which is used to treat bipolar dis-

order, is known to block inositol monophosphatases, enzymes that are part of the same 

phosphoinositide pathway [148]. Different lines of evidence therefore indicate that PIP5K2A 

could be involved in both schizophrenia and bipolar disorder. Recently, an intragenic CT re-

peat polymorphism was reported to be more frequent in patients with bipolar disorder than 

in controls [148]. In a different study, several SNPs in the PIP5K2A gene were shown to be 

associated with schizophrenia [149]. 

These recently identified genes may provide insights into the biological origin of schizophre-

nia. However, their reported effect is typically modest, with estimated relative risks (RRs) of 
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less than two, and the variations or haplotypes that increase the disease risk are present in 

some patients only. Moreover, some genes appear to be associated with both schizophrenia 

and bipolar disorder. These observations suggest that specific genes are associated with spe-

cific symptoms, which may be unique to, or shared by, clinically defined diseases.  

Schizophrenia symptoms can be broadly divided into two classes. So-called positive symp-

toms include hallucinations and delusions, while lack of initiative, social withdrawal and flat-

tened emotions are known as negative symptoms. The presence of both types of symptoms 

in individual patients can vary considerably, with a virtual absence of either positive or nega-

tive symptoms in some patients. Deficit schizophrenia, which is diagnosed using the Schedule 

for the Deficit Syndrome (SDS) [36], is characterized by enduring, idiopathic negative symp-

toms and a generally poor prognosis. Approximately 15% of first episode patients and 25-

30% of chronic patients fulfil deficit criteria [38]. A number of observations indicate that 

deficit schizophrenia has a high heritability [43], and may represent a distinct biological entity 

[38]. 

Recently, we found indications that the neuregulin 1 gene is associated with non-deficit 

schizophrenia, but not with deficit symptoms, which supports the hypothesis that specific 

gene variants may predominate in particular disease subtypes [150]. In the present study, we 

have investigated whether the dysbindin, G72, PIP52A, and RGS4 genes are associated with 

deficit and non-deficit schizophrenia, in a sample of Dutch schizophrenic patients that was 

enriched for the deficit form of the disorder. 

Materials and methods 
Sample collection. In order to enrich the sample for patients with the deficit syndrome, 308 

schizophrenia patients were mainly recruited from psychiatric hospitals. Patients had at least 

three Dutch-born Caucasian grandparents. DSM-IV diagnosis of schizophrenia, excluding 

schizoaffective disorder, was made using the Comprehensive Assessment of Symptoms and 

History (CASH) [117] and information from medical records. The Schedule for the Deficit 

Syndrome (SDS) [36] was completed for 273 patients (89%), 146 (53%) of whom met deficit 

criteria. Patients without a completed SDS were excluded. In twenty-nine patients with severe 

negative symptoms, it could not be ruled out that these symptoms were secondary to factors 

such as substance abuse. Following the SDS, they were classified as non-deficit schizophre-

nia. The Medical Ethical Committee of the UMC Utrecht approved the study and all patients 

gave written informed consent. The control panel for DNA pooling studies (n=179) con-

sisted of DNA from blood bank donors obtained from the Department of Immunology of 

the UMC Utrecht. The independent control panel for individual genotyping (n=580) con-

sisted of 467 DNA samples from random Dutch individuals, obtained from the Immunoge-

netics and Transplantation Immunology Section of the Department of Immunohaematology 
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and Blood Transfusion, LUMC, Leiden and 113 healthy controls from the Department of 

Biomedical Genetics, UMC Utrecht. 

Genotyping. In the dysbindin and G72/G30 genes, previously described SNPs were first 

screened in DNA pools. Pools were made from a random subset of patients (n=204) and 

controls (n=179) as described elsewhere [118]. SNPs (see Table 4.1) were analyzed in pools 

with the SNaPshot technique of single base extension (Applied Biosystems, Foster City, Ca., 

USA, further called ABI) on a 3700 capillary sequencer (ABI). 

Individual genotyping of SNPs in dysbindin and G70/G30 was performed on a 7900HT 

TaqMan system (ABI). Microsatellite Dys_2 was identified in human sequence data from the 

Ensembl database using Tandem Repeats Finder software [151], and the following primers 

were designed with the Primer3 program [152]: CACCAACAACATTCAATCTGAG and 

TGTTTTTCCATTCGTGTCATC. The marker is located between P1325 and P1765 [67], at 

13 kb from P1325. It was analyzed on an ABI 3700 sequencer as described elsewhere [118]. 

Single nucleotide polymorphisms with flanking sequences for RGS4 were obtained from a 

previous report [144], and for PIP5K2A from the Celera database [2], based on previously 

reported data [149]. SNPs were genotyped using a novel technique, which was recently devel-

oped at our department (unpublished data). Basically, the PCR involves two allele-specific 

labelled primers with a 3' locked nucleic acid (LNA), which is a modified SNP-binding nu-

cleotide with a high binding affinity [153, 154]. Pooled PCR products from different SNPs 

were separated by size on a 3700 capillary sequencer (ABI). We have previously validated this 

SNP detection technique by comparing genotypes for multiple SNPs with those obtained 

from a TaqMan system (ABI), with perfect agreement of results (data not shown). To further 

ensure reliability, all four RGS4 and PIP5K2A SNPs were also blindly genotyped by direct 

sequencing, in a random selection of 24 samples. Each 96-well PCR plate contained 9 blind 

duplicate samples. 

Data analysis. DNA pools: relative peak heights for each allele, without correction for possible 

differential signal intensity, were compared with a chi-square test. With individual genotypes, 

Hardy-Weinberg Equilibrium (HWE) was tested using a chi-squared test for SNPs, and 

GENEPOP software for the microsatellite [119]. Linkage disequilibrium (LD) analyses were 

performed using GOLD software [155] and compared with data from the HapMap project 

using the Haploview program [156], with haplotype blocks defined according to Gabriel et al. 

[20]. Likelihood ratio tests for single markers and marker haplotypes were performed using 

the UNPHASED program [130]. Reported P values are two-tailed, without correction for 

multiple testing. 



The PIP5K2A, RGS4, dysbindin and G72/G30 genes in deficit and non-deficit schizophrenia  ●  45 

 

Results 
Previously described SNPs at the G72/G30 locus and the dysbindin locus were first screened 

in DNA pools from 204 patients and 179 controls. Markers were selected for individual 

genotyping based on the results of pooling experiments and reported associations in previous 

studies. All individually tested markers were in HWE; re-sequencing of 24 random individuals 

for the PIP5K2A and RGS4 SNPs confirmed genotyping results obtained by allele-specific 

PCR. 

Dysbindin. Allele frequencies for 5 out of 17 dysbindin SNPs tested in DNA pools were sig-

nificantly different at the p=0.05 level (Table 4.1a). These markers, as well as a new microsa-

tellite, Dys_2, in the centre of previously reported associated haplotypes, were individually 

genotyped in all persons that contributed to the pools. The differences remained significant 

for SNPs rs2619528, rs760761 and rs2619522 (data not shown, P values 0.02-0.03). However, 

as shown in Table 4.2, these three markers formed one haplotype block. Therefore, only SNP 

rs2619528, which 'tagged' all haplotypes with a frequency >0.5%, was analyzed in the entire 

sample. Marker Dys_2 had three alleles with a frequency of >5% and was in strong LD with 

all the other markers, but it showed no significant allele frequency differences between cases 

and controls (data not shown). Table 4.3 lists allele frequencies and the resulting P values of 

likelihood tests for single markers and marker haplotypes that were tested in the entire sam-

ple. None of the markers was significantly associated with deficit or non-deficit schizophre-

nia, or the combined samples. We also tested two- to five-marker haplotypes, none of which 

was significantly associated (data not shown). 

G72/G30. None of the 11 SNPs at the G72/G30 locus showed significant differences between 

cases and controls in pooled DNA (Table 4.1b). Four SNPs that have repeatedly been associ-

ated with schizophrenia were also genotyped individually in the entire sample. SNPs M14-

M15, and M23-M24 formed two haplotype blocks, but there was hardly any LD between the 

blocks (Table 4.2). There was no significant association of single markers (Table 4.3), or any 

2-, 3- or 4-marker haplotype, single or global, with deficit or non-deficit schizophrenia, or 

with schizophrenia in general (data not shown). 

RGS4. LD between the two tested markers was significant in controls (D'=0.85; r2=0.55) as 

well as in patients (D'=0.95; r2=0.75). The G-allele of SNP RGS4-1 was more frequent in 

non-deficit patients than in controls (p=0.033), as were two-marker haplotypes (global 

p=0.022 in the non-deficit patients; combined samples p=0.025). 
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Table 4.1. DNA Pooling results and published studies for dysbindin (a) and G72/G30 (b) 

   Refe I II III IV V  VI VII VIII a 
   Originf Irl Ger Irl Swe Irl UK Bul Chi 

DYSBINDIN   Caseg 270 203 219 142 268 708 488 233 

   Contrg fam fam 231 272 fam 711 trios trios 

Markera dbSNPb kbc pd Phenoh sa sa sa sa/sf sa s sa s 

[P] rs1047631 0     -   -   

P1328 rs742106 1379 0.636  -    -   - 

P1333 rs742105 48594 0.785  X    -    

[M]  13058         -  

P1655 rs2619539 34723 0.610  X  -  - - - - 

[J]  6916        X   

P1635 rs3213207 331 0.010  X X - - - - X  

P1325 rs1011313 5330 0.899  - X  X - - -  

P1765 rs2619528 3395 0.010  - X   X    

P1757 rs2005976 973 0.004  -  - - X - X  

P1320 rs760761 330 0.006  X X - - X    

P1763 rs2619522 2517 0.008  - X   -   - 

P1578 rs1018381 3421 0.315  - -  - -   - 

P1792 rs1474605 1142       X    

P1583 rs909706 2659 0.226  -    - - - - 

[C] rs2743852 3893        X -  

[A] rs2619538 445         - -  

   Refe IX IX X XI XII X XIII XIV b 
   Originf Can Rus Ger USA Chi Ger USA USA 

G72/G30   Caseg 213 183 299 98 537 300 174 139 

    Contrg 241 183 300 trios 538 300 fam 113 

Markera dbSNPb kbc pd Phenoh s s s nos s bp b/a b/a 

M12 rs3916965 0 0.421  X - X  X -   

 rs1935058 7990      -   X - 

 rs1341402 4159     -   - X  

M14 rs3916967 1839 0.277  X -  X -    

M15 rs2391191 2098 0.156  X  X X X - - - 

 rs1935062 8690     - - - - X X 

M18 rs947267 11526   - -     - X 

M19 rs778294 2573   -  - -  - X  

 rs954581 10031         - - 

M22 rs778293 16933 0.256  X -  -     

M23 rs3918342 16550 0.991  X X X  - X -  

M24 rs1421292 12486 0.936  X - X   -   

NOTE: Only markers with significant association (p<0.05) as single marker, or as part of associated haplotypes in 
any study are shown. Consequently, pooling results for eleven additional SNPs, none of which were associated, 
are not listed. (-), no significant result as single marker; (X), significant result as single marker; light grey back-
ground, part of any associated haplotype; dark grey background, part of most strongly associated haplotype. 
a Between brackets: marker names used by Williams et al. [132], P-numbers used by Straub et al. [67], M-
numbers used by Chumakov et al. [68]. 
b SNP names in dbSNP. 
c Distance in kb from the previous marker. 
d P value of chi-squared test of cases and controls in DNA pools. 
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e References: I [67], II [135], III [133], IV [136], V [134], VI [132], VII [137], VIII [138], IX [68], X [139], XI [141], XII 
[140], XIII [142], XIV [143]. 
f Origin of study samples. Irl, Ireland; Ger, Germany; Swe, Sweden; UK, United Kingdom and Ireland; Bul, Bul-
garia; Chi, China. No association with dysbindin was detected in additional Polish and German samples in the 
study by Van den Bogaert et al. [136]. 
g Numbers of cases and controls. Trios, nuclear families; fam, extended families. The study by Hattori et al. [142] 
involved two samples of 152 and 22 families. 
h Phenotypes, according to DSM-criteria. sa, schizophrenia plus schizoaffective disorder; sf, schizophreniform 
disorder; s, schizophrenia; nos, schizophrenia plus psychosis not otherwise specified; b, bipolar disorder; a, 
schizoaffective disorder. 

 

PIP5K2A. The two tested SNPs in PIP5K2A were in strong LD, in cases (D'=0.93; r2=0.63) 

and in controls (D'=0.78; r2=0.55). The A-allele of coding SNP hCV11558870 was approxi-

mately 10% more frequent in the combined sample (p=0.00005), with a comparable contri-

bution of the deficit and non-deficit groups. Haplotypes with SNP hCV9591220, which was 

not significantly associated as a single marker, were less strongly associated (global p=0.009). 

 

Table 4.2. Linkage disequilibrium in dysbindin and G72/G30 

 DYSBINDIN G72/G30 

 P1655 P1635 P1325 Dys_2 P1765 P1320 P1763 SNP A M14 M15 M23 M24 

P1655  0.15 0.11 n.a.a n.s. n.s. n.s. 0.06     

P1635 0.94  n.s. n.a. 0.49 0.5 0.47 0.08     

P1325 1 0.34  n.a. 0.03 0.03 0.03 n.a     

Dys_2 0.64 0.88 1  n.a n.a n.a n.a.     

P1765 n.s.b 0.96 1 0.97  0.97 0.98 0.14     

P1320 n.s. 0.97 1 0.94 0.98  0.98 n.a.     

P1763 n.s. 0.94 1 0.98 1 1  n.a.     

SNP A 0.21 0.80 n.a. n.a. 0.76 n.a. n.a.      

M14          0.99 0.02 0.03 

M15         1  0.02 0.03 

M23         0.14 n.s.  0.91 

M24         0.20 0.19 1  

NOTE: D' values for controls are shown below the diagonal, while r2 values are shown above the diagonal. Haplo-
type blocks are shown on a grey background. Marker names in boldface were genotyped individually in the entire 
sample (see Table 4.3); pair wise LD between these markers was calculated in the entire sample. 
a n.a., not available.  
b n.s., not significant at the p=0.05 level.  

Discussion 
Several genes have repeatedly been shown to be associated with schizophrenia, but at pre-

sent, the relevance of particular gene variants in different populations, or in clinical subtypes 

of schizophrenia, remains unclear. We have investigated the association of variations in the 

dysbindin, G72, RGS4 and PIP5K2A genes with deficit or non-deficit forms of schizophre-

nia. 
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Table 4.3. Individual genotyping results 

               Control Schizophrenia 

Gene Markera dbSNPb  Varc  NDefd Pe Deff Pe Totalg Pe 

Dysbindin P1655 rs2619539 C 53.3 53.9 0.873 57.9 0.183 56.1 0.307 

 P1635 rs3213207 G 87.4 87.0 0.861 89.3 0.371 88.2 0.630 

 P1765 rs2619528 G 21.8 22.6 0.766 21.5 0.932 22.0 0.898 

 SNP A rs2619538 A 0.58 0.62 0.24 0.55 0.38 0.58 0.918 

   Haplo   n.s.  n.s.  n.s. 

G72 M14 rs3916967 C 40.5 37.7 0.407 37.9 0.421 37.8 0.292 

 M15 rs2391191 C 61.0 62.6 0.649 62.4 0.677 62.5 0.574 

 M23 rs3918342 T 46.9 44.4 0.499 48.6 0.610 46.7 0.940 

 M24 rs1421292 A 53.9 55.2 0.747 54.9 0.782 55.0 0.696 

   Haplo   n.s.  n.s.  n.s. 

RGS4 RGS4-1 G 37.8 45.4 0.033 38.7 0.790 41.9 0.131 

 RGS4-18 A 55.8 50.8 0.155 54.0 0.580 52.5 0.209 

   A_A 52.2 49.0 0.336 54.5 0.568 51.9 0.832 

   G_G 35.1 43.5 0.020 38.6 0.339 40.9 0.038 

   A_G 9.2 5.2 0.047 6.5 0.192 5.9 0.034 

   Global   0.022  0.269  0.025 

PIP5K2A hCV11558870 A 61.0 70.3 0.007 72.5 0.0004 71.5 0.00005 

 hCV9591220 G 38.8 34.3 0.195 34.9 0.236 34.6 0.109 

   A_G 7.6 7.7 0.884 8.8 0.408 8.3 0.514 

   A_A 54.3 63.6 0.012 63.9 0.006 63.8 0.001 

   G_G 33.2 26.9 0.052 26.4 0.025 26.6 0.007 

   Global   0.084  0.040  0.009 

NOTE: alleles and haplotypes with frequencies >5% are shown. 
a Marker names in different studies. P-numbers used by Straub et al. [67]; M-numbers used by Chumakov et al. 
[68]; SNP A used by Williams et al. [132]; RGS4-1 and RGS4-18, names according to Chowdari et al. [144]; 
hCV11558870 and hCV9591220, names in Celera database. 
b SNP names in dbSNP. 
c Alleles and haplotypes. Haplo: haplotypes, single and global; global, global P value for haplotype. 
d NDef, non-deficit patients (n=127). 
e P, P value of likelihood test of patient versus control groups. 
f Def, deficit patients (n=146). 
g Total, combined deficit and non-deficit samples (n=273). 

  

We first screened most of the previously reported SNPs in dysbindin and G72/G30 in DNA 

pools. Several SNPs in dysbindin, but not in G72/G30, had significantly different allele fre-

quencies in DNA pools. Individual genotyping of the pools confirmed this association, but 

with marginally significant results. It should be noted that only single SNPs can be compared 

in DNA pools, and that negative findings do not exclude association with marker haplotypes. 

In order to reduce the risk of missing associations, the selection of markers for individual 

genotyping in the entire sample was based on the pooling data, as well as previously reported 

associations and LD analyses in a subset of cases and controls. Patterns of LD were very 

similar to those in previous reports, and LD data from the HapMap project. 
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For the dysbindin gene, we could not confirm the marginally significant association in DNA 

pools in the entire sample, which suggests that the pooling results in the smaller samples were 

chance findings. Haplotypes also failed to show any association with schizophrenia. It is pos-

sible that our markers were not in strong LD with disease-related variants, since there appears 

to be substantial molecular heterogeneity, even in geographically related patient samples (see 

Table 4.1a for a summary of published studies). In a recent study, association was only de-

tected after including a new SNP, which was part of all associated haplotypes [132]. The same 

markers were associated in a Scottish sample that was originally reported as a non-replication 

[133]. This marker, nor haplotypes that included it (p>0.37), were associated in our sample. 

Our set of markers included SNPs that have repeatedly shown association as single markers 

or as (part of) associated haplotypes, but we cannot exclude that yet other haplotypes are as-

sociated in the Dutch population [132].  

The specific character of our sample provides another explanation for the lack of association. 

As pointed out, the expected relatively small effects can easily be missed by chance in the 

sample sizes that have been used so far [136]. Our sample did not include patients with 

schizoaffective disorder, and was enriched for patients with a poor disease outcome. In con-

trast, all recently reported positional candidate genes were identified in unselected samples, 

probably with relatively few deficit patients. If there is a genetic difference between the two 

disease subtypes, these genes are therefore less likely to be associated with deficit schizophre-

nia. Our non-deficit group may have been too small to detect minor genetic effects, if these 

were confined to this subtype. However, the data did not even show a trend towards a differ-

ence between the clinical subgroups and, accordingly, it is less likely that dysbindin plays a 

substantial role in schizophrenia in the Dutch population, unless different, yet unknown, 

variations in the gene are involved. In different reports, associations involved different mark-

ers and haplotypes, but they all cluster in a region of approximately 140 kb (Table 4.1a). De-

spite negative findings in some samples, including ours, the evidence for dysbindin as a 

schizophrenia susceptibility gene is accumulating, and the combined studies seem to provide 

sufficient ground for a thorough search for schizophrenia-related variants. 

At the G72/G30 locus, none of 11 previously reported markers showed significantly differ-

ent allele frequencies when tested in DNA pools. We genotyped four markers individually 

that have been repeatedly associated with schizophrenia in previous studies. LD patterns 

were in agreement with previous reports and HapMap data, but there was no association with 

single markers or their haplotypes. The general explanations for negative findings as dis-

cussed above also hold for G72/G30, and it seems premature to exclude the involvement of 

G72/G30 in our population based on these results. Several studies have now reported asso-

ciation with schizophrenia and, interestingly, also with bipolar disorder. Table 4.1b shows 
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that associations were detected with different markers and haplotypes in a region spanning 

approximately 100 kb. Although the first reports implicated markers around M23-M24, most 

recently reported associations seem to cluster in the region around M14-M15. Taken to-

gether, the evidence for involvement of G72/G30 in both schizophrenia and bipolar disorder 

seems convincing. 

In RGS4, four markers within 10 kb around the start of exon 1 have been implicated in 

schizophrenia. In previous studies, the four markers were in strong LD, in particular combi-

nations RGS4-1 with -7, and RGS4-4 with -18. We selected the two most distant markers, 

RGS4-1 and RGS4-18, which we still found to be in strong LD. The G-allele of SNP RGS4-

1, as well as the two-marker G-G haplotype had a higher frequency in schizophrenia patients, 

which could almost completely be attributed to the non-deficit group. Chen et al. recently 

found the strongest association in the most narrowly defined schizophrenia group [145], and 

our data suggest that the gene is specifically involved in a further refined subgroup of schizo-

phrenia patients without prominent negative (deficit) symptoms. After correction for testing 

four genes and two phenotypes, P values are no longer significant at the p=0.05 level. Like-

wise, the evidence in previous studies was modest. However, the associated haplotypes in all 

Caucasian populations seem consistent, with the G-allele being associated with schizophrenia 

at each SNP, and the combined genetic and gene expression studies suggest that RGS4 is in-

volved in schizophrenia, or in specific clinical aspects of the disorder. The role of RGS4 in 

modulating dopamine and glutamate neurotransmission, as well as its altered expression in 

the brains of schizophrenic patients, make it a plausible functional candidate gene. Interest-

ingly, it was recently shown in mice that a transient influenza virus infection caused an altered 

RGS4 expression, and persistent changes in emotional and cognitive functions [157], which 

may provide an example of interacting environmental and genetic factors in schizophrenia. 

Replication studies are necessary, however, preferably in samples with different ethnic back-

grounds, in order to evaluate the presence of allelic heterogeneity between populations, as 

suggested by the results of Chowdari et al. 

The most convincing evidence for association with schizophrenia in our sample was found 

for PIP5K2A. This gene is located in a linkage region that is common to schizophrenia and 

bipolar disorder, and interestingly, it is part of the pathway that is directly modulated by lith-

ium [148]. PIP5K2A may therefore predispose to both disorders. The reported association of 

a CT-repeat marker in intron 9 with both schizophrenia and bipolar disorder [148], and an 

independent report of association of several SNPs in the same 3' region of the gene with 

schizophrenia [149], guided our choice of markers. SNP hCV11558870, located in exon 7, is 

one of the very few coding SNPs in the gene, causing an amino acid change from serine to 

asparagine. Interestingly, we found this SNP to be strongly associated as a single marker, with 
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both deficit and non-deficit schizophrenia. Haplotypes with the second SNP, with which it is 

in strong LD, were less significantly associated. This observation implicates that the coding 

SNP could actually be a causal variant. If so, it would be a polymorphism with a high fre-

quency in the general population. Schizophrenia and bipolar disorder share affective (mood) 

symptoms, but since our sample did not include patients with schizoaffective disorder, one 

would perhaps expect the gene to be associated with psychotic symptoms, rather than with 

mood symptoms. This hypothesis could be tested in samples that were selected for psychotic 

or affective symptoms, instead of clinically defined diseases. Taken together, the few available 

studies suggest that PIP5K2A is a new susceptibility gene for psychiatric disorders, which de-

serves more attention. 

In a case-control design, it cannot be excluded that population stratification caused differ-

ences between the groups. However, in the current and previous studies, we have tested 

many different markers in both samples, with mostly negative results. Moreover, we found 

no allele frequency differences between groups of individuals from different regions in the 

Netherlands (data not shown). Therefore, stratification seems a less likely cause of the de-

tected differences. 

In summary, we have studied a selection of previously reported variations in the dysbindin, 

G72/G30, RGS4 and PIP5K2A genes for association with deficit and non-deficit schizo-

phrenia. Support was found for a contribution of RGS4 to non-deficit schizophrenia, while a 

coding SNP in PIP5K2A was strongly associated with schizophrenia, regardless of clinical 

subtype. In combination with our previous findings in the neuregulin 1 gene [150], these data 

suggest that some genes increase susceptibility to schizophrenia in general, while others are 

more relevant to disease subtypes or specific symptoms. Studies in stratified samples may fa-

cilitate the identification of new schizophrenia susceptibility genes, and may be necessary to 

identify susceptibility genes that are unique to deficit schizophrenia. Identifying such genes 

would be very valuable, since this may lead to much-needed new forms of treatment. Deficit 

patients represent a minority of about 20% of all schizophrenics, but their symptoms are of-

ten treatment-resistant and severely disabling. 
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Abstract 
Recent meta-analyses have indicated that the dopamine transporter gene (DAT1) and the do-

pamine receptor genes D4 (DRD4) and D5 (DRD5) are associated with attention-deficit hy-

peractivity disorder (ADHD), although single studies frequently failed to show significant as-

sociation. In a family-based sample of 236 Dutch children with ADHD, we have investigated 

the previously described variable number of tandem repeat (VNTR) polymorphisms and two 

additional microsatellites at the DAT1 and DRD4 loci. DRD5 was investigated using the mi-

crosatellite that was previously found to be associated. Transmission disequilibrium tests 

(TDTs) did not show preferential transmission of alleles or two-marker haplotypes to af-

fected offspring. These data suggest that DAT1, DRD4 and DRD5 do not contribute sub-

stantially to ADHD in the Dutch population. 

Introduction 
Attention-deficit hyperactivity disorder (ADHD) is the most common child psychiatric dis-

order, affecting 4-5% of children in western countries [72]. The estimated contribution of 

genetic factors is approximately 80 percent [77, 158], and it is likely that multiple genetic and 

environmental factors interact in causing the disease. Genetic research has focused on genes 

involved in neurotransmission, and in particular the dopaminergic system, since effective 

medication was reported to block the reuptake of dopamine by the dopamine transporter 

molecule (DAT1) [159]. Three dopaminergic genes have recently been reported to be associ-

ated with ADHD in meta-analyses of data from multiple studies. The DAT1 gene has a vari-

able number of tandem repeat (VNTR) polymorphism in the 5' untranslated region (UTR). A 

recent meta-analysis concluded that having a 10-repeat allele increased the risk to develop 

ADHD by a factor of approximately 1.3 [81]. The VNTR may change DAT1 function, since 

it has been suggested to regulate gene expression [160, 161]. 

The dopamine receptor D4 gene (DRD4) has a VNTR polymorphism in the third exon, 

which is part of the third intracellular loop of the receptor, and may therefore have functional 

relevance [162, 163]. Recent meta-analyses confirmed that the 7-repeat allele increased the 

risk of developing ADHD 1.4 to 2.0 times [81, 82]. Children with the 7-repeat allele were 

found to have a more inaccurate, impulsive response style on neuropsychological tasks [164]. 
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In a meta-analysis of data from 14 different centres, the common 148 base pair (bp) allele of 

a compound microsatellite located 18.5 kb from the dopamine receptor D5 gene (DRD5) 

was shown to be significantly associated with ADHD (odds ratio 1.24) [83]. 

The three polymorphisms mentioned above, as well two additional microsatellites near the 

VNTRs in DAT1 and DRD4, were genotyped in a sample of 236 Dutch children from 144 

families.  

Materials and Methods 
Most children (n=198) were part of a previously described sample of sib pair families [165]. 

Children were only included if they had ADHD of the inattentive, hyperactive or combined 

subtype, according to DSM-IV criteria. Children with autism spectrum disorders were ex-

cluded. This sample was extended with 38 families with only one affected child, diagnosed 

using the same criteria. In 5 families, no DNA from the father was available. 

DNA was isolated as described [165]. The VNTR polymorphisms in the DAT1 and DRD4 

genes were amplified using previously described PCR primers [166, 167]. Reactions were per-

formed in 50 µl, containing 50 ng of genomic DNA, 100 ng of forward primer and 100 ng of 

reverse primer, 150 mM of each dNTP, 67 mM TrisHCl, 6.7 mM MgCl2, 10 mM β-

mercaptoethanol, 6.7 µM EDTA, 16.6 mM (NH4)2SO4, 10% DMSO, 7.5 µg BSA and 0.4 

units of AmpliTaq polymerase (Applied Biosystems, Foster City, CA, U.S.A.). PCR reactions 

were performed on a ABI 9600 GeneAmp PCR system (Applied Biosystems) using the fol-

lowing conditions: 2 min at 94°C, followed by 33 cycles of 30s at 94°C, 30s at 60°C (DAT1) 

or 54°C (DRD4), 2 min at 72°C and a final extension of 4 min at 72°C. Subsequently, 10 µl 

of PCR product was analyzed on a 3% agarose gel, by applying 125V for a duration of 2 

hours. Fragments were stained with ethidium bromide and sizes were determined using a 

PGEM DNA size marker (Promega, Leiden, The Netherlands). In order to determine the 

repeat numbers of the different alleles of both genes, sequence analysis of the repeat regions 

were performed in several individuals. The DRD4 mononucleotide repeat, located in intron 

1, was amplified with primers ACAGGCCCTGAGGTTTCC and 

GTGGGGAAGGGGTGTTTC [168]. Primers for dinucleotide repeat D5S2005, which is 

located at 50 kilobases (kb) from the DAT1 VNTR, were obtained from the Ensembl data-

base. These microsatellites, as well as the DRD5 repeat [169], were amplified and analyzed as 

described elsewhere [165]. Two independent raters scored all genotype data, and when they 

disagreed genotyping was repeated. Inheritance consistency was verified using the Pedcheck 

program [170], and in case of inconsistencies the entire family was 'zeroed out' for one 

marker. Hardy-Weinberg equilibrium (HWE) was investigated using the GENEPOP pro-

gram for multi-allelic markers [119].  
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Table 5.1 Results of TDTs for single markers and 2-marker haplotypes 

Haplotype Allelea Transmitted allele Non transmitted allele 

  number frequency number frequency 

DRD4 VNTR 2 42 0.10 52 0.13 

p=0.50 4 277 0.68 265 0.65 

 7* 71 0.17 67 0.16 

 Other 19 0.05 25 0.06 

DRD4 Mono 2 103 0.23 105 0.24 

P=0.71 4 274 0.62 282 0.64 

 5 63 0.14 55 0.12 

 Other 2 0.00 0 0.00 

Haplotype DRD4 2_2 15 0.04 24 0.06 

p=0.65 2_4 26 0.07 25 0.06 

 4_4 206 0.52 204 0.51 

 4_5 49 0.12 44 0.11 

 7_2 54 0.14 58 0.15 

 Other 46 0.12 41 0.10 

DAT1 VNTR 9 96 0.22 92 0.21 

P=0.73 10* 341 0.77 346 0.78 

 Other 5 0.01 4 0.01 

D5S2005 4 221 0.52 214 0.50 

P=0.54 5 99 0.23 96 0.23 

 6 60 0.14 55 0.13 

 7 23 0.05 33 0.08 

 Other 21 0.05 26 0.06 

Haplotype DAT1 9_4 33 0.08 32 0.08 

P=0.21 10_4 178 0.44 172 0.42 

 10_5 75 0.18 79 0.19 

 10_6 45 0.11 38 0.09 

 10_7 11 0.03 25 0.06 

 Other 66 0.16 62 0.15 

DRD5 4 27 0.07 26 0.06 

P=0.32 5 19 0.05 25 0.06 

 8 34 0.08 25 0.06 

 9* 183 0.45 186 0.46 

 10 48 0.12 41 0.10 

 11 29 0.07 38 0.09 

 12 11 0.03 21 0.05 

 Other 55 0.14 44 0.11 

NOTE Overall P values of likelihood tests are shown in italic print below the marker names.  
a Allele numbers of the VNTRs indicate repeat numbers; previously reported at-risk alleles are indicated with an 
asterisk (*); Two-marker haplotypes are indicated by the alleles of the respective markers, separated by an un-
derscore (_); Other, combined numbers/ frequencies of all alleles and haplotypes with frequencies< 0.05.  
 

Likelihood ratios for transmissions of marker alleles and haplotypes from parents to affected 

offspring, as well as linkage disequilibrium (LD) between markers, were calculated using the 

TDTPHASE program [130]. This estimates missing haplotypes using the Expectation Maxi-

mization (EM) algorithm, and uses unconditional logistic regression on the full likelihood of 
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parents and offspring. Only alleles and haplotypes with frequencies higher than 0.05 were 

taken into account. P values were not corrected for multiple testing. 

Results 
All five markers were in HWE in parents as well as in children. Results of overall likelihood 

tests for single markers and marker haplotypes are shown in Table 5.1. There were no signs 

of distorted transmissions of any of the single polymorphisms, or of single alleles. As genetic 

markers, both VNTRs are not very informative, with heterozygosity values below 0.5, and 

this could be one explanation for the replication problems in previous studies. In order to 

increase the information content, we also analyzed two-marker haplotypes with polymorphic 

microsatellites for DAT1 and DRD4. LD between the DRD4 markers was substantial for the 

DRD4 polymorphisms (D'=0.59), but lower for the DAT1 polymorphisms (D'=0.20), which 

is in agreement with a previous study [171]. Overall, no haplotypes were significantly associ-

ated. 

Discussion 
In this Dutch family-based sample, which is one of the largest described so far, no associa-

tion was found between the DAT1, DRD4 or DRD5 genes and ADHD. The DRD5 data 

presented in detail here were part of the recent multi-centre analysis for this gene, in which 

the Dutch sample was one of the two studies that did not contribute to the overall detected 

association [83]. These findings seem to be in agreement with the results of our recent whole-

genome scan, in which there were no indications for linkage in the chromosomal regions that 

contain the three genes [165]. The power of the linkage study, however, may have been too 

low to detect small effects. Likewise, we cannot rule out that our negative findings, as well as 

those by others, are due to chance, given the low relative risks attributed to the individual 

genes, or due to insufficient LD with an unknown disease-related variant. It is also possible, 

however, that these genes do not play an equally important role in all populations, or in mul-

tiplex families as compared to sporadic cases [169]. In another recent study in a large sample 

of multiply affected families, the DAT1 and DRD4 VNTRs also did not show a distorted 

transmission, although a different DRD4 polymorphism, as well as the DRD5 microsatellite, 

were positively associated with ADHD [172]. Now that combined studies have quite con-

vincingly suggested a small but significant role for dopaminergic genes in ADHD, further 

studies in different populations and different samples seem to be required to assess their role 

as general risk factors across populations. 
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Abstract 
A genome scan was performed on 164 Dutch affected sib pairs (ASPs) with attention-deficit 

hyperactivity disorder (ADHD). All subjects were of Dutch Caucasian descent and pheno-

typed according to DSM-IV criteria. Initially, a narrow phenotype was defined in which all 

the sib pairs met the full ADHD criteria (117 ASPs). In a broad phenotype, additional sib 

pairs were included in which one child had an autistic spectrum disorder but also met the full 

ADHD criteria (164 ASPs). A set of 402 polymorphic microsatellite markers with an average 

intermarker distance of 10 cM was genotyped and analyzed using the Mapmaker/sibs pro-

gram. Regions with multipoint maximum likelihood scores (MLS) > 1.5 in both phenotypes 

were fine mapped with additional markers.  

This genome scan indicated several regions of interest, two of which with suggestive evidence 

for linkage. The most promising chromosome region was located at 15q, with an MLS of 

3.54 under the broad phenotype definition. This region was previously implicated in reading 

disability and autism. In addition, MLSs of 3.04 and 2.05 were found on chromosome regions 

7p and 9q in the narrow phenotype. Except for a region on chromosome 5, no overlap was 

found with regions mentioned in the only other independent genome scan in ADHD re-

ported to date (Ogdie et al, submitted). 

Introduction 
Attention-deficit hyperactivity disorder (ADHD [MIM 143465]) is a highly heritable psychiat-

ric disorder that affects about 4-5% of children in western countries [72]. The syndrome per-

sists into adulthood in about one-third of the cases [173] and affects approximately 0.5-2% of 

adults [72].  

According to the criteria of the Diagnostic and statistical manual of mental disorders, 4th edi-

tion (DSM-IV), children with ADHD should meet six out of nine criteria for inattention (in-

attentive subtype), or six out of nine criteria for hyperactivity/impulsivity (hyperac-

tive/impulsive subtype), or both (combined subtype). Furthermore, the behavioural problems 
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must have started before the age of 7 years and have persisted for at least 6 months in at least 

two different settings (e.g. at school and at home) [71].  

There is a substantial gender difference in the prevalence of childhood ADHD, with boys 

being affected three times more often in the general population [174] and ten times more of-

ten in clinical settings [175]. In adults this ratio becomes 2:1 in the general population [176]. 

High levels of co-morbidity with other psychiatric disorders are common in both genders 

[73]. When viewed either categorically or on a continuous scale, ADHD has an estimated 

heritability of 75-91% [158]. The relative risk for siblings of affected children (λs) is increased 

approximately five-fold [177]. Based on the relative risk for first (λ=5-8) and second-degree 

family members (λ=2), a model of multiple genes interacting in an additive manner was pro-

posed [78]. Despite much research, the exact aetiology of ADHD has still not been clarified.  

Since methylphenidate, the most widely prescribed drug for treating ADHD, mainly blocks 

the dopamine transporter, most genetic research has focused on the dopaminergic system. 

Several studies have found an association with the 7-repeat allele of a 48 base pair repeat in 

the dopamine 4 receptor (DRD4) gene [178]. Similar results were reported for the 10-repeat 

allele of a 40 base pair repeat in the dopamine transporter (DAT1) gene [166, 169, 179-181]. 

A number of studies have failed to replicate these findings, possibly due to their small sample 

size or to the fact that ADHD is a genetically heterogeneous disorder [182-186]  

The relative risk for developing ADHD for a carrier of a DAT1 or DRD4 risk allele is ap-

proximately 1.3 and 1.4 respectively [81, 82]. When the syndrome is viewed as the extreme of 

a continuous trait, these genes explain only 2-3% in symptom severity [181, 187]. Accord-

ingly, it is assumed that there are other, as yet unidentified, genes that play a major role in 

ADHD. It is possible that some of these genes are involved in serotonergic and noradrener-

gic neurotransmission [188]. Whole-genome linkage analysis provides a means of identifying 

chromosome regions containing susceptibility genes, without an a priori hypothesis about 

their function. In addition, studies involving affected sib pairs (ASPs) require no assumptions 

about the mode of inheritance. Recently, the results of the first whole-genome screen in 

American affected sib pairs were published [189]. However, under a broad as well as a narrow 

definition of the ADHD phenotype, no chromosomal regions were found that were sugges-

tive for linkage, according to recently suggested criteria for the interpretation of linkage re-

sults [190]. In a follow-up study in an extended sample, significant linkage was found on 

chromosome 16p13, in a region already implicated in autism [191]. It has been suggested that 

ADHD and autistic spectrum disorders, which also have a high heritability [192], have com-

mon genetic factors [191, 193]. Although in the DSM-IV classification an autistic spectrum 

disorder rules out the diagnosis of ADHD, a substantial number of ADHD patients have 

mild problems in social interactions and communication that are rather similar to the symp-
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toms of autism [112, 193]. A subgroup of autistic children also showed high levels of inatten-

tion, hyperactivity and impulsivity [194-196].  

Our study reports the results of a whole-genome scan in 164 Dutch Caucasian affected sib 

pairs with ADHD using a broad and a narrow phenotype. We detected three loci with MLSs 

of 3.54, 3.04 and 2.05 on chromosome regions 15q, 7p and 9q, respectively.  

Materials and methods 
Ascertainment. The current sample consists of 238 children in 106 families, who were clinically 

diagnosed according to DSM-IV criteria. The families were recruited from three academic 

child psychiatric outpatient clinics in Utrecht (N=24), Groningen (N=25) and Amsterdam 

(N=3). Other families (N=54) were recruited through a patient organization and by placing 

advertisements in journals and on the Internet. The Medical Ethical Committee of the 

Utrecht University Medical Centre approved the study and all parents gave written informed 

consent.  

Instruments and procedures. The children and their parents were invited to participate in exten-

sive diagnostic evaluations that lasted approximately one day. After evaluation, ASPs were 

included in the study if they met the following five criteria: (1) at least one member of each 

ASP met the full criteria for the DSM-IV defined combined, inattentive or hyperac-

tive/impulsive type of ADHD; (2a) the other member of the ASP met the same criteria; or 

(2b) the other member met at least five out of nine DSM-IV criteria for inattention and/or 

five out of nine criteria for hyperactivity/impulsivity ('sub threshold' ADHD); or (2c) the 

other member met the full DSM-IV criteria for ADHD but had been diagnosed with an au-

tistic spectrum disorder, which excludes an ADHD diagnosis; (3) both members were at least 

3 years old, but not older than 18 (in our sample of 238 children, 5% were under 6 years of 

age); (4) for those children with a history of educational problems, only children with an es-

timated full-scale IQ above 80 on the Wechsler Intelligence Scale for Children-Revised 

(WISC-R) or the Wechsler Preschool and Primary Scale of Intelligence (WPPSI) were in-

cluded in the analysis [197, 198]; (5) All four grandparents were of Dutch Caucasian descent, 

with the exception of two families, each with two affected siblings, in which one of the par-

ents was not of Caucasian descent. 

Patients who suffered from handicaps (e.g. deafness), other psychiatric disorders (e.g. schizo-

phrenia) or genetic syndromes (e.g. fragile X-syndrome) that could be related to behavioural 

problems were excluded from the analysis. 

Relationships between siblings were verified using the program GRR [199]. This resulted in 

the identification of two half-sibs, who were also excluded. In two cases of families with 

monozygotic twins and additional affected siblings, one member of the twins was excluded. 
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In five families these twins comprised the only sib pair, which resulted in exclusion of the 

whole family.  

Despite the fact that all the children in this analysis had been previously diagnosed with 

ADHD by child psychiatrists or paediatricians, the diagnosis was verified in clinical inter-

views with the parents and the children. In addition, for all the patients the DSM-IV version 

of the Diagnostic Interview Schedule for Children (DISC) [200] was conducted with both 

parents by trained graduate students in medicine or child psychology. This instrument was 

also used to measure the presence of mood disorders, anxiety disorders (other than simple 

phobias), oppositional defiant disorder (ODD) and conduct disorder (CD). Finally, the Con-

ners and Childhood Behaviour Checklist/ Teacher Report Form were collected from teach-

ers and parents [201, 202].  

The final diagnosis of ADHD, which served as the primary basis for inclusion in the study, 

was determined using a 'best-estimate procedure' [203]. To this end, the results of the medical 

history, clinical interview, DISC interview, information about social skills, and the scores on 

the Conners and Childhood Behaviour Checklist/ Teacher Report Form, as rated by the par-

ents and teachers, were summarized by EvdM into a patient report [200-202]. This report was 

discussed in regular case reviews with an experienced child psychiatrist (JKB). The resulting 

diagnosis was a consensus diagnosis.  

If a child showed severe social deficits, the possibility of an autistic spectrum disorder was 

considered after collecting additional information on their language and social development, 

and their repertoire of activities and interests.  

A narrow phenotype of probands and siblings with full ADHD symptoms according to the 

DSM-IV criteria was defined. The sample comprised 117 ASPs according to an unweighted 

analysis that calculated all possible pairs in families with more than two affected siblings. In 

the same manner, a broad phenotype was defined comprising the narrow phenotype plus an 

additional 47 ASPs with a broad phenotype (i.e. in which one member had full ADHD and 

the other met criteria 2b or 2c of the selection criteria). The broad and narrow samples are 

described in Table 6.1. 

The mean age of the children was 10 years (SD 3). Their clinical characteristics are shown in 

Table 6.2. The highest educational level of either one of the parents defined the social eco-

nomic status of the family unit. The following classification was used: I no or uncompleted 

high school; II high school completed; III some college education; IV college completed. 

Children with an autistic spectrum disorder were divided into pervasive developmental disor-

der not otherwise specified (PDD-NOS) and autism/ Asperger syndrome, according to the 

DSM-IV criteria. PDD-NOS is generally viewed as a less severe form of autism. Children 

with Asperger syndrome have normal language skills, contrary to those with autism. 
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Table 6.1. Numbers of affected sib pairs by phenotype  

 Broad phenotype Narrow phenotype 

Children per family Families ASPa Childrenb Families ASPa Childrenb 

2 85 85 (85) 170 62 62 (62) 124 

3 17 51 (34) 51 9 27 (18) 27 

4 3 18 (9) 12 3 18 (9) 12 

5 1 10 (4) 5 1 10 (4) 5 

Total 106 164 (132) 238 75 117 (93) 168 
a Total number of affected sib pairs, calculated in two different ways. In the unweighted (all pairs) method, a fam-
ily with n sibs contributes (n2-n)/2 sib pairs. The number of independent sib pairs, in which a family with n sibs 
contributes (n-1) pairs, is shown between brackets. 
b Total number of children who make up the relevant sib pairs. 

 

The DSM-IV criteria distinguish three subtypes of ADHD: inattentive, hyperac-

tive/impulsive and combined [71]. In accordance with most other studies, the majority of 

children suffered from the combined subtype. In two families with minor and adult siblings 

with ADHD, the adult siblings were also included in the analysis. 

Phenotypic characteristics of study samples were compared with a chi-squared test. 

Genotyping and analysis. DNA was extracted from peripheral blood lymphocytes or buccal 

mucosa using established procedures. Samples obtained from buccal mucosa were purified 

with an additional phenol extraction step. DNA concentration was measured with a spectro-

photometer (Tecan, Männedorf) and samples were diluted with distilled water to a concentra-

tion of 15 ng/µl. 

The Mammalian Genotyping Service of the Marshfield Medical Research Foundation per-

formed the genotyping for the initial screen. The marker set was based on Marshfield Screen-

ing set 10 and consisted of 402 polymorphic microsatellite markers with an average spacing 

of 10 cM and an average heterozygosity of 0.75. 

In the second stage of the screen, chromosomal regions were fine mapped with additional 

microsatellite markers from the Marshfield database. Marker positions in these regions were 

verified using the Ensembl, Celera and Decode [204] human sequence databases. 

Either the forward or the reverse oligonucleotide primer was labelled with 6-FAM, HEX, or 

NED fluorescent dyes (Biolegio, Malden, the Netherlands, and Applied Biosystems, Foster 

City, USA.). PCR reactions were performed in a 10 µl volume containing 30 ng template 

DNA, 25 ng of each oligonucleotide primer, 200 mM of each dNTP, and 0.4 units Amplitaq 

Gold (Applied Biosystems), in 1 × PCR buffer II with 2.5 mM MgCl2 (Applied Biosystems). 

DNA was initially denatured at 94°C for 7 min and was then subjected to 33 cycles of 94°C 

for 30 s, 55°C for 30 s, and 72°C for 30 s, followed by a final extension step of 30 min at 

72°C. PCR products were diluted 4 times with distilled water and one microliter of diluted 

product was mixed with 4 µl HiDi (Applied Biosystems) and 0.1 µl GS-500 size standard  
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Table 6.2. Clinical characteristics of the individual children 

NOTE: in contrast to Table 6.1, in which sib pairs are the point of reference, in this table the individual child is the 
point of reference. Thus, a child with ADHD who has an autistic sibling is now counted in the narrow phenotype. 
The total number of children in the narrow phenotype therefore differs from Table 6.1. 
a In the narrow as well as in the broad phenotype, co-morbidity data from three children are missing. 
b PDD-NOS, pervasive developmental disorder not otherwise specified. 

 

(Applied Biosystems) and separated in POP6 polymer on an ABI 3700 capillary DNA se-

quencer (Applied Biosystems). Data were analyzed using Genescan 3.6 and Genotyper 3.5 for 

Windows NT (Applied Biosystems). Two independent raters genotyped the additional mark-

ers and checked results for inconsistency. If they disagreed, the genotypes were set to un-

known. In the initial screen, genotypes with a reported Marshfield quality score below 0.99 

were also recoded as unknown.  

Inheritance within families was verified using the Pedcheck program [170]. If there were in-

heritance errors, the complete family was excluded from the analysis for that marker. Allele 

frequencies were calculated from the parental genotypes. 

Data were analyzed using the Mapmaker/sibs program [205]. Maximum-likelihood-scores 

(MLS) were determined in single-point and multipoint analyses and calculated using the pos-

sible triangle method [206], which makes no assumptions about the mode of inheritance. 

Dominance variance was allowed for in all analyses. 

 No. (%) of children with: 

Characteristic Narrow phenotype Broad Phenotype 

Sex:   

   Male 167 (83.9) 30 (76.9) 

   Female 32 (16.1) 9 (23.1) 

Social economic status:    

   I 0 0 

   II 50 (25.1) 3 (7.6) 

   III 73 (36.7) 18 (46.2) 

   IV 76 (38.2) 18 (46.2) 

Co-morbiditya:   

   Anxiety 27 (13.8) 10 (27.8) 

   Mood 15 (7.7) 2 (5.6) 

   Oppositional defiant disorder (ODD) 82  (41.8) 9 (25.0) 

   Conduct disorder (CD) 14 (7.1) 1 (2.8) 

Broad phenotype:   

   Sub threshold ADHD … 13 (33.3) 

   PDD-NOSb … 18 (46.2) 

   Autism/Asperger … 8 (20.5) 

ADHD subtype:   

   Combined 170 (85.4) … 

   Inattentive 25 (12.6) … 

   Hyperactive/impulsive 4 (2.0)  …     

Overall Total 199 (83.6) 39 (16.4) 
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In multipoint analysis, MLS were calculated at ten intervals between two adjacent markers, 

with off-end ranges of 10 cM at both ends of the chromosome. All possible pairs within each 

family were used in the calculations. In those regions with MLS > 2, data were also analyzed 

with a weighted procedure. According to this method, all possible sib pair combinations in 

families with more than two affected siblings were taken into account, but weighted with a 

factor (2/n), where n was the number of patients in the family. In the analysis of the X-

chromosome the separate LOD scores for sister-sister, sister-brother and brother-brother 

pairs were summed [207].  

Ninety-five percent support intervals under linkage peaks were determined by taking the 

maximum MLS minus one, and determining the map position of this point. Locus specific 

(sib values were calculated by dividing the observed Z0 value at the point of the maximal 

MLS by the expected value of 0.25 [205]. Overall information content of the markers was 

obtained by calculating the average multipoint information content for all markers, including 

the 10 cM off-end scales. Exclusion mapping was performed for different relative risks using 

the 'exclude' option in Mapmaker/sibs [205]. 

Results 
DNA from all the parents was available, except for one missing father. In the initial screen all 

families were genotyped using 402 polymorphic microsatellite markers with an average inter-

marker spacing of 10 cM. Average genotyping completeness was 97.3% and the average 

marker information content across the genome was 0.72. The most promising regions on 

chromosomes 7, 9, 10 and 15 were fine mapped with additional markers, while genotyping in 

these areas was also repeated for markers from the initial screen. This resulted in a resolution 

finer than 5 cM, and a marker information content of 90-95%. Multipoint MLS scores for the 

broad and narrow phenotype groups are shown in Figure 6.1. 

Table 6.3 summarizes all the genomic regions with multipoint MLS higher than one. Single-

point MLS scores were in agreement with multipoint results (data not shown). 

On chromosome region 7p the MLS was 3.04, with a 95% support interval of 16 cM, or 26.6 

Mb. The estimated sibling relative risk of this locus would be 1.19. The relative risk of a locus 

on chromosome 15 was estimated to be 1.60 (with a lower limit of 1.32 at the borders of the 

support interval). Here, the MLS was 3.54, while the 95% support interval measured 18 cM, 

or 16 Mb. 
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Figure 6.1. Multipoint MLS for all chromosomes (y-axis). MLS for the small phenotype are indicated with a solid 

line, while the dotted line represents MLS for the broad phenotype. Genetic distance is given in cM, with marker 

positions indicated by solid triangles (x-axis). Chromosome numbers are listed in the upper right corner of each 

graph. 
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Table 6.3. Chromosome regions with multipoint maximum likelihood scores > 1 

   Multipoint MLSa 

Chromosome  Marker Locationb Narrow Phenotype Broad Phenotype 

3q13.32 D3S2460 134.6 1.36 1.25 

4p16.3 D4S3360 0 1.78 1.62 

5p13.1 D5S2500 69.2 0.47 1.43 

6q26 D6S305 166.4 1.19 0.66 

7p13 D7S1818 69.6 3.04 2.09 

9q33.3 D9S1825 136.5 2.05 1.68 

10cen D10S1426 59.0 1.26 1.25 

13q33.3 D13S796 93.5 1.91 1.25 

15q15.1 GATA50C03 34.8 3.21 3.54 
a Multipoint maximum likelihood scores (MLSs) for both phenotypes are given, with the highest score printed in 
bold. The marker closest to the maximum MLS is shown. Only those multipoint MLSs are listed that were sup-
ported by multiple markers in single-point analysis.  
b Locations in cM correspond with the Marshfield genetic map, sex-averaged distances. 

 

Since 1/5 of the families in our sample had more than two affected siblings, we investigated 

the effect of weighting multiple sibships in the regions with MLS > 2. Following this proce-

dure, the MLS on chromosomes 15q and 7p decreased to 2.49 and 2.27, respectively, while 

on chromosome 9q the MLS increased to 2.34. Exclusion mapping showed that the existence 

of a locus with a relative risk of 1.5 could only be excluded for 8.3% of the total genome. 

However, 53.9% and 87% of the genome could be excluded for loci with relative risk values 

of 2 and 3, respectively. 

Discussion 
Our genome scan in 164 affected sibling pairs with ADHD has identified regions on chro-

mosomes 7p and 15q, with maximum MLS scores of 3.04 and 3.54 respectively, which can be 

regarded as suggestive for linkage according to the criteria proposed by Lander and Kruglyak 

[190]. The study was based on a narrow phenotype of sib pairs in which both children had 

ADHD according to the DSM-IV criteria. An additional broad phenotype was distinguished, 

in which the probands met the full ADHD criteria and the siblings had sub threshold ADHD 

or had been diagnosed with an autistic spectrum disorder and also met the full criteria for 

ADHD. The results for the broad and narrow phenotype groups were very similar. There 

were no unique areas of linkage restricted to one phenotype only. In most peak regions MLS 

were higher in the analysis of the narrow phenotype, even though the number of contributing 

sib pairs was reduced by almost 30%. 

Following the method used in the first reported genome screen in ADHD [189], the results 

of this study were analyzed using all possible sib pairs in each family. Since pairs in families 

with more than two affected siblings are not independent, the resulting MLS may be inflated. 

On the other hand, assigning a lower weight to sib pairs from families with more than two 
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affected siblings is probably too conservative [208]. Even in the weighted analysis the regions 

on chromosomes 15q and 7p can be classified as suggestive for linkage. 

In their genome scan in an extended sample of 270 ASPs, Ogdie et al. identified regions with 

LOD scores > 1 on chromosome regions 5p13, 6q14, 11q25, 16p13, 17p11 and 20q13 (for 

details see Ogdie et al., submitted). Comparing these data with our results, it is remarkable 

that none of these regions coincide with the regions with LOD scores > 1 in our study, with 

exception of the 5p region, that showed modest LOD scores in both studies. It is not yet 

clear to what extent these differences are due to spurious findings, or to clinical or genetic 

heterogeneity. Both groups are now investigating the possibility of performing a combined 

analysis of their samples. However, such a study will require a detailed comparison of marker 

sets as well as phenotypic characteristics. 

Several differences between our sample and the one described by Ogdie et al. are apparent. 

Firstly, the Dutch sample was specifically selected for a homogeneous ethnic background. 

Families, with two exceptions, were included only if all four grandparents of the affected sib 

pairs were Caucasian and of Dutch descent. Since there was relatively little immigration to the 

Netherlands until the second half of the twentieth century, our sample is ethnically more ho-

mogeneous than the American sib pair sample, which included 20% children of non-

Caucasian descent.  

Other differences are the gender ratio (17% girls in the Dutch sample compared with 28% in 

the American sample, p=0.01), and the prevalence of the inattentive subtype of ADHD (13% 

in the Dutch sample versus 55% in the American sample, p<0.01). 

Moreover, the Dutch sample is characterized by a lower level of Conduct Disorder (6% ver-

sus 15%, p<0.01) and a higher social economic status (0% versus 22% in the lowest social 

economic class, p<0.01). Social security and health care coverage levels in the Netherlands 

are higher, while inner city problems are less pronounced than in the US. It is therefore pos-

sible that there were different environmental factors affecting the two studies and, assuming 

there are at least several genes involved, different, as yet partly unknown, environmental 

components could have led to the identification of different gene sets. Genetic linkage stud-

ies in a wide variety of complex disorders have generally demonstrated a lack of replication 

[209], and comparison of the genome screens conducted in ADHD indicates that linkage 

studies in ADHD could face similar difficulties.  

ADHD is not only associated with autistic features, but also with dyslexia and language dis-

orders [112, 210-212]. It is interesting that in both genome screens performed thus far the 

chromosome regions of maximum linkage coincide with linkage regions found in autism 

studies. In our study, the highest MLS was obtained on chromosome 15q in the broad phe-

notype group, which also included siblings with an autistic spectrum disorder. In autism, the 
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chromosome region 15q11-13 has repeatedly been suggested to harbour disease susceptibility 

genes. Autism was shown to co-segregate with different chromosomal abnormalities in this 

region [213-215] and several authors have reported evidence for linkage in this area [216-220]. 

The highest MLS in our study was located approximately 20 cM distal to the region most fre-

quently reported, which falls just outside our 95% support interval. One study, however, 

found the highest MLS at marker D15S118, which lies exactly between the markers that gave 

the highest MLS in our study [218]. This sample of autistic children had a similar, mainly 

Western European ethnic background. 

The results of studies on the genetics of reading disability are also relevant for our findings in 

the 15q region. Two genome scans reported a susceptibility locus for reading disability in ar-

eas that fall within the 95% support interval of our linkage peak on chromosome 15 [221, 

222]. Moreover, reading disability was found to be associated with a three-marker haplotype 

that also included marker D15S994 [223]. This marker had the highest single point LOD 

score (3.37) in our study and contributed directly to the MLS peak. Interestingly, the findings 

in reading disability prompted an association study with markers in this region in ADHD 

families. Significant association was found with marker D15S146, which is located at 0.5 cM 

distance from D15S994 [224]. Given these findings, we plan to collect detailed information 

on the reading abilities of the participants in our sample, and to analyze the region on chro-

mosome 15 in a further independent sample of families collected for genetic studies on read-

ing disability. 

The results presented in this study seem to lend further support to the hypothesis that a 

chromosome 15q locus plays a role in the aetiology of genetically overlapping developmental 

disorders including ADHD, autism and reading disability.  

Most of the well-known ADHD candidate genes, including DAT1, DRD4 and DRD5, lay 

outside areas with elevated LOD scores, a point also raised by Fisher et al. [189]. It should be 

noted, however, that our study had limited power to detect loci with a low locus-specific rela-

tive risk. Recent meta-analyses suggest relative risks values for DAT1, DRD4 and DRD5 of 

1.3, 1.4 and 1.6, respectively [81, 82]. Although our study had a 97% power of finding a LOD 

score of 2.6 for a locus with a relative risk of 2.0, the chances of finding a similar LOD score 

for loci with a relative risk of 1.6 and 1.3 would have been 63% and 11%, respectively. These 

loci would therefore have gone largely unnoticed. 

Two regions in this study harbour previously suggested ADHD candidate genes, both in-

volved in dopaminergic neurotransmission. Dopa decarboxylase (DDC), or Aromatic L-

amino acid decarboxylase (AADC) is the enzyme that converts dopa into dopamine. Positron 

emission tomography (PET) showed an accumulation of [18F] fluorodopa in the right mid-

brain of children with ADHD, indicating an impaired function of DDC [225]. The gene is 
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located on chromosome region 7p13, within 600 kilobases of the D7S2422 marker, which 

gave a MLS of 3.04 in our study. In an Irish population of ADHD patients, a haplotype con-

sisting of the D7S2422 marker and a 4 base pair deletion in exon 1 was transmitted more of-

ten to affected offspring, although these results were only marginally significant [226]. In our 

study we found evidence of an increased marker sharing in the DDC region relative to the 

ADHD phenotype. Taken together, the involvement of DDC in the aetiology of ADHD de-

serves future investigation using fine mapping techniques to define possible regions of link-

age disequilibrium. 

Another enzyme in the dopamine pathway is Dopamine beta-hydroxylase (DBH), which 

converts dopamine to norepinephrine. The gene on chromosome region 9q34 is located 

within the MLS peak found in our study. Several studies have reported an association of re-

striction site polymorphisms in this gene with ADHD [169, 227, 228]. A relationship between 

low DBH activity and symptoms of hyperactivity was reported several years ago [229].  

In conclusion, this whole-genome scan in ADHD has located several susceptibility loci, two 

of which - on chromosome regions 7p and 15q - are suggestive for linkage. The chromosome 

15 region is particularly interesting since it has been implicated in autism and reading disabil-

ity. These results may provide new directions in the search for specific genetic determinants 

of ADHD. 
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7 ASSOCIATION ANALYSIS OF DOPA 
DECARBOXYLASE, A FUNCTIONAL AND POSITIONAL 
CANDIDATE GENE FOR ATTENTION-DEFICIT 
HYPERACTIVITY DISORDER 
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P.L. Pearson and R.J. Sinke  

Abstract 
Dopa decarboxylase (DDC) is a candidate gene for attention-deficit hyperactivity disorder 

(ADHD) and other psychiatric disorders, since this enzyme mediates the final step in the syn-

thesis of dopamine. Association of markers close to the DDC gene with ADHD was recently 

reported. In addition, the gene is located in a region on chromosome 7p, in which we recently 

detected suggestive evidence for linkage with a multipoint LOD score of 3.04. In the same 

106 sib pair families, we have genotyped 5 single nucleotide polymorphisms, a 4 base pair in-

sertion/deletion polymorphism and two microsatellite markers spanning DDC and its pro-

moter region. Patterns of linkage disequilibrium throughout the gene were investigated and 

marker haplotypes were constructed for association analysis. In addition, the five SNPs were 

genotyped in a case-control study, involving one affected child from each family and 253 un-

related controls. All markers were in strong LD, but no evidence for association of single 

markers or haplotypes with ADHD was found. Therefore, DDC is not likely to play a major 

role in ADHD in Dutch families. 

Introduction 
Attention-deficit hyperactivity disorder (ADHD) is a childhood psychiatric disorder charac-

terized by inattention and hyperactivity. Family studies have indicated a substantial hereditary 

susceptibility to the disease (approximately 80%) [77], but the responsible genes have not 

been identified to date. Genes involved in dopamine neurotransmission have received much 

attention, since methylphenidate, the most widely used drug to treat ADHD, is known to 

block the dopamine transporter (DAT1) [159]. The net effect is an increased availability of 

dopamine in the synaptic cleft, due to reduced re-uptake by the presynaptic neuron. This ob-

servation makes all genes involved in dopamine synthesis, breakdown and neurotransmission 

good candidate genes in ADHD. DAT1 as well as the dopamine receptor 4 (DRD4) and 5 

(DRD5) have been studied in numerous association studies, and meta-analyses of these stud-

ies showed a slightly increased risk for developing ADHD in subjects who possess the risk 

alleles [81-83]. These genes, however, only explain a small proportion of the total variance of 

the ADHD phenotype. This indicates that other, as yet unknown genes are involved. 
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Dopa decarboxylase (DDC), also known as aromatic L-amino acid decarboxylase (AADC) is 

an enzyme that mediates the final step in the synthesis of dopamine and several other neuro-

transmitters. It is encoded by a gene with 15 exons, that span 108 kilobases (kb). Neuronal 

and non-neuronal transcripts have been described [230, 231], and the gene possesses tissue-

specific promoters [232-235]. Although it is located in a region with reported imprinting, the 

expression of DDC is probably bi-allelic [236]. In ADHD, an association was reported with a 

haplotype of a 4-basepair (bp) insertion/deletion (in/del) polymorphism, located in the un-

translated region of exon one, and microsatellite marker D7S2422, which is located at 0.5 

megabase (Mb) distance from the gene [226]. Interestingly, in a recent genome scan in 164 sib 

pairs with ADHD, we found the gene to be located in a linkage region on chromosome arm 

7p, with a maximum multipoint LOD score of 3.04 [165]. The marker with the highest single 

point LOD score in our ADHD genome scan was the previously mentioned microsatellite 

D7S2422. 

The fact that DDC is now both a functional and a positional candidate gene for ADHD led 

us to investigate the possible involvement of the gene in more detail. We therefore genotyped 

the distant marker D7S2422, the 4-bp in/del, and 6 other markers spanning DDC and its 

promoter region in both family-based and case-control association studies.  

Materials and methods 
Families and control samples. For a detailed description of inclusion criteria and the family sam-

ple, see Bakker and Van der Meulen et al. [165]. Briefly, the total sample consisted of 106 

families with 238 affected children (a broad phenotype that included autistic spectrum disor-

ders), 199 of which with full ADHD symptoms according to the DSM-IV criteria (narrow 

phenotype). The control panel consisted of 253 DNA samples from random Dutch individu-

als, obtained from the Immunogenetics and Transplantation Immunology Section of the De-

partment of Immunohaematology and Blood Transfusion, LUMC. The Medical Ethical 

Committee of the UMC Utrecht approved the study and all subjects gave written informed 

consent. 

Sample preparation. DNA was isolated as described elsewhere [165]. Each 96-well DNA plate 

contained 4 CEPH reference samples and 5 random duplicates. 

Markers. Primer sequences for marker D7S2422 were obtained from the Genome database. 

The physical location of the marker was verified in the Ensembl human sequence database. A 

new intragenic dinucleotide repeat (DDC_intra) was found using the Tandem Repeat Finder 

program [151], for which the following primers were designed using the Primer3 program 

[152]: TAGCTTATTGCTAGGATATTAGG and CTTTCCCAGCTATCTCTCTC. 
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Either the forward or the reverse oligonucleotide primer was labelled with 6-FAM or HEX 

fluorescent dyes (Biolegio, Malden, the Netherlands). SNP probes were obtained from the 

Assay-on-Demand service (Applied Biosystems, Foster City, USA). 

PCR conditions. The microsatellites and the 4-bp in/del were analyzed as previously described 

[165]. SNPs were analyzed on a 7900HT TaqMan system, according to the recommendations 

of the manufacturer (Applied Biosystems) and genotyped with the SDS package (Applied 

Biosystems). 

Analysis. Two independent raters verified genotypes and checked results for inconsistency. If 

they disagreed, the genotypes were set to unknown. Hardy-Weinberg equilibrium for bi-allelic 

markers was calculated using a chi-square test with one degree of freedom. For the microsa-

tellite markers the GENEPOP program was used [119]. Inheritance within families was veri-

fied using the Pedcheck program [170]. If there were inheritance errors, the complete family 

was excluded from the analysis for that marker. The presence of hidden population stratifica-

tion was investigated in the parents (n=211) with the Structure program [30], using genotype 

data from thirty-six random microsatellites on different chromosome arms that were previ-

ously genotyped in this sample for a whole-genome scan [165]. Two, three or four population 

strata were modelled using a burn-in of 10,000 repeats, followed by 1,000,000 repeats, assum-

ing admixture and correlated allele frequencies among populations. Results of three inde-

pendent runs were compared. 

Linkage disequilibrium between markers was calculated from family data with the GOLD 

program [155], using founders only. 

Preferential transmission of alleles and haplotypes in families was tested with the 

TRANSMIT program. Case-control studies involved one random child from each family; as-

sociation tests were performed with UNPHASED software [130]. Marker alleles and haplo-

types with frequencies <5% were grouped. 

Results 
All markers were in Hardy-Weinberg equilibrium and duplicate genotypes were in agreement. 

As displayed in Table 7.1, there was significant linkage disequilibrium between all marker 

pairs, except for marker D7S2422, located at 0.5 Mb from DDC, which was not in significant 

LD with any of the other markers. 

For single markers, family-based association tests did not show evidence for preferential 

transmission of marker alleles to affected children (Table 7.2). No haplotypes of two and 

three adjacent markers were significantly associated. Haplotypes of D7S2422 and the 4-bp 

in/del polymorphisms, which have previously shown association to ADHD, were also not 

significantly associated in our sample. 
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Table 7.1. Pair wise linkage disequilibrium (D’) for the narrow phenotype group 

 C11998157 C8320346 DDC_di C1333607 C1333592 4bp_del C1333584 

C11998157        

C8320346 0.93       

DDC_di 0.67 0.70      

C1333607 0.92 0.86 0.80     

C1333592 0.91 0.75 0.76 0.94    

4bp_del 0.85 0.59 0.64 0.72 0.95   

C1333584 0.79 0.74 0.71 0.80 0.92 0.91  

D7S2422 0.08 0.15 0.14 0.10 0.09 0.06 0.08 

 

The five SNP markers were also tested for association in a case-control study. The group of 

cases consisted of one affected child from each family, which was tested against 253 unre-

lated controls. No association with any of the markers was found, nor with 2- and 3-marker 

haplotypes. 

 

Table 7.2. Results of family-based and case-control tests for single markers 

Marker Allele Ta NTa P value Casesb Controlsb P value 

C11998157 1 0.16 0.19 0.40 0.16 0.18 0.58 

C8320346 1 0.39 0.42 0.44 0.35 0.42 0.14 

DDC_di All   0.41 n.t. n.t. n.t. 

C1333607 1 0.53 0.53 0.94 0.49 0.52 0.58 

C1333592 1 0.51 0.47 0.33 0.46 0.50 0.42 

4bp_del 1 0.20 0.26 0.08 n.t. n.t. n.t. 

C1333584 1 0.63 0.63 1.00 0.60 0.64 0.37 

D7S2422 All   0.97 n.t. n.t. n.t.  
a Frequency of transmitted and non-transmitted marker alleles in TRANSMIT analyses.  
b Frequency in cases and controls; n.t.: not tested. 

Discussion 
Dopa decarboxylase (DDC) is a plausible functional candidate gene for ADHD, since it is 

involved in the synthesis of dopamine. In addition, suggestive evidence for linkage was re-

cently detected in the chromosomal region that contains DDC. 

Therefore, we have investigated DDC for association with the disorder, in a both family-

based and a case-control study. Our aim was to cover the gene with markers that were in LD 

with at least one of the other markers, in order increase the chances to detect association with 

an unknown disease locus, and to form marker haplotypes. We also included marker 

D7S2422, since this marker was reported to be part of an ADHD-associated haplotype [226]. 

Except for this marker, which is located at 0.5 Mb distance from the gene, all two-marker 

pairs throughout the gene were in significant LD. Based on our data, no recombination hot 

spots seem to be present in the gene. 
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No association was detected with single markers, or with marker haplotypes. The previously 

reported association of a haplotype of the 4-bp in/del polymorphism and marker D7S2422 

could not be replicated in our sample, which was considerably larger than the sample of the 

original finding [226]. One would probably not have expected useful haplotypes of these 

markers to be present, since there was no significant LD between them in our sample. Our 

results seem to indicate that DDC does not play a significant role in the aetiology of ADHD 

in our population, but this conclusion should be drawn with caution. Recently published as-

sociations of dopaminergic genes with ADHD only became apparent in meta-analyses of 

combined studies. The estimated relative risks of carrying the at-risk alleles of the DAT1, 

DRD4 and DRD5 genes were modest, ranging from 1.3 to 2.0, and the frequent non-

replication in single studies may have been the result of insufficient power. The estimated 

relative risk for DDC based on our genome scan data was less than 1.5, and weak associa-

tions may therefore have been missed due to insufficient power. Power calculations assume 

the presence of only one risk allele or haplotype. In case of extensive allelic heterogeneity, 

detecting association with specific alleles in the region of linkage would be almost impossible. 

In conclusion, our results suggest that if the previously reported linkage on chromosome 7 is 

real, DDC is not likely to be the causal gene in the region. Before large-scale fine mapping 

studies to find alternative genes are started, however, independent replication of the linkage 

findings seems necessary. 
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Abstract 
PCR-induced stutter artefacts can complicate the analysis of microsatellite markers in ge-

netic and forensic studies. Knowledge about the factors underlying differences in stutter 

intensity between different markers may allow correction of these artefacts, but at present 

this knowledge is incomplete. We measured the height of stutter peaks in existing genome 

screen genotypes from 28 di- and 10 tetranucleotide repeat markers, and investigated 

whether differences in stutter intensity were related to the absolute length and sequence of 

the repeat. Dinucleotide markers showed higher stutter peaks than tetranucleotides. Aver-

age stutter height in the dinucleotide markers correlated well with the absolute length of 

the uninterrupted CA repeat. Additional CT repeats increased stutter, while an interruption 

of the repeat resulted in lower stutter. Extrapolation of the data suggested that a minimum 

length of 5-6 repeat units is required for stutter to occur. Results from existing genotypes 

were confirmed by amplifying newly constructed PCR templates into which different re-

peats were introduced. Together, our findings indicate that, under similar PCR conditions, 

stutter intensity is mainly determined by the length and sequence of the repeat. However, 

the occurrence of unnoticed mutations in the repeat may hinder the accurate correction of 

stutter. Finally, it is suggested that stutter height can be used as a measure for microsatellite 

mutation rate in studies of microsatellite evolution and microsatellite instability (MSI). 

Introduction 
Microsatellites or short tandem repeats (STRs) are repeated DNA sequences with a motif 

length of one to five nucleotides. These repeats are widely used as markers in genetic stud-

ies, since they are present in high numbers throughout the genome and often show large 

variation in length between different individuals, making them highly polymorphic [14]. 

Microsatellite length can be measured using size separation by electrophoresis, after DNA 

amplification with the polymerase chain reaction (PCR). After electrophoresis of fluores-

cently labelled PCR products, peaks are visible with a length of one or several repeat units 

less than the original alleles (see Figure 8.1). 
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Figure 8.1. Typical stutter patterns for a dinucleotide marker, as shown in 
the Genotyper program. The upper graph represents the genotype of an 
individual heterozygous for the 255 and 265-bp alleles (arrows). The geno-
type in the lower graph is from a subject that is homozygous for the 257 
base pair allele (arrow). All peaks not indicated by arrows are the result of 
stutter. 

 

These so-called 'stutter artefacts' can seriously hinder the automated allele calling in genetic 

studies, since stutter peaks in heterozygous persons tend to overlap with the 'true' allelic 

peaks. The problem becomes worse when DNA from several people has mixed, for exam-

ple in forensic identification of persons, or after deliberate pooling of DNA from large 

numbers of individuals for efficient genetic case-control studies. When alleles of different 

lengths are present in a DNA pool, stutter peaks will contribute to neighbouring peaks, 

which makes it impossible to directly derive allele frequencies from the electrophoresis pat-

tern. It has been shown that accurate peak height correction for stutter is possible if the 

stutter characteristics for each allele are known [99]. However, to obtain marker specific 

stutter correction models, additional genotyping of individual persons is necessary, which 

decreases the efficiency of DNA pooling studies. If general rules determining stutter height 

in individual markers could be identified, this could allow correction of genotyping patterns 

for this artefact without additional individual genotyping.  

Knowledge about the factors that determine stutter height is limited at present. The pattern 

of stutter peaks can be modelled by assuming a certain chance of losing (and a much 

smaller chance of gaining) one repeat unit during each PCR cycle [237]. Sequence analysis 

showed that PCR products isolated from stutter bands lacked one or more repeat units, 

and that these shorter fragments were formed during PCR [238-240]. Stutter for a particu-

lar marker was highly reproducible [241], but increased with the number of PCR cycles 

[242, 243]. Dinucleotide repeats were reported to have higher stutter than tri- and tetranu-

cleotide repeats [99]. Although some investigators found constant stutter height for differ-

ent alleles of the same marker [237], others reported stutter to increase with the measured 

allele length [90, 99, 244]. Observations in single tetranucleotide markers suggested that 

stutter intensity correlates with the length of the uninterrupted repeat [245-247]. A recent 

study confirmed that stutter height increased with increasing repeat length, when A and CA 
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repeats inserted into vectors were amplified [248]. The same study suggested that a mini-

mum length of 5 CA repeats is required before stutter can occur [248]. 

Stutter is thought to be the result of errors in the replication of the repeat, probably due to 

extension of a 'slipped' strand by the Taq polymerase. For a review of proposed mutation 

mechanisms see Kunkel et al. [249].  

We have investigated if the differences in stutter height between dinucleotide markers 

could be related to the length and sequence of the microsatellite repeat. Stutter height was 

determined for 38 different microsatellite markers in existing genotyping data from a diabe-

tes genome screen, that was previously performed at our department [250]. Using dinucleo-

tide marker sequences obtained from the public CEPH/Généthon database, stutter height 

was related to length and sequence of the repeat, and the presence of additional repeats in 

the PCR product. 

In addition, the findings from these existing data were verified by amplifying newly synthe-

sized PCR templates with dinucleotide repeats of different lengths and sequence. This was 

done by a novel procedure using primers that included different repeats, as well as a tail 

sequence to which a second labelled primer could anneal. 

The possibilities of using repeat sequence information to develop general stutter correction 

models for DNA pooling data will be discussed, as well as the potential use of stutter 

height as an indicator for microsatellite instability in diagnostics and population genetics. 

Materials and methods 
Marker selection. Genotype data were obtained from a diabetes genome screen previously 

performed at our department. From this set of tetranucleotide and dinucleotide markers, 

which was based on Marshfield screening set 6, ten tetranucleotide markers were chosen at 

random. Of the dinucleotide markers used in this screen, 105 were present in the 

CEPH/Généthon database. Three groups were selected on the basis of repeat sequence 

characteristics, without prior knowledge of stutter height: 18 markers with an uninterrupted 

CA repeat surrounded by non-repetitive sequence, 6 markers with an interruption of the 

CA repeat and 4 markers with an additional CT repeat in the sequence surrounding the CA 

repeat (see Table 8.1). 

Sequences containing unknown or polymorphic nucleotides within the repeat sequence 

(indicated by N) were discarded. All markers used in the genome scan were genotyped un-

der similar conditions (for details of PCR and analysis see Van Tilburg et al. [250]). 

Generation of PCR products with different repeats. Primers rs909706F en rs909706R ('Repeat 

primers') were designed to amplify a single nucleotide polymorphism, and the product does 

not include a microsatellite repeat. 
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Table 8.1. Characteristics of stutter and repeat sequence in 38 different microsatellite markers 

Repeat type Marker # CAa Stutterb Increasec CEPH 134702d 

CA only D10S189 11.9 0.27 3.1 (CA)12 

 D9S1853 17.5 0.32 2.8 (CA)15 

 D2S2166 16.3 0.33 3.5 (CA)20 

 D10S579 14.6 0.34 3.4 (CA)12 

 D18S465 17.7 0.35 3.3 (CA)13 

 D3S1311 17.9 0.39 3.1 (CA)21 

 D17S1856 18.6 0.42 3.0 (CA)22 

 D4S403 18.4 0.44 3.9 (CA)20 

 D6S1654 17.1 0.46 3.3 (CA)17 

 DXS1214 19.0 0.49 4.5 (CA)19 

 D2S338 21.5 0.52 3.1 (CA)16 

 D11S4131 22.0 0.56 2.4 (CA)24 

 D6S273 19.6 0.59 4.5 (CA)20 

 DXS1068 20.5 0.60 4.5 (CA)19 

 DXS1003 27.6 0.68 2.7 (CA)29 

 D7S550 23.3 0.68 3.1 (CA)25 

 D2S2242 22.3 0.69 3.6 (CA)23 

 D3S1594 n.a. 0.89 3.0 (CA)25 

Interrupted CA D13S164 8.2 0.16 2.0 (CA)13CTA(CA)3CTA(CA)4 

 D17S1843 15.9 0.29 2.0 (CA)4GA(CA)15 

 D1S2612 17.1 0.43 3.3 (CA)6TA(CA)14 

 D16S422 18.0 0.45 n.a. (CA)19TATA(CA)6 

 D13S1250 17.0 0.47 3.0 (CA)15TGCG(CA)2CG(CA)7 

 D5S1981 20.1 0.51 5.3 (CA)18GAGA(CA)2TACA 

CA plus CT D4S408 11.8 0.32 2.1 (CT)14(CA)17TA(CA)6 

 D14S70 15.2 0.47 3.8 (CT)7TT(CT)7(CA)14 

 D17S947 24.0 0.83 1.9 (CA)20(CT)7CC(CT)13 

 D14S77 17.9 0.85 2.6 (GTCT)6(CT)15(CA)16(CT)14 

 average 18.2 0.49   

 st.dev 4.0 0.18   

Tetranucleotide D3S1766  0.06   

 D7S1799  0.09   

 D6S1270  0.11   

 D12S372  0.14   

 D4S2417  0.06   

 D8S1132  0.13   

 D6S1007  0.08   

 D6S1056  0.10   

 D19S400  0.10   

 GAAT1A4   0.05     

 average  0.09   

 st.dev  0.03   
a Average number of uninterrupted CA repeats of all observations for a marker.  
b Ratio of the highest stutter peak and the allelic peak.  
c Percentage increase with each additional repeat unit of the highest stutter peak relative to the allelic peak.  
d Sequence of CEPH individual 134702, obtained from the CEPH/Généthon database. 
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Table 8.2. Primers for repeat amplification experiments 

Primer Primer sequence 

rs909706_CA10 TGGTAAAACGACGCCGA(CA)11GTCAGTTTCCAAGGGGTTCTAACT 

rs909706_CA15 TGGTAAAACGACGCCGA(CA)16GTCAGTTTCCAAGGGGTTCTAACT 

rs909706_CA20 TGGTAAAACGACGCCGA(CA)21GTCAGTTTCCAAGGGGTTCTAACT 

rs909706_CA30 TGGTAAAACGACGCCGA(CA)31GTCAGTTTCCAAGGGGTTCTAACT 

rs909706_CA20_T TGGTAAAACGACGCCGA(CA)11TA(CA)9GTCAGTTTCCAAGGGGTTCTAACT 

Reverse primer ACAAGAGCCCATCTTGTAGTTA 

M13HEXa * TGGTAAAACGACGCCGACA 
a In the M13HEX primer an asterisk (*) indicates the fluorescent HEX label. 
 NOTE: the effective number of CA repeats is increased by one in each repeat primer, since the M13-
derived tail sequence adds one CA to the repeat. 

 

One primer was ordered with different repeat sequences added to the 5' end, which were 

further extended with a 19 base pair (bp) tail that was derived from the M13-21 sequence. 

A third primer consisted of the same 19-bp tail sequence, which was labelled with the 

HEX fluorescent dye ('M13HEX'). Primer details are shown in Table 8.2.The principle of 

product labelling during PCR, which allows the use of less expensive unlabelled primers, 

has been described before [251]. During the initial cycles of the PCR the forward primer 

and the reverse primer will form an unlabelled product that includes the repeat sequence. 

This product will be amplified, again resulting in an unlabelled complementary product, to 

which the forward primer, but also the M13HEX primer can anneal. Since the forward 

primer is present in a much lower concentration, relatively more of the HEX labelled 

product will form, which can then be detected. 

PCR conditions. Samples were amplified simultaneously on an ABI 9600 (Applied Biosys-

tems, Foster City, USA). PCR reactions were performed in a 10 µl volume containing 25 

ng of template DNA, 0.25 ng Repeat primer, 25 ng Reverse primer, 25 ng M13HEX 

primer, 200 mM of each dNTP, and 0.4 units Amplitaq Gold (Applied Biosystems, Foster 

City, USA), in 1 × PCR buffer II with 2.5 mM MgCl2 (Applied Biosystems, Foster City, 

USA). DNA was denatured at 94°C for 7 min and was then subjected to 27 cycles of 94°C 

for 30 s, 55°C for 30 s, and 72°C for 60 s, followed by a final extension step of 30 min at 

72°C. PCR products were diluted 4 times with distilled water. One microliter of diluted 

product was then mixed with 4 µl HiDi (Applied Biosystems, Foster City, USA) and 0.1 µl 

GS-500 size standard (Applied Biosystems, Foster City, USA). After 1 min denaturation at 

96°C samples were scanned on an ABI 3700 capillary DNA sequencer (Applied Biosys-

tems, Foster City, USA). 

Analysis. Sample files were imported into Genotyper 3.5 for Windows NT (Applied Biosys-

tems). For each allele, the allelic peaks as well as the stutter peak immediately preceding the 

allelic peak were labelled with allele length and peak height. Genotypes with stutter peak 

heights of less than 50 or with any peaks higher than 6000 were not labelled. The shorter 
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allele of heterozygous individuals was not included unless the two allelic peaks were clearly 

non-overlapping, i.e. separated by more repeat lengths than the highest number of observ-

able stutter peaks for that particular marker. Stutter height for each allele was expressed as 

the ratio of the heights of the labelled stutter peak and the allelic peak. Average stutter 

height for single alleles was determined from at least three observations, while average stut-

ter height for all alleles of a marker was calculated from 20 or more stutter peaks. 

Determination of CA repeat length. Sequences of marker alleles for CEPH individual 134702 

were obtained from the CEPH/Généthon database. Since this individual was also typed in 

all our analyses allele lengths could be compared. Absolute length of the allele (A) was de-

fined as the length of the sequence between the 5' end of the forward and reverse primers. 

The length of the CA repeat (CA) was defined as the uninterrupted occurrence of alternat-

ing C and A nucleotides (starting with either C or A). For all labelled genotypes of a marker 

the absolute length of the repeat sequence in a given individual was calculated as follows: 

CAindividual = CA134702 + (A134702 - Aindividual) 

in which CA134702 is the length in bp of the CA repeat for CEPH individual 134702, ob-

tained from the in the CEPH/Généthon database, and A134702 and Aindividual are the respec-

tive allele lengths in bp of CEPH individual 134702 and a given individual, as measured in 

the genome screen data. 

 

 
Figure 8.2. Average stutter height for 28 dinucleotide markers and 10 
tetranucleotide markers. Each data point represents the average stutter 
height of multiple genotypes for a single marker. 
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Results 
In 28 dinucleotide markers and 10 tetranucleotide markers, the stutter ratio was calculated 

by dividing the height of the first stutter peak (the peak that is one repeat unit shorter than 

the allelic peak) by the height of the allelic peak. Figure 8.2 shows that tetranucleotide 

markers had lower stutter ratios (average 0.09 +/- 0.03) than dinucleotide markers (average 

0.49 +/- 0.18), and that average stutter between dinucleotides varied from 0.16 to 0.89 of 

the height of the allelic peak.  

For each marker separately, the stutter ratio was plotted against the relative length of the 

alleles. A representative example is shown in Figure 8.3. In general, average stutter height 

correlated well with the length of the allele (correlation coefficients for all markers 0.38-

0.94, average = 0.75). In tetranucleotide markers stutter increased 0.8% - 2.4% with each 

additional repeat unit, compared with 2.0% - 5.2% (average 3.4 +/- 0.8) in dinucleotides. 

The only exception was marker D10S189, with stutter peaks that were almost half of the 

expected value for the 185-bp allele, of which seven copies from unrelated persons were 

present (see Figure 8.4). Three persons that were homozygous for the 185-bp allele were 

sequenced, as well as three control individuals that were homozygous for alleles with a dif-

ferent length. The repeat of all three individuals with the 185-bp allele was interrupted by a 

C to T transition, which was not present in the control individuals, or in the sequence of 

CEPH individual 134702 (see Table 8.3). 

 

Figure 8.3. Representative example of the relation between stutter height 
and relative allele size in a dinucleotide marker. 
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Figure 8.4. Aberrant stutter height in marker D10S189, present in seven 
copies of the 185-bp allele (which is three repeat units longer than the 
shortest detected allele). 
 

 

Using sequence data from the CEPH/Généthon database, the length of the uninterrupted 

CA repeat, as well as stutter height were determined in multiple genotypes for 28 different 

markers, and values for all alleles were averaged. Figure 8.5 shows a correlation of 0.78 be-

tween the average lengths of the uninterrupted CA repeats and the average height of the 

first stutter peak in the 24 different dinucleotide markers without additional CT repeats.  

 

Table 8.3. Repeat sequences and 10 bp of flanking non-repetitive sequence for marker D10S189 in 

several individuals who were homozygous for alleles of different lengths 

DNAa Lengthb Sequencec 

000243 179 TTTCACTATTTCTCTCTCTCTCCACACACACACACACACACACAGTTANCGATC 

900009 181 TTTCACTATTTCTCTCTCTCTCCACACACACACACACACACACACAGGTANCGATC 

134702 181 TTTCACTATTTCTCTCTCTCTCCACACACACACACACACACACACAGTTATCGATC 

133102 185 TTTCACTATTTCTCTCTCTCTCCACACACACACACATACACACACACACAGGTATCGATC 

980774 185 TTTCACTATTTCTCTCTCTCTCCACACACACACACATACACACACACACAGGTATCGATC 

990329 185 TTTCACTATTTCTCTCTCTCTCCACACACACACACATACACACACACACAGGTATCGATC 

980554 187 TTTCACTATTTCTCTCTCTCTCCACACACACACACACACACACACACACANAGGTANCGATC 
a DNA-ID number is shown. 
b Allele length in base pairs.  
c The sequence of reference CEPH individual 134702 was obtained from the CEPH/Généthon database. The 
C>T substitution in the 185-bp alleles is printed in bold. 
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Figure 8.5. Average stutter height versus average length of the uninter-
rupted CA repeat sequence for 28 dinucleotide markers. Black circles indi-
cate markers with uninterrupted repeats, black squares indicate markers 
with interrupted repeats and open diamonds indicate markers with addi-
tional CT repeats. The regression line for the markers without additional 
CT repeats was y = 0.0335x - 0.1651, with correlation coefficient 0.78. 

 

The regression line indicates an increase of 3.4 % for each repeat unit increase in size, 

which is identical to the increase per repeat unit for alleles of a single marker, mentioned 

above. Furthermore, the line intersects the x-axis at 5.6 repeat units, suggesting a threshold 

before stutter can occur. The four markers with an additional CT repeat had higher stutter 

peaks than the CA-only markers. The highest stutter was measured in marker D14S77, 

which was the only marker with two additional CT repeats and a short tetranucleotide mo-

tif. 

The influence of repeat length and repeat interruption on stutter height, suggested by these 

observations, was then tested by synthesizing PCR products that incorporated different 

repeats, but were otherwise identical. As can be seen in Figure 8.6, stutter height increased 

in a linear fashion with repeat length. Interestingly, as with the regression line of the 28 

combined microsatellites the regression line in this different setting intersects the x-axis at 

5.6 repeat units. An interruption of the repeat by a C to T transition, comparable to the 

185-bp allele of marker D10S189, decreased stutter height in a repeat of 21 CA units to the 

level expected for a repeat with only 14.5 CA units. 

 

R2 = 0.78

0

0.2

0.4

0.6

0.8

1

0 5 10 15 20 25 30

Uninterrupted CA repeats

S
tu

tte
r 

pe
ak

 / 
al

le
lic

 p
ea

k



90  ●  Chapter eight 

Figure 8.6. Stutter characteristics after introduction of different CA repeats 
into otherwise identical PCR templates. Averaged stutter heights in tripli-
cate measurements are shown, with error bars indicating 1 standard devia-
tion. Solid symbols: uninterrupted CA repeats of different lengths. Open 
symbol: (CA)11TA(CA)9 repeat. A regression line (y = 0.0091x - 0.0506) is 
shown for the four uninterrupted repeats (correlation coefficient is shown in 
the lower right corner of the graph). 
 

Discussion 
PCR induced stutter artefacts can seriously hinder genotyping of individual and pooled 

DNA samples with microsatellite markers. We investigated if differences in stutter intensity 

between microsatellite markers could be related to the absolute length and the sequence of 

the repeat. Although in vitro DNA amplification by PCR is an artificial system, the replica-

tion mechanism is similar to in vivo DNA replication, with a dependency on a DNA poly-

merase in both systems. Therefore, one would expect similar mechanisms to determine 

both stutter intensity after PCR and microsatellite mutation rates in vivo.  

We determined stutter height in large series of existing genotypes from 38 different mark-

ers that were typed for a diabetes genome screen. As a measure, the height of stutter peaks 

was preferred over peak area, since we previously found peak height to be more reproduci-

ble (unpublished results), which was also noticed by others [252]. Differences in stutter 

height between markers, as well as in different alleles of a single marker, were found to be 

related to characteristics of the repeat.  

Motif of the repeat unit. Average stutter was considerably higher in dinucleotides than in 

tetranucleotides, which confirms previous studies of stutter [253]. In publications that ad-

dressed microsatellite mutation rate instead of stutter, mutation rates were reported to be 
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inversely related to motif size, with dinucleotides mutating at a 1.5 - 2 times higher rate 

than tetranucleotides [254]. Microsatellite instability in prostate cancer was reported to be 

higher for dinucleotides than for tri-, tetra-, and pentanucleotides [255]. Finally, when equal 

numbers of dinucleotide and tetranucleotide repeats were introduced into cell lines, muta-

tion rates were considerably higher for dinucleotides than for tetranucleotides [256]. How-

ever, not all studies found higher mutation rates for dinucleotides [257, 258].  

Number of repeated units. In CA repeat markers, a general increase of stutter height of almost 

3.5% was noted for each additional repeat unit. A comparable increase with allele length 

was reported previously for sporadic markers [90, 99, 244], although not by all authors. 

When inserted into bacteria, constructs containing longer repeats showed higher stutter 

after PCR [248]. Our results generalize these observations by showing that differences in 

average stutter height between different markers can also be explained by the length of the 

uninterrupted repeat. Several in vivo studies of mutation rates support this finding. A 

(GAA)10 repeat was found to expand less rapidly than a (GAA)17 repeat [259], and in cul-

tured cells as well as in Drosophila longer dinucleotide repeats displayed higher mutation 

rates [258, 260, 261]. A length dependence of mutation rate was also found in several hu-

man population studies [262, 263]. It was shown that both polymerase selectivity and 

proofreading efficiency decrease as the length of the repeat increased [264]. 

Both the results from the existing genotyping data and from the artificial PCR templates 

with different repeats suggested a minimum length of 5 to 6 repeat units before stutter 

could occur. These findings provide in vitro support for the reported finding that a thresh-

old of 4-5 CA repeats had to be exceeded before mutations during PCR can be detected 

[248]. Other studies also suggested a threshold value before mutation of the repeat could 

be measured. A theoretical model of microsatellite evolution showed that polymerase slip-

page was not likely to occur in microsatellites of up to four repeats [263]. Others found a 

threshold of about 8 base pairs before polymerase slippage mutation could occur in S. cer-

evisiae [265].  

Presence of repeat interruptions. In single markers, we found that stutter increased in a regular 

fashion with allele length. An exception was marker D10S189, which showed much lower 

stutter for the 185-bp allele. Sequence analysis showed that a C>T substitution was present 

in the 185-bp alleles, but not in alleles with a different length. A similar reduction of stutter 

height was noted when we generated otherwise identical PCR products repeats with and 

without a C>T substitution. Our results are in agreement with several sporadic observa-

tions in tetranucleotide markers. For instance, an interruption of a tetranucleotide sequence 

by a repeat with a different motif [245, 246] or with one hexanucleotide unit [247] reduced 

the amount of stutter. Moreover, at the tetranucleotide FGA locus, a correlation was found 
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between stutter height and the length of the uninterrupted core repeat [245]. Studies of mi-

crosatellite mutation showed a similar stabilizing effect of repeat interruptions. In trinu-

cleotide expansion diseases, an interruption with a CAA motif was reported to stabilize 

CAG repeats [266], while in mismatch repair (MMR) deficient cells mutation rates were 

decreased when a CA repeat was interrupted with a TA motif [267]. Reconstruction of the 

evolution of the DQCAR dinucleotide locus in large population samples indicated that al-

leles containing nucleotide substitutions had very low mutation rates [268]. 

Presence of additional repeat sequences. In the four markers with an additional CT repeat in 

the sequence surrounding the CA repeat, stutter was higher than would be expected from 

the length of the CA repeat alone. The marker with the highest stutter peaks had two addi-

tional long CT repeats and a short tetranucleotide repeat in its sequence. The fact that this 

marker also had a very high heterozygosity of 94% suggests that the additional repeats con-

tribute to total stutter height and mutation rate. Indeed, dinucleotide repeats with motifs 

other than CA have also been reported to show slippage mutation, although at different 

rates. In Drosophila CA repeats had higher mutation rates than TA repeats [269]. In addi-

tion, CT repeats inserted into human lymphoblastoid cells mutated more frequently than 

CA repeats [270], whereas in vitro GAA repeats expanded more rapidly than CAG repeats 

of similar length [259]. It is likely that additional long CA repeats also increase stutter and 

marker polymorphism. Although examples are present in the database, unfortunately we 

did not have stutter information for these markers. We speculate that measured stutter 

height will be determined by an additive effect of all repetitive sequences above a certain 

minimum length. However, this hypothesis can only be tested by analyzing more markers 

with compound repeats. We did not do so, but the presented method to incorporate dif-

ferent repeats into PCR templates would allow such studies. 

Our results suggests that stutter height in a particular microsatellite marker and in its dif-

ferent alleles can be predicted when the repeat motif and length of the uninterrupted repeat 

are known. The sequence surrounding the repeat seems to be of minor importance, unless 

additional repeat motifs are present. These observations suggest the possibility of a general 

correction of the stutter artefact in individual as well as pooled DNA samples, without the 

need for genotyping several individuals to derive marker-specific stutter correction models. 

There may be limitations to such an approach, however. It is likely that sequence-based 

correction models will only be valid when PCR conditions such as type of polymerase and 

number of PCR cycles are fixed. Under identical conditions, we and others found stutter 

height to be highly reproducible between different experiments, but changing a parameter 

such as the number of PCR cycles profoundly affected stutter height [242, 243]. This is a 

likely explanation for the observation that stutter for similar repeat sizes was higher in our 
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genome scan data, amplified with 33 cycles, than in the artificial PCR templates, which 

were amplified using 27 cycles. The general behaviour of stutter under specific conditions 

must therefore be determined at least once, which would still require individual genotyping, 

although not for each marker. Furthermore, the presence of additional repeat sequences is 

likely to increase total stutter, but at present it is unclear to what extent. Finally, the use of 

sequence data from public marker databases carries the risk that subgroups in the popula-

tion under investigation will have mutations in the repeat sequences, similar to marker 

D10S189, with a resulting aberrant stutter pattern. Without the availability of several indi-

vidual genotypes to verify stutter height, this is likely to go unnoticed. The alternative, se-

quencing an individual for each marker to determine repeat length, does not fully protect 

from this risk either, while it requires additional work. Therefore, it remains to be investi-

gated if the theoretical possibility of sequence-based general stutter correction has advan-

tages over deriving marker specific correction models from a limited set of individual geno-

types [118]. 

The characteristics of stutter described in this study could be useful for the selection of mi-

crosatellite repeats to be used as genetic markers. For example, selecting marker loci with 

interrupted repeats, and choosing PCR primers close to the repeat, thus excluding addi-

tional repeats from the PCR product, may reduce stutter. On the other hand, incorporating 

additional repeat sequences in the PCR product may increase marker heterozygosity, al-

though at the cost of increased stutter.  

From a different perspective, it is suggested that stutter height can be used as a simple indi-

cator of mutation rate of specific markers, in studies of microsatellite evolution, or popula-

tion migration. In clinical settings, the diagnostic sensitivity of microsatellite instability in 

detecting deficient mismatch repair in malignancies may be increased by selecting markers 

with high stutter, which are likely to be mutation-sensitive. However, if stutter in a particu-

lar patient would be lower than usual for that marker, one should suspect mutations in the 

repeat sequence and the possibility of not detecting MSI in that particular marker due to a 

stabilized repeat.  

In summary, this study shows that stutter height in microsatellites is mainly determined by 

the repeat motif and the absolute length of the uninterrupted repeat sequence. The feasibil-

ity of obtaining general stutter correction models from sequence databases remains to be 

investigated, however, since population-specific repeat variations may change stutter char-

acteristics. 
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Abstract 
Pooling of DNA samples instead of individual genotyping can speed up genetic association 

studies. However, for microsatellite markers the electrophoretic pattern of DNA pools can 

be complex, and procedures for deriving allele frequencies are often confounded by PCR-

induced stutter artefacts. We have developed a mathematical procedure to remove stutter 

noise and accurately determine allele frequencies in pools. A stutter correction model can 

be reliably derived from one standard “training set” of the same 10 individual DNA sam-

ples for each marker, which can also include heterozygous patterns with partially overlap-

ping peaks. Compared with earlier methods, this reduces the number of genotypes needed 

in the training set considerably, and allows standardization of analyses for different mark-

ers. Moreover, the use of a procedure that fits all data simultaneously makes the method 

less sensitive to aberrant data. The model was tested with 34 markers, 18 of which were 

newly defined from human sequence data. Allele frequencies derived from stutter-

corrected DNA pool patterns were compared with the summed individual genotyping re-

sults of all the individuals in the pools (n=109 and n=64). We show that the model is ro-

bust and accurately extracts allele frequencies from pooled DNA samples for 32 of the 34 

microsatellite markers tested. Finally, we performed a case-control study in celiac disease 

and found that weakly associated disease alleles, identified by individual genotyping, were 

only detectable in pools after stutter correction. This efficient method for correcting stutter 

artefacts in microsatellite markers enables large-scale genetic association studies using 

DNA pools to be performed. 

Introduction 
It has been cogently argued that population-based genetic association studies will have a 

greater power than linkage studies to localize genes contributing moderately or only a little 

to the phenotype of complex diseases [271]. However, the detection of association, or link-

age disequilibrium between a genetic marker and a disease locus in outbred populations is 

only possible over small genetic distances [13, 272-275]. For screening large genomic re-

gions, or even comprehensive whole-genome association studies, this implies that hun-
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dreds or thousands of markers have to be genotyped for each subject. Such studies are 

barely feasible using currently available genotyping technology. 

Pooling of DNA samples for genetic marker analysis is a method to reduce the amount of 

genotyping required in allelic association studies [85, 90, 93-96, 100, 244, 276]. This tech-

nique involves combining equal amounts of DNA from patients and controls into separate 

pools, and comparing the pools for differences in allele distributions of genetic markers. In 

the absence of haplotype information, which is the situation encountered in a typical asso-

ciation study based on pooled case-control comparisons, the biallelic variation of single nu-

cleotide polymorphisms (SNPs) contains far less polymorphic information than microsatel-

lite markers. Therefore, microsatellites provide a more powerful tool on a marker-by-

marker basis than SNPs [85, 277]. However, in the case of microsatellite markers, the over-

all genotype patterns of pooled samples are often distorted by PCR artefacts such as stutter 

and preferential amplification, which prevent an accurate determination of the allele fre-

quencies by simple procedures. Several methods have been proposed to handle these arte-

facts. Some studies compared summed differences in patterns between two pools without 

correction for PCR artefacts, and without allotting the individual allelic contributions to the 

differences [93-96].  

A fundamentally different way to compare pool patterns is to correct the pool signal for 

predicted PCR artefacts, in order to derive more accurate estimates of the allele frequen-

cies. Advantages of this approach are that it allows the comparison of frequencies for indi-

vidual marker alleles, and that results from different experiments can be summated and 

analyzed using regular statistics such as chi-squared tests, since the entire pool signal is de-

convoluted into individual allele counts [90]. All recent correction methods use informa-

tion derived from a training set of individual genotype patterns to obtain information 

about the stutter behaviour of the marker under investigation. One approach is to build a 

matrix of stutter patterns for individual alleles [99, 100, 244]. This requires a set of well dis-

tributed homozygous or well-separated (non-overlapping) heterozygous individual geno-

type patterns, and interpolation or extrapolation has to be invoked to complete the matrix 

for missing alleles. These methods are sensitive to one or more non-representative patterns 

caused by, e.g., measurement errors.  

Alternatively, a stutter model can be derived from individual genotypes, which is used to 

correct for stutter and permits interpolation of stutter for allele sizes not encountered in 

the training set [90]. The advantage of a model is that it partly removes the influence of ab-

errant patterns. On the other hand, it interprets the stutter peaks according to a fixed be-

haviour, which can yield a less accurate description. The model approaches presented thus 

far also require well-distributed homozygous or well-separated heterozygous individual pat-
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terns for each marker to define the model parameters. In both types of correction proce-

dure, a rather large set (at least 20 [100] to 50 [96]) of individual patterns has been consid-

ered necessary to provide sufficient data to obtain the necessary stutter information [90]. 

The search for and analysis of informative marker data often make these approaches tedi-

ous and highly interactive. 

We have developed a stutter correction method that fits a model to one small set of geno-

type data from 10 individuals. This standard training set is identical for all markers, and can 

be of any allelic composition, since it does not need to include particularly defined homo-

zygous or heterozygous individuals. The accuracy of the stutter correction model has been 

tested on 34 different microsatellite markers and used in a case-control study for celiac dis-

ease. 

Materials and methods 

Definitions 
Uncorrected pool: allele frequencies derived from pool signals uncorrected for stutter. 

Corrected pool: allele frequencies derived from pool signals corrected for stutter. 

True pool: allele frequencies obtained by individual genotyping of all samples present in a 

pool, and summing the allele counts. 

Preparation of DNA pools, marker selection, PCR, and analysis 
Genomic DNA was obtained from peripheral blood lymphocytes using established proce-

dures. Stock solutions were diluted to approximately 25 ng/µl, vortexed gently, and meas-

ured with Pico Green (Molecular Probes, Leiden, the Netherlands) on a Genios plate 

reader (Tecan, Männedorf). Subsequently, samples were diluted to 10 ng/µl and final con-

centrations were measured in triplicate. Each sample was tested for adequate PCR amplifi-

cation. Volumes containing 100 ng of DNA from individual samples were pooled. Pools, 

as well as a set of 10 random individual samples, were purified by phenol extraction, and 

diluted with water to 10 ng/µl. Characterized microsatellite markers were obtained from 

the Genome Database (GDB) and Marshfield database. New microsatellite markers were 

identified by searching a 4 Mb ADHD linkage region on chromosome 15 for microsatellite 

repeats [278] using the Tandem Repeat Finder program (TRF). PCR primers flanking the 

repeats were designed with the Primer3 program (sequences are available on request). A 

so-called pig-tail sequence extension was added to one of the primers in order to reduce 

plus-A artefact during PCR [165]. The other primer was labelled with 6-FAM, HEX, or 

NED fluorescent dyes (Biolegio, Malden, the Netherlands, and Applied Biosystems, Foster 

City, Ca., USA).  
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Individual samples and triplicate pools were amplified simultaneously as described else-

where [278], but with 27 instead of 33 cycles. Up to three products were pooled, and ana-

lyzed on an ABI 3700 sequencer [278]. Sample files were analyzed using Genescan 3.5 and 

Genotyper 3.6 for Windows NT and the heights of all peaks were labelled. Samples with 

allelic peak heights below 200 or above 6000 were not labelled. A computer program called 

PoolFitter (freely available from our web site), which is a user interface invoking our stutter 

correction algorithm, then processed the tables with allele sizes and peak heights (see be-

low). The pool patterns were corrected for stutter by applying the model parameters de-

rived from the individual genotypes (see below). For marker D7S2422 only, preferential 

amplification of shorter alleles was compensated in the PoolFitter program, by dividing the 

peak heights of both individual data and pooled data before model fitting by a function fit-

ted to the corrected heterozygous patterns without compensation for preferential amplifi-

cation. Estimates from corrected and uncorrected pool patterns (averages of triplicate 

measurements) were compared with true pools using the program CLUMP [116].  

The model 
The basic concept is that, for pooled DNA, any electrophoretic microsatellite marker pat-

tern (See Figure 9.1a) is the sum of its constituent parts comprising a mixture of homozy-

gous and heterozygous individual patterns. Peaks may represent individual alleles, or indi-

vidual alleles plus a stutter component, or only stutter. We describe a pattern by Y(a), 

where Y is the height of the signal at fragment length a. In all figures the signal height has 

been scaled to facilitate comparison with calculated quantities later on. 

The length a can assume discrete values differing by multiples of the repeat length ∆a. For 

a dinucleotide marker, ∆a = 2 base pairs. Looking at a pattern for a single allelic peak at 

length a0, one expects stutter peaks at a0 – ∆a, a0 – 2∆a, ... and possibly "up-stutter" peaks 

at a0 + ∆a, ... In general, peaks are located at a = a0 – m∆a, with m integer. The modelled 

peaks are described by y(a), representing the peak height at length a. This peak y(a) can 

have contributions from an allelic peak y0(a), and from stutter peaks of alleles located m 

base pairs away: y(a) = ym(a + m∆a). Thus, the index m refers to the order of the (stutter) 

peak: y0(.) is the main, allelic peak, y1(.) is the first stutter peak, and so on. The argument of 

ym(.) refers to the location of the main, allelic peak. 

Our aim is to describe the total set of peaks by a model with as few parameters as possible. 

The values of the parameters will depend on the marker, PCR conditions, settings of the 

electrophoresis apparatus, etc. Knowing the stutter parameters, it is possible to deconvolve 

the measured signal Y(a) of a DNA pool into the contributions of individual alleles and 

hence calculate the frequency of each allele in the pool. 
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Figure 9.1a. Typical individual electrophoretic pattern after removal of 
background signal (line). The marker is the dinucleotide repeat marker 
DRD5. The individual is homozygous for the allele of size a=153 base 
pairs (indicated by the arrow). The circles indicate the tops of the peaks 
that are used as measures of the amount of stutter and allele signal pre-
sent. The numbers refer to the indexing of the peaks: 0 is the allelic peak, 
1 the first stutter peak, and so on. Since the absolute heights of the peaks 
are not important, Y has been scaled to a 100% scale in most figures. 

 

The ratio between allele and stutter signal appears to be marker specific, and since pool 

patterns do not contain enough information to obtain reliable estimates for the stutter pa-

rameters used in the model, these parameters have to be derived by fitting the model to a 

number of individual test patterns for each marker. 

Stutter pattern of a homozygous individual 
It can be demonstrated that the heights of stutter peaks decay exponentially with the num-

ber of stutters, as clearly shown in a logarithmic plot (Figure 9.1b), in which a straight line 

can be drawn through the tops of the stutter peaks. A few simple theoretical assumptions 

about the nature of DNA amplification predict this exponential behaviour [237]. From 

many of such plots we found empirically that the ratios of the heights of successive stutter 

peaks are roughly constant for all samples of the same marker and amplification condition, 

but that the constant differs between markers and conditions. We denote this constant by 

the ratio r. 
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Figure 9.1b. The same electrophoretic pattern as in Figure 9.1a, plotted 
on a logarithmic scale (line and circles; the numbers refer to the indexing 
of the peaks). The straight line indicates the exponential relationship be-
tween successive stutter peaks. The arrow indicates the main, allelic, peak 
at a=153. 

 

The first stutter peak is usually found to be proportionally higher compared to the main 

peak; in Figure 9.1b this is observed as a deviation of the stutter straight line with the top 

of the allelic peak. We therefore use a different ratio to describe the relationship between 

the first stutter peak and the allele peak: 

 

ym(a) / ym-1(a) = r,  m=2,3, ...      (1a) 

 

y1(a) / y0(a) = λr,  m=1       (1b) 

with 0<r<1, and λ>1, normally. This is for the "normal" downward stutter. For the up-

ward stutter, we take only one peak into account, as it is rare to see more up-stutter peaks; 

however, the model can easily be extended to more, if necessary. 

 

y–1(a) / y0(a) = µ,  m= –1       (1c) 

with 0<µ�1, normally. 
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For all other positions, i.e., positions at larger lengths: 

 

ym(a) = 0,  m= –2,–3,..       (1d) 

We can combine and rewrite eqs. (1a-1d) as follows: 
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The fragment length of (stutter) peak ym(a) is: 

 

am = a – m∆a.          (3) 

It is usually observed that stutter is more severe for longer alleles than shorter alleles. This 

can be understood, at least qualitatively, by realizing that a larger number of repeats offers 

more chances for the PCR process to stutter. We therefore introduce an a-dependence of 

the stutter ratio r: 

 

r = exp(b0 + b1a).         (4) 

For positive values of b1 this formula yields an increasing stutter for increasing a. 

The true amount of signal at the allelic peak, i.e., if no allele signal had been dissipated into 

stutter peaks, is represented by: 
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We have now described the set of stutter peaks by four parameters: b0, b1, λ, µ. In the triv-

ial case of a pattern of a homozygous individual, eq. (2) can be fitted directly to the Y(a) 

data, with y0(a0) as a fifth fit parameter. The length of the allele is directly read from the 

pattern: a0; y0(a0) is just the height of the measured main peak Y0(a0); µ is the ratio of the 

up-stutter peak at a0+∆a and the main peak. The factor r is determined by the logarithm of 

the heights of the stutter peaks y1(a0), y2,(a0) ... the heights of which are directly taken from 

the measured peaks Y(a0–∆a), Y(a0–2∆a), ... Then λ follows from y1(a0)/y0(a0), with the 
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value of r inserted in eq. (2). In this example r is kept constant; in a more realistic situation 

involving alleles of several lengths (such as in a pooled DNA sample) b0 and b1 can be fit-

ted instead of a constant r. 

Stutter pattern of a heterozygous individual 
In the case of a heterozygous individual, there are more measured peaks to fit, and there is 

one extra fit parameter, namely the y0 of the second allelic peak. We will refer to the two y0s 

as: 0S and 0L, located at a0S and a0L, respectively, with a0S< a0L (see inset of Figure 9.2). 

Heterozygous patterns often overlap to a large extent, and pool patterns always do. For 

two alleles close together, the measured peak heights in the overlapping region are the sum 

of two contributing peaks, one for the (shorter) S-allele, and one for the (longer) L-allele. 

For instance, the peak at the left arrow in the inset of Figure 9.2 is made up of the first 

stutter peak of the S-allele and the third stutter peak of the L-allele and is represented by: 

 

y(a=151) = y1(a0S) + y3(a0L) = y0(a0S)λr + y0(a0L)λr3,     (6) 

with a0S=153 and a0L=157.  

 

 
Figure 9.2. Model fitted to a heterozygous individual electrophoretic pat-
tern (see inset for the original pattern (line) with peaks (circles); allelic 
peaks 0S and 0L are indicated). The marker is DRD5. The circles repre-
sent the data peaks; the squares show the fit. The two types of triangles 
and the dashed lines indicate the individual peak patterns of the two alleles 
(y0S and y0L) that comprise the measured signal. The diamonds in the inset 
represent the corrected, i.e., estimated, frequencies of the two alleles. 
These values are obtained by summing all peaks for each separate allele 
and normalizing the total sum of the two alleles to 100. 
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This effect makes the fit procedure more challenging and real solution algorithms have to 

be invoked. We used the Levenberg-Marquardt method [279]. The result of such a fit is 

shown in Figure 9.2. The model fits the data well, and the relatively large contribution of 

the stutter peaks of the L-allele to both the allelic peak and stutter peaks of the S-allele is 

clearly seen. 

Pattern of a pooled sample 
The generalization to fitting a pattern of a pooled DNA sample containing alleles of n indi-

viduals is straightforward. At every measured fragment length a the following peaks can 

contribute to y(a), depending on the presence of alleles in the pooled sample: 

(a) the allelic peak y0(a) of the allele at a0=a; 

(b) the up-stutter peak y–1(a–∆a) of the allele just left of it, at a0=a–∆a; 

(c) the first-order stutter peak y1(a+∆a) of the allele just right of it, at a0=a+∆a; 

(d) higher-order stutter peaks ym(a+m∆a) of alleles more to the right (m=2,3,...). 

In a formula, this can be written as: 

 

∑
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∆+=
1

)()(
m

m amayay ,        (7) 

with ym(a + m∆a) = y0(a+m∆a)λexp((b0 + b1a)m) for m≥1 the m-th stutter peak of the allele 

at a0=a+m∆a, and y–1(a–∆a) = y0(a-∆a)µ the up-stutter peak of the allelic peak just left, at a0 

= a–m∆a. The arguments of y(.) in eq. (7) must lie in the measured range of allele lengths 

(amin,amax). 

 

The yt(a)s are now calculated as follows 
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These values are proportional to the number of individuals n contributing to that allele a. 

To obtain estimates of the true allelic frequencies F(a) in the pool, one calculates: 
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where the summation is carried out over the full range (amin,amax) of the pool pattern. 
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To correct a pattern of a pooled DNA sample one has to fit eq. (7) to the measured data 

Y(a). Values for the four model parameters b0, b1, λ, µ could be found from fitting the 

model to the genotype patterns of a small number of representative individuals one at a 

time, and deriving ni values for each of the fit parameters. These ni values could then be 

averaged to obtain a good estimate for each of the parameters. A much more efficient way 

is to perform the model fitting to all individual patterns simultaneously. The total number 

of data points is nimi, with mi the average number of measured peaks per individual. The 

total number of fit parameters is 4 + ni(1+h), with h the calculated heterozygote frequency 

of the marker (0≤ h≤1). A set of ni =10 individuals, each with on average mi=7 data points 

and a heterozygote frequency of h =0.5, requires fitting a model with 19 parameters to a 

combined data set of 70 data points, which, as shown in Figure 9.3 for marker D6S273, 

yields a very stable fit. 

 

 
Figure 9.3. Electrophoretic pattern of a pool of 100 individuals for marker 
D6S273 (dashed line). The circles mark the peaks used in the analysis. 
Diamonds indicate the estimated true allelic frequency F after compensa-
tion for stutter, as calculated from the model. The model parameters were 
derived from ten randomly chosen individual marker patterns. The fit pa-

rameters (b0, b1, λ, µ) were inserted into the pool fit, from which the yts 
were derived. For most alleles quite a big difference is observed between 
the original and corrected peak heights. The squares represent the 
summed individual genotypes. The inset shows the relationship between 
summed individual frequencies and uncorrected (circles) and corrected 
(diamonds) frequencies from the pool. The straight line represents the 
identity line: symbols on this line represent alleles for which the frequen-
cies estimated from the pool equal the summed individual frequencies, 
showing perfect agreement. 
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Comparison with a deconvolution method 
The most robust method previously published is the deconvolution method described by 

Perlin et al. [99]. Like our method, it uses a set of individual patterns to obtain the stutter 

behaviour. The main difference between our method and Perlin et al.’s is the fact that we fit 

a model to the data to describe the stutter behaviour, which makes our method potentially 

much more robust, and thus requiring fewer individual patterns to train the method. This 

has been tested below. 

Results 

Minimum number of genotypes required in the training set 
For marker D6S273, we investigated the influence of training set size on the reproducibility 

of the results by fitting models based on sets varying in size from 2 to 30 individuals, that 

were taken at random from the n individuals in the pool. For each chosen set size, a ran-

dom selection of individuals was taken 20 times to derive the model parameters and to cor-

rect the pool data. Figure 9.4 shows the effect of training set size plotted against the spread 

in the corrected peak height of one of the alleles (a=127; see Figure 9.3) in the pool. We 

chose to show this allele because of its low frequency (3%), in which adequate correction is 

crucial. For sets smaller than about 5 individuals the variation in the results was relatively 

large, but for 10 individuals or more, the gain in reproducibility was limited. The effect of 

training set size was also tested for two other dinucleotide markers, with similar results (not 

shown). A set of ni=10 was found to give reliable results with a coefficient of variation of 

about 1%. 

This test was also carried out for Perlin et al.’s method [99]. For all alleles and values of ni, 

the variation in estimated frequencies from this method was at least 3 times as large. For 

ni=30 the variation was still twice as high as our method’s variation for ni=10. 

Robustness to atypical training sets and measurement errors 
Using data for marker D6S273, the robustness of the algorithm was checked in the follow-

ing way: various sets of ni=10 individuals were used as a training set to fit the model to the 

pooled data depicted in Figure 9.3: (i) a set of 10 homozygous individuals; (ii) a set of 10 

heterozygous individuals; (iii) a set of 10 individuals whose alleles were closely packed to-

gether in a certain region, leaving part of the allelic range of the pool uncovered; (iv) a set 

of 8 regular individuals plus 2 measurement errors: patterns containing an allele exhibiting 

a completely different stutter behaviour to the others (but with peaks in the same molecu-

lar weight range). All tests yielded good results that hardly differed from the “normal” pool 

fit results of Figure 9.3. 
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Figure 9.4. The peak at a=127 of Figure 9.3, calculated from fits with indi-
vidual sets of ni=2, 3, 4, 5, 6, 7, 8, 9, 10, 12, 15, 20, 25 and 30 individuals. 
For each value of ni, 20 fits with randomly comprised sets were carried out. 
The values of the allele frequency F derived following correction are plot-
ted on the vertical axis: mean (circles) and standard deviation (error bars) 
and the smallest and largest values (diamonds). Small sets already pro-
vide reliable frequencies with mean values of 3.2. The frequency found 
from summing the individual genotypes in the pool is 2.5. The frequency 
read from the uncorrected pool pattern was 5.8. 

 

A comparison of test (ii) with test (i), shows that no pre-chosen homozygous (or well-

separated heterozygous) individual patterns are needed to derive good parameter estimates. 

Further, test (iii) shows that there is no need for training data to cover the full molecular 

range of alleles. Only in the extreme case of having only data points at one extreme of the 

molecular range in the training set, do the pool results at the other end become less reli-

able. Test (iv) simulates the presence of measurement errors. If one or two of the 10 indi-

vidual patterns are dissimilar to the others, e.g. because of an artefact in the PCR process 

or a measurement error, the fit procedure does not appear to be misguided. The test 

showed that the fits derived from a training set of 8 normal and 2 abnormal patterns were 

nearly as good as those based on 10 good patterns. 

Validation of the model 
For 34 different microsatellite markers, correction models were derived from the same 

training set of 10 individuals, and both uncorrected and corrected pools were compared  
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Table 9.1. Statistical comparison of allele frequencies obtained by individual genotyping and fre-
quency estimates from uncorrected and corrected pool patterns 

       Uncorrected Corrected 

Marker Type Allelese Heterozygosity rf P valueg r P value 
D11S1338 dic 7 0.72 0.92 <10-3 0.99 0.89 
D11S1760 di 10 0.77 0.44 <10-3 0.61 <10-3 
D11S3178 di 10 0.67 0.84 <10-3 0.99 0.92 
D11S3179 di 7 0.70 0.93 <10-3 0.99 0.93 
D3S3585 di 7 0.58 0.92 <10-3 1.00 0.80 
D3S3665 di 6 0.55 0.93 <10-3 0.99 0.80 
D4S1582 di 7 0.78 0.89 <10-3 0.98 0.88 
D5S2005 di 7 0.66 0.91 <10-3 0.99 0.10 
D6S273 di 6 0.70 0.84 <10-2 0.99 0.95 
D6S291 di 8 0.72 0.92 <10-3 0.99 0.20 
D7S2422 di 15 0.83 0.78 <10-3 0.93 0.01 
DRD5 di  13 0.79 0.51 <10-3 0.93 0.21 
RH27315 di  5 0.64 0.86 <10-3 1.00 0.87 
D19S400 tetrad 9 0.84 0.98 0.96 0.98 0.97 
GAAT tetra 6 0.69 0.98 0.45 0.98 0.44 
TH01 tetra 7 0.77 0.99 0.85 0.99 0.85 

Averagea   8 0.71 0.85   0.96   
kk3 di 6 0.75 0.81 0.06 0.94 0.75 
kk7 di 6 0.74 0.90 0.29 0.99 0.93 
kk9 di 5 0.77 0.81 0.02 1.00 1.00 
kk11 di 6 0.73 0.81 0.02 0.99 0.99 
kk16 di 6 0.57 0.86 0.07 1.00 0.69 
kk20 di 7 0.55 0.95 0.19 0.99 0.19 
kk24 di 12 0.82 0.78 <10-3 0.99 0.49 
kk26 di 7 0.77 0.80 0.05 0.96 0.90 
kk28 di 14 0.79 0.76 0.08 0.95 0.77 
kk31 di 14 0.86 0.77 0.78 0.96 0.96 
kk37 di 9 0.72 0.85 0.19 0.99 1.00 
kk42 di 6 0.31 0.90 <10-3 1.00 0.63 
kk43 di 9 0.72 0.82 0.01 0.99 0.91 
kk45 di 11 0.70 0.79 0.02 0.99 0.94 
kk56 di 9 0.76 0.83 0.11 0.99 0.82 
kk58 di 9 0.84 0.83 0.67 0.95 0.97 
kk61 di 9 0.78 0.88 0.26 0.99 0.98 
kk62 tetra 7 0.75 0.87 0.28 0.85 0.16 

Averageb   8 0.72 0.83   0.97   
a Upper half of the table: values for characterized markers, analyzed in pooled DNA from 109 individuals.  
b Lower half of the table: values for "home-made" markers, analyzed in pooled DNA from 64 individuals.  
c Dinucleotide repeat marker. 
d Tetranucleotide repeat marker.  
e Number of marker alleles, determined by individual genotyping of pool samples.  
f Correlation coefficient of individual genotyping results and estimates from uncorrected as well as stutter 
corrected pools. 
g P value of chi-squared tests after combining alleles with expected low values, as calculated by the CLUMP 
algorithm.  
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with the true pools (for definitions see Materials and Methods section). An example is 

shown in Figure 9.3. In total five genotypes from 4 different markers could not be deter-

mined reliably, and these were discarded. Correlation coefficients of uncorrected and cor-

rected pools vs. true pools for all 34 markers are given in Table 9.1. A graphical representa-

tion of the data for 16 characterized markers is given in Figure 9.5. 

 
Figure 9.5. Comparison of summed individual genotyping results with allele estimates from pools. X-axis: allele 

frequencies (x100%) determined by summing individual genotyping results of all individuals in a pool. Y-axis: 

allele frequencies (x100%) estimated from pooled samples. Uncorrected estimates are indicated with crosses 

and corrected estimates with dots. The diagonal (y=x) indicates perfect agreement between summed individual 

genotyping results and estimates from pool. Marker names are shown in the lower right corner of each graph. 

 

The only markers in which uncorrected pools approached true pools were the four 

tetranucleotide markers. For the dinucleotide markers uncorrected pools were generally 

very different from the true pools, whereas corrected and true pools did not differ signifi-

cantly, with the exception of markers D11S1760, D7S2422, and kk9. For marker 

D11S1760 there was a large overestimation of the frequency of the shortest allele in both 
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uncorrected and corrected pools. Analysis of all individual genotype patterns for this 

marker revealed that stutter did not increase with allele length in a regular fashion (see Fig-

ure 9.6), which is an underlying assumption in the correction model. Marker D7S2422 

showed a systematic overestimation of the peak height of the shorter allele in heterozy-

gotes in the PoolFitter program, which persisted after correction for stutter. This suggested 

preferential amplification of shorter alleles, and after applying a simple compensation in the 

program, the differences between corrected and true pools were no longer significant (data 

not shown). 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9.6. Relative stutter height for each allele of dinucleotide marker 
D11S1760, as determined from individual genotypes. Stutter height is de-
picted as the ratio of the highest stutter peak and the allelic peak. 

 

No evidence for preferential amplification was found in the other markers (see Figure 9.7). 

Marker kk9 had two extra alleles (together accounting for 18% of all alleles in the true 

pool), with a size exactly between alleles at the regular 2-bp intervals. These aberrant alleles 

were discarded from the analysis, since the correction method ignores alleles at irregular 

intervals. 

Case-control study 
We investigated the application of the correction method in a case-control study in celiac 

disease (CD). DNA from 50 CD patients and 100 healthy controls was combined into two 

pools. Five microsatellite markers that had previously been used in association studies of 

CD patients were blinded and analyzed in CD and control pools.  
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Figure 9.7. Average deviation from true frequencies of estimated frequen-
cies after stutter correction. Data for 10 random dinucleotide markers are 
shown. Y-axis= (estimated/ true frequencies) * 100%. Only averages of at 
least three independent alleles of each size are shown. Y-axis= allele 
number relative to the shortest allele of each marker. The shortest allele is 
indicated with 0, allele 1 has one additional repeat, etc. A trend line for the 
combined measurements is shown. 
Interpretation: in the case of preferential amplification of alleles, one would 
expect a systematic overestimation of shorter alleles, and an underestima-
tion of longer alleles after correction for stutter, which is not the case. Ap-
parently, higher stutter of longer alleles accounts for most of the observed 
peak height reduction for longer alleles in raw genotype data. 
 

For three markers, allele frequencies did not differ significantly between cases and control 

pools, in either individual genotyping or pooled analysis. The other two markers showed 

significant differences between cases and controls. In each marker, one allele was very 

strongly associated, and already detectable in uncorrected pools, but after stutter correc-

tion, both markers also showed a much weaker but significant association with a second 

allele (see Figure 9.8). Both weak and strong associations were also demonstrable in the 

summed individual analysis. 

Discussion 
Although the use of pooled DNA enormously reduces the amount of genotyping in com-

paring cases and controls, it suffers from the inability to generate haplotype information. 

As a result, microsatellite markers, with their high information content, are much more 

suitable than SNPs for use in pooled DNA samples.  
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Figure 9.8. Comparison of allele frequencies in pools of celiac disease pa-
tients (black bars) and healthy controls (white bars) for marker D6D273. 
A: uncorrected pools, B: corrected pools, C: true pools. X-axis: allele num-
ber (increasing size). Y-axis: frequency of individual alleles (%). Significant 
differences for single alleles (p<0.05, not corrected for testing multiple al-
leles) are indicated with (*). 
 

The number of potentially polymorphic microsatellites in the genome is much higher than 

the number of characterized markers in public databases. For example, in 11 schizophrenia 

candidate genes we have tested 19 polymorphic microsatellites, 8 of which were intragenic, 

while flanking markers were on average at 45 kb distance from the gene (max 130 kb). In a 

schizophrenia candidate region, we found nearly 250 potentially microsatellites with an av-

erage spacing of 55 kb (max 168 kb). However, the widespread application of microsatellite 

C 

A 

B 

*

*
*

*
*



112  ●  Chapter nine 

markers in DNA pooling may have been prevented by uncertainties induced by stutter ar-

tefacts and the consequent distortion of allele frequency estimates. 

We have developed a novel method, which enables accurate extraction of allele frequencies 

from microsatellite pool signals. A prerequisite for the application to large studies is that 

the correction method does not entail much additional analysis time. Our method meets 

this requirement, since the same training set of only 10 independent DNA samples plus the 

pool samples is required to carry out an analysis for a given marker. An apparent advantage 

of our approach is that there is no requirement for stutter and allelic peak signals of het-

erozygous individuals to be clearly separated, which greatly reduces the number of indi-

viduals required. There was little gain in accuracy when more than 5-10 individual geno-

types were used, and accordingly, we choose one set of the same 10 independent individu-

als for all analyses, to allow for occasional dropouts. Other advantages of our fit algorithm 

are the simultaneous fitting of all data, which decreases the sensitivity to aberrant data, and 

that the size distribution of alleles and stutter, or alleles with an anomalous stutter height, 

had little influence on the predictive accuracy of the model. 

The model was tested on DNA pool patterns with 34 different microsatellite markers, 18 

of which were newly defined from human sequence data, since well-characterized markers 

could have been selected for their accuracy in genotyping. Our results with tetranucleotide 

markers confirm previous reports that stutter is low in these markers (generally < 5%) and 

that no stutter correction is required [90, 100, 101]. Significantly, for the two dinucleotide 

markers in which correction remained inaccurate, the presence of an aberration was readily 

detected in the PoolFitter program, even though it could not correct the stutter distortion.  

In a case-control study involving celiac disease, marker alleles that were weakly associated 

in individual genotyping were also found to be associated in the pool analysis, but only af-

ter stutter correction. These two exceptionally strongly associated markers in the HLA re-

gion would have been detected even without correction, but would have been missed if 

only the weakly associated alleles had been present. This clearly demonstrates the benefit of 

stutter correction in DNA pooling. 

Taken together, stutter correction generally resulted in accurate estimates of true allele fre-

quencies in DNA pools. Compared with methods that use uncorrected pool patterns, sev-

eral important advantages are apparent. The recently proposed ∆AIP and ∆TAC methods 

compare overall differences in peak area or peak height between pool patterns [93, 96]. 

However, both methods assume a single fixed stutter profile for all markers and simulate 

large numbers of pool patterns to determine what proportion by chance will deviate sig-

nificantly. Since the heights as well as the number of stutter peaks can differ greatly be-

tween markers, these methods raise the question whether realistic significance levels can be 
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calculated in this way. In any case, such an approach prevents ascribing differences be-

tween pools to single alleles and summing results from different sub-pools or different ex-

periments [90]. These drawbacks are not evident in our method. 

We found that technical measures, such as reducing the number of PCR cycles, and adding 

pig-tail sequences to primers to eliminate plus-A artefacts, and separation on a capillary se-

quencer instead of a slab gel machine [116], consistently improved the accuracy of DNA 

pool measurements. However, the nature of DNA pooling will inevitably result in some 

loss of sensitivity compared to individual genotyping. Furthermore, a four-parameter 

model is not a perfect description of reality. 

Despite these and other limitations, such as the lack of haplotype information, until cheap 

and rapid large-scale individual genotyping of markers for single individuals becomes tech-

nically feasible, DNA pooling methods allow efficient initial screening of candidate regions, 

and candidate gene systems. In pooled DNA, microsatellites are much more informative 

than single SNPs. In a second phase, associated microsatellites could then be followed-up 

by individual genotyping of high-density SNP markers, and haplotype analysis. Even if 

cases and controls were divided into pools of only 100 individuals each, as recently advo-

cated [85, 97], and all amplified in triplicate, DNA pooling decreases genotyping by a factor 

of 30 in studies involving 500 cases and 1000 controls.  

Our results confirm that the accuracy of analyzing corrected pool patterns generated from 

microsatellites approaches that of individual genotyping. Particularly in complex disorders, 

where the association of marker alleles with disease loci is likely to be only moderate or 

weak, a gain in sensitivity with stutter correction in pooled analyses justifies the limited 

amount of extra genotyping required to create a small training set.  

In conclusion, we have demonstrated that accurate estimates of microsatellite allele fre-

quencies from DNA pools are feasible with a novel stutter correction method requiring 

one standard training set of only ten additional individual genotypes. This method opens 

the way for realistic large-scale genetic association studies using microsatellite markers. 
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10 SINAPSE: SINGLE-PCR SNP DETECTION USING 
STANDARD DNA SEQUENCING EQUIPMENT 

 

S.C. Bakker, J.C.J.M. Hendriks, P.H.A. van Zon, P.L. Pearson and R.J. Sinke 

Abstract 
Single nucleotide polymorphisms (SNPs) are widely used as DNA markers in genetic studies. 

Current techniques for large-scale SNP typing require considerable initial investments in 

equipment, while techniques that use widely available equipment are generally more labour-

intensive and more expensive per sample. 

We present a single-PCR, efficient SNP genotyping method on standard DNA sequencers. 

SNP discrimination is based on allele-specific primers with a high-affinity 3’ locked nucleic 

acid (LNA) to enhance specificity. A tail sequence allows a universal labelled oligonucleotide 

to be incorporated during PCR, which reduces assay cost considerably. SNP alleles are ampli-

fied using one standard PCR protocol, and separated on a DNA sequencer under the usual 

conditions for microsatellite genotyping. A four base pair spacer sequence allows allele identi-

fication by size. Primer design and data analysis are facilitated by two freely available spread-

sheets. 

The method was tested on 36 candidate SNPs. Specific primer sets could be designed for 35 

SNPs, 31 of which were successfully amplified without optimization. Pooling of PCR prod-

uct before separation allowed simultaneous analysis of up to four SNPs, which further in-

creased throughput. For 13 SNPs genotyping accuracy was verified in 25-49 individuals, using 

the existing TaqMan technique or direct sequencing. On 298 genotypes there was one dis-

crepancy between two genotyping methods. In amplified DNA pools, signal intensity was 

proportional to the amount of alleles present in the pools, which makes the technique suit-

able for accurate determination of allele frequencies in DNA pools. 

In conclusion, this new SNP typing technique provides flexible and inexpensive medium- to 

high-throughput SNP genotyping on standard sequencing equipment. 

Introduction 
Single nucleotide polymorphisms (SNPs) are DNA variations at a single base position, which 

are widely used as genetic markers. In ongoing large collaborative efforts, several millions of 

these abundant polymorphisms have already been identified in the human genome. Since as-

sociation of a genetic marker with a disease locus is expected to be detectable over small dis-

tances only, many SNPs have to be available for the screening of candidate regions or –genes. 

Efficient, inexpensive SNP detection methods are therefore essential for the success of stud-

ies involving many samples and markers.  



Efficient SNP detection on DNA sequencing equipment  ●  115 

 

The choice of genotyping method will depend on the numbers of SNPs that need to be 

typed, and the availability of equipment. Multiple different SNP detection methods have re-

cently been published, each with specific advantages and drawbacks [16, 17]. There are plat-

forms for high-throughput SNP detection at low costs per sample, such as mass-

spectrometers or micro-array based methods, which require large initial investments for 

equipment. SNP detection on equipment that is already available in many genetic laborato-

ries, such DNA sequencers or real-time PCR machines, have other drawbacks. These meth-

ods are generally labour-intensive, requiring several PCR- and purification steps, or optimiza-

tion of conditions for each SNP to be typed. Many methods require labelled primers, probes 

or nucleotides, which substantially increase the costs per genotype.  

We have developed a flexible, medium- to high-throughput SNP typing method on standard 

DNA sequencing equipment that requires only one standard PCR step with unlabelled, high-

affinity allele-specific primers. The accuracy of the method was tested by comparing geno-

types with those obtained using the existing TaqMan technique or direct sequencing. In addi-

tion, the usefulness of the technique for DNA pooling experiments was investigated. Two 

Microsoft Excel-based spreadsheets were developed to facilitate the design of allele-specific 

PCR primers, and to analyze the data. 

Materials and methods 
Samples. DNA was isolated from peripheral blood lymphocytes using established procedures. 

Analyses were performed on anonymous samples from individuals that were referred to our 

Diagnostics department, as well as anonymous controls and individuals from CEPH refer-

ence families, the DNA of which was isolated from cultured cell lines. 

SNP selection. Validation experiments were based on possibly disease-related mutations, which 

had previously been identified at our Diagnostics department. Other SNPs were selected for 

candidate gene studies from dbSNP or the Celera database [2]. 

Principle of the SiNaPse technique. SNP discrimination is based on allele-specific amplification 

by two allele-specific primers with a SNP-binding 3’ nucleotide, and one reverse primer. One 

of the allele-specific primers has a 4 base pair (bp) spacer sequence that allows the discrimina-

tion of alleles by product size. The reverse primer has a universal tail sequence, which allows 

the incorporation of a separate oligonucleotide with a fluorescent label (labelled tail) during 

the same PCR reaction. PCR will produce labelled allele-specific PCR products that can be 

separated by size using electrophoresis (see Figure 10.1). SiNaPse is an acronym for SNP In-

vestigation using Non-labelled Allele-specific Primers and Separation by Electrophoresis. 

Design of SiNaPse PCR primers. A Microsoft Excel Spreadsheet was developed to facilitate 

primer design (available on request). 

 



116  ●  Chapter ten 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10.1. Principle of the SiNaPse PCR reaction. 
In this example, a G/A SNP is located on the plus strand (+) of the genomic 
template DNA (top of figure). The direction of primer elongation is indicated 
by grey triangles, while curved arrows indicate the formation of the resulting 
PCR products. If an individual is homozygous for the A allele, only the allele-
specific primer with a 3’ T can anneal to the template; this primer has a 4-bp 
spacer sequence at its 5’ end. In reaction (a), this primer produces a product 
(-), to which the reverse primer with the tail sequence can now anneal. Elon-
gation of this primer in reaction (b) results in a product (+), to which the allele-
specific primer can once more anneal. The next reaction step (c) results in a 
product that incorporates a sequence that is complementary to the tail se-
quence (-). The reverse primer and the labelled tail will now compete for this 
binding site, and two parallel reactions will take place. The reverse primer will 
form more unlabelled product through steps (d) and (c), while the labelled tail 
is incorporated in a fluorescently labelled PCR product through reaction (e). 
The labelled tail is present in a 50-fold higher concentration than the reverse 
primer, which will consequently be exhausted after a few cycles. This will 
terminate reaction (d), and the PCR will exclusively proceed through reaction 
(e), which forms fluorescently labelled product.  
If the G-allele is also present, the other allele-specific primer, with a 3’ C, will 
in a similar reaction produce a second labelled product that lacks the 4-bp 
spacer sequence. These products can then be separated through their 4-bp 
size difference. 

 

Allele-specific primers. For each SNP, a pair of allele-specific primers with a melting temperature 

(Tm) of 60°C +/- 3°C was sought on either the plus or the minus DNA strand flanking the 

SNP. Allele-specific primers were ordered as TrueSNP oligos (Proligo, Paris, France), which 

have a 3’ locked nucleic acid (LNA), complementary to the respective SNP alleles. LNA was 

recently reported to bind to DNA with a high affinity en to result in highly specific amplifica-

tion [153, 154]. The increase in primer annealing temperature caused by the 3’ LNA was de-

termined using the Exiqon web tool. To one of the allele-specific sequences, a four base pair 
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spacer sequence was added at the 5’ side, with a sequence identical to the genomic sequence 

at that position, to prevent annealing. Both primers were further extended at the 5’ side with 

a 7-bp ‘pig tail’ sequence (GTGTCTT) that reduces plus-A artefacts [278]. This addition is 

not essential, but we found that the genotyping software can more easily distinguish the re-

sulting sharper peak patterns. 

Reverse primer. Allele-specific primer sequences were entered as either right or left primer into 

the Primer3 program [152], which suggested reverse primers of the desired product size and 

Tm. Forward and reverse primers were blasted against the human genome sequence using the 

Ensembl database, and if no specific primers could be found, alternative primers on the op-

posite DNA strand were chosen. The reverse primer was extended on the 5’ side with a uni-

versal tail sequence (5’_TGGTAAAACGACGCCGAC_3’), based on the phage M13-21 se-

quence. Several modifications were made to improve the physical characteristics, which were 

tested with the Netprimer web tool (PREMIER Biosoft International, Palo Alto, CA, USA) 

and to reduce non-specific binding (investigated by blasting candidate sequences against the 

human genome sequence).  

Labelled tail. The fourth primer in the reaction consists of the tail sequence only, which is la-

belled with the fluorescent HEX dye at the 5’ end. 

PCR conditions. PCR reactions were performed on a Gene Amp PCR system 9700 (Applied 

Biosystems, further called ABI), in 384-well plates. Each 5 µl volume contained 10 ng tem-

plate DNA, 200 mM of each dNTP (Amersham Biosciences), and 0.2 units Amplitaq Gold 

(ABI), 1 × PCR buffer II (ABI), 2.5 mM MgCl2 (ABI), 400 nM of each allele-specific primer, 

400 nM HEX-labelled tail and 8 nM reverse primer. DNA was initially denatured at 94°C for 

7 min and was then subjected to 9 cycles of 94°C for 30 s, (66-57°C, with 1°C decrease in 

temperature per cycle) for 30 s and 72°C for 1 min, followed by 30 cycles of 94°C for 30 s, 

57°C for 30 s, 72°C for 1 min, and a final extension step of 72°C for 10 min. 

Electrophoresis and analysis. PCR products were pooled in equal amounts, or single products 

were diluted 4 times with 1x PCR Gold buffer. To 1 µl of product 4 µl HiDi and 0.02 µl 

ROX size standard were added, and this mixture was separated in POP 6 polymer on an ABI 

3700 capillary sequencer (ABI). Data were analyzed with Genescan 3.5 and imported into 

Genotyper 3.7 (ABI). If one or both allelic peaks were not between 250 and 6000 units, both 

labels were removed. Peak heights were imported into an Excel spreadsheet that facilitates 

genotyping by graphically displaying the data and converting peak heights to genotypes (avail-

able on request). 

DNA pooling experiments. DNA from one individual that was homozygous for the C-allele of 

SNP rs2619522, and from one individual homozygous for the T-allele was diluted to ap-

proximately 10 ng/µl and the concentration was measured in triplicate with Pico Green (Mo-
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lecular Probes, Leiden, the Netherlands) on a Genios plate reader (Tecan, Männedorf). DNA 

from two different homozygous individuals was combined in ratios of 0:10 to 10:0. Reactions 

were performed in triplicate, and peak heights were averaged. Experiments were replicated 

with two independent homozygous individuals. 

TaqMan analysis. Genotyping was performed on a 7900HT TaqMan system according to the 

recommendations by the manufacturer. 

Comparison of genotyping results. Genotyping of the same individuals using different techniques 

was performed independently, and results were later compared. 

Results 
Incorporation of the fluorescent label will depend upon competition of the labelled tail with 

the unlabelled reverse primer. A relatively lower concentration of the reverse primer is there-

fore likely to favour the production of labelled product, but a certain amount of reverse 

primer is necessary to start the PCR. We therefore first tested different ratios (up to 1:800) of 

reverse primer and labelled tail, and found that a ratio of 1:50 for reverse primer and labelled 

tail, respectively, resulted in the strongest signal (data not shown). This ratio was used in all 

subsequent experiments. 

In total 36 SNPs had previously been selected as relevant for DNA diagnostics or candidate 

gene studies in psychiatric disorders. Table 10.1 shows the results of SiNaPse analysis of 

these SNPs. Twenty-two SNPs were specifically tested for amplification efficiency and geno-

typing accuracy, while 14 additional SNPs were later analyzed in association studies involving 

up to 300 cases and 600 controls. For the latter studies, we know that the quality of DNA 

samples is less constant than in the validation experiments, and dropout rates were indeed 

somewhat higher in general (data not shown). 

For all SNPs except DAX1g315c, primer sets could be designed for the standard 60°C PCR 

protocol, and with good predicted specificity. Thirty-one primer sets (86.5%) produced spe-

cific PCR products of the expected size, with clearly distinguishable peaks (see Figure 10.2). 

Up to four different PCR products were pooled before electrophoresis, which still resulted in 

signals of sufficient intensity (Figure 10.3). The two alleles of a SNP will have fixed sizes, 

with only a 4 bp difference, and therefore primer sets can be designed to obtain PCR prod-

ucts with only small (10 to 15 bp) size differences between SNPs. For the SNPs that could be 

amplified, the dropout rate due to failure of individual samples was 4.7% on average in the 

validation experiments. 
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Table 10.1. SiNaPse genotyping results 

Variation Gene PCRa Allelesb Individuals Dropout Identicalc 
RGS4_18 RGS4 + 2 24 12.5% 95.2% 
RGS4_1_b RGS4 + 2 24 12.5% 100.0% 
hCV11558870 PIP5K2A + 2 24 8.3% 100.0% 
hCV9591220 PIP5K2A + 2 24 8.3% 100.0% 
B2a7470g BRCA-2 + 2 24 4.2% 100.0% 
B2g203a BRCA-2 + 2 24 4.2% 100.0% 
B1a4956g BRCA-1 + 2 24 0.0% 100.0% 
B1t4427c BRCA-1 + 2 24 0.0% 100.0% 
B2a1093c BRCA-2 + 1 24 0.0% 100.0% 
B2a1593g BRCA-2 + 1 24 0.0% 100.0% 
B2c1342a BRCA-2 + 2 24 0.0% 100.0% 
B2t2457c BRCA-2 + 1 24 0.0% 100.0% 
HFE HFE + 2 49 8.2% 100.0% 
B1a1186g BRCA-1 - n.a. 24 n.a.  
rs1051332 ATP7b + 2 27 0.0%  
rs1801249 ATP7b + 2 27 0.0%  
rs732071 ATP7b + 2 30 3.3%  
hcV3123355 ATP7b + 2 31 0.0%  
rs2277448 ATP7b + 2 31 0.0%  
rs754610 ATP7b + 2 31 0.0%  
MSX1t1140c MSX -/+ 2 49 32.7%  
HFEg6722a HFE - n.a. 49 n.a.  
BDNF_270 BDNF + 1    
BDNF1 BDNF + 2    
DAX1g315c DAX - n.a.    
hCV9012157 PIP5K2A - n.a.    
NRG221533 NRG1 + 2    
RGS4_1 RGS4 + 1    
RGS4_4 RGS4 + 1    
RGS4_7 RGS4 + 2    
rs1047552 PSFL + 2    
rs1472500 PSFL + 2    
rs2619522 dysbindin + 2    
rs3213207 dysbindin + 2    
rs3743319 PSFL + 1    
rs760761 dysbindin + 2    
TsC0123902 PIP5K2A + 2    
Average  13.5% 18.9% 28.9 4.7% 99.6% 

a Observed specific PCR product at the expected size. 
b Number of different alleles observed in the tested samples. 
c Percentage of genotypes in agreement in SiNaPse vs. TaqMan / direct sequencing. The first four SNPs were 
verified using direct sequencing, the others by TaqMan analysis. 
NOTE: SNP RGS4_1 was tested using two sets of primers on complementary DNA strands, one of which 
seemed to amplify only one allele. 
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Figure 10.2. Representative examples of raw genotyping data for four differ-
ent SNPs. a: BRCA2a7470g (only one type of homozygote observed); b: 
MSX1t1140c; c: B1a4956g; d: B2c1342a. The arrow in Figure c indicates a 
plus-A artefact, resulting in an additional peak at 1 bp from the allelic peak. 
 

 

 

 

 

 
Figure 10.3. Electrophoresis pattern of pooled PCR products from four 
SNPs. Fragments from different SNPs have sizes of approximately 155, 185, 
215 and 245 bp. NOTE: all depicted genotypes are homozygotes, except for 
the SNP with product sizes around 215, which shows two alleles separated 
by 4 bp. 
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Figure 10.4. Graphical representation of genotyping results for SNP BDNF-1. 
x-and y-axis units indicate fluorescence intensity, measured by the se-
quencer. Solid circles indicate heterozygous individuals, while squares and 
triangles represent the two types of homozygotes. Crosses and open trian-
gles represent measurements with aberrant peak heights or -ratios. NOTE: in 
order to show multiple measurements per genotype, results of an experiment 
with 192 individuals are shown, which were run on an ABI 3730 sequencer 
(units for peak heights are different from the 3700 sequencer).  
 

Amplification by the SNP-matching primers was generally efficient, while the alternative 

primers formed little or no detectable product. The ratio of peak heights between the two 

alleles of heterozygous individuals was highly reproducible, although different for each SNP. 

Clusters of different genotypes could therefore be clearly separated (see Figure 10.4). 

Running undiluted product was found to overload the detector of the sequencer, with flatten-

ing of the signal for the allelic peak, and a relative increase for the other PCR reaction, which 

diminished the allelic discrimination. Products were therefore always run using a standard 1:4 

dilution with 1x PCR buffer, or they were pooled before the analysis.  

Seven SNPs only seemed to display one allele. Three of these SNPs were also genotyped us-

ing a TaqMan system, which confirmed that they were not polymorphic in the sample. In 

SNP RGS4_1, we found evidence for failure of amplification of the second allele, since this 

allele was present after using a primer set on the alternative strand.  

Genotyping accuracy was tested by comparing SiNaPse results for 24-49 individuals per SNP 

with those obtained on a TaqMan system (10 SNPs) or by direct sequencing (4 SNPs). On a 

total of 298 compared genotypes (596 alleles), there was one discrepancy, in which SiNaPse 

and TaqMan analyses identified one sample as homozygous for different alleles. 
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Figure 10.5. SiNaPse result obtained from pooled DNA samples. Different 
amounts of DNA from individuals homozygous for the C or T-allele of SNP 
rs2619522 were combined, and signal intensities for both alleles were meas-
ured. Averaged values for triplicate experiments are shown. X-axis: ratio of 
the amount of C and T allele present in the pool. Y-axis: ratio of allelic peak 
heights. Data are plotted on a logarithmic scale, with a linear trend line 
shown. 
 

To investigate the usefulness of the technique for DNA pooling, DNA from two individuals 

that were homozygous for different alleles of the same SNP was added in different ratios. 

There was a linear increase of the relative peak height of the respective alleles with the 

amount of the alleles present in the pool (see Figure 10.5) 

Discussion 
Many different reliable techniques for SNP detection have been described. However, some 

methods require large initial investments in equipment or are only cost-efficient for the simul-

taneous analysis of hundreds of different SNPs. Other methods are labour-intensive and rela-

tively expensive per genotype, because they require labelled nucleotides, primers or probes. 

The presented SiNaPse method brings together several established techniques, in order to 

develop a flexible and efficient SNP detection method on widely available DNA sequencing 

equipment. The technique is based on a single allele-specific PCR with a modified, high-

affinity SNP binding nucleotide. During the PCR under standard conditions a universal fluo-

rescent label is incorporated into the product, which allows semi-automatic detection on 

DNA sequencers. Although most experiments were performed on an ABI 3700 sequencer, 
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comparable results were obtained with the newer ABI 3100 and 3730 sequencers, and the 

method is likely to be suitable for slab gel machines as well. 

Allele-specific PCR, which is based on primers with a SNP-matching nucleotide at the 3’ end, 

has been used for many years [280]. Several published SNP detection methods are based on 

allele-specific PCR primers, with different readout systems [281-283]. The specificity of the 

amplification will depend on both binding affinity and successful elongation by the poly-

merase. Unfortunately, most allele-specific PCRs require optimization of conditions for each 

reaction, which limits the use for high-throughput genotyping. We aimed to enhance the 

competitive advantage of the SNP-matching primer by using a touchdown PCR protocol 

during the first cycles. The reaction starts with a Tm at which none of the primers can anneal, 

followed by a stepwise reduction of the temperature during the first PCR cycles, which will 

allow the primer with the highest affinity to anneal one or several cycles before the alternative 

primer. In order to further increase specificity, primers were ordered with a 3’ locked nucleic 

acid (LNA) at the position of the SNP. LNA was recently reported to bind DNA with a high 

affinity, and to result in highly specific amplification [153, 154]. Indeed, we found that nearly 

all reactions could be performed under standard conditions, while allele-specificity was high. 

We also tested one primer set with and without LNA, and found that alleles that could not be 

accurately distinguished using regular primers, gave good results with LNA primers (data not 

shown). Therefore, primers with a 3’ LNA, which are hardly more expensive than regular 

primers, appear to be useful in enhancing the specificity PCR reactions. 

Failure of amplification of one allele is always a theoretical possibility. In one SNP, we found 

evidence for failure of amplification of one allele, and it cannot be excluded for three other 

SNPs. However, SNPs were not selected for a high minor allele frequency, and with the rela-

tively low number genotyped chromosomes per SNP, the minor allele may simply not have 

been present. This is illustrated by the observation that the three apparently monomorphic 

SNPs that were also genotyped using TaqMan were indeed not polymorphic in the tested 

sample. In case one of the alleles should fail to amplify, however, the problem will usually be 

readily detectable, and alternative primers could be defined. 

The reverse primer tail sequence allows using one labelled universal tail primer for all SNPs, 

instead of labelling each SNP-specific primer separately, which reduces primer costs consid-

erably. The method has been described for genotyping microsatellites in several independent 

papers, which do not seem to have received much attention [251, 284]. We have typed many 

different microsatellites using this method, and the results are comparable to those obtained 

by regular labelled primers. The recently described Amplifluor SNP detection method on 

plate readers uses two different tail sequences and two dyes in a comparable fashion [281]. 

However, even though tail sequences are defined in such a way as to reduce non-specific 
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binding, it is possible that part of a tail sequence by chance will anneal to the template DNA. 

The use of two different tails in one reaction carries the risk of annealing differences between 

the tails that could result in different melting temperatures of both allele-specific primers. 

Separating alleles by size instead of colour allows the same reverse primer and tail to be used 

for both alleles, which circumvents this problem. 

Efficient genotyping requires minimal optimization and sample handling, and reliable allelic 

discrimination. Therefore, we have investigated the success rate of primer design and SNP 

amplification under standard conditions, and compared genotyping results with those ob-

tained by established methods. 

Designing primer sets. Allele-specific primers have their 3’ end at the SNP, and their position is 

therefore fixed. The SiNaPse method allows choosing primer sets on both DNA strands, 

which increases the flexibility of primer design. The Microsoft Excel spreadsheet facilitates 

the design of primers with the required Tm, tail sequence and spacer sequence. For only one 

out of 36 SNPs, no primer set with the desired properties could be designed. 

Efficiency of amplification. Overall, we obtained clearly distinguishable allelic peaks with 86.5% 

of the primer sets using the standard PCR protocol. For single SNPs, the dropout rate of less 

than 5% of analyzed samples on average seems acceptable.  

Allelic discrimination and accuracy of genotyping. In general, amplification was allele-specific, with 

an occasional sample with an aberrant allelic peak ratio, and genotype clusters could therefore 

usually be clearly distinguished. It is important not to overload the camera of the sequencer, 

since this reduces the separation of alleles. Genotyping results for 14 SNPs were verified us-

ing the established TaqMan assay or by direct sequencing. On a total of 298 compared geno-

types, there was only one sample with a genotyping discrepancy. The reason was not clear, 

since both sequencing data and SiNaPse data seemed reliable. Quite unexpectedly, both tech-

niques found the sample to be homozygous for a different allele, which may indicate an error 

in sample handling. Overall, these data suggest that the allele-specific PCR produced reliable 

genotyping results. 

DNA pooling. Pooled analysis of DNA samples is an efficient way to screen large numbers of 

cases and controls for differences in allele frequencies [84, 85]. When different amounts of 

DNA from homozygous individuals for one allele were combined and analyzed, we found a 

linear increase of peak heights with the amount of alleles present in the DNA pool. These 

results indicate that the SiNaPse technique is suitable for DNA pooling experiments. As with 

most methods, when alleles are present in equal amounts, one of the alleles will usually give a 

stronger signal than the other. Therefore, if one is interested in exact allele frequencies in-

stead of differences between pools, peak heights should be corrected with a factor that is de-

rived from measured peak heights in a number of heterozygous individuals [86]. 
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Suitability for high-throughput genotyping. The use of one standard PCR without additional puri-

fication steps greatly reduces sample handling, but for high-throughput genotyping, genotyp-

ing capacity and low costs per sample are also essential. Signal intensities of undiluted PCR 

products were generally high. Although we did not test this, pooling of more than the tested 

4 markers is likely to be possible (note that sequencer running conditions are identical for 

SiNaPse and microsatellites, and we found that the two types of markers can also be run to-

gether, as long as allele sizes do not overlap- data not shown). If we assume pooling of six 

SNPs per run, a capillary machine such as the ABI 3700 will have a capacity of approximately 

7.900 genotypes per day (11,800 genotypes for an ABI 3730 machine). For unpooled sam-

ples, the costs per genotype were € 0.41 per genotype, including all costs for primers, PCR 

and run on an ABI 3700. By multiplexing reactions, pooling of SNPs and using a capillary 

sequencer like the ABI 3730, costs per genotype can be further reduced. We have recently 

used the method for candidate gene studies involving multiple SNPs in up to 900 samples, 

with satisfying results (data not shown). 

In conclusion, we have developed a technique that allows flexible medium- to high-

throughput SNP genotyping on standard DNA sequencing equipment that is already present 

in many laboratories. This method is a useful addition to very high-throughput platforms, 

which are currently still affordable for large centres only. 
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11 DISCUSSION 
Family studies have consistently shown that many common psychiatric disorders are geneti-

cally complex, i.e. the result of multiple heritable and environmental risk factors. Variations in 

the heritable material probably determine the major part of the total susceptibility to psychiat-

ric disease. Knowledge about the nature of these DNA variations should provide insight into 

the causes of these disorders, and, perhaps more importantly, open ways to new forms of 

prevention and treatment. In theory, disease-related variations should be detectable by com-

paring the entire DNA in large numbers of individuals with and without a disorder. Unfortu-

nately, this is technically not feasible. Instead, current genetic linkage and association studies 

analyze a selection of all genetic variations, and use these as markers that could indicate the 

presence of nearby disease-related variations. The underlying assumption is that a disease-

related variation arose in a single person some time in history, and that this variation, as well 

as the DNA region surrounding it, is still shared by living individuals with the disease.  

This thesis describes genetic studies in schizophrenia and ADHD, carried out in large and 

homogeneous patient samples. In addition, it presents new techniques for the efficient analy-

sis of microsatellite markers in pooled DNA from many individuals, and for the analysis of 

single nucleotide polymorphisms (SNPs) on standard genotyping equipment. The first part of 

this chapter will discuss the results of the studies and relate them to findings by others. The 

second part will be a more general discussion of factors that may influence the chances of 

finding disease-related variations in complex disorders, and how these factors may guide the 

design of future studies. Finally, the possible implications of progress in genetics for under-

standing and treating psychiatric disorders will be explored.  

11.1. Genetic studies in schizophrenia 
The causes of schizophrenia remain basically unknown, but segregation studies in families 

have consistently shown that heritable factors play a major role in the development of the 

disorder [48].  

Given this high genetic contribution, it may seem surprising that the identification of schizo-

phrenia susceptibility genes has proved to be difficult. We hypothesized that both clinical and 

genetic heterogeneity may have contributed to these difficulties. Most likely, there are multi-

ple genetic factors involved, and different genetic variations may predominate in different 

populations. In addition, clinically defined schizophrenia includes different classes of symp-

toms, some of which are also shared by other psychiatric disorders. Specific symptoms may 

or may not be present in individual patients, and the highly variable course of the disorder 

suggests the presence of disease subtypes with different causal factors. The identification of 

such factors in broadly defined schizophrenia samples may then be difficult.  
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Considering this, we attempted to collect patients with a homogeneous clinical and ethnical 

background, and performed genetic studies in patient subgroups with and without prominent 

negative symptoms, as defined by the criteria for the deficit syndrome [36]. 

Functional candidate genes 
Genes involved in neurotransmission, such as those belonging to the dopamine, serotonin 

and glutamate systems, are obvious candidates genes for schizophrenia, since drugs used to 

either alleviate or induce symptoms of psychosis are known to influence mainly neurotrans-

mitter receptors. Other genes involved in the synthesis, transport and breakdown of these 

neurotransmitters are therefore equally interesting candidates. Chapter 2 describes a system-

atic screening of 12 genes with a function in dopamine neurotransmission, using microsatel-

lite markers and a new DNA pooling technique that is described in chapter 9. 

Although there were some indications for involvement of the dopamine D5 receptor in the 

pooled analyses, individual genotyping in a larger sample could not confirm these results. 

This suggests that dopaminergic genes do not play a major role in schizophrenia, at least not 

in the Dutch population. It is possible, however, that we have missed variations with small 

effects. In the first place, at the time of the study, patient inclusion was still ongoing, and a 

sample of slightly over 200 cases provides only modest power for detecting genes with a low 

relative risk. The use of a DNA pooling technique may have further reduced statistical power 

[98]. Second, even though our aim was to select several microsatellite markers within or close 

to each gene, these markers may not have been in sufficient linkage disequilibrium with a 

possible disease-related variant. Finally, we cannot exclude that some dopaminergic genes are 

only associated with specific symptoms of schizophrenia, and that we failed to detect these in 

an unselected sample. 

Taken together, however, the results of different candidate gene studies, including ours, indi-

cate that if dopaminergic or serotonergic candidate genes contribute to schizophrenia, their 

effect must be small. Meta-analyses of multiple studies have indicated a very modest contri-

bution (with typical RRs around 1.5) of the serotonin 2a (5HT2a) receptor [49, 50], the do-

pamine D2 [51] and D3 receptors [52-54], and the COMT gene [55]. These results are in 

agreement with findings from linkage studies, which do not show much evidence for linkage 

in the regions containing the most obvious candidate genes. Many other negative or inconsis-

tent studies of functionally interesting genes indicate that the obvious candidates do not ex-

plain most of the genetic susceptibility to schizophrenia.  

Positional candidate genes 
Genetic linkage studies do not make assumptions about gene function, since they screen the 

entire DNA for regions shared by family members with a disorder. The results from multiple 
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whole-genome linkage studies in schizophrenia at first sight suggest linkage on almost every 

chromosome. As in other complex disorders, however, some regions have emerged more 

frequently than others. Recent meta-analyses of available data have confirmed this impression 

and mean it is highly unlikely that the observed pattern of linkage is the result of chance alone 

[63, 64]. In 2002, a group from Iceland gave a new impulse to the genetics of schizophrenia 

by screening a region of repeated linkage on chromosome 8 with a high-density marker set 

[66]. A certain combination of marker variants (a haplotype) in the neuregulin 1 gene was 

seen to be associated with schizophrenia. However, the haplotype was not unique to schizo-

phrenia patients, and increased the risk of developing schizophrenia only 1.5 to 2 times. In 

chapter 3 we have investigated the role of the neuregulin 1 gene in patients with deficit and 

non-deficit schizophrenia. The SNP that was most strongly associated in previous studies was 

also associated with schizophrenia in the Dutch population, but with a different allele. This 

finding provides support for neuregulin 1 as a schizophrenia susceptibility gene, but it also 

indicates there is genetic heterogeneity in different populations, as has been reported for 

other genes [132, 135]. Interestingly, we detected association in the non-deficit group, but not 

in deficit patients. These results provide evidence for the existence of genetically distinct 

schizophrenia subtypes, and they suggest that careful selection of patients based on symp-

toms could increase the chances of success in finding schizophrenia susceptibility genes. 

Similar association studies in other linkage regions soon followed the first report on the 

neuregulin 1 gene. Four of these genes, dysbindin, G72/G30, RGS4 and PIP5K2A, are in-

vestigated in chapter 4. In the dysbindin and G72/G30 genes, no indications for association 

with either non-deficit or deficit schizophrenia were found. This could mean that neither 

gene contributes substantially to schizophrenia in our population, although it is also possible 

that other markers than those reported in previous studies are associated. Even between 

European populations, the associated dysbindin haplotypes seem to be different [132, 135]. A 

recent study in a Scottish sample reported no association with markers in dysbindin from the 

first published studies [133]. Later, however, new haplotypes that were associated in an Eng-

lish sample also showed strong evidence for association in the Scottish population [132]. In 

the presence of such allelic heterogeneity, one should perhaps be careful before concluding 

that a certain gene is not associated, and instead only exclude the association with specific 

haplotypes. 

In RGS4, we confirmed the association with a haplotype that was first found to be associated 

with both schizophrenia and bipolar disorder [144]. Again, the association was mainly due to 

the group of non-deficit patients. The results of the available studies suggest that RGS4 is 

related to symptoms or traits that are common to schizophrenia and bipolar disorder. As a 

regulator of G-protein signalling, this gene modifies the function of dopamine and glutamate 
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receptors. Recently it was suggested that glutamate neurotransmission may be central in the 

development of schizophrenia, since neuregulin 1, dysbindin, G72/G30 and RGS4 may all be 

involved in this system [70]. Interestingly, the first indications for involvement of RGS4 came 

from gene expression studies [69]. This underlines the importance of using biological infor-

mation from related disciplines in genetic studies. 

We found strong association of two SNPs in the PIP5K2A gene with schizophrenia, in both 

the deficit and non-deficit groups. Interestingly, the region on chromosome 10 in which this 

gene is located, repeatedly showed linkage to both schizophrenia and bipolar disorder [148]. 

Lithium, the substance most widely used to treat bipolar disorder, influences the phosphati-

dylinositol pathway, which includes PIP5K2A. Like RGS4, PIP5K2A may therefore be a sus-

ceptibility gene for both disorders. A recent study reported an interaction between RGS4 and 

phosphatidylinositol-3,4,5,-trisphosphate (PIP3), also part of the phosphatidylinositol path-

way, in cardiac myocytes [285]. This suggests that the phosphatidylinositol pathway, G-

protein signalling and dopamine and glutamate neurotransmission are all coupled, and possi-

bly interact in increasing susceptibility to schizophrenia. It would be interesting to screen 

other genes from these pathways for association with schizophrenia and bipolar disorder as 

well. 

A special sample 
Several measures were taken to collect a homogeneous patient sample. Patients were only in-

cluded if they had at least three grandparents of Dutch, Caucasian ancestry, in an attempt to 

reduce possible genetic heterogeneity introduced by the large-scale immigration to the Neth-

erlands during the past decades. In order to reduce clinical heterogeneity, the same trained 

rater verified the diagnosis of schizophrenia in all patients, using a standardized diagnostic 

interview (CASH, [117]). Patients with schizoaffective disorder, who have prominent mood 

symptoms as well as psychotic symptoms, were excluded, since they may share biological 

causes with patients with mood disorders [286]. It is difficult to prove how effective this se-

lection has been, but the relatively strong association signals, compared to other studies in-

volving samples with comparable sizes, suggest that selecting an ethnically and clinically ho-

mogeneous sample may be worthwhile. 

Patients from long-stay wards of psychiatric hospitals were specifically included, which re-

sulted in a high proportion of patients with deficit schizophrenia. In an unselected sample of 

schizophrenia patients, approximately 15% of first-episode patients, and 25-30% of chronic 

patients will meet the criteria of the deficit syndrome, compared with over 50% in our sam-

ple. Our results may therefore not be fully representative for schizophrenia in an unselected 

population sample. We used the Schedule for the Deficit Syndrome (SDS) to define a sub-

group with negative symptoms, because it seemed a more precisely defined measure than 
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other proposed clinical criteria, such as years of hospitalization, or the persistent inability to 

take care of oneself [35]. The SDS has certain problems, however. For instance, in some pa-

tients, it may be difficult to exclude the influence of factors like depression or the use of 

drugs as the cause of negative symptoms. Moreover, the SDS requires the evaluation of nega-

tive symptoms during the past year, which was provided by the patient's own physician. 

There is not much information, however, about the inter-rater reliability of the SDS. These 

factors may therefore have introduced some noise into the comparison of genetic variants in 

deficit and non-deficit patients. If so, it may have led to an underestimation of differences in 

allele frequencies between the groups, but not necessarily to false-positive findings. Still, the 

distinct differences in allele frequencies between the groups for neuregulin 1 and RGS4 seem 

to confirm that the SDS delineates two groups with different characteristics. Until more basal 

endophenotypes become available, deficit schizophrenia may be a useful clinical subtype for 

genetic studies. 

Our schizophrenia sample has certain limitations. In the first place, even though the total 

number of included patients now exceeds 300, the sample size may be relatively modest for 

future large-scale association studies. Therefore, possibilities for expanding the sample are 

currently being studied. 

Second, we do not know parental genotypes, and haplotypes must therefore be estimated us-

ing allele frequency data. This is a generally accepted procedure, but genotyping errors can 

substantially affect haplotype frequency estimates and the power to detect association with 

them [287]. We decided to collect a large sample of unrelated patients, when we experienced 

that collecting a sib pair sample of sufficient size would probably be beyond our reach. At the 

time, however, population stratification was seen as a major threat to association studies, and 

TDT analysis using parents was regarded as the optimal study design. The case-control design 

has become generally accepted recently, and with hindsight, the decision to collect a large 

case-control sample seems to have been right, given our resources. It should be noted, how-

ever, that phase known haplotypes would be valuable for future studies, and that parental 

DNA should preferably be collected as well. 

Third, there is little information about the background of the control sample, which consisted 

of anonymous blood bank donors, supplemented with control samples from the Department 

of Biomedical Genetics, UMC Utrecht. Consequently, population stratification cannot be 

ruled out as an explanation for different allele frequencies between the samples. However, the 

prevalence of the disorder is largely comparable in different populations worldwide, and 

therefore, even if different subgroups were present, stratification is perhaps less likely to have 

caused false-positive results. In retrospect, another argument against stratification effects is 

that we have now typed a large number of markers in the sample, mostly with comparable 
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allele frequencies between cases and controls. There are formal ways to quantify stratification, 

however, and to correct for its presence [29, 30]. These methods, which basically involve 

comparing a substantial number of random markers throughout the genome in cases and 

controls, should be considered for future studies in this sample. 

Relevance and future studies 
As a whole, our findings have confirmed the involvement of several recently reported suscep-

tibility genes in the development of schizophrenia. The available data suggest that susceptibil-

ity to schizophrenia is, at least in part, the result of common variations, as suggested by the 

common disease-common variant hypothesis. Interestingly, we found the first indications 

that some genes are involved in only non-deficit schizophrenia. This finding has important 

consequences. In the first place, stratification of study samples may indeed be beneficial to 

genetic studies. Genes involved in deficit schizophrenia are likely to go unnoticed in unse-

lected samples, whereas this relatively large subgroup with severely disabling symptoms cer-

tainly deserves separate study. New genome scans in deficit samples, or re-analysis of com-

bined data from existing genome scans, taking into regard negative symptoms, my be neces-

sary to indicate new candidate regions. Ultimately, the genetic distinction of patient groups 

with specific symptoms may allow better prediction of the disease course in individuals, and 

lead to targeted treatment. Our sample is relatively unique in having a high proportion of 

deficit patients, and we are currently investigating other candidate gene systems for a different 

involvement in deficit and non-deficit schizophrenia. For a substantial number of patients 

(approximately 100), follow-up brain scans are available, which allows data on brain volumes 

to be used as an alternative endophenotype in association studies.  

The first schizophrenia susceptibility genes now seem to have been identified. Support for 

involvement of genes like neuregulin 1, G72/G30 and dysbindin is becoming more and more 

robust, but the evidence is still entirely based on statistical association with genetic markers 

that probably do not play a causal role in the disease. Each reported marker or haplotype was 

only associated in a minority of patients, and it is likely that other genes, and perhaps differ-

ent biological systems, are involved in other patients. Until we have identified more of the 

remaining genetic factors, testing for the presence of the associated haplotypes has no diag-

nostic or prognostic value. Moreover, until we know how genetic variations contribute to dis-

ease by changing the amount or structure of relevant proteins, it will be difficult to develop 

targeted therapies. These facts may be disappointing to both patients and clinicians, but 

should be emphasized when the recent genetic findings become public knowledge. 

Still, even without knowing functional variants, the relevance of these findings cannot be 

overestimated. We may have gained the first insight into the biological basis of schizophrenia, 

and its relationship with other disorders. In the near future, we will learn which biological sys-
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tems are involved, and in which groups of patients. Our basic concepts of schizophrenia are 

almost certainly about to change. 

11.2. Genetic studies in ADHD 
The estimated contribution of genetic factors to the development of attention deficit hyper-

activity disorder (ADHD) is at least as high as for schizophrenia. ADHD is assumed to be a 

genetically complex disorder, but despite considerable research efforts, the responsible ge-

netic variations remain largely unknown. The genetic studies described in this thesis were per-

formed in a sample of families consisting of one or more affected individuals and their par-

ents. This design allowed both genetic linkage and association studies, in which the parents 

served as controls. It has been suggested that ADHD and the so-called autism spectrum dis-

orders share some causal factors. Therefore, we included patients in a small phenotype group, 

consisting of full ADHD according to DSM-IV criteria, while the broader phenotype group 

also included family members with autism spectrum disorders and oppositional defiant disor-

der (ODD). In an attempt to reduce genetic heterogeneity, patients were only included if they 

had four Dutch-born, Caucasian grandparents. 

Functional candidate genes 
Until very recently, genetic studies in ADHD had been restricted to the analysis of functional 

candidate genes. As in schizophrenia, genes involved in neurotransmission are plausible can-

didates, since the most effective medication to treat the disorder, methylphenidate, is known 

to block neurotransmitter transporter molecules such as the dopamine transporter (DAT1). 

Dopaminergic genes have been reported to be associated with ADHD, but the number of 

negative findings is also considerable. One of the reasons for the inconsistent findings in 

separate studies may have been insufficient statistical power. The reported relative risk (RR) 

of each gene is typically modest, less than two, and the power to detect loci with such RRs in 

the described samples is limited. Another factor may have been the small number of markers 

used to study the different genes. Following the publication of the association of the VNTR 

polymorphisms in DAT1 and DRD4, and the microsatellite in DRD5, subsequent studies 

focused on these markers. Unless these variants are truly causal, detected association must be 

the result of linkage disequilibrium with a disease locus. If so, the reported markers, especially 

the VNTRs, which are not very polymorphic for these loci, may not have been optimal. 

Chapter 5 describes an association study of the DAT1, DRD4, and DRD5 genes, in which 

the previously described VNTRs, as well as additional microsatellites, were analyzed in one of 

the largest samples reported so far. We found no indications for involvement of any of these 

three genes in the Dutch population, but as mentioned above, small genetic effects may have 

been missed for various reasons. 
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Recent meta-analyses of available studies suggest that the effects exerted by the dopamine 

transporter genes, as well as the dopamine receptor 4 and 5 genes are small, but real. It re-

mains to be determined if these genes are involved across populations, and if specific symp-

toms can be related to them. 

Positional candidate genes 
Together, dopaminergic genes only explain a fraction of the total genetic risk of developing 

ADHD. Other, unknown genes or gene systems are therefore likely to contribute to the dis-

order, and linkage studies could provide new clues to other candidate regions in the genome. 

Chapter 6 describes one of the first whole-genome scans in ADHD, performed in Dutch 

families. Affected siblings shared several chromosomal regions more frequently than ex-

pected, the most promising of which were on chromosome regions 7 and 15. According to 

accepted standards, the regions with the highest LOD scores were suggestive for linkage. 

This indicates that they are likely to contain susceptibility genes, but false-positive findings 

cannot be ruled out. 

The locus on chromosome 7q seemed to give the strongest signal when the analysis was re-

stricted to ADHD only. It had a small estimated effect, increasing the risk for carriers with a 

factor of approximately 1.2. Such a locus would require larger samples to be fine-mapped in 

association studies, and given the lack of independent support for this locus, fine mapping 

efforts were considered premature. However, the region contains dopa decarboxylase (DDC), 

an a priori candidate gene, since it is involved in the synthesis of dopamine. The gene is lo-

cated very close to the marker that gave the highest single point LOD score in the genome 

scan, and modest association with this marker in ADHD has been reported [226]. Therefore, 

in chapter 7 we specifically tested DDC for association using multiple markers across the 

gene, but had negative results. If DDC was the cause of the linkage signal in this region, we 

should have been able to detect association with it, unless there are many different associated 

alleles or haplotypes. It is therefore possible that the causal gene is not DDC, but a different 

gene in the region. Before further association studies are undertaken, we should perhaps 

await independent confirmation of the chromosome 7 locus. 

In contrast with the findings on chromosome 7, several findings now seem to support a 

chromosome 15 locus that contributes to childhood developmental disorders. Recently, con-

vincing LOD scores in the same region were reported in an American sample [288]. Interest-

ingly, this region coincides with a linkage region in reading disability [221], which is frequently 

diagnosed in patients with ADHD. There were no remarkable functional candidate genes in 

the linkage region, but with an estimated relative risk of 1.6, fine-mapping studies in the same 

sample would have acceptable power. In a preliminary study, we have screened a four 

megabase (Mb) region around the top of the linkage peak in our study. This study involved 
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over thirty microsatellites, analyzed in pooled DNA. Two markers showed significant associa-

tion, which was confirmed by individual genotyping (data not shown in this thesis). However, 

both markers are more than one Mb apart, and it is possible that one – or both – associations 

are chance results. These experiments are now being replicated in an independent sample at 

the UMC Nijmegen. 

Relevance and future studies 
The results of the Dutch genome scan were published together with those of an American 

group. This study reported linkage on chromosome regions 5p13, 6q12, 16p13, and 17p11 

[189, 289]. Linkage to 17p11 has meanwhile been replicated in a study of extended families 

from an isolate, which also showed linkage to yet other regions, namely 4q13.2, 5q33.3, 

8q11.23 and 11q22 [290]. The differences between the available linkage studies seem to be a 

first indication that ADHD is comparable to other complex disorders, with genetic findings 

that differ considerably between studies. It is still possible, however, that only a few loci pre-

dominate in ADHD. Complex disorders may differ in that aspect, and one may speculate that 

the relatively strong linkage signals in moderately sized samples reflect underlying genes with 

a substantial effect. The few available scans in ADHD already seem to show shared linkage 

regions between studies. Recent progress in other disorders, such as schizophrenia or bipolar 

disorder, suggests that combining the findings from different studies could be essential to 

identifying regions that truly contain susceptibility genes. It may be worth taking a chance and 

fine-map the replicated regions with the highest LOD scores (15q, 16p and 17p). 

Combined analysis of the Dutch and the American linkage data highlighted regions that did 

not seem particularly important in the individual studies, in particular a region on chromo-

some 5 that did not reach impressive LOD scores in the separate studies (Ogdie et al., unpub-

lished data). Large combined samples may increase the sensitivity of analyses, and allow the 

specific study of disease subtypes or other phenotypic characteristics. As suggested by the 

different results in the American and Dutch samples, however, combining samples with dif-

ferent ethnic backgrounds may also reduce homogeneity.  

It is intriguing that the most convincing linkage regions in the available studies coincided with 

regions of previously reported linkage with autism and reading disability. Although coinci-

dence cannot be excluded, it is tempting to think that these regions contain shared suscepti-

bility genes for these childhood developmental disorders that tend to aggregate in families. 

Genetic studies in samples that were selected for specific phenotypic characteristics shared by 

the different disorders may provide further insight into common causal mechanisms, and fa-

cilitate the identification of new genes. One could speculate that genes involved in neuro-

development may play a primary role, and that the involvement of neurotransmitter genes is 

secondary, or modifying in nature. 
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In summary, after years of studying a limited set of a priori functional candidate genes, link-

age studies have now opened new ways to identify susceptibility genes for ADHD. Recent 

progress in other complex disorders suggests that it is possible to track susceptibility genes 

using linkage and association strategies. The combined research efforts in ADHD and related 

disorders are therefore likely to result in the identification of susceptibility genes for child-

hood developmental disorders in the near future. 

11.3. New methods for efficient genotyping 
The search for susceptibility genes in complex disorders requires large numbers of affected 

individuals and genetic markers. In particular, genetic association studies, which aim to iden-

tify small genomic regions that trace back to a common ancestor, require high-density marker 

sets. Systematic screening of linkage regions, or even the entire human genome using associa-

tion approaches would therefore be a formidable undertaking, which is barely feasible at the 

moment even though genotyping techniques are advancing rapidly. 

Accurate determination of microsatellite allele frequencies in DNA pools 
DNA pooling can increase the efficiency of genetic association studies by combining DNA 

of patients and controls before the analysis. Unfortunately, the PCR-induced stutter artefact 

frequently hinders the analysis of microsatellite markers in pooled DNA. In chapter 8, we 

have investigated if there were general rules underlying the intensity of the stutter artefact, 

which might then be used for stutter correction in DNA pool patterns. Stutter intensity was 

far more pronounced in dinucleotide than in tetranucleotide repeat markers, and correlated 

with both the type and the number of repeated sequences. The presence of additional repeat 

sequences of a different sequence increased stutter intensity, whereas repeat interruptions 

tended to decrease stutter intensity. A decreased intensity of the stutter artefact in genotypes 

was indicative for the presence of 'aberrant' alleles. In order to gain more insight into the mu-

tation dynamics of microsatellites, it would be interesting to systematically study relative stut-

ter height in alleles of different sizes. This may be possible using the extensive databases of 

genotyping centres, with data from markers that have been genotyped in different popula-

tions. Relative stutter height in different alleles could be an indicator of the mutation rate in a 

certain repeat tract, and suggest the presence of repeats with sequence variations. Increased 

knowledge of microsatellite dynamics would be valuable for the selection of microsatellites as 

genetic markers, and for their use in such diverse fields as the study of population history and 

microsatellite instability in cancer. 

From a stutter correction point of view, however, our findings indicated that it would be 

dangerous to derive general stutter correction models from public DNA databases, since an 

unknown mutation of the repeat tract, with resulting lower stutter, may be present in a spe-
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cific population. An alternative approach is to determine stutter height empirically for each 

marker by genotyping a number of individuals, and use this information for marker-specific 

stutter correction. Previously reported stutter correction methods required either homozy-

gous genotypes, or heterozygous patterns, in which the signals of both alleles did not overlap. 

However, it may take considerable extra genotyping to find a number of useful individual 

genotypes. This may have been one of the reasons why such methods have not been used on 

a large scale, even though they were shown to result in accurate allele frequency estimates 

from DNA pools. Chapter 9 describes a new stutter correction method, based on a mathe-

matical model-fitting procedure. The principal advantage of this approach is that any individ-

ual genotype pattern can be used, even overlapping heterozygous patterns. One standard set 

of ten individual DNA samples was shown to provide sufficient information for the accurate 

correction of the stutter artefact in most markers tested. In two markers, the derived stutter 

correction models were shown to be inaccurate, due to aberrant stutter behaviour of single 

alleles, or a differential amplification of alleles. These errors, however, could be readily de-

tected, which gives the opportunity to either replace the marker, or to compare the pool pat-

terns without stutter correction.  

Microsatellites offer specific advantages over SNPs when haplotype information is lacking, as 

is the case in DNA pooling studies (see below). Our method for stutter correction allows the 

accurate determination of microsatellite allele frequencies from DNA pools at the cost of 

only a limited amount of extra individual genotyping. DNA pooling using microsatellites and 

stutter correction could be especially efficient in the initial screening phases of large genomic 

regions [291]. Regions with indications for allelic association could then be followed up by 

high-resolution individual genotyping. 

It should be noted that the use of pooled DNA is likely to result in a loss of information due 

to factors like measurement errors and the inability to generate haplotypes [98]. Moreover, re-

analysis of DNA pooling data in interesting patient subgroups is impossible, without making 

and genotyping new pools. DNA pooling should therefore be regarded as a second-best but 

efficient screening technique, as long as individual genotyping at high marker densities is not 

feasible for the majority of research groups. 

 

The role of microsatellites in genetic association studies 
For association studies, the use of microsatellites may offer specific advan-
tages, if regions are to be screened at medium density. The available data 
suggest that LD between microsatellites is more extensive than between 
pairs of SNPs. At medium marker densities, microsatellites may be more effi-
cient than single SNPs, particularly if the disease-related variant is also rela-
tively young. Microsatellites have a higher Polymorphism Information Content 
(PIC value) than SNPs, which only reach comparable PIC levels when sev-
eral are used in a phase-known combination to generate haplotypes. This is a 
situation that rarely prevails in the majority of case control studies. On aver-
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age a haplotype consisting of 3 phase-known SNPs is equivalent in mapping 
power to a single microsatellite marker. The number of potentially polymor-
phic microsatellites in the genome is much higher than the number of charac-
terized markers in public databases [292]. The study in chapter 2 demon-
strated the feasibility of finding microsatellites in or near candidate genes. 
Comparable results were reported by others [293]. Moreover, in a schizo-
phrenia candidate region, we found nearly 250 potentially polymorphic di-, tri- 
and tetranucleotides with an average spacing of 55 kb, and a maximum ‘gap’ 
of 168 kb (data not shown). Designing primers is relatively easy with existing 
software like the Primer3 program [152], and we found the large majority of 
repeats to be polymorphic, if certain rules like minimum length of the uninter-
rupted repeat and repeat motif are taken into account. Specific situations in 
which microsatellites may remain superior to SNPs, are the genotyping of 
pooled DNA, as discussed above, and in case-control studies where parental 
information is invariably lacking to be able to generate SNP haplotypes. The 
possibilities of microsatellite markers therefore do not seem to be exhausted. 
With decreasing costs for SNP genotyping, however, SNPs may ultimately 
become the markers of choice in both study designs. 

SiNaPse: efficient SNP typing on standard DNA sequencing equipment 
In high-resolution genetic association studies, SNPs have rapidly replaced other types of 

markers, which are less abundant in the genome. A multitude of different SNP typing tech-

niques have been described, ranging from inexpensive, but very labour intensive genotyping 

with restriction enzymes, to ultra-high throughput, fully automated SNP typing facilities [16, 

17, 294]. The latter type of systems brings into reach whole-genome association studies in-

volving hundreds of thousands of markers, although the costs for completing such studies 

are still enormous. Therefore, until genotyping capacity further increases and the costs per 

genotype drop, only large specialized centres are likely to be involved in whole-genome asso-

ciation studies. Efficient SNP typing techniques will be essential for other, moderately sized 

laboratories, in order to perform high-density SNP analyses in specific DNA regions, or can-

didate genes, and to replicate findings by others. Most genotyping methods on widely avail-

able equipment are either labour-intensive, or expensive per genotype. Chapter 10 describes 

the development of an efficient SNP-typing technique on standard DNA sequencers, which 

are present in most laboratories. The method is based on a PCR with two allele-specific 

primers with a 3' locked nucleic acid (LNA). This modified base binds to the SNP with a very 

high affinity. As a result, the allele-specific PCR can usually be performed using one standard 

PCR protocol, without the need for optimizing conditions for each SNP. The two allele-

specific products can be separated by size, because one of the primers is extended with short 

spacer sequence. The position of the reverse primer can vary the total size of the two prod-

ucts for each SNP, and multiple SNPs can thus be analyzed in a single run. A short universal 

sequence with a labelled dye is incorporated into the products during the PCR, which cir-

cumvents the need for marker-specific labelled primers, and reduces costs considerably. The 

method was tested by comparing genotyping results with those obtained on a TaqMan sys-
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tem and direct sequencing. In the majority of cases, it was possible to amplify the SNP using 

standard conditions but for some markers, amplification of one of the alleles seemed to have 

failed. This is not likely to be a major problem, since frequently a new set of primers can be 

defined on the opposite DNA strand, and otherwise the failure is easily recognized. Results 

from TaqMan genotyping and direct sequencing were accurately reproduced using the 

SiNaPse technique. 

This new SNP genotyping method is especially suitable for flexible and relatively inexpensive 

SNP genotyping in labs with operational DNA sequencers. As such, it is a useful addition to 

the currently available high-throughput platforms, which are more cost-effective when very 

large numbers of genotypes have to be generated. 

11.4. Psychiatric genetics – the road ahead 
Recent findings in the genetics of psychiatric disorders are very encouraging, since they pro-

vide insight into the genes and gene systems that contribute to these diseases. It should be 

noted, however, that all the evidence so far is based upon statistical association of marker 

variations within or near candidate genes. These variations will probably have no functional 

relevance and simply signpost the presence of a true disease-causing DNA variation in the 

immediate vicinity. 

Finding the functional variant(s) 
Finding the causal variants in the putative susceptibility genes should now be given a high 

priority. Such studies are likely to require high-density SNP sets, or even direct sequencing of 

genes and regulatory regions [295]. The disappointing results in neuregulin 1 and other candi-

date genes suggest that finding the 'culprit variant' among a multitude of associated SNPs will 

be difficult. Final proof of involvement of certain variants will require functional experi-

ments, in which the function of genes, in vitro or in vivo, is shown to be altered by the variant. 

This may even require the use of 'knock-in' mice or other animal models in situations where 

the behaviour of the animal can be significantly modified by the introduced genetic lesion. It 

may seem to be a long reach to study the effects of specific point mutations of potential im-

portance in human psychiatric disorders in mice. The majority of the background genetic 

variation, however, which largely masks the specific effect of the gene variation concerned on 

the human disease phenotype, is largely eliminated in inbred strains of mice. As a conse-

quence, specific phenotypic effects are more easily identified. 

Sample characteristics- quantity or quality? 
The putative susceptibility genes in complex disorders only marginally increase the risk, typi-

cally with relative risks of less than two, and together they explain a small proportion of the 
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total genetic genetic susceptibility. As has been suggested, these loci may represent the 'low-

hanging fruit', i.e. the common variants, which are most easily detected, since they contribute 

to disease in a substantial proportion of patients. If the effect of single variants were small, 

collecting very large samples would be an option for increasing the statistical power of stud-

ies. Collecting such large samples may require collaboration, since this is difficult for single 

research groups to do. If the interests of single groups can be safeguarded and phenotyping 

procedures are carefully compared, large multi-centre studies could provide further progress. 

Combining samples from different origins, however, also carries a risk of increasing genetic 

heterogeneity. 

Genetic studies in complex disorders indicate the existence of extensive allelic heterogeneity. 

Even between European populations, associated alleles and haplotypes in schizophrenia seem 

to be different, as suggested by our own results for NRG1, and data from others on dys-

bindin [135]. Combined analysis of our ADHD linkage data and a US sample suggested that 

signals within each sample reflected true linkage and that the lack of replication between sam-

ples is best accounted for by allele frequency variability at several putative ‘risk’ genes in 

ADHD (Ogdie et al., unpublished data). We collected samples that were selected for a Dutch, 

Caucasian background, and we were able to obtain relatively strong linkage and association 

signals in moderately sized samples. At this stage, it is difficult to tell how much could be 

gained by using strict ethnic criteria. Now that large numbers of SNPs are being typed in dif-

ferent populations, the effects of genetic heterogeneity can perhaps be evaluated more thor-

oughly in the near future. Until then, our data suggest that ethnic stratification could be 

worth the effort. Using family history is one way to trace ethnic origin, but different sub-

populations could also be defined at the DNA level, by typing a number of random genetic 

markers [30, 296]. 

We found indications that deficit and non-deficit schizophrenia may be a useful clinical sub-

division for genetic studies. Likewise, selection for other clinical characteristics, or more basal 

endophenotypes such as volumes or activation patterns on brain scans, may be useful [113]. 

Despite the attractive concept of the study of endophenotypes, however, studies that un-

equivocally show the benefit of this approach are still sparse. Careful phenotyping of patients 

may be very labour-intensive, and if this impedes the collection of samples of sufficient size, 

studies may lack power. 

It seems too early to tell whether studying large, unselected samples or smaller, narrowly de-

fined samples will be preferable. From a practical point of view, research groups should 

choose the strategy that is most convenient, e.g. depending on the facilities for extensive 

phenotyping, the presence of large diagnosed patient groups, from which DNA could be eas-

ily obtained, or the availability of unique large families or isolated populations. 
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In either approach, large, carefully phenotyped patient samples will be essential for perform-

ing the next generation of genetic studies. With the rapid progress in genotyping techniques, 

sample collection may become the largest bottleneck in genetic research, and the quality of 

patient samples is likely to determine the chances of success of future genetic studies [297]. 

Ongoing collection of these samples should have a high priority, and clinicians and patients 

should be motivated to participate in such studies. 

Besides large samples of unrelated patients or multiple small families, one large family with 

multiple affected individuals may provide valuable clues to susceptibility genes, as evidenced 

by the translocation between chromosomes 1 and 11 that pointed to the involvement of the 

DISC1 and DISC2 genes in psychiatric disorders. Moreover, whole-genome linkage studies 

may be possible in large families. Likewise, studying genetically isolated populations that stem 

from a limited number of founders could facilitate the detection of disease-related variants. A 

variant that is inherited with disease may be unique to a specific family or genetic isolate, but 

it may point to other variants in the same gene, or to the pathways involved. 

Common disease, common variant? 
Despite early scepticism, the most successful approach to finding genes in complex disorders 

so far seems to have been the 'traditional' combination of whole-genome screens based on 

linkage, followed by fine-mapping efforts using association studies. Positional methods with-

out a priori assumptions about gene function are likely to remain important. It is inherent in 

the techniques used, that the recently found disease-related variants are common. The charac-

teristics of additional variants will profoundly influence the chances of success of identifying 

them using the same approaches. In a worst-case scenario, there is extensive genetic hetero-

geneity, with tens or even hundreds of genes contributing to a single disease, as well as allelic 

heterogeneity, with many different, rare, disease-related variants in each gene. Single variants 

would then contribute very little to all disease in a population, and they would therefore be 

almost impossible to detect by either linkage or association methods. 

If only a limited number of genes is involved, but with multiple different disease-related vari-

ants in each gene, linkage studies would have good chances of detecting these genes. Linkage 

studies can identify chromosomal regions that are shared more often than expected by af-

fected family members. As long as members of single families share them, the specific vari-

ants in a gene are not relevant, which makes linkage studies insensitive to allelic heterogene-

ity. Genetic association studies, on the other hand, compare the frequency of specific variants 

in patients and controls. Even if a limited number of genes were involved, the presence of 

extensive allelic heterogeneity in each gene could therefore severely compromise the power to 

detect association between the disease and each allele individually [271]. In this situation, one 
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would expect it to be very difficult to fine map convincing linkage regions by means of asso-

ciation studies [7].  

In the most optimistic view, the susceptibility to common disorders is largely determined by a 

limited number of common variants, as predicted by the common disease-common variant 

(CDCV) hypothesis [4]. Until we find evidence to the contrary, there is no reason to abandon 

the successful linkage and association approaches, as long as we keep in mind that the pres-

ence of common disease alleles is a critical assumption. 

 

Are all psychiatric disorders determined by similar variants? It is inter-
esting to speculate if psychiatric disorders could differ with respect to their al-
lelic structure, in addition to the genes concerned. For example, schizophre-
nia patients have relatively few children on average. This implies that specific 
combinations of schizophrenia-causing alleles are under selection pressure 
and being lost. One would expect this to lead to a spectrum of alleles with 
relatively low frequencies and short half-lives. In other disorders, the repro-
ductive disadvantage is not evident, which might in time result in older and 
relatively common alleles. In the long term, the study of allelic combinations 
at multiple loci, or interactions, may be more powerful than gene-by-gene 
analyses for both schizophrenia and other complex disorders. Although this 
approach is theoretically appealing, it would require very large sample sizes 
and the statistical tools required are not yet well developed.  

A new life for linkage 
In several complex disorders, including schizophrenia, linkage studies have provided candi-

date regions in which susceptibility genes have later been pinpointed by association ap-

proaches. It is likely that linkage studies will continue to provide important clues for locating 

susceptibility genes in other psychiatric disorders, as shown by the recent genome scans in 

ADHD, including ours. Although psychiatric disorders may differ in their genetic makeup, it 

is suggested that many independent studies will be needed, and that one should not be dis-

couraged by apparent non-replications and relatively modest evidence in single studies [209]. 

As explained above, linkage approaches may remain irreplaceable to find loci with extensive 

molecular heterogeneity. In a disorder like schizophrenia, the most convincing linkage re-

gions now seem to have been fine-mapped, and simply performing more linkage studies in 

similar samples may not be very fruitful, unless much larger samples and marker densities can 

be studied. However, the majority of SNP combinations in such regions have not yet been 

exhaustively studied and as the SNP map continues to develop, each previously identified 

linkage region should be re-examined in the light of the new information. 

New loci may also be detected by studying samples with specific disease subtypes or endo-

phenotypes. Collecting sib pair samples diagnosed with a specific subtype of a disorder, how-

ever, may be an almost impossible undertaking. It may be easier to leave the clinical disease 

classification behind, and focus on traits that are present in patients, but also in the general 
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population. Examples of such endophenotypes are specific cognitive deficits, schizotypical 

personality, or more basal physiological measures like sensory gating deficits and eye tracking 

patterns [113]. Whichever clinical and biological traits are chosen, their use in genetic studies 

will require robust data on their heritability. 

The recent advances in SNP genotyping may provide an efficient and inexpensive alternative 

for linkage studies based on microsatellite markers. Whole-genome scans using several thou-

sands of SNPs instead of microsatellites have been reported to provide at least comparable 

accuracy, at a fraction of the costs [298]. There are indications that dense SNP maps can pro-

vide an information content that is superior to that of a standard 400 microsatellite map [299, 

300].  

Taken together, although the concept of whole-genome association studies appears to be 

more fashionable at the moment, the possibilities of linkage studies should not be overlooked 

[32]. 

The promise of whole-genome association studies 
Association studies have been claimed to provide more power than linkage studies with com-

parable sample sizes [271]. Moreover, single patients are much easier to collect than multiply 

affected families. Whole-genome association studies may therefore be an attractive alternative 

for linkage studies, and they could provide new loci, which have been missed by linkage ap-

proaches so far. Due to the limited extent of LD in unrelated individuals, the number of 

markers needed for a comprehensive whole-genome association study is several orders of 

magnitude higher than the number needed for a linkage screen. Fortunately, rapid advances 

in genotyping technology are bringing such studies within reach. It remains to be seen if 

whole-genome association studies will resolve all the problems in finding complex disease 

genes, however. Testing hundreds of thousands of markers introduces a major problem of 

multiple testing, even though many markers in the same region will not always be independ-

ent. Numerous positive findings by chance alone can be expected, unless one applies very 

stringent significance levels. New methods of statistical analysis are currently being devel-

oped, which will hopefully reduce the problem of multiple testing. Even then, samples that 

are much larger than most currently available samples will probably be required for the detec-

tion of variants with modest effects. It is questionable whether the recently reported detec-

tion of candidate genes from linkage regions would have been picked up in the described 

samples, if the entire genome instead of just a specific linkage region had been screened, since 

the stringency required to remove potential false-positives is so much higher in a total ge-

nome approach. 

Further, as outlined above, association studies are vulnerable to allelic heterogeneity. If sub-

stantial heterogeneity is present, even the most elaborate association studies are doomed to 
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fail using current analytical approaches. Finally, however dense the markers sets, association 

studies based on LD remain an indirect method. There will always be a chance of disease-

related variants not being in LD with a marker, and characteristics of the markers used will 

determine what kind of variants will most likely be detected. Association between a disease-

related variant and a marker is most easily detected if their frequencies are comparable. The 

SNPs that are currently being collected in efforts like the HapMap project [23] have been se-

lected for high minor allele frequencies (>1%). Moreover, for reasons of statistical power, 

association studies will generally use SNPs with even higher frequencies, e.g. >10%. As a 

consequence, such studies will favour the detection of common disease alleles, while rare 

variants could be missed. Haplotyping may reduce this bias, since haplotypes with low fre-

quencies can be constructed from common SNP alleles, which in a way can then be regarded 

as new markers. Several authors have recently pointed out that multi-allelic markers and hap-

lotypes may have a greater power to detect association, most notably if more than one dis-

ease-related variant is present [301, 302]. 

The optimal marker density for whole-genome association studies has been the subject of 

much debate. Recent data on LD patterns throughout the genome suggest that LD is highly 

variable, and that marker sets should preferably be based on empirical LD data. These data 

are becoming available through the HapMap project, and commercial initiatives. Even 

though LD patterns are being determined in samples with different ethnic backgrounds, it 

remains to be determined how well these data describe LD in specific samples. The same 

holds for the LD blocks that are being derived from these data, with the aim of eliminating 

the typing of fully redundant SNPs. Recent data suggest that a block-like pattern is probably 

less evident than it first appeared. The density of genotyped markers influences the observed 

pattern of haplotype blocks, and although some block boundaries seem to be present in all 

populations, others may be more population-specific [303]. Moreover, a substantial part of 

the genome seems to lack any block-like structure at all [304]. More data therefore seems to 

be necessary, in order to determine how well these LD maps can be translated to specific 

study populations, and to determine if haplotype-tagging SNPs (htSNPs) from such databases 

truly capture all haplotype diversity. 

Despite these theoretical limitations, a study involving hundreds of thousands of markers and 

sufficiently large samples would probably provide an unprecedented number of new candi-

date variants. Such studies may soon be practically feasible. The question is whether studies 

of this scale are the only way to proceed. Instead of screening the entire DNA, one could 

start with a gene-centred study, thus reducing the amount of DNA to be screened by several 

orders of magnitude. Alternatively, we could investigate only those regions in which some 

evidence for linkage has been reported. The screening of large genomic regions, starting with 
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sparser marker sets, either in individual genotyping or in pooled DNA, can certainly be de-

fended [305]. These restrictions will generally increase the chances of missing an association, 

or reduce the power of studies. Therefore, negative findings should never be taken as evi-

dence of exclusion of involvement. It makes sense, however, to start by looking for the 'low-

hanging fruit', i.e. common variants with a substantial effect. These variants may have the 

greatest impact on disease at the population level, and may be the most interesting for devel-

oping targeted treatment. The reported systematic screening of linkage regions in schizo-

phrenia and other complex disorders illustrates the possibility to trace disease-associated 

genes using marker sets with a modest density. 

In summary, many questions about the optimal study design and methods for data analysis 

remain to be answered, but association studies of the entire genome or of genomic regions 

are likely to give a new impulse to research on the genetics of complex disorders. 

Candidate genes 
Part of the elegance of linkage and whole-genome association approaches is that these meth-

ods make no assumptions about the function of genes that could be involved in a disorder. A 

multitude of studies of functional candidate genes suggests that the genes that are intuitively 

the most plausible candidates are not very prominent in causing disease. There may be more 

objective, biological indications for the involvement of certain genes, however, which it may 

be worthwhile to follow. 

Following the new leads. The recently detected candidate genes will provide valuable starting 

points for the identification of other disease-related variants. Some genes may be known to 

belong to specific biological pathways, such as the glutamate system in schizophrenia. 

Knowledge about the architecture of these systems may already be, or become available from 

studies in other related mammalian species or more distant organism like Drosophila or C. Ele-

gans. If the function of new genes is unknown, protein interaction studies with the product of 

a known susceptibility gene may reveal additional candidate genes. In the example of the 

G72/G30 gene, this approach has resulted in the identification of DAAO, which was subse-

quently shown to be associated with schizophrenia as well [68, 139]. Alternatively, modifying 

identified susceptibility genes in animals and investigating the effect on the expression of 

other genes may reveal new pathways. Breeding knock-in animals to modify expression of a 

specific candidate gene is time-consuming, but the new technique of RNA interference 

(RNAi) may allow rapid manipulation of gene expression in animals without the need to 

breed knock-in animals [306-308]. In general, disciplines related to genetics will become es-

sential to guide the search for disease-associated variants. Huge amounts of information on 

gene function, expression, and interaction are rapidly becoming available in public databases. 
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Bioinformatics will become increasingly important for organizing, searching and using all this 

information efficiently.  

Gene expression studies have repeatedly highlighted genes and gene systems that are up- or 

downregulated in the brains of schizophrenic patients, such as genes involved in synapse 

formation and myelination. RGS4 was found to be strongly downregulated in expression 

studies [69], and subsequent genetic association studies, including ours, now seem to confirm 

the involvement of the gene in schizophrenia. Micro-arrays allow the simultaneous analysis of 

the expression of thousands of genes, and the results of such studies may be useful for select-

ing candidate genes for genetic studies. It is doubtful, however, if genes with a different ex-

pression will always be causal. In diseases like schizophrenia, patients will nearly always have 

received antipsychotic medication before their death, while controls most likely have not. The 

effects of medication, or different living conditions prior to death may therefore cause differ-

ent gene expression between patients and controls. A problem that is more or less specific to 

psychiatric disorders is the fact that brain tissue is relatively inaccessible in living patients, and 

sample collection may therefore be difficult. Expression patterns in peripheral blood lympho-

cytes may be an attractive substitute, however [309]. 

Cytogenetic abnormalities may provide yet other clues for the involvement of certain genes. The 

DISC1 gene, for Disrupted In SChizophrenia, was found to be disrupted by a chromosomal 

translocation, which is inherited together with psychiatric disorders in a large Scottish family. 

The gene has recently been found to be associated with schizophrenia in large samples of in-

dependent patients, which indicates that chromosomal abnormalities may provide valuable 

candidate genes for psychiatric disorders. However, chromosomal abnormalities in one family 

will probably not always play a significant role at the population level. In contrast with disor-

ders like autism, cytogenetic studies in schizophrenia and many other psychiatric disorders 

have received relatively little attention. CGH microarray-based techniques now allow high-

resolution screening for minor cytogenetic copy number abnormalities, and systematic 

screening of selected patients should therefore be considered. 

Studying gene and allelic interactions 
So far, genetic variants and haplotypes have mostly been investigated one-by-one. Disease 

may also be the result of a particular combination of susceptibility variants in individual pa-

tients, and it is also possible that certain variants are only relevant in the presence of others. 

In the case of multiple interactions between genes, single variants are likely to be only detect-

able by simultaneous analysis of multiple loci. Statistics for studying gene interactions are be-

ing developed, and hopefully, these will be able to discern genes belonging to interacting sys-

tems, that may have been overlooked so far. 
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Replication required 
The first results in genetic studies of complex disorders suggest that replication is essential to 

evaluate the relevance of genetic findings. Such studies may not be the most satisfying to per-

form, but they should be encouraged, and rewarded. Negative findings should have equal 

chances of being published as positive findings, provided that the quality of the studies is 

guaranteed. Raw data should be made available for future meta-analyses, perhaps through 

coordinated web sites, and this should be a pre-requisite for publication. In addition, patients’ 

clinical data and DNA samples should also be made available. The NIH have now made this 

data- and sample availability to other researchers in the field a binding condition for receiving 

extensive funding. 

Conclusion 
The classical approach of linkage and association studies in unselected samples has resulted in 

the identification of the first susceptibility genes in complex disorders. In psychiatric disor-

ders, as well as in other complex disorders, the relative risks of the identified variants are low, 

typically less than two, which suggests that finding additional genetic risk factors in unse-

lected patient samples will be a difficult task. Rapid technical developments have brought 

whole-genome association studies and gene expression studies within reach, and such studies 

are likely to provide wealths of new information. Handling the vast amounts of data and lim-

iting false-positive and false-negative results will be a major challenge for the near future. At 

present, there is too little data on the nature of disease-related variants to determine the op-

timal strategy for finding additional variants. Studies in large, unselected samples will proba-

bly result in the detection of different causal factors than studies in samples with specific 

characteristics or symptoms, and in order to find as many contributing variants as possible, 

both approaches may be needed. Individual research groups should carefully determine the 

optimal study design in their specific situation, e.g. depending upon the availability of specific 

patient samples, and facilities. 

Whichever road will be chosen, intelligent use of biological and clinical information from dis-

ciplines outside genetics may provide valuable shortcuts. Together, genetics and related disci-

plines are likely to further increase our insight into the biological basis of psychiatric illness. 

11.5. From susceptibility genes to susceptible persons 
After many years of research, recent findings promise to provide a glimpse into the biological 

basis of psychiatric disease. Long-standing questions may soon be answered, for example: are 

there shared causes for disorders such as ADHD and autism, or schizophrenia and bipolar 

disorder? Is schizophrenia a developmental or a neurodegenerative disorder, or perhaps a 

combination of both? Can disease subtypes with a distinct aetiology be distinguished within 
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the currently recognized disease entities? As a direct result, our concepts and classification of 

these disorders are likely to change in the near future. Moreover, a firmly established biologi-

cal basis of psychiatric diseases may help patients and their families to accept the illness as 

not fundamentally different from other chronic disorders with a heritable susceptibility, such 

as diabetes or asthma. 

The most important question, however, is: how will increased knowledge of the causes of 

psychiatric diseases benefit those who suffer from them? It is not likely that we will ever be 

able to tell with certainty which individuals will later develop a common psychiatric disorder, 

since disease is the result of a unique genetic constitution and environmental factors. This 

uncertainty may be comforting to many, because it prevents genetic determinism, but it may 

also be disappointing to those who hope to banish psychiatric illness completely from society. 

Still, if we assume a threshold model for the development of disease, it would be valuable 

only if we could identify a limited number of risk factors, both genetic and environmental, in 

order to keep individuals at high genetic risk below the environmental threshold for the de-

velopment of symptoms. Once we know specific genetic risk factors, the identification of en-

vironmental risk factors may be facilitated, by studying these in groups with a similar genetic 

background. In addition, it may be possible to develop more specific medication, able to tar-

get the appropriate biochemical pathways and with fewer side effects than the current medi-

cation.  

In conclusion, genetics and related fields are likely to provide insight into the causes of psy-

chiatric disorders in the near future, which in turn will hopefully benefit the prevention and 

treatment of these debilitating diseases. 



 

12 NEDERLANDSE SAMENVATTING 
Dit proefschrift beschrijft onderzoek naar genen die betrokken zijn bij schizofrenie en atten-

tion-deficit hyperactivity disorder (ADHD), en de ontwikkeling van efficiënte methoden voor 

het uitvoeren van genetische studies. Erfelijke factoren spelen een belangrijke rol bij de ont-

wikkeling van veel voorkomende ziekten, waaronder psychiatrische stoornissen, zoals twee-

lingstudies en adoptiestudies hebben uitgewezen. Het patroon van overerving binnen families 

wijst erop dat in het algemeen meerdere erfelijke factoren en omgevingsfactoren betrokken 

zijn bij het ontstaan van psychiatrische ziekten. Bij dergelijke genetisch complexe aandoenin-

gen behoeft de bijdrage van afzonderlijke genen niet groot zijn, wat hun detectie bemoeilijkt. 

 

Principes van genetisch onderzoek. Het erfelijk materiaal bestaat uit DNA 
ketens, opgebouwd uit vier verschillende bouwstenen, of basen, die de gene-
tische code vormen. Twee complete versies van het DNA zijn aanwezig in de 
cellen van het lichaam: een afkomstig van de vader en een van de moeder. 
Genen zijn vast omschreven gebieden in het DNA, met informatie voor de 
vorming van eiwitten, de moleculen die bijna alle belangrijke functies in het li-
chaam vervullen. Varianten in genen kunnen leiden tot een veranderde eiwit-
functie, en uiteindelijk tot ziekteverschijnselen.  
Ondanks de snel toegenomen capaciteit van analyseapparatuur is het nog 
niet mogelijk om het totale DNA te vergelijken tussen grote groepen patiënten 
en gezonde controles. Voor genetische studies zal daarom een voorselectie 
gemaakt moeten worden van de te bestuderen genen, en de in die kandi-
daatgenen te analyseren varianten. 
De onderliggende aanname bij genetische studies is dat een ziekteveroorza-
kende variant, of mutatie, ergens in de geschiedenis ontstaan is, en dat de 
thans levende zieke nakomelingen deze mutatie, en het omringende DNA, 
nog steeds dragen. Om een onbekende mutatie op het spoor te komen vol-
staat het derhalve in eerste instantie, om bij zieke personen te zoeken naar 
gebieden in het DNA, die wijzen op een gemeenschappelijke zieke voorou-
der. Bij ieder persoon wisselen de twee versies van het totale DNA willekeu-
rig gebieden van gelijke lengte uit, voordat een helft wordt doorgegeven aan 
het nageslacht. Deze gedeelde gebieden rondom een mutatie zullen daarom 
gemiddeld met iedere volgende generatie kleiner worden. Nauw verwante 
familieleden delen gemiddeld grote DNA gebieden, wat globale lokalisatie 
van een mutatie mogelijk maakt. Hierop berust het principe van koppelings-
onderzoek in families, waarbij gedeelde DNA gebieden worden opgespoord 
door het totale DNA op slechts een beperkt aantal punten (300 tot 400) met 
elkaar te vergelijken. Zieke personen met een verre gemeenschappelijke 
voorouder, daarentegen, zullen nog slechts zeer klein gebieden rondom de 
gemeenschappelijke mutatie met elkaar delen, wat nauwkeuriger lokalisatie 
mogelijk maakt. Voor een dergelijke genetische associatiestudie zal het DNA 
echter op veel meer punten vergeleken moeten worden, om geen gebieden 
te missen. DNA afkomstig van verschillende personen kan worden onder-
scheiden met behulp van genetische markers. Dit zijn individuele variaties 
tussen personen in het DNA, die frequent voorkomen, maar niet noodzakelij-
kerwijs van functioneel belang zijn. Twee veel gebruikte typen markers zijn 
single nucleotide polymorphisms (SNPs) en microsatellieten, ook wel short 
tandem repeat (STR) markers genoemd. SNPs zijn variaties van een base in 
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het DNA op vaste plaatsen, terwijl microsatellieten repeterende eenheden in 
het DNA zijn (bijvoorbeeld CACACACACA), met een verschillend aantal her-
halingen per persoon. Met behulp van beide typen markers kunnen gebieden 
worden opgespoord die teruggaan op een zieke voorouder met een specifie-
ke combinatie van markervariaties rondom een ziektemutatie. Voordat een 
variatie zichtbaar gemaakt kan worden, is het in het algemeen vereist om het 
DNA met de marker vele malen te vermenigvuldigen. Dit gebeurt met behulp 
van de polymerase chain reaction (PCR). 

12.1. Genetische studies bij schizofreniepatiënten 
Schizofrenie is een psychiatrische stoornis die wereldwijd bijna 1% van de bevolking treft. De 

ziekte wordt gekenmerkt door wanen en hallucinaties ('positieve symptomen'), en daarnaast 

een verslechtering van het algemeen functioneren, met onder meer verlies van initiatief en 

interesse ('negatieve symptomen'). 

Op basis van onderzoek in tweelingen en geadopteerde kinderen wordt de bijdrage van erfe-

lijke factoren aan de ontwikkeling van schizofrenie geschat op ongeveer 80 procent. Over de 

betrokken genen of gensystemen is echter nog zeer weinig bekend. Al geruime tijd geleden is 

gesuggereerd dat de boodschapperstof dopamine een rol zou kunnen spelen bij de ontwikke-

ling van schizofrenie, aangezien bekend is dat effectieve medicijnen met name de receptoren 

voor dopamine in de hersenen beïnvloeden. Hoofdstuk 2 beschrijft een systematische analy-

se van 12 genen die betrokken zijn bij de aanmaak, de werking en de afbraak van dopamine. 

Gebruikmakend van de in hoofdstuk 9 beschreven DNA pooling techniek, werden voor ie-

der gen een of meerdere microsatelliet markers onderzocht op het meer frequent voorkomen 

van bepaalde varianten bij patiënten dan bij gezonde controles. Er werden geen significante 

verschillen gevonden, wat erop duidt dat het dopamine systeem bij Nederlandse schizofre-

niepatiënten geen belangrijke rol speelt in de ontwikkeling van de ziekte. De grootte van de 

onderzochte groepen, en de keuze van de markers, sluiten echter niet uit dat subtiele effecten 

niet detecteerbaar zijn geweest. 

Reeds vele studies zijn verricht naar genen die op basis van hun functie betrokken zouden 

kunnen zijn bij schizofrenie, zoals dopamine genen, en voor een aantal van deze genen heb-

ben meta-analyses van de beschikbare studies een associatie met de ziekte aangetoond. Toch 

lijken dergelijke functionele kandidaat-genen slechts een fractie te verklaren van de totale aan-

leg voor het ontwikkelen van schizofrenie. Reeds eerder zijn echter vele koppelingsstudies 

voor schizofrenie verricht, waarin meerdere chromosoomgebieden zijn gevonden, die vaker 

dan verwacht gedeeld worden door zieke familieleden. Recent zijn in enkele van deze koppe-

lingsgebieden genen gevonden, waarvan in verschillende bevolkingen specifieke markervari-

anten geassocieerd zijn met schizofrenie. Niet alle studies waren echter positief, en de effec-

ten van de verschillende genen waren klein. Een mogelijke verklaring hiervoor is dat sommige 

genen overwegend een rol spelen bij patiënten met specifieke kenmerken, of in bepaalde be-
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volkingsgroepen. In dat geval zouden deze eerder te detecteren zijn in geselecteerde studie-

groepen. Deze mogelijkheid hebben wij onderzocht door twee groepen patiënten te verzame-

len, namelijk patiënten met en zonder het deficit syndroom. Deficit schizofrenie wordt ge-

kenmerkt door aanhoudende negatieve symptomen zoals verlies van initiatief en interesse, en 

een slecht sociaal functioneren. Eerder is geopperd dat de ziekteoorzaken in deze groep zou-

den kunnen verschillen van die bij andere schizofreniepatiënten. 

Het neureguline 1 gen (NRG1) was ook in onze groep geassocieerd met schizofrenie, zoals 

beschreven in hoofdstuk 3, en in dit gen was een andere variant van een eerder bestudeerde 

SNP geassocieerd. Opmerkelijker was echter, dat vrijwel de gehele associatie kon worden 

toegeschreven aan de non-deficit groep, met een relatief gunstig ziektebeloop. Op dezelfde 

wijze zijn in hoofdstuk 4 de dysbindin (DTNBP1), G72/G30, RGS4 en PIP5K2A genen 

onderzocht. De eerste drie genen zijn eerder herhaaldelijk in verband gebracht met schizo-

frenie, terwijl het weinig onderzochte PIP5K2A in een eerder gepubliceerde studie in verband 

is gebracht met bipolaire stoornis. RGS4 was, vergelijkbaar met neuregulin 1, alleen in de 

non-deficit groep geassocieerd. PIP5K2A, daarentegen, was sterk geassocieerd met zowel de-

ficit als non-deficit schizofrenie. Dit lijkt erop te wijzen dat dit gen betrokken in bij bepaalde 

symptomen die gemeenschappelijk zijn aan zowel schizofrenie als bipolaire stoornis. Voor 

dysbindin en G72/G30 werd geen associatie met schizofrenie in het algemeen gevonden, 

noch met de deficit of non-deficit vormen van schizofrenie. Mogelijk spelen deze genen in de 

Nederlandse populatie geen rol van betekenis, of zijn in de Nederlandse bevolking andere 

markers dan de eerder gerapporteerde geassocieerd. 

Onze resultaten suggereren het bestaan van genetisch verschillende vormen van schizofrenie, 

en van genen die betrokken zijn bij meerdere psychiatrische stoornissen. Voor verder gene-

tisch onderzoek lijkt het waardevol om nauwer omschreven patiëntengroepen te gebruiken, 

omdat hierin groepsspecifieke genen eenvoudiger gedetecteerd zouden kunnen worden. Ook 

vanuit klinisch oogpunt kan deze bevinding van belang blijken. Het betrouwbaar onderschei-

den van ziektevormen met een verschillende oorzaak maakt het op termijn wellicht mogelijk 

om betere uitspraken over ziektebeloop te doen, en behandelingen gerichter te kunnen kie-

zen. 

12.2. Genetische studies bij ADHD patiënten 
ADHD is een stoornis die zich veelal op kinderleeftijd openbaart, en die wordt gekenmerkt 

door aandachtsstoornissen en overmatige activiteit. Het geschatte aandeel van erfelijke facto-

ren bij het ontwikkelen van ADHD is minstens even groot als bij schizofrenie. Bij de aanvang 

van het in dit proefschrift gepresenteerde onderzoek waren nog geen koppelingsstudies voor 

ADHD verricht en beperkten genetische studies zich tot associatiestudies van functionele 
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kandidaat-genen. Evenals bij schizofrenie is het dopamine systeem een interessant kandidaat-

systeem voor ADHD, aangezien bekend is dat de meest effectieve medicatie voor de behan-

deling van de ziekte, methylfenidaat, de werking blokkeert van het dopamine transportmole-

cuul, DAT1. Hoofdstuk 5 beschrijft een associatiestudie van het DAT1 gen en de dopamine 

receptor D4 (DRD4) en D5 (DRD5) genen. Er werd geen associatie gevonden tussen 

ADHD en deze functionele kandidaatgenen. Hiermee schaart deze studie zich onder de reeks 

negatieve studies die voor beide genen zijn gepubliceerd, naast de studies met positieve be-

vindingen. Recente meta-analyses van verrichte studies geven aan dat beide genen de kans op 

het krijgen van ADHD in zeer beperkte mate, doch aantoonbaar verhogen. Hoewel het in dit 

proefschrift beschreven studiecohort niet tot de kleinst beschreven behoort, is de kans op het 

niet detecteren van dergelijke genen met een laag relatief risico niet te verwaarlozen. 

Om andere mogelijk bij ADHD betrokken genen op het spoor te komen, werd een in 

hoofdstuk 6 beschreven koppelingsonderzoek van het totale genoom verricht, binnen 106 

families met twee of meer kinderen met ADHD. Verschillende chromosoomgebieden wer-

den vaker dan verwacht gedeeld door zieke kinderen. In chromosoom regio’s 7p en 15q wa-

ren de aanwijzingen voor koppeling met ADHD suggestief, met LOD scores van respectieve-

lijk 3,04 en 3,54. De regio op chromosoom 15 is eerder gevonden in koppelingsstudies naar 

dyslexie, een aandoening die frequent voorkomt binnen families met ADHD. Dit lijkt erop te 

duiden dat deze regio een gen bevat dat bijdraagt aan beide stoornissen. Linkage in deze regio 

is inmiddels door anderen gerepliceerd in een onafhankelijke groep ADHD families. De re-

sultaten van de Nederlandse koppelingsstudies werden gezamenlijk gepubliceerd met die van 

een soortgelijk Amerikaans onderzoek. In deze laatste studie werden echter de sterkste aan-

wijzingen gevonden op chromosomen 16 en 17. Deze eerste koppelingsstudies in ADHD 

lijken het patroon te volgen van koppelingsstudies in andere complexe aandoeningen, zoals 

schizofrenie, met hun uiteenlopende bevindingen. De ervaringen die zijn opgedaan in deze 

meer intensief bestudeerde ziektebeelden, tonen aan dat de gecombineerde resultaten van 

koppelingsonderzoek daadwerkelijk kunnen leiden tot het identificeren van ziektegenen. On-

afhankelijke studies zullen moeten uitwijzen welke chromosoomgebieden in verschillende 

populaties een belangrijke rol spelen, en samenwerking tussen verschillende onderzoeksgroe-

pen is hierbij van groot belang. 

Hoofdstuk 7 beschrijft een gedetailleerde associatiestudie van het dopa decarboxylase gen 

(DDC) binnen de families met ADHD. DDC is een interessant functioneel kandidaatgen 

voor ADHD omdat het de laatste stap verzorgt in de vorming van dopamine. Reeds eerder is 

het gen geassocieerd gevonden met ADHD, hoewel deze studie niet herhaald is. De resulta-

ten van het koppelingsonderzoek maken het gen echter ook tot een interessante positionele 

kandidaat, aangezien het gelokaliseerd is in de koppelingsregio op chromosoom 7 in de in 
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hoofdstuk 6 beschreven koppelingsstudie. Er kon geen associatie van DDC met ADHD 

worden aangetoond, waarmee betrokkenheid van het gen in de Nederlandse bevolking min-

der waarschijnlijk wordt. 

12.3. Nieuwe methoden voor efficiënte genetische markeranalyse 
Het typeren van markers bij grote aantallen patiënten en controles is tijdrovend wanneer dit 

voor elk persoon afzonderlijk moet gebeuren. DNA pooling is een techniek waarbij gelijke 

hoeveelheden DNA van grote aantallen individuen worden samengevoegd voor gelijktijdige 

analyse. Op deze wijze kan op efficiënte wijze bepaald worden of er verschillen zijn in de 

verdeling van markervarianten tussen groepen patiënten en controles. Vergeleken met SNPs 

hebben microsatelliet markers vaak vele varianten, in plaats van slechts twee, en dit hoge in-

formatiegehalte maakt microsatellieten in theorie heel geschikt voor analyse in DNA pools, 

waarin alleen analyse van afzonderlijke markers mogelijk is. De analyse van microsatelliet 

markers in DNA pools wordt echter bemoeilijkt door het optreden van fouten die optreden 

tijdens de vermenigvuldiging van het repeterende DNA met de PCR. Hierbij kan nu en dan 

een repeterende eenheid worden overgeslagen, wat ertoe leidt dat naast de werkelijke lengte 

van het repeterende DNA ook fragmenten met een voornamelijk kortere lengte worden 

waargenomen. In DNA pools verstoort dit zogenaamde stutter artefact de correcte bepaling 

van het aantal personen met een daadwerkelijk kleiner aantal herhaalde eenheden. Hoofd-

stuk 8 laat zien dat de intensiteit van het stutter artefact voornamelijk afhankelijk is van het 

type en het totale aantal herhaalde eenheden in het DNA. Deze kennis zou in principe ge-

bruikt kunnen worden om het artefact te voorspellen en in DNA pools te corrigeren, ware 

het niet dat tevens werd gevonden, dat onderbrekingen van het herhalingsmotief, die niet al-

tijd bekend hoeven zijn, het optreden van stutter sterk kunnen verminderen. 

In hoofdstuk 9 wordt daarom een nieuwe methode voor stuttercorrectie gepresenteerd, die 

is gebaseerd op meting van de stutterintensiteit in enkele individuele personen. Hiermee 

wordt vervolgens een model opgesteld om het signaal afkomstig van DNA pools voor het 

artefact te corrigeren. In tegenstelling tot eerder gepubliceerde correctie methoden maakt een 

wiskundige fitprocedure het mogelijk om de benodigde informatie te verkrijgen door meting 

van stutter in slechts 10 individuele personen. De methode werd getest met meer dan dertig 

verschillende microsatelliet markers, waarbij de geschatte aantallen markervarianten in DNA 

pools werden vergeleken met die som van de individuele metingen van alle personen die in de 

DNA pool vertegenwoordigd waren. In het merendeel van de gevallen bleek de correctieme-

thode accurate bepaling van de aantallen markervarianten in DNA pools mogelijk te maken, 

terwijl sporadische gevallen waarin dit niet mogelijk was tijdig konden worden opgemerkt. 
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Deze nieuwe methode voor stuttercorrectie maakt efficiënte analyse van microsatelliet mar-

kers in grote groepen patiënten en controles mogelijk. 

Voor het analyseren van het tweede veelgebruikte type markers, SNPs, zijn vele technieken 

beschreven, doch deze zijn veelal duur en bewerkelijk per bepaling, terwijl technieken met 

een lagere prijs per typering en een grote capaciteit vaak grote initiële investeringen in de be-

nodigde apparatuur vereisen. Hoofdstuk 10 beschrijft een nieuwe techniek voor SNP type-

ring op apparatuur die in veel genetische laboratoria reeds voorhanden is, namelijk DNA se-

quencers. De methode is gebaseerd op een allel-specifieke PCR reactie, die geen aanvullende 

bewerkingen vereist. Daarnaast is de typering relatief goedkoop, aangezien voor alle verschil-

lende bepalingen een universeel fluorescerend label gebruikt kan worden, dat tijdens de PCR 

wordt ingebouwd. De methode werd gevalideerd door de resultaten te vergelijken met die 

welke verkregen waren met behulp van de bestaande TaqMan techniek en direct sequencen. 

De resultaten gaven aan dat de nieuwe methode geschikt is om de meeste SNPs zonder ver-

dere optimalisatie betrouwbaar te analyseren. 

12.4. Conclusie 
Het in dit proefschrift beschreven onderzoek heeft aanwijzingen opgeleverd voor het bestaan 

van genetisch verschillende vormen van schizofrenie. Het kunnen onderscheiden van speci-

fieke ziektevormen maakt het op termijn wellicht mogelijk om het beloop in individuele pati-

enten beter te kunnen voorspellen, en behandelingen gerichter te kunnen kiezen. Het be-

schreven koppelingsonderzoek van het totale DNA in families met ADHD vormt een eerste 

aanzet tot het identificeren van mogelijk geheel nieuwe bij deze ziekte betrokken genen. 

Na jaren van moeizame vooruitgang van het genetisch onderzoek naar de biologische grond-

slagen van psychiatrische aandoeningen, lijken de gezamenlijke inspanningen van vele onder-

zoeksgroepen nu de eerste overtuigende aanwijzingen op te leveren voor betrokkenheid van 

specifieke genen. Hopelijk zullen deze resultaten de komende jaren leiden tot inzicht in de 

oorzaken van psychiatrische aandoeningen, en tot nieuwe mogelijkheden voor preventie en 

behandeling
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NAWOORD 
Gedurende het in dit proefschrift beschreven onderzoek vond een omslag plaats in het gene-

tisch onderzoek van psychiatrische ziekten. Na jaren van verwarrende resultaten en twijfel 

aan de haalbaarheid van de methoden werden de eerste overtuigende aanwijzingen gevonden 

voor betrokkenheid van specifieke genen. Naar zich laat aanzien zullen de gevolgen voor het 

denken over psychiatrische stoornissen en voor het voorkomen en behandelen ervan ver-

strekkend zijn. Het was een belevenis om deze omwenteling mee te maken, en er zelf aan te 

kunnen bijdragen. De voltooiing van dit proefschrift zie ik als het begin van een ontdekkings-
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dank ik voor hun raad, daad (zoals het tijdrovende isoleren van DNA), en de soms benodigde 

bemoedigende woorden. Medeauteurs dank ik voor hun hulp bij het tot stand komen van de 

artikelen. 

 

Mijn promotoren dank ik voor de moed om een onbeschreven blad op het gebied van de ge-

netica in een laboratorium los te laten. Prof.dr. R.S. Kahn begeleidde, en begeleidt, het on-

derzoek op directe en geïnteresseerde wijze, altijd bereikbaar voor vragen of het kritisch 

doornemen van schrijfwerk. Prof.dr. P.L. Pearson kwam vaak met volstrekt originele– hoe-

wel niet altijd eenvoudige- oplossingen voor problemen, en liet tijdens soms urenlange cor-

rectiesessies van manuscripten zien hoe belangrijk het is, om elk woord te wegen. Dagelijkse 

begeleider en copromotor Richard Sinke dank ik voor de gelegenheid om zelfstandig te wer-

ken en eens een gok te wagen, en voor de plezierige samenwerking en begeleiding. 

Mechteld Hoogendoorn en Emma van der Meulen hebben formidabel werk verricht bij het 

verzamelen van patiënten en families. Beiden dank ik als medeonderzoekers, met wie ik in-

tens en goed heb samengewerkt, maar ook als sympathieke reisgenoten naar verre oorden. 

Uit de bijzondere uitwisseling van ideeën met Hugo Schnack, op het raakvlak van genetica en 

wiskunde, groeide een oplossing voor een lastig stoorsignaal bij markeranalyses. 

Analisten Ruben van ’t Slot, Karlijn Kusters, Judith Hendriks en Alfons Bardoel dank ik voor 
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Veel dank is ook verschuldigd aan Nicole Oteman, Sander Haijma, Hedi Schelleman, Bart 

Groot, Alienke Monsuur, Kitty Verzijlbergen, Mark Willis en Suzan Caron, die als student 
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hebben bijgedragen aan de uitvoering van de experimenten, het doen van literatuuronderzoek 

en het schrijven van computerprogramma’s. 

Jackie Senior heeft als ‘native speaker’ een belangrijk deel van dit proefschrift minutieus ge-
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Bobby Koeleman dank ik voor zijn hulp bij het uitvoeren van de associatiestudies. 

Prof.dr. Burbach, Prof.dr. Wijmenga, Prof.dr. Heutink en Prof.dr. Van Engeland wil ik dan-

ken voor het kritisch lezen van het manuscript, en de waardevolle opmerkingen ter verbete-

ring. Prof.dr. Wijmenga dank ik daarbij voor de kritische discussies en adviezen gedurende 

het gehele project. Hoewel het persoonlijk contact beperkt is gebleven, heeft Prof.dr. J.K. 

Buitelaar een grote rol gespeeld in het ADHD onderzoek. Evenzo dank ik Jean-Paul Selten 

voor zijn begeleiding aan de ‘klinische zijde’ van het schizofrenieonderzoek. Mijn begeleiders 

in het eerste jaar van de opleiding, Marion Scholten en Wiepke Cahn, hebben momenten van 

verstrooidheid door de vingers gezien, en ruimte voor onderzoek gelaten. Door zijn plotse 

overlijden heeft Lodewijk Sandkuijl de voltooiing van dit werk, waarbij hij als statisticus on-
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gen, en tegelijk zijn vriendelijkheid en bescheidenheid zullen velen tot voorbeeld blijven.  
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Primer3, http://www-genome.wi.mit.edu/cgi-bin/primer/primer3_www.cgi 

Tandem Repeat Finder, http://c3.biomath.mssm.edu/trf.html  
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CRITERIA FOR DEFICIT SCHIZOPHRENIA [36] 
At least two of the following six features must be present and of clinically significant severity: 

- Restricted effect 

- Diminished emotional range 

- Poverty of speech 

- Curbing of interests 

- Diminished sense of purpose 

- Diminished social drive 

 

Two or more of these features must have been present for the preceding 12 months, and al-

ways have been present during periods of clinical stability (including chronic psychotic 

states). These symptoms may or may not be detectable during transient episodes of acute 

psychotic disorganization or decompensation. 

 

Two or more of these enduring features are also idiopathic, i.e., not secondary to factors oth-

er than the disease process. 

Such factors include: 

- Anxiety 

- Drug effect 

- Suspiciousness 

- Formal thought disorder 

- Hallucinations or delusions 

- Mental retardation 

- Depression 

 

The patient meets DSM criteria for schizophrenia. 
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