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Summary

This research involved a candidate gene search for autism in the Irish population. It sought
to identify candidate genes based on information from linkage studies, reports of
chromosomal abnormalities, animal studies and clinical observations, and previous reports
of genetic association in other samples diagnosed with autism. Two replication studies
were undertaken in genes from the serotonin system. Associations with the long and short
promoter variants have been reported in samples with autism, as have no associations e
In the Irish population there was increased inheritance of the short promoter allele (p value
= 0.03), in addition to a number of haplotypes across the gene. However a joint-analysis of
the promoter allele highlights the possibility that this, and others may be false positive
results. Another serotonin related gene, tryptophan hydroxylase 2, was also tested for
association. Association with the A allele of marker rs1117900 was found. Further

replications in other samples are required to evaluate this genes contribution to the

development of autism.

A genetic and biochemical study of the dopamine-B-hydroxylase gene was carried out.
Probands with autism were found to have significantly decreased DBH activity in
comparison to their parents (p value = 16.4 x 10®) and a previously reported control sample
(p value = 1.97 x 10®). Transmission disequilibrium testing did not reveal any over-
transmission of “low activity” variants from parents to probands. Regression analysis also
indicated that the variants anaiysed contributed less to DBH activity in children in
comparison to their parents. The heritability of DBH activity was also ~50% lower than

8.9

previous estimates This leads to the possibility that there may be other genes or

environmental factors contributing to the observed lower DBH activity levels.

Following the identification of a 2q:9q translocation in a patient within this study, and a
subsequent fine-mapping linkage disequilibrium experiment, the integrin-a4 gene was
selected for fine-mapping. TDT and haplotype transmission testing found an increased

transmission of a number of markers surrounding exons 16 and 17 (rs3770112-rs1551031
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haplotype, OR = 1.92, p value = 0.0025). These exons were screened for mutations,
leading to the identification of a variant (rs12690517) within a splice site sequence.
Preferential transmission of the C allele to affected probands was observed (OR = 1.83, p
value = 0.0046). An attempted replication in two samples, an AGRE and Vanderbilt
sample, was undertaken. In the AGRE sample, the same two marker haplotype
(rs3770112-rs1551031) was observed to be over-transmitted to affected probands (p value
= 0.05), but in the Vanderbilt sample there was over-transmission of a number of different
alleles / haplotypes. It is possible that within the /7GA4 gene, there are a number of
variants leading to the development of autism. A joint analysis of all three samples revealed
an increased OR associated with the C allele of marker rs3770112, although this OR of
1.19 (p value = 0.0295) shows that inheritance of this variant would play a minor role in the

development of autism.

Analysis of 4 genes in the Wnt pathway was carried out. A number of significant
associations were observed with the FRZB gene (rs288326 p value = 0.04566, rs2242070 p
value = 0.0072), the DVL gene (rs307354 p value = 0.021). There were also trends towards
significance observed with markers in the WNT2 gene (rs2024233 p value = 0.0556) and
the EN2 gene (rs3757846 p value = 0.107). These preliminary results suggest that the
WNT pathway may play a role in autism. A large number of other genes in this pathway

remain to be tested.

This thesis presents evidence supporting the role of genetics in the development of the
autism. A number of candidate genes, as above, have shown association with autism.
Eight, out of a total of fifty-four, variants showed significant association with autism. This
was significantly greater than the number expected by chance given a false positive rate of
5% (x* = 10.4, p value = 0.0013). One would expect that at least some of the genes
reported here do play a role in the development of autism. Further investigations following

these important findings are ongoing.
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CHAPTER 1

INTRODUCTION



1.1 General Overview of Autism

1.1.1 Definition of Autism

Autism was first described by Leo Kanner in 1943 '°. He described the typical
characteristics of 11 individuals with autism as being “autistic aloneness”,
“obsessiveness”, “stereotypies” and “echolalia”. In the following year, Hans
Asperger wrote a monograph in which he described individuals with autistic-like
symptoms similar to those described by Kanner ''. In his paper he described 400
individuals with deficiencies in speech, non-verbal communication and social
interactions. He also noted the presence of repetitive behaviours, resistance to
change, abnormalities of motor co-ordination, in addition to the presence of savant
skills. The individuals described by Asperger were largely of normal intellectual
functioning. Asperger’s Syndrome is used today to describe individuals with autistic
like deficits associated with normal intelligence. It is included in the International
Classification of Diseases, 10™ Edition (ICD-10) '? and the Diagnostic and Statistical

Manual, 4™ Edition, (DSM-IV) " and as a separate diagnostic category from autism

(see section 1.1.6).

Autism belongs to the category Pervasive Developmental Disorder (PDD) in ICD-10
and DSM-1V that includes classic autism and autism spectrum disorders (including
Asperger disorder), childhood disintegrative disorder (involving behavioural,
cognitive and language regression between the ages of 2 and 10 years of age
following normal development), and Rett syndrome (a genetic disorder of postnatal
brain development, caused by a single gene defect in the methyl-CpG binding
protein, predominantly affecting girls).The definition of autism according to both

ICD-10 and DSM-IV depends upon the presence of the following:



(1) Early onset (before 3 years).

(2) Severe abnormalities of reciprocal social relatedness.

(3) Severe abnormalities of communication development.

(4) Restricted, repetitive and stereotyped patterns of behaviours, interests,

activities and imagination.

The criteria for autism according to ICD-10 and DSM-IV are shown in Tables 1.1

and 1.2 respectively.

There is general agreement between ICD-10 and DSM-IV concerning the nature of
the clinical abnormalities occurring in autism. Both agree that abnormalities should
occur across the three domains of reciprocal social interaction, communication and
behaviour. Minor differences do occur, e.g. in the social domain, ICD-10 includes
impairments in the offering or seeking of comfort when distressed whereas this is not

included in DSM-IV.

Classical autism is one of a number of subtypes in the spectrum based on number
and description of impairments. The 5 DSM-IV Pervasive Developmental Disorder
(PDD) subtypes are 1) classic autism, 2) Asperger disorder (involving language
development at expected age and no mental retardation), 3) disintegrative disorder
(involving behavioural, cognitive and language regression between the ages of 2 and
10 years of age following normal development), 4) PDD-not otherwise specified
(individuals have autistic features but do not fit into the other categories) and 5) Rett
disorder (a genetic disorder of postnatal brain development, caused by a single gene

defect in the methyl-CpG binding protein, predominantly affecting girls).

Careful consideration must be given to the differential diagnosis for autism in the
context of a genetic study in autism in order to avoid phenotypic heterogeneity. Both
ICD-10 and DSM-IV include broader categories of autism spectrum disorders such

as ‘Atypical Autism’, (ICD-10), Pervasive Developmental Disorder - not otherwise



specified (PDD-NOS) (DSM-1V) and Asperger Disorder. These diagnostic
categories include some but not all of the criteria as defined for autism and may be
thought to refer to individuals with milder subtypes. For the purposes of the
investigations described in this work only individuals who meet the strict criteria for
autism were included. In order to limit the extent of diagnostic heterogeneity the
sample recruited were assessed using research diagnostic tools, the Autism
Diagnostic Interview (Revised) (ADI-R) '* and the Autism Diagnostic Observation
Schedule- Generic (ADOS-G) "°. The inclusion and exclusion criteria for the sample

are described in Chapter 2, section 2.1 (Materials and Methods).

DIAGNOSTIC CRITERIA FOR AUTISM DISORDER (ICD-10) (WHO 1992)
At least 8 of the 16 specified items must be fulfilled.

A. Qualitative impairments in reciprocal social interaction, as manifested by at least three of the
following five:
1. Failure adequately to use eye-to-eye gaze, facial expression, body posture and gesture to regulate
social interaction.
2. Failure to develop peer relationships.
3. Rarely seeking and using other people for comfort and affection at times of stress or distress and/or
offering comfort and affection to others when they are showing distress or unhappiness.
4. Lack of shared enjoyment in terms of vicarious pleasure in other peoples' happiness and/or spontaneous
seeking to share their own enjoyment through joint involvement with others.
5. Lack of socio-emotional reciprocity.

B. Qualitative impairments in communication:

Lack of social usage of whatever language skills are present.

Impairment in make-believe and social imitative play.

Poor synchrony and lack of reciprocity in conversational interchange.

Poor flexibility in language expression and a relative lack of creativity and fantasy in thought processes.
Lack of emotional response to other peoples' verbal and non-verbal overtures.

Impaired use of variations in cadence or emphasis to reflect communicative modulation.

Lack of accompanying gesture to provide emphasis or aid meaning in spoken communication.

S GO e ) B

C. Restricted, repetitive and stereotyped patterns of behaviour, interests and activities, as manifested by
ate least two of the following six:
1. Encompassing preoccupation with stereotyped and restricted patterns of interest.
Specific attachments to unusual objects.
Apparently compulsive adherence to specific, non-functional routines or rituals.
Stereotyped and repetitive motor mannerisms.
Preoccupations with part-objects or non-functional elements of play material.
Distress over changes in small, non-functional details of the environment.

ON [eni s 00 8D

D. Developmental abnormalities must have been present in the first three years for the diagnosis to be
made.

Table 1.1 ICD-10 DIAGNOSTIC CRITERIA



DSM-1V Ceriteria, Pervasive Developmental Disorders
299.00 Autistic Disorder

A. A total of six (or more) items from (1), (2), and (3), with at least two from (1), and one each
from (2) and (3):
(1) Qualitative impairment in social interaction, as manifested by at least two of the following:
(a) Marked impairment in the use of multiple nonverbal behaviors, such as eye-to-eye gaze, facial expression,
body postures, and gestures to regulate social interaction.
(b) Failure to develop peer relationships appropriate to developmental level.
(c) A lack of spontaneous seeking to share enjoyment, interests, or achievements with other people (e.g., by a lack
of showing, bringing, or pointing out objects of interest).
(d) Lack of social or emotional reciprocity.
(2) Qualitative impairments in communication, as manifested by at least cne of the following:
(a) Delay in, or total lack of, the development of spoken language (not accompanied by an attempt to compensate
through alternative modes of communication such as gesture or mime).
(b) Inindividuals with adequate speech, marked impairment in the ability to initiate or sustain a conversation with
others.
(c) Stereotyped and repetitive use of language or idiosyncratic language.
(d) Lack of varied, spontaneous make-believe play or social imitative play appropriate to developmental level.
(3) Restricted, repetitive, and stereotyped patterns of behavior, interests, and activities as manifested by at
least one of the following:
(a) Encompassing preoccupation with one or more stereotyped and restricted patterns of interest that is abnormal
either in intensity or focus.
(b) Apparently inflexible adherence to specific, nonfunctional routines or rituals.
(c) Stereotyped and repetitive motor mannerisms (e.g., hand or finger flapping or twisting or complex whole-body
movements).
(d) Persistent precoccupation with parts of objects.

B. Delays or abnormal functioning in at least one of the following areas, with onset prior to age 3
years: (1) social interaction, (2) language as used in social communication, or (3) symbolic or
imaginative play.

C. The disturbance is not better accounted for by Rett disorder or childhood disintegrative
disorder.

Table 1.2 DSM-1V DIAGNOSTIC CRITERIA FOR AUTISM.



1.1.2 Epidemiology

The prevalence of autism in the general population has been estimated to be
10/10,000 '°. This prevalence rate is the median rate of 32 autism prevalence studies
(See Review by Eric Fombonne for more information '®). These studies have
spanned numerous countries (including Denmark, England, Japan, Sweden, France
and the USA) and time periods (mid 1960’s to present day) and therefore can be seen
as an overall global average in the developed world ' '®. The first epidemiological
survey for autism was undertaken in 1966. A survey of 78,000 children from the
Middlesex region of the UK revealed that there were 32 diagnosed with autism,
leading to a prevalence of 4.1 / 10,000 '". In individual studies, the prevalence rate
of autism varies widely from 0.7 per 10,000 in an American population '* to 72.6 per
10,000 in a small Swedish population *°. There are many reasons for the differences
in prevalence estimate. They include sample size (prevalence is negatively
correlated with sample size) '°, year of study (prevalence shows increases with

advancing year of publication) and method of diagnosis '°.

There is much debate within the published literature with respect to the prevalence of
autism. It is not yet clear whether the observed increases reflect a true rise in
prevalence or if there has been better detection in recent years as a result of
heightened awareness. Within the media there have been a number of reports
suggesting an increasing prevalence of autism in recent years. The US Department
of Developmental Services reported a 556% increase in prevalence from 1991 to
1997 ?'. Here it is important to note the difference between prevalence (the number
of cases of an illness or condition that exists at a particular time in a defined
population) and incidence (the number of new cases of an illness diagnosed in a
defined population over a specified period of time). In many cases, increased
awareness of autism in the general population and in the medical profession may
lead to an increase in numbers of individuals diagnosed with autism. Also in the past
individuals with known genetic causes, e.g. Fragile X, or severe mental retardation,

would have been excluded from prevalence estimates. Eric Fombonne argues



against an increase in the prevalence of autism stating “the available epidemiological
evidence does not strongly support the hypothesis that the incidence of autism has
increased.... Due to the inherent difficulties in studying a relatively rare disorder,
most studies are inadequate to test the hypothesis of increasing prevalence” '°. A
study conducted in the state of California in 2002 based on information obtained
from autism and intellectual disability registers found that rising autism diagnoses

appeared to reflect a corresponding decrease in the rates of intellectual disability *.

In all epidemiological studies of autism to date, there has been an increased
incidence of affected males compared to affected females. The male to female ratio
varies from 1.33 to 16 ** . The mean male/female ratio has been calculated to be
4.3 '°. This ratio correlates negatively with the level of mental retardation, i.e. the
ratio of affected males to females decreases as the level of mental retardation
increases. In a comparison of 12 studies, the ratio was 5.75 with individuals who
were in the normal band of intellectual functioning. However, when the ratio was
compared in individuals with moderate to severe mental retardation, it decreased to

1.5

1.1.3 Associated Medical Disorders

A number of medical conditions are associated with higher prevalence rates of
autism than that observed in the general population. This observation led to the
suggestion that autism had a biological basis. Several of these conditions are
inherited; lending support to the hypothesis that autism has a genetic component to
the aetiology. Most of these are rare disorders associated with intellectual disability.
A few of the more common disorders are discussed briefly below, as these were

disorders that were excluded from the sample described in this work.



1.1.3.1 Tuberous Sclerosis

The prevalence of autism/atypical autism and/or PDDs in individuals diagnosed with
tuberous sclerosis has been estimated to be between 20 to 61% *°. Tuberous
sclerosis is a dominantly inherited disorder resulting from mutations in the hamartin
gene (7'SCI) located on chromosome 9q34 and the tuberin gene (7.SC2) on
chromosome 16p13 2?” 2. There is no homology between these two genes, but they
are found to act in the same complex. Disruption / alterations to this complex leads
to the presence of hamartomata (benign tumour like malformations resulting from
faulty development in an organ) in multiple organs including the brain, which in turn
result in an increased occurrence of epilepsy, learning difficulties and behavioural
problems. The incidence of tuberous sclerosis in individuals with autism ranges
from 0.4% to 2.99% *°. The association between the two disorders has two
important implications. Firstly, regions of the brain affected in individuals with
tuberous sclerosis are also likely to be affected in individuals diagnosed with autism.
Secondly, TS is a condition with a simple genetic architecture and it is possible that
autism may be associated with abnormalities in genes involved in tuberous sclerosis.
There has only been one report of an association with the 7SC2 gene and autism <,
This result indicates that while 7SC/ and TSC2 genes are important in the
development of tuberous sclerosis, they are not responsible for the majority of cases

in autism.

1.1.3.2 Phenylketonuria

Phenylketonuria (PKU) is a disease resulting from an inborn error in metabolism.
Individuals with PKU are deficient in phenylalanine hydroxylase, but the
development of autistic symptoms can be prevented by dietary means (OMIM

reference: 261600). Widespread testing of neonates has significantly reduced the



problems associated with PKU. If left untreated, PKU leads to the accumulation of
phenylpyruvic acid, which inhibits pyruvate decarboxylase in the brain *°. The
association with autistic symptoms in untreated PKU would suggest that some of

these adversely affected regions might be involved in autism.

1.1.3.3 Fragile X

Fragile X is another Mendelian condition associated with autism. Fragile X is
caused by the expansion of a CGG triplet repeat on chromosome X. Chromosome X
has two fragile sites; fragile X site A (FRAXA) and fragile X site E (FRAXE).
FRAXA has been mapped to Xq27.3, and occurs in the 5’ untranslated region (UTR)
of the fragile X mental retardation gene 1 (FMR-1). The number of repeats varies
from individual to individuals. The normal repeat range, with stability of the
expansion, is between 6 and 54 triplet repeats. A sequence of more than 200 repeats
is unstable, and transcription of the gene is disrupted. A second fragile X site,
FRAXE, has also been mapped to the FMR-1 gene and occurs in the promoter region
of the gene. In a fashion similar to the FRAXA site, there is a CGG repeat. Six to

25 repeats are considered stable, with greater than 200 being unstable *'.

The clinical observation of autism occurring in association with the Fragile X
anomaly has been well established *. Initial studies suggested that autism occurred
in up to 30% of individuals with this anomaly. The current estimates are that the core
autistic syndrome occurs in 5-10% of individuals while a significant proportion of
those with Fragile X demonstrate autistic traits 3 The gene involved in Fragile X
syndrome was identified as FMR-1. Studies of FMR-1 variants in autism did not

.. 3435
demonstrate the presence of an association



1.1.3.4 Neurofibromatosis

Neurofribromatosis (NF) is an autosomal dominant disorder characterised by café-
au-lait spots and fibromatous tumours of the skin. There are two forms of the
disorder; Neurofibromatosis type I and Neurofibromatosis type II. Type I form of
the disorder is caused by mutations in the neurofibrin-1 gene on chromosome
17q11.2, whereas type II form of the disorder is caused by mutations in the gene
encoding neurofibrin-2 (also known as Merlin) on chromosome 22ql2.2.
Neuroimaging studies in patients diagnosed with NF type I revealed high signal
intensity lesions in the basal ganglia, thalamus, brainstem, cerebellum and

subcortical white matter >°.

It is hypothesised that these lesions may be a
consequence of vaculolar change. Individuals who are diagnosed with NF type II
characteristically present with tumours of the eighth cranial nerve, meningiomas of
the brain and schwannomas of the dorsal root of the spinal cord. Intellectual
disability occurs in 10-20% of cases with NF types I and II. Impulsivity and social
difficulties are well-documented behavioural manifestations *’. Several studies have
reported an increased incidence of autism in association with NF1 =8 Tl

condition may go undiagnosed in childhood and should be excluded in the

assessment of an individual with autistic symptoms.

1.1.4 Neuroanatomical Observations

One of Kanner’s original observations was the occurrence of increased head size in 5

19 Magnetic resonance imaging (MRI) studies have

of his original 11 patients
consistently found elevated brain volumes in individuals with autism (see Nicolson
et al for a review on neurodevelopment and autism %Y. This finding gains increased
support from post-mortem studies reporting increased cerebellum size in individuals
with autism *'. Surprisingly, this is accompanied by decreases in the number of

41

Purkinje cells in the cerebellum Other neuropathological changes involve

increased neuronal packing and decreased cell size in the limbic system, agenesis of

10



the superior olive, dysgenesis of the facial nucleus, hypoplasia of the brainstem and
posterior cerebellum, and increased neuron-packing density of the medial, cortical

and central nuclei of the amygdala and the medial septum **.

Structural neuroimaging studies have shown increased average brain volume;
decreased grey matter volumes in the limbic system *; reduced neuron numbers in
the vermis of the cerebellum and gross structural changes in cerebellum ** and the
parietal lobes *°. Poorer neuronal integrity in prefrontal areas has been suggested *°,
as have concurrent abnormalities in the frontal cortex and cerebellum ¥. A
longitudinal functional magnetic resonance imaging (fMRI) study suggests an
accelerated period of growth during childhood compared with typically developing

48

controls As medical imaging techniques improve, a better picture of the

abnormalities involved in autism will occur.

1.2 Genetic Studies and Autism

1.2.1 Family Studies and Autism

Evidence for the role of genetics in the development of autism came initially from
family studies. A large number of family studies have been undertaken in order to
ascertain the rate of autism in first-degree relatives of affected individuals. The
results of these family studies have all shown that the rate of autism is much higher
in siblings of individuals who are diagnosed with autism, than in controls. The
recurrence rates of autism however, varies between studies, ranging from 2% to
8.6% ** %% 3132 In a review of the literature, Smalley reported that the average

recurrence risk, i.e. the likelihood that a given condition diagnosed in one or more
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family members will recur in other family members of subsequent generations, was
3% 3. Bolton also reported a recurrence risk of 2.9% ** for autism, however for
traits associated with the broader phenotypes (communication/social impairments or
stereotypic behaviours) there was a recurrence risk of between 12.4% and 20.4%.
The increase in the presence of broad phenotype traits has also been reported by

Pickles et al °°. This contrasted with the sharp decline in risk in 2" degree relatives.

Although a 3% risk does not appear to be very high, this is almost 100 times that of
the general population (if the strict definition of autism is taken into consideration,
where the population rate is 3/10,000). If one considers the broad definition of
autism, the recurrence rate is still 30 times that of an individual from the general
population. These recurrence risks may actually be underestimated, due to the
phenomenon of stoppage, whereby the first affected child tends to dissuade parents
from having further children. It is also not possible to look at the transmission of the
disorder from an affected individual to their child, as individuals with autism tend
not to marry and have children. Autism risk alleles are not selected against in terms
of evolution, as these are most likely to be common variants, which are carried by
many individuals. The majority of individuals will not have a sufficient number of

these risk variants, and therefore will not develop autism.

The heritability of autism (a statistical description of the proportion of phenotypic
variance due to genetic variance) can be calculated from the recurrence risk and the
monozygotic: dizygotic (MZ: DZ) concordance ratios (see Section 1.2.2) and is
estimated to be greater than 90% *°. Autism has been shown to have the highest
heritability of any neuropsychiatric disorder, including Attention Deficit
Hyperactivity Disorder (heritability = 76%) *°, schizophrenia (heritability = 81%) *’
and bipolar affective disorder (heritability = 85%) **. It is important to state that
these figures do not mean that the environment has little influence on autism; it
merely means that there was very little environmental variance in the populations

studied.
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1.2.2 Twin Studies

Twins are a naturally occurring genetic experiment that can assist in the investigation
of the role of genes in a genetic disorder or trait. Twin studies work on the basis that
those disorders or traits that are influenced by genes will show greater concordance
in monozygotic (MZ) versus dizygotic (DZ) twins. In the case of autism, there have
been four twin studies published ***>. The first of these studies was published in the
late 70’s, and reported a concordance rate of 36% between MZ twins, compared to
0% in DZ twins *°. Although this was the first report of increased concordance in
MZ twins compared to DZ twins, the power of the study was limited due to the small
sample size (11 MZ pairs, 10 DZ pairs). Another study by Ritvo et al, also found an
increased MZ: DZ concordance rate . However, in this study the MZ concordance
rate was higher, being 96% compared to just 30% in DZ twins. It is important to
note that there may be an inherent bias in this study, as Ritvo et al recruited his twins
using an advertisement in a newsletter. This may have led to more affected twins
responding than pairs of twins in which just one individual was affected. As a result,
the heritability reported may be an overestimate. Furthermore Rivto et al included
DZ twins of different sexes, which is unlike all other studies that just include same
sex twin pairs. Consequently, comparison of results is more difficult. Its similarity
to other studies remains, in that a higher MZ concordance rate exists. A
Scandinavian study found the MZ concordance rate to be significantly higher than
the DZ concordance rate (>60% (MZ) vs. 0% (DZ)) ®'. Similarly the final study
included the initial 21 twins from the Folstein & Rutter study, with an additional 14
MZ twins and 10 DZ twins. Bailey et al reported a MZ concordance rate of 60%
compared to 0% in DZ twins . Despite varying concordance rates, all studies are
consistent in that concordance rates are significantly higher in MZ twins compared to
DZ twins. In all studies, with the exception of Ritvo’s (which may be biased), the
DZ concordance rate was 0%. This is less than the sibling recurrence risk of 3% (see
section 1.2.1 for more info). This may have occurred due to the small sample sizes

involved in each study and be a chance finding.
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A number of studies looked at concordance of trait measures within the twins.
Steffenberg et al included communication skill defects and social disorders, and
found the MZ concordance rate rose to 92% in MZ and rose from 0% to 10% in DZ
twins ®'. Likewise Folstein and Rutter reported that if the criteria for concordance
included cognitive impairment, the concordance rates increased to 82% (MZ) and

30% (DZ) *.

Increase of concordance in MZ twins is evidence for genetic influence, but the fact
that concordance is not 100% shows that there is also an environmental effect as

well, which may include being a twin itself (see section 1.2.4 for further information)
63

1.2.3 Mode of Inheritance

It is widely accepted that there is strong evidence indicating a genetic cause of
autism (discussed in sections 1.2.1 and 1.2.2). A mode of inheritance is not yet clear.
From the observed sibling recurrence risk (3%) it is obvious that autism is not a
single gene disorder as one would expect a sibling recurrence risk of 50% in the case
of a dominant disorder or 25% in the case of a simple recessive disorder. All
evidence points to a multi-gene effect. A study by Jorde et al advocates a genetic
mixed model, which specifies “continuous liability to disease as the sum of
independent effects attributed to segregation of alleles at a major locus, transmission
by polygenic inheritance, sharing by siblings of environmental factors and random
factors specific to the individual” ®*. Autism occurs when an individual’s liability
exceeds the threshold. There was no support for a single gene effect in this study nor

165

in a study undertaken by Pickles et al . In his analysis, the best fitting model was

for three epistatic loci (limits of 2 to 10).
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Another study, by Risch et al, also found evidence for multiple genes leading to the
development of autism ®. Risch et al examined allele sharing in a sample of affected
sib pairs (ASPs) and discordant sib pairs (DSPs). There were only slight increases in
the level of allele sharing between these two groups (allele sharing = 51.6% in ASPs
and 50.8% in DSPs). This did not support a small number of genes, e.g. 3 genes
would have required >70% allele sharing in ASPs, but was most consistent with a

multigenic inheritance pattern with equal to or greater than 15 susceptibility loci.

Although there remains to be agreement on the number of genes involved in the
development of autism, it is clear that at least it is an oligogenic (i.e. 3 — 10 genes)
disorder, if not polygenic. Epigenetic mechanisms may also prove to play a role in
autism. They are mechanisms that influence gene expression but are not directly
attributable to the DNA sequence of the gene. This can involve a variety of differing
mechanisms such as allelic exclusion, X-chromosome inactivation, long-range
control by chromatin structure and cell position-dependent short-range signalling.
Allelic exclusion, in the form of imprinting, occurs across the Prader-Willi/
Angelmann critical region. This region has been of interest in autism because of
reports of chromosomal rearrangements (Trisomy 15q11-q13) and subsequent
reports of genetic association between the general autism phenotype and markers in
the region (see Sections 1.3.2 and 1.4.1.2). The role of epigenetic factors, if any, in

relation to autism has yet to be investigated.

1.2.4 Environmental Factors

The observation that the MZ concordance rate is not 100% indicates that
environmental factors are also likely to play a role in the development of the autistic
aetiology, although the high MZ concordance rates suggest that this might be a
limited role (see section 1.2.2). The most widely referenced environmental risk has
been the Measles-Mumps-Rubella (MMR) vaccination. The publication of Prof.
Andrew Wakefield’s paper in 1998, which reported the onset of autism following the
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MMR vaccination in 8 out of 12 individuals, led to widespread public concern =
Subsequent findings, including a population based retrospective study involving
more than 1.5 million children in Denmark found no association between MMR and
autism ®. Likewise a study in the UK by Taylor et al, reported no significant

increase in autism following the introduction of the MMR vaccine *

A more recently reported risk factor for autism is twinning. Greenberg, in 2001,
observed that there were more twins in the AGRE dataset than would be expected in

the general population ®.

In the general population the prevalence of MZ twins is
0.008 and DZ twins is 0.016, leading to an overall prevalence of 0.024 . However
in the AGRE population, the MZ prevalence was 0.142 and the DZ prevalence 0.075,
leading to an overall prevalence of 0.226. These differences were deemed to be
statistically significant (p value <0.000001). These findings were replicated in part
by Betancur et al, who also found a significant increase in the numbers of MZ twins,
but not DZ twins in their population . However Hallmayer et al were unable to
replicate this finding in their Australian population suffering autism ’'. Two thirds of
MZ twins, unlike DZ twins, share a chorionic membrane and hence placenta,
therefore 1/3 of MZ twins and DZ twins may experience different prenatal influences
72

. These monochroionic or monoamniotic factors may play a role in the

development of autism.

Other agents, including thalidomide and valproic acid, have also been linked to

73-75

autism (see Section 1.3.3).
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1.3 The Search for Autism Candidate Genes

There are approximately 30,000 to 40,000 genes in the human genome 76 and of
these only a small number (see Section 1.2.3) are involved in the development of

autism.

A number of methods and strategies have been developed to assist in identifying the
most probable candidates. Testing all variants in all genes in samples of affected
individuals would lead to the identification of susceptibility variants in candidate
genes. At present, this remains impractical and uneconomical. Testing of all
variants would ultimately lead to a high level of false positive results. Instead,
strategies are required to whittle down the number of genes to limits that are realistic.
These strategies include linkage analysis, cytogenetic studies, animal studies and
medical observations. Finding genes responsible for autism may lead to the
development of better therapies and medication to help ameliorate some of the

phenotypic traits associated with the disorder.

1.3.1 Linkage Studies

Traditionally, when a disorder is known to be genetic, but nothing is known about
the genes likely to be involved, then one method used to narrow down candidate
regions is linkage analysis. This utilises a number of markers spread throughout the
genome. It is not necessary to know if the markers (single nucleotide
polymorphisms (SNPs), Variable Nucleotide Tandem Repeats (VNTRs) or
microsatellites) are functional, just where they are located relative to each other.
Microsatellites are the most frequently used markers in linkage analysis as the
polymorphic information content (PIC) is higher in comparison to bi-allelic markers.
Evidence for linkage arises from tracing the co-segregation of DNA variants with the
trait under consideration along family lineages. Linkage analysis is based on

departure from Mendel’s Second Law, which states that during gamete formation the
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segregation of alleles of one allelic pair is independent of segregation of the alleles of
another allelic pair. This is only true when the allelic pairs are located on different
chromosomes, or are located far apart on the same chromosome so that
recombination will prevent alleles from being transmitted together. The further apart

two markers are, the greater the chance of recombination.

Parametric linkage ideally uses large multi-generational families with affected and
unaffected relatives. It also requires the a priori specification of the genetic
parameters of a model for the disease in terms of allelic frequencies, penetrance (i.e.
the probability that a functional variant results in phenotypic change), the mode of
action (i.e. dominant or recessive) and the distance from the genetic marker under

examination.

Non-parametric linkage methods, originally designed around small nuclear families,
have been extended to include general pedigree structures. It is based on allele
sharing in affected relative pairs (or allele non-sharing in discordant relative pairs).
One advantage of non-parametric linkage methods is that it is not necessary to
specify a model for the disease a priori, and generally, these methods are
computationally simple. Also, since no model is specified, there is no chance of
choosing the wrong model and as a result there is greater power. In addition, as there
is no need to test several models, so multiple testing is reduced. However, they may
lack power, compared to parametric methods under certain circumstances, i.e. where

you have the correct model.

There have been a number of genome scans and linkage studies for autism. The first
genome scan was undertaken by the IMGSAC consortium, which investigated
linkage in 99 multiplex families with 354 markers ”’. Evidence for linkage was
found on 6 chromosomes (chromosomes 4, 7, 10, 16, 19 and 22), but they did not
reach a genomewide significance threshold (maximum LOD scores (MLS) > 3.0
indicate highly significant linkage, whereas those with a score of 1.0 < MLS > 3.0

show weaker statistical evidence for linkage). The region around markers D7S520
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and D7S684 (on 7q31) showed evidence of linkage in a subset of the sample (UK
families only) (MLS = 3.55), pointing towards the potential problems of sample

heterogeneity.

There have been an additional 13 genomewide linkage studies published 7**. To
date all chromosomes, with the exception of chromosomes, 14, 21, 22 and the Y
chromosome, have shown at least nominally significant linkage to autism (MLS > 1).
The most replicated chromosomal regions showing significant linkage to autism are

chromosomes 2q (see Section 5.1), 7q, 16p and 17gq.

Evidence of linkage to markers on chromosome 7 has been reported by IMGSAC 77,

Barrett et al ¥. IMGSAC % Shao et al 86, Alarcon et al 82, Auranen et al 84, McCauly

187 188

etal °', and Lamb et al ™. The region 7q31-33, which showed evidence of linkage
in the study by IMGSAC *, has had a physical map constructed, and there are 23
genes in this region alone °'. This region has also shown increased evidence of
linkage when the analyses were confined to individuals showing delayed speech
acquisition and language impairments. Barrett et al found that linkage (measured by
MLS scores) in the 7q31-33 region rose from 1.4 to 2.2 in the impaired language
sample ¥. In the sample showing no language impairment, the MLS score fell to 0.1
from 1.4. Another possible “speech acquisition” locus has been reported on

chromosome 2q ¥ *2.

The region around the serotonin transporter on chromosome 17q11.2, has also been

9395 " as have regions on

identified in a number of genome scans (see section 1.3.1)
chromosome 16 7% Considering there is a 4:1 male: female affected ratio, it is
not surprising that a number of studies have reported nominal linkage to the X

chromosome '%7%-83:85.86

Although on first inspection the number of chromosomal regions highlighted from

genome scans seems wide and varied, and most “linked” regions do not seem to be

reliably replicated, the number of loci identified supports the theory that the mode of
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inheritance for autism is polygenic (see Section 1.2.3). There may also be a small
number of population specific “minor” autism regions, e.g. the 3q25-27 region may

be specific to the Finnish population in which it was identified =

1.3.2 Chromosomal Abnormalities

Chromosomal abnormalities are estimated to be present in approximately 3% of

individuals with autism '°.

Chromosomal abnormalities have been reported on all
chromosomes with the exception of chromosome 11 and chromosome 21 (see Table
1.3). These include autosomal aneuploidies, deletions, duplications, translocations,

ring chromosomes, inversions and supernumerary marker chromosomes.

The most common chromosomal disorder in autism occurs as a trisomy of

96-105 3 s g s . .
. This region undergoes imprinting and is associated

chromosome 15q11-q13
with Prader-Willi syndrome (PWS) and Angelman syndrome (AS). PWS is
characterised by muscular hypotonia, mental retardation, short stature,
hypogonadotropic hypogonadism and small hands and feet (OMIM reference
176270). It is a result of the deletion of a gene/genes on the paternal chromosome
15q11-q13, or by maternal uniparental disomy of this region, as this region on the
maternal chromosome is rendered inactive due to imprinting. These lead to complete
loss of expression of genes in the region. AS is characterised by severe motor and
intellectual retardation, ataxia, hypotonia, epilepsy, absence of speech and
characteristic facial structure (OMIM reference 105830). It is caused by a deficiency
in the ubiquitin-protein-ligase E3A gene (UBE3A) on the maternal chromosome 15.
UBE3A encodes for E3 ubiquitin protein ligase (E6-AP), which transfers ubiquitin
molecules to target proteins enabling their degradation by the proteosome complex.
It is expressed exclusively on the maternal chromosome in the brain 1% Deficiencies

in the gene may arise through maternal interstitial deletions, paternal uniparental

disomy or a single imprinting gene defect in UBE3A.
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Due to the high frequency of chromosomal abnormalities in autism reported (see
Table 1.3), there have been a number of genetic association studies undertaken. Two
studies have reported associations in the GABA receptor B3 gene 197 and the GABA
receptor subunit G3 ', A number of studies have also reported evidence for linkage

109112 " T inkage studies are somewhat hampered

to markers in the 15q11-13 region
by the high level of recombination observed in this region "2 Evidence for genetic
association has also been found with variants in the UBE3A gene and individuals

with autism '''.

As mentioned above, chromosome 7q has been identified as showing evidence for
linkage by several genomewide linkage analyses (see section 1.3.1). Vincent et al
reported a case of autism with a translocation between chromosomes 7 and 13
(Ch7q31 t(7;13)(q31.2;q21)) (see Table 1.3). This led to the disruption of a tumour
suppressor gene, suppressor of tumorigenicity 7 (RAY1) '3 Although this
translocation may have affected the proband in question, the R4Y/ gene was shown
to be unlikely to have a major influence in the development of autism, as no

mutations were found in 27 unrelated individuals with autism.

Another gene, AUTS2, at 7q11.2, was identified at a breakpoint reported in a pair of
monozygotic twins concordant for autism. These twins carried a translocation
between chromosomes 7 and 20 (t(7;20) (q11.2; p11.2)) '"*. The 4UTS2 gene is a
large gene, of 1.2 Mb with 19 exons. Transcription of this gene produces a protein
of 1295 amino acids, which does not correspond to any known protein. Exons and
flanking intron sequences were screened for mutations in 65 nuclear multiplex
autism families, and while a number of polymorphisms were found, there was no
evidence for association of any of these markers in the wider autism sample.
Linkage analysis of four dinucleotide repeat markers (two within and two flanking

the gene) was also negative '*.

Other chromosomal abnormalities include those on chromosome 2q13 to 2q36 (see

Casas et al for a review of 66 deletions in individuals with autism in this region '')
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and Fragile X abnormalities (see Table 1.3). While cytogenetic findings so far have
not led to the identification of autism related genes, this method has proved

successful in other diseases, including the identification of the dystrophin gene in

116 117

Muscular Dystrophy ", the UBE3A gene in Angelman Syndrome and the

SNRPN/ necdin candidate genes in Prader-Willi Syndrome ''®.

22



Chromosome Abnormality Reference

1 T(1;7)(p22:921) Yanetal '”
Uniparental disomy 1p22 | Wassink et al ">

2 Deletion of 2q37.3 Lukusa et al "'
Review of 66 cyt{ Casas
abnormalities between 3
2936

3 Partial tetrasomy of | Oliveira et al '~
mosaicism
T(3;12)(p26.3;923.3) Fahsold et al '~

4 Interstitial deletion on 4q | Ramanathan et al "
46.XX, dupl.(4)(p12-p13)| Sabaratnam eta '
(4;12)(g21.3;q15) Nasr et al '
T(4:6)(q23-24:p21) Liuetal *’

5 A de novo microdeletion d Harvard et al '**
T(5:18)(q33.1:q12.1) Kroisel etal >

5 T(5:7)(q14:932) Tentler etal '
Monosomy of (Spter-5p15 Vostanis etal '
Partial 6p trisomy Burd et al "**

6 Del(6)(q25.1;925.3) Sukumar et al '’
T(4:6)(q23-24:p21) Liuetal "’

7 7q31 partial duplication | Sarajee et al =’
T¢7;20)(ql1.2;p11.2) Sultanaetal '
T(5:7)(q14;932) Tentler etal "'
Dupl(7)(p11.2-p14.1) Wolpert et al
T(1:,7)(p22;921) Yanetal '
T(7:13)(q31.3:q21) Vincent etal '

8 R(8)p(10p23.1) Demori etal
T(2:8)(q35:q21.1) Borg et al °°
Translocation breakpoint in | Ishikawa-Brush et al "’
releasing peptide
Receptor
T(X;8)(p22.13;g22.1) Bolton etal

9 Two cases of Liuetal "’
pericentric inversion of
chromosome 9

10 del(10p14-pter) Verri etal

12 T(3:12)(p26.3:923.3) Fahsold et al >
(4;12)(q21.3;q15) Nasr et al '~

Table 1.3A A LIST O F CHROMOSOMAL ABNORMALITIES REPORTED IN
INDIVIDUALS WITH AuTIsSM. T = translocation, Del = deletion, R = ring

chromosome (Analysis of Abstracts undertaken).
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Chromosome | Abnormality Reference

13 Del13(q12-13) Smith et al '’
Dell3(q14-q22) Steele et al !

14 Del 14(q32.3) Merritt etal '~

15 See Bolton et al for review on
chromosomal abnormalities
of q11-q13 '

16 Dup (16)(p11.2-p12.2) Finelli et al '**
16922 fragile site Kerbeshian et al '*
Partial trisomy 16p Hebebrand et al '*°

17 Dupl7(pl1.2p12) Moog et al '*’
T(17;19)(p13.3;pl1) Annerenetal '
Dell7(p11.2p11.2) Vostanis etal '

18 T(5:18)(q33.1;q12.1) Kroisel etal '~

19 T(17;19)(p13.3;pl1) Anneren etal '

20 Del20(p12.2-pter) Sauteretal "’
£(20:22)(q13.3;q11.2) Carratala etal "
Del20(p11.2p11.23) Michaelis et al '

22 R(22) Nair-Miranda et al ">~
Del22(q13.3) Goizetetal -
R(22)(p11.31-q13.31) MacLean et al >
T(20:22)(q13.3;q11.2) Carratala etal "~°

X Monosomy X Donnelly etal '
Xp deletion Thomas etal "°
T(X:8)(p22.13;q22.1) Bolton et al *°

Table 1.3B A LisT OF CHROMOSOMAL ABNORMALITIES REPORTED IN
INDIVIDUALS WITH AuTisM. T = translocation, Del = deletion, R = ring

chromosome (Analysis of Abstracts undertaken).
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1.3.3 Animal Models

The use of animal models can lead to insights into the molecular basis of a disorder.
This can be achieved by highlighting the role of individual genes, molecular

pathways, potential mutagens or regions of the brain involved in the disorder.

A number of animal models have been useful in helping to pinpoint regions of the
brain that may be involved in autism. This is important, as the low prevalence of the
disease and the infrequency of autopsies, have made the study of brain structure
associated with autism difficult. Induced lesions in the amygdala have produced

157

autistic behaviours in monkeys Bilateral temporal lesions were have led to

abnormal social interactions, changes in body and facial expression and the

158

development of abnormal stereotypic behaviours Surprisingly these

abnormalities only lasted until adulthood, whereupon the lesioned monkeys appeared

no different to control monkeys '**.

Based on this work, it has been suggested that
the focus of gene searches for autism should centre on genes expressed at birth in the
temporal region of the brain. In another study, by Wolterink et al, administration of
ibotenic acid (on day 7 or day 21) led to the development of lesions in the lateral and

central amygdala and/or the ventral hippocampus in rats '*°.

Both sets of rats (i.e.
those in the 7 and 21 day administration) exhibited enduring behavioural disturbance.
However, those rats that received ibotenic acid earlier showed more extreme
disturbances. This may have arisen due to the effect of ibotenic acid on the
developing brain. Monkeys with induced lesions in the amygdala have also shown
abnormal fear responses, exhibiting increased fear in novel social situations despite
normal social development, and decreased fear in normal fear inducing situations

'%9) " Amaral hypothesises that “the amygdala is not

(see Amaral for a review
necessary for species typical social behaviour or for gaining social knowledge during
development, but it is a critical component of a system that evaluates the
environment for potential dangers.... It typically inhibits social interaction with
novel conspecifics while they are evaluated as potential adversaries” 1% More

recently face and emotion recognition deficits have been reported and attributed to
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anomalies in amygdala development” '*"'%. Subsequently imaging studies have
demonstrated the presence of enlarged amygdala volume in XO females compared
with normal male and female controls. The authors attempted to map genes on the X
chromosome that may predispose towards the neurocognitive deficits using females
with X-chromosome deletions who also showed the face and emotion recognition
deficits '®. The role of the amygdala is to mediate inborn and acquired emotional

responses, and therefore it is a very interesting region for study in autism.

In an autopsy on a brain from a 21-year-old female patient with autism by Rodier et
al, a significant decrease in the number of motor neurons in the facial nerve nucleus
was reported (from 9,000 neurons in a control brain to ~400 in the autistic brain) 164,
Shortening of the middle pontine regions was also noted. Rodier commented on the
similarity of these abnormalities to those described in HoxA4 knockout mice.
Exposure of rats to valproic acid (a powerful chemical tetratogen) on day 11.5
resulted in a reduction of the formation of motor nuclei V and XII, but not of the
facial nerve VII '®*. Functional abnormalities of the cranial nerves are observed with

higher frequency in autism .

Exposure to this teratogen on day 12.5 resulted in a
decrease of the posterior lobe of the vermis. Between the days 11.5 and 12.5, the
neural tube closes. Andres interpreted these results by stating that “early exposure,
at the period of neural tube closure, can lead to late effects, which are relatively

» 166 Other possible autism related teratogens include

limited and specific
thalidomide. Exposure of rats to thalidomide and valproate in-utero has been
demonstrated to result in abnormal levels of monoamines in the CNS, with elevated

167

hippocampal serotonin and pre-frontal dopamine Thalidomide exposure in

humans has also been reported to lead to an incidence of autism in 5 out of 15 cases

B0 Valproic acid administration to rat foetuses on the 12.5 day of gestation

resulted in the birth of rats who exhibited:

1) Decreased number of social behaviours and increased latency to social
behaviour

2) Locomotor and repetitive/ stereotypic-like hyperactivity combined with lower

exploratory activity
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3) Lower sensitivity to painful stimuli with a higher sensitivity to non-painful
stimuli
4) Diminished acoustic prepulse inhibition.

These behavioural aspects show similarities to autistic behaviour.

Biological chemicals, e.g. oxytocin and vasopressin, have also shown links to autism
168 Both of the aforementioned biochemical molecules have shown to be involved in
communication and ritual and social behaviour traits that are considered to be

aberrant in individuals diagnosed with autism, and therefore are strong candidates for

166,168

dysregualtion in autism . In the case of oxytocin, knockout mice for this gene

exhibit profound deficits in social recognition and processing '®®. The administration
of oxytocin to infant rats also leads to decreases in social interactions. These rats

show a decrease in the number of isolation calls, fail to develop social memory and

169 Rats lacking vasopressin and mice lacking the

Vasopressin V1a receptor also show deficits in social processing and recognition e,

exhibit stereotypic behaviour

There are no reported mutations in the oxytocin gene, although observations of

decreased levels of plasma oxytocin in individuals with autism have been published
171,172

Other mouse models have been described that may be relevant for autism, including

TPH? (see section 3.1.5), Wnt3, Dvl and En2 (see Section 6.1 for more information).

1.3.4 Clinical Observations

Clinical observations and trials have helped identify or strengthen the case for
candidate genes. The administration of selective serotonin reuptake inhibitors
(SSRIs), which prevent serotonin from being reabsorbed back into the presynaptic
nerve, have shown to be of clinical benefit in some patients (see Moore et al for a
review ). SSRIs may lead to improvements in mood and temperament, ability to

relate to others, language impairment and decreases in compulsive behaviours.
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These observations have strengthened the case for the involvement of the serotonin
pathway in autism (see Section 3.1.2 for further information). Likewise, dopamine
agonists, e.g. haloperidol and risperidone, have shown to lead to some improvements
in irritability and severe behavioural problems associated with autism, and this has

given support to the role of dopamine and/or the dopamine pathway in autism ' '7*,

Within any sample of individuals with autism, there will be variability in the
phenotypic presentation of autism, e.g. some individuals will have more repetitive
behaviours than another individual in the same sample. Subdivision of samples is
becoming more frequently used to try to approximate a single biological disturbance.
With respect to phenotypic measures, the clinical data generated by the ADI-R '* and
ADOS-G ' instruments does not lend itself easily to the investigation of association
between candidate genes and phenotypic sub-types. However a proposed approach to
this analysis is to perform cluster analysis of ADI-R items for genetic analysis ', A
study by Shao et al found increased linkage (from 1.5 in the general sample to 4.71
in the sub-phenotyped sample) at the GABRB3 locus in the chromosome 15q11-13
region when the sample was reanalysed only including individuals with a high score

f 2 177
on the “insistence on sameness™ category = .
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1.4 Testing Potential Autism Susceptibility Genes

Having identified potential candidate genes, a number of strategies exist in order to
test if the gene is associated with a disorder. They include association testing,
linkage disequilibrium (LD) mapping and haplotype testing, mutation screening and

more recently expression profiling.

1.4.1 Linkage Disequilibrium Mapping, Association Testing and
Haplotype Analysis

1.4.1.1 The Theory

Whereas linkage studies can now quite easily take a genome-wide approach,
association studies are limited to candidate genes or regions. In the case of complex
polygenic disorders, the power of a linkage study can be relatively weak, as each
functional variant may only play a minor, but statistically significant, role in the
development of the disease. Association studies have a greater power to detect

variants of small magnitude in the same sample '’*.

An increased marker density is
needed in the case of association studies in comparison to linkage studies due to the
decreased PIC (polymorphic information content) gained from SNPs (the majority of
variants tested in association studies), in addition to the fact that association can only
be detected over a shorter range compared to linkage analysis. The basic aim of an
association study is to test if a given marker allele occurs at a significantly higher
frequency in a sample of cases (affected individuals) in comparison to controls
(unaffected individuals). Associations can be sought with functional markers, as in

the Serotonin transporter promoter insertion/deletion (see Section 3.1.4), or in

variants that are in linkage disequilibrium (LD) with functional markers.
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Linkage disequilibrium (LD) is defined as the non-random association of alleles at

adjacent loci .

[t occurs when an allele at one locus is found to occur more often
than expected by chance with another allele at another locus. LD arises following
the creation of a new mutation on a chromosome that carries a particular set of
alleles in the loci surrounding it. Over time the degree of LD diminishes, due to
increased recombination events. While the extent of LD is expected to decrease over
time and distance between markers, not all closely linked markers are in LD, and
some markers with a large inter-marker distance may show high LD. There have

180 whereas

been reports of high LD between markers that are over 100kb apart
marker that are less than 2kb apart may show no LD "', There are a number of
factors that can influence the extent of LD across a region. These include allele
frequency, genetic drift, population growth, admixture or migration, populaticn
structure, natural selection, variable recombination rates, variable mutation rates and

gene conversion events (see Ardlie et al for a review on these factors =

Lewontin’s D is a measure of LD and is defined as the difference between the
observed frequency and the expected frequency if two loci are segregating at
random. For two loci A (with alleles A and a) and B (with alleles B and b), the
frequency of a two-marker haplotype is Pag. Assuming random assortment, Pag= (Pa

X Pg). Thus D can be calculated using the following equation

D=(P,-(P, xPp))

As D relies on allele frequencies its numerical value has little value in terms of
measuring LD. Alternative measures of D have been developed. The most widely
used measures for LD are D’ and r’. These measures are not identical, they have

differing properties and measure different aspects of LD.

D’ is calculated by dividing D by it’s maximum possible value, given allele
frequencies at two loci. It is the most widely used measure of LD. When D’=1, the

loci are said to be in complete LD. One of the problems with D’ is that with relative
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values of D’< 1 there is no clear interpretation. D’ is strongly inflated in small
samples, particularly for rare alleles. Due to these sample size effects, LD in different
samples can be difficult to compare. Intermediate values should not be used to

compare the strength of LD between studies e

r’ is another measure for quantifying and comparing LD in association mapping =
'8 It is based on the correlation of alleles at two loci and is calculated by dividing

D? by the sum of the frequencies of four alleles at two loci, i.e. for loci Aa and Bb:

r’ = D
Pyt by P+ Py

r’=1 if the two loci have not been separated by recombination and have the same
allele frequency. An advantage of the measure is that individual values of I’ are
more easily interpreted. Also for two neighbouring loci where one is a disease
causing allele and the other a nearby marker that is in LD = 1%, to have the same
power to detect the association between the disease and the neighbouring marker, a
sample size should be increased by a factor of (1/ r*) in order to detect association
between the marker and disease when compared with the sample size required to
detect association with the disease locus itself '**!8 Furthermore, r* takes account of
differences in allele frequencies between two markers. Finally, the calculation is less

inflated in small samples.

There are two forms of association testing, the case-control test and a family based
association test. The original and most widely used study design for testing
association is the case control design. This method consists of testing for significant
allele and genotype differences between 2 samples, the cases (i.e. the affected
individuals) and the controls. The control sample is matched as close as possible for
age, gender, ethnicity, and socio-economic background. A statistical difference
between the groups, tested using a basic x* test, implies an association between the

tested allele of the variant and the phenotype/disorder. Despite its ease however, this
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method is liable to identify ‘false-positive’ associations, due to population

stratification '%,

This is because allele frequencies differ between populations
irrespective of disease status, based upon a population’s unique genetic and social
history. Population stratification occurs when the case and control samples are not

correctly matched, and this may not be easy to spot in advance of a study.

Another method has been designed to avoid this potential problem. This design,
known as the family based or trio study design, is based on families where the
sample consists of at least one affected child and one or both biological parents. It is
similar to the case-control test in that it tests for differences between sample and
control allele frequencies. This approach tests for the deviation from the expected
transmission of alleles from parents to their affected offspring (i.e. the null
hypothesis or Mendel’s first law). If an allele is significantly over-transmitted to
probands then this marker becomes a potential susceptibility allele. The statistics
used to test for significant transmission are the Transmission Disequilibrium Test
(TDT) (see Section 2.3.1.2) '*” and the Haplotype Based Haplotype Relative Risk
(HHRR) '8 The TDT test is a test for association in the presence of linkage.

There are a number of disadvantages to this method of association testing. Firstly, it
is not always possible to collect parental samples, as is the case in late onset
disorders, e.g. Alzheimer’s disease. It necessitates extra genotyping, as DNA
extraction and genotyping have to be performed in the proband and both parents,
versus a case individual and control individual. Finally, there is a loss of power
associated with using the TDT test, as TDT calculation can only be performed in
heterozygous parents and thus only a proportion of the sample can be utilised with a
consequent loss of power. The HHRR test uses all transmission observations but it is

rarely more informative.
It was once thought that LD was relatively consistent across the genome. Recent

studies have shown this not to be the case. There are regions of high LD and low

recombination interspersed with regions of low LD and high recombination (known
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* %% This phenomenon has results in the formation of

as ‘recombination hotspots
what have become known as haplotype ‘blocks’. The HapMap project
(http://www.hapmap.org/) defines haplotype blocks as regions in the genome
between 10 and 100kb that have between 2 to 4 haplotypes defining > 90% of all
chromosomes. The aim of the HapMap project is to “compare the genetic sequences
of different individuals to identify chromosomal regions where genetic variants are
shared”. Awareness of the underlying haplotype structure may reduce the quantity
of genotyping necessary over a region of interest, as one or a small number of

variants might substantially represent the total genetic information contained within

each block.

Testing the transmission of haplotypes to affected individuals is also useful. Regions
between markers often ultimately contain the functional marker of interest.
Transmission of this 2-marker haplotype may be more significant than transmission
of either of the single markers alone. Transmission of haplotypes may also help
identify regions of genes that may contain these functional markers, leading to more

efficient mutation screens.

1.4.1.2 Potential Candidate Genes Highlighted by Association
Studies

Association testing has led to the identification of a number of possible genes for
autism (see Table 1.4 for a sample of these genes). Genes with functions ranging
from neurotransmission processes, e.g. the serotonin transporter gene 0 to brain
development proteins, e.g. EN2 "', to mitochondrial genes, e.g. the

aspartate/glutamate carrier SLC25412 "%, have all shown association with autism.

A number of gamma-aminobutyric acid (GABA) receptors (GABRs) have shown

association with autism (see Table 1.4). GABA is one of the major inhibitory
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neurotransmitters of the brain. There are 18 known GABA receptors composed of
21 GABA subunits 193, a number of which lie on chromosome 15q11-13, a region
that is the most frequently observed chromosomal abnormality in individuals with
autism (see Sutcliffe & Nurmi for a review '**). The GABA related genes are of
interest, due to the inhibitory action of GABA, and the increased levels of glutamic
acid and decreased levels of glutamine in samples of autistic individuals '*>'*®. A
more recent study by Dhossche et al has used a gas chromatography / mass
spectroscopy technique to measure GABA levels in a sample of patients diagnosed

. . 197
with autism .

This has shown an increased plasma GABA level in a sample of
patients with autism in comparison to a sample of controls. Decreased binding of
radio-labelled GABA receptor ligands has also shown to be significantly reduced in

198 A number of

the hippocampal region of the brain in individuals with autism
association studies of GABA related genes have been undertaken, and positive
associations have been reported, including the GABRAS '*°, GABRB3 '°° 0 and
GABRG3 '°® genes. One of the largest investigations of the GABA receptor system
and its relationship to autism was undertaken by Ma et al, who analysed the

transmission of alleles of 70 SNPS across 14 genes *%.

Allelic association was
found with the GABRA?2 and the GABRR?2 genes, while genotype association was
found with the GABRA2 and the GABRA4 genes. Gene-gene interactions between
GABRA4 and GABRBI were also reported. Ma et al concluded that GABRA4 is
involved in the development of the autistic aetiology, and the inheritance of certain

GABRB] variants increases this risk further still 2%,

Another gene that has shown association with autism is the Reelin gene, located on
chromosome 7q22 *' (see Table 1.4). It is a large gene encoding mRNA of
approximately 12kb 2. The gene product is a large extracellular glycoprotein
secreted by the most superficial layers of the brain. The expression in postnatal
human brain is high in the cerebellum, a region shown to be enlarged in autism (see
Nicolson et al for a review *°). The RELN protein directs cortical layer formation by
acting on migrating cells (e.g. cortical plate neurones in cortex and cerebellar

Purkinje cells) through its interaction with the adaptor protein, disabled 1 (dabl) a5
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In relation to autism, evidence for linkage around marker D7S477 that maps to 7q22
has been reported *'. This region contains the RELN gene. An association was
identified between autistic disorder and a polymorphic GGC repeat located 5' of the
reelin gene (RELN) ATG initiator codon ***. Haplotypes formed by this
polymorphism with two single-base substitutions located in a splice junction in exon
6 and within exon 50 were also found to be associated. This finding has not been
widely replicated 2*>** . However Zhang et al have proposed that there is an increase
in transmission of the variant in autistic individuals with delayed phrase speech.
There have also been reports of decreased blood levels of reelin *°” in addition to
reduced mRNA in the frontal cerebellum region of post-mortem brain from a 21
year-old female diagnosed with autism in comparison to a normal age matched

2
control 2%,

Other genes with tentative evidence for association with autism, although the

strength of replications often remains complex, include the serotonin transporter (see

Section 3.1.4), WNT?2 (See section 6.1.3), and the HOX genes .
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Gene Reference Origin of Sample
5-HTT Conroy et al ?*° Irish

5-HTT Cook et al ° American

5-HTT Kim et al 3 American

5-HTT Klauck et al * Data Unavailable
5-HTT Mulder et al 2!! Dutch

5-HTT Tordjman et a**? French

5-HTT Yirmiya et al *** Israeli

ABAT Barnby et al #!* European

ADA Bottini et al 2° Italian

ADA Persico et al %' Italian

APOE2 Persico et al %’ Italian

EN2 Gharani et al '*! AGRE

EN2 Petit et al *'® French

FOXP2 Gong et al *** Chinese

GABRA2  |Ma et al **° American / AGRE
GABRA4  |Ma et al *°° American / AGRE
GABRA5  |McCauley et al '° American / AGRE
GABRB3  |Buxbaum et al **° American / AGRE
GABRB3 McCauley et al '*° American / AGRE
GABRG3  |Menold et al '°® Data Unavailable
GABRR2  |Ma et al *%° American / AGRE
GIuR6 Shuang et al ?*° Chinese

GIuR6 Jamain et al #** European
GRIN2A Barnby et al *** European

HOPA Beyer et al **? German / Austrian
HOXA1 Conciatori et al > |Italian / AGRE
HRAS Comings et al *** American

HRAS Herault et al %?° French

INPP1 Serajee et al *° AGRE

LAMB1 Hutcheson et al ?*°  |American

MAO-A Cohen et al *¥’ American

NF1 Marui et al *® Japanese

NLGN1 Ylisaukko-Oja et al **° Finnish

NLGN3 Ylisaukko-Oja et al **°|Finnish

NLGN4 Ylisaukko-Oja et al Finnish

Table 1.4A SAMPLE OF GENES SHOWING POSITIVE ASSOCIATIONS WITH AUTISM.
These genes were chosen following PubMed

(http://www.ncbi.nlm.nih.gov/entrez/query.fegi?db=PubMed) searches using the
terms “genetic associations AND autism” and “associated genes AND autism”,
(Abstracts only).
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Gene Reference Ethnicity of Sample
OXTR Wu et al 23° Chinese

PIK3CG Serajee et al *° AGRE

PON1 D'Amelio et al %! American / Italian
PRKCB1 Philippi et al #*? Data Unavailable
RELN Persico et al *** Italian

RELN Skaar et al ** American / Italian
SLC25A12 |Ramoz et al **? American / AGRE
TDO2 Nabi et al ** AGRE

TPH2 Coon et al ’ American / Italian
TSC2 Serajee et al *° AGRE

UBE2H Vourc'h et al **° Data Unavailable

Table 1.4B SAMPLE OF GENES SHOWING POSITIVE ASSOCIATIONS WITH AUTISM.

These genes were chosen following PubMed

(http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed) searches using the
terms “genetic associations AND autism” and “associated genes AND autism”,

(Abstracts only).
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1.4.2 Mutation Screening

1.4.2.1 The Theory

Mutation screening, either by denaturing high performance liquid chromatography
(dHPLC) (see Section 2.2.5.2), single strand conformational polymorphism (SSCP)
analysis (see Section 2.2.5.1 for further information) or direct sequencing, is one
method used in the search for novel or rare mutations. Screening for large deletions
and insertions can be easily undertaken by a basic PCR reaction and searching for
product size differences, however screening for single base pair changes (SNPs) or
small deletions/insertions is more difficult. It is these minor changes that appear to

predispose individuals to the majority of complex diseases.

The majority of mutation screens are undertaken in exonic regions of the candidate
genes, and often include intron/exon boundaries, as changes in the DNA sequence in
these regions are more likely to have an adverse effect on the structure of the
resulting protein, through amino acid changes, or adverse splicing effects. Direct
sequencing of these regions is perhaps the most straightforward method for

identifying novel mutations.

Another method of mutation screening is the SSCP method. This is based on the
principle that short DNA sequences that differ in sequence will migrate differently in
a non-denaturing polyacrylamide gel **’. A disadvantage of SSCP analysis is that
only small DNA sequences can be analysed (<200bp) with a detection efficiency of
90%. Sequences up to 400bp in size have efficiency between 70% and 80% **’.
Varying experimental conditions, e.g. temperature and glycerol concentration, or
using RNA molecules, can increase sensitivity. Another disadvantage is the possible

missing of mutations and the fact that any sample showing a variation will then have
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to be sequenced so the exact nature and location of the mutation is known. That said

however, it is a quick, cheap and non-technical method of searching for mutations.

Another mutation detection technique is dHPLC ***. This is used to detect single
base pair substitutions, and small insertions and deletions. Heteroduplexes, occurring
in the presence of a variant, are retained less than homoduplexes, occurring when
there are no variants present, on a unique DNA separation matrix, due the decreased
stability of the DNA fragment. It has been estimated that the sensitivity and
specificity of dHPLC is consistently higher than 96% **°, thus making it a highly
efficient and cheap method of detecting mutations in a large number of individuals.
Sequencing of samples showing the presence of mutations is still required, but the

number of samples necessitating sequencing is dramatically reduced.

1.4.2.2 Potential Candidate Genes Highlighted by Mutation

Screens

A number of mutation studies have been undertaken following the identification of a
possible candidate gene for autism (see Table 1.5). One such gene is the FOXP2
gene (also known as SPCH1). This gene was first identified as being responsible for
a rare, severe speech and language disorder which was found to segregate in a
dominant manner in a three-generational family (known as the KE family).
Following the highlighting of 7q31 as a candidate region in a genome scan in the KE
family, the Forkhead box P2 gene (FOXP2), a transcription factor, was screened for
mutations **’. A single base pair change in exon 14, in the forkhead domain of this
gene, co-segregated with the severe language defects. Due to its relationship to
speech and language defects and its presence in a region on chromosome 7 showing
widespread evidence for linkage (see section 1.3.1), this gene became a potential
gene for autism. A translocation in an individual with autism was also reported to
cause disruption to this gene **'. Wassink et al sequenced exon 14 of this gene and

performed SSCP analysis in a sample of 75 ASPs diagnosed with autism 2 They
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identified 2 non-conservative changes, both involving the deletion of glutamine
residues from a polyglutamine stretch occurring in 2 families with autism, which
were not present in 160 control samples. No mutations were found to occur in exon
14, and there was one silent mutation in exon 5. There was a trend towards
significant transmission distortion of a tetra-nucleotide repeat in intron 1 in
individuals presenting with language abnormalities (p = 0.06). Newbury et al also

screened the coding sequence of 43 ASPs who presented with autism i

Eleven
new variants were detected, although all were intronic, and no mutations were found
in the exons 12 — 14 (region giving rise to forkhead domain). A CAG-CAG insertion
was also discovered in the exon 16 / intron 16 border. A number of other mutation
screening experiments in samples with autism have also been reported GAEEE A
small number of mutations have been discovered, including silent mutations 245,

mutations in exon/intron junctions *** and intronic SNPs 2*.

Following the identification of mutations, association studies are often carried out
with the mutation in question, in addition to other more common SNPs throughout
the gene. There have been conflicting results for association studies using common
SNPs in this gene. Gauthier et al reported no association ***, as did O’ Brien et al in
the overall sample ***, but an association between marker D7S3052 was reported in
individuals with severe language deficits. Marui et al also reported an association
between a SNP in intron 7 in male probands, but not female probands **°. Gong et al
found over-transmission of a 2-marker haplotype in a sample of Japanese probands
with autism *'°. Overall, the evidence does not support a major role for FOXP2 in
the development of autism. It may however be important in a small subset of

individuals with severe language impairments.

The neuroligin (NLGN) family of genes has also been investigated by mutational
analysis (see Table 1.5). There are five NLGN genes, located on chromosomes 3q26
(NLGNI), 17p13 (NLGN2), Xql3 (NLGN3), Xp22.3 (NLGN4) and Yqll.2
(NLGN4Y)*7. One of these genes, NLGN3 is located within a region of

chromosome Xp22.3, which was reported in a de novo deletion in a patient with
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autism '°

. Two linkage studies have also highlighted Xq13 as a region showing
increased, but not significant, allele sharing between affected sib-pairs **°. Mutation
screening of the NLGN3, NLGN4 and NLGN4Y was undertaken in a Finnish sample
of 36 ASPs and 122 trios diagnosed with either autism or Asperger Syndrome
reported the presence of two mutations that segregated with autism **’.  One
mutation introduced a stop codon at position 396 in the NLGN4 gene, while the
second resulted in the conversion of arginine 451 to cysteines 451 (a highly
conserved amino acid). In vitro experimentation has shown that these two mutations
lead to the intracellular retention of both proteins, which in turn leads to reduced

28 There have

formation of presynaptic elements in cultured hippocampal cells
been a number of reports of attempted replication. One study of 148 patients
diagnosed with autism (Portuguese and American) found 4 missense mutations in the

249 .
. However, one of these mutations was

NLGN+4 gene, all in unrelated individuals
also shown to segregate to 2 unaffected siblings of the proband with autism, thus
making its role in the development of autism unclear. There has also been three
studies that have failed to find any mutations in the NLGN genes ***'.  An
association study using common SNPs in the NLGN I, NLGN3, NLGN4 and
NLGN4Y genes with autism has been undertaken in 100 Finnish families ***. Modest
associations were reported for NLGNI (p value = 0.002), NLGN3 (p value = 0.014)
and NLGN4 (p value = 0.031). Further studies need to be undertaken to test common
SNPs in these genes in other samples. The functional relevance of the mutations
found in the two Finnish families point to the importance of this family of genes to

the development of autism. It remains to be seen what the role of these genes is to

larger samples diagnosed with autism.

Mutation screening has also led to the examination of a number of other genes and
their role in the development of autism (see Table 1.5). They include the RAY! (also

113,252

known as ‘suppressor of tumorigenicity 7°) and WNT2 genes (see Section

6.1.3).
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Gene Author Origin of Sample
ABAT Barnby et al *** European
CAMP-GEFII Bacchelli et al 23 European
CENTG2 Wassink et al > American
FMR-1 Shinahara et al **° Japanese
FMR-1 Vincent et al *°° AGRE
GRIN2A Barnby et al ** European
HOXA1, HOXB1| Ingram et al 2% American
LAMB1 Bonora et al **’ European
MECP2 Lam et al **® Chinese
MECP2 Li et al 2*° Japanese
MECP2 Shibayama et al 2°° American
NBEA Castermans et al %! Belgian
NLGN3, NLGN4| Jamain et al **’ Swedish
NLGN4 Yan et al 2%° Portuguese/American
NLGN4 Laumonnier et al °°? French
SLC25A12 Ramoz et al 1% American/AGRE
UBE2H Vourc'h et al »*° Data Unavailable
WNT2 Wassink et al %3 American

Table 1.5 SAMPLE OF GENES THAT HAVE REVEALED POTENTIAL MUTATIONS
ASSOCIATED WITH AUTISM. These genes were chosen following PubMed
(http://www.ncbi.nlm.nih.gov/entrez/query.fegi?db=PubMed) searches using the terms
“mutation sereen AND autism”, (Abstracts only).
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1.4.3 Expression Profiling

Expression profiling is the in vitro investigation of the expression or activity of large
numbers of genes using microarrays. It is a form of whole genome analysis. In a
single experiment over a thousand potential candidate genes can be narrowed down
to focus on genes whose expression differs between affected and unaffected
individuals. Entire pathways can now be screened for differences in expression in
comparison to controls. It is a rapidly growing research technique, that has widely

been used in cancer research 2%

There has only been one report of expression
profiling in autism. A study of the expression profile of genes involved in
inflammatory responses in individuals with autism, was undertaken by Vargas et al
%65 Seventy-nine genes, including cytokines, chemokines and growth and
differentiation factors, were selected for analysis in 11 post-mortem brain samples or
CSF samples from 6 individuals with autism in comparison to 9 post-mortem control
brains and the CSF from 9 control individuals. A marked increase in neuroglial
responses characterised by activation of the microglia and astroglia in the brain tissue
of the patients with autism was described. These responses were most marked in the
cerebellum. This could be of relevance to autism as microglia and astroglia
interactions are essential for neuronal activity and synapse function **°, neuron-glial

interactions *°” and cortical modelling, organisation and remodelling during brain

development ***.

It is likely that as the technology required for expression profiling and the cost of

such work decreases, this method of investigation will play an increasing role in
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autism research, although access to the appropriate tissue samples will pose ethical

and practical problems.
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1.5 Aims of thesis

Y

2)

g)

h)

To construct hypothesis driven support for the testing of candidate genes.
Such hypothesises will be based on published and unpublished information,
e.g. linkage results, mouse models, the presence of chromosomal
abnormalities, brain expression and biochemical links to autism.

Following the identification of a possible autism susceptibility gene, the gene
will be tested for association as follows:

All genes will be tested for allelic association using transmission
disequilibrium testing (see Section X).

All genes will be tested for haplotypic association using either the
TRANSMIT test (see Section X) or the UNPHASED test (see Section Y).
The structure of LD will be examined in all cases.

In the case of replication studies, i.e. the serotonin transporter gene and the
tryptophan hydroxylase 2 genes (see Chapter 3), power tests will be
undertaken to examine to potential of missing true (or false) positive results.
In the case of the Dopamine beta hydroxylase gene (DBH) (Chapter 4), DBH
enzyme activity will be measured in fathers, mothers and probands.
Comparisons will then be made, in addition to analysing the contribution of
each variant to overall DBH activity.

The usefulness of haplotype tagging SNPs will be examined using the
Integrin alpha 4 gene (ITGA4) data (see Chapter 5).

Replication in additional samples will be sought to test for genetic
associations in other samples where possible, i.e. the ITGA4 gene (see
Chapter 5).

Mutation screening will be undertaken in order to replicate previous findings,
i.e. in the WNT2 gene (see Chapter 6), and to identify potential mutations in
exons close to associated variants, i.e. in the case of the ITGA4 associations

(see Chapter 5).
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CHAPTER TWO

MATERIALS AND METHODS
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2.1 Sample Description

The sample described in this thesis was collected with ethical approval from the
Eastern Regional Health Authority, Child and Adolescent Psychiatry Ethics
Committee, Ireland. Affected autism trios (probands and both parents) were recruited
through schools, advocacy groups and professionals. The sample described here was

collected in two separate phases, and recruitment is ongoing.

Phase I included 101 affected individuals (77 male, 24 female), with a male to
female ratio of 3.2:1. Parental samples were also collected where possible. The
sample was Caucasian and largely ethnically Irish. In four families, there was one
[rish parent and one non-Irish (two were North American, one was British and one
was Dutch). There were 2 incomplete trios, in which DNA was not available from
the fathers in the family. The mean age of the affected individuals at the time of
diagnosis was 123.7 months (range = 56 — 408 months, standard deviation = 102
months). This phase of the sample was used in the investigations of the serotonin
transporter and dopamine-f3 hydroxylase (DBH) and autism (see sections 3.2.2 and

42).

Phase II included the original 101 samples and an additional 83 families. The male
to female ratio was 4.11: 1 resulting from the addition of an additional 71 males and
extra 12 females. The average age was 90.3 months (range = 46 — 408 months,

standard deviation = 27.8 months). There were 148 males and 36 females in total.

Subjects were assessed by the ADI-R 4 ADOS-G ' .neurological examination, skin
examination with Wood’s lamp and karyotyping/Fragile X testing. All subjects met

the ADI-R criteria for autism and the ADOS-G criteria for autism/autism spectrum
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disorder. Individuals were excluded if they had a known medical cause of autism
(e.g. tuberous sclerosis, extreme prematurity, congenital rubella), IQ of 35 (or mental

age of 18 months) or chromosomal abnormalities/fragile X.

2.2 Biological Techniques

2.2.1 DNA Extraction

2.2.1.1 DNA Extraction from Blood

Approximately 6ml of blood was collected from affected individuals, and their
parents, in the study who consented to give blood. The blood samples were stored in

a—70°C freezer until extraction. Before extraction, samples were thawed on ice.

The blood was added to 6.5ml of sterile water and 12.5ml of Lysis buffer (see
Appendix I) in a 50ml falcon tube. The sample was placed on ice for 30 minutes,
with occasional inversion. Following centrifugation at 3500rpm for 15 minutes, the
supernatant was poured off, leaving ~ 4ml of supernatant in the falcon tube. Lysis
buffer was added to the sample to a volume of 25ml. The sample was re-incubated
on ice for 10 minutes with occasional inversion before once again being spun at
3500rpm for 15 minutes. The supernatant was decanted off and the pellet
resuspended in 2ml Suspension buffer (see Appendix I), before being transferred to a

15ml falcon tube, which contained containing 150ul 10% (w/v) SDS and 60ul

Proteinase K (10mg/ml). The sample was incubated overnight at 37°C.
An equal volume of buffer saturated phenol was added to the samples, which were

thoroughly mixed, and centrifuged at 3800 rpm for 10 minutes. The aqueous layer

was removed and extracted twice more using 2ml of a 1:1 phenol chloroform
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solution and pure chloroform respectively. Addition of 50ul 3M Sodium Acetate (pH
5) and 6ml ice cold 100% ethanol causes the precipitation of DNA, which was
removed using sterile Pasteur pipettes to labelled eppendorf tubes. The DNA pellet
was washed three times in 70% ethanol, air dried over three days and then

resuspended in 250ul TE Buffer before quantification.

2.2.1.2 DNA Extraction of DNA from Cheek Cells

Cheek cell samples were taken from individuals, who were unable or unwilling to
have blood taken for the study, Cheek cell samples were collected using sterile

cytology brushes (CytoSoft, Medical Packaging Corporation).

The cheek swabs were stored in a fridge at 4°C for a maximum of two weeks prior to
extraction. The cheek swab brush heads were cut from the handles and placed in an
eppendorf containing 500ul of S0mM NaOH and vortexed for 60 seconds. This was
followed by incubation at 95°C for 10 minutes, which in turn was followed by the
addition of 50ul of 1M Tris (pH 8). The samples were then vortexed for 30 seconds.
200ul of Instagene Matrix (Biorad Labs, 2000 Alfred Nobel Dr., CA, USA) was
added and the samples incubated for a further 30 minutes at 56°C. The samples were
mixed by vortexing for 10 seconds and heated for 8 minutes at 100 °C. The brush
heads were removed from the tubes and discarded. The tubes were centrifuged at
6000rpm for 3 minutes. The supernatant, which contained the DNA, was transferred

to a labelled tube and stored at 4°C when not in use.
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2.2.1.3 DNA Quantification

The stock DNA solutions were analysed by spectrophotometry at appropriate
dilutions to determine concentration of DNA (260 nm) and RNA (280 nm). The

DNA concentration (ng/ul) was calculated using the formula:
[DNA] = ODyg x 50 x Dilution Factor

Where ODyg is the absorbance of the sample at 260nm, and the dilution factor
represents the dilution from stock of the test solution. The ratio of OD,60:0D,g9 was

used as a control for the presence of RNA.

2.2.2 Polymerase Chain Reaction (PCR)

Sixty nanogrammes of DNA was added to a PCR master mix containing 2.5ul of
MgCl, PCR Buffer (X10), 4ul dNTP mix (200 uM dATP, dCTP, dGTP, dTTP), 20
pM of Forward and Reverse primers and 1U Taq Polymerase and made up to a final
volume of 25ul (in the case of all reactions requiring RFLP digestion or mutation
analysis). In the case of samples undergoing genotyping by SNaPshot method
(Applied Biosystems, Foster City, CA, USA), the same reaction was prepared but all
volumes were adjusted to a final volume of 10ul. All PCR reactions were performed
on a MJ Research DNA Engine Thermal Cycler and consisted of an initial
denaturing step of 4 min at 94°C typically followed by 30 cycles of 30 sec at 94°C,
30 sec at optimum annealing temperature and 30 sec at 72°C. This was followed in
all cases by a final extension step of 10 min at 72°C. Details of variations to these
conditions, primer sequences and of optimum annealing temperatures are provided in

Appendix II.
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2.2.3 Gel Electrophoresis and Visualisation

2.2.3.1 Agarose Gels

PCR products were visualised on 2% (w/v) agarose gels containing 0.02mg/ml
ethidium bromide. The gels were run in TAE buffer (X1) at 80V. The gels were then
viewed on an ultra violet illuminator and photographed using a Polaroid camera.
PCR samples were mixed with 2ul loading dye prior to being leaded on to the gel

along with appropriate size standards.

2.2.3.2 Non Denaturing Polyacrylamide Gels

Non-denaturing polyacrylamide gels were used to analyse some of the RFLPs. The
6% (w/v) gel was run at 80V after samples mixed with 1ul loading dye had been
loaded on to the gel. The gels were stained with 0.02mg/ml ethidium bromide before
being visualised on an ultra violet illuminator and photographed using a Polaroid

camera.

2,233 Denaturing Polyacrylamide Gels for Use with the ABI
PRISM 377 DNA Sequencer

These gels were used to visualise fluorescently labelled PCR fragments in
conjunction with the ABI PRISM 377 DNA Sequencer. A 64-well 12% (w/v) gel
(width = 2mm) was used for SNPs. The denaturing polyacrylamide gel was

preheated to optimum temperature (51°C) on the sequencer before the samples mixed
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with 1ul formamide loading dye were applied. The gel then underwent
electrophoresis at 3000V (60 miliamperes; 200 Watts) using 1X TBE for sufficient
time to allow the samples to run off the end of the gel (~ 1 hour 40 minutes), where
their fluorescent label (6-FAM, HEX, NED or ROX) was read by laser and recorded

on to an attached computer.

2.2.4 Genotyping

2.24.1 Insertion / Deletions (InDel) and Variable Tandem
Nucleotide Repeats (VNTRs)

The Serotonin Transporter In/Del and VNTRs were amplified according to the PCR
conditions according to the PCR conditions outlined in Appendix II. Samples were
then loaded onto agarose gels and stained with ethidium bromide according to

section 2.2.4.1.

2.2.4.2 Restriction Fragment Length Polymorphism (RFLP)
Analysis

A number of markers (in the DBH and Serotonin Transporter genes) were analysed
using the RFLP technique. This technique involves amplification of the region of the
gene surrounding the marker of interest. Digestion of the PCR product using the
appropriate restriction enzyme and buffer (supplied by New England Biolabs,
Beverly, MA, USA) allows the determination of the allelic form of the marker.
Details of the enzymes used and conditions of the digest can be found in appropriate
Appendices. The appropriate enzymes in each case were either determined from the

literature or obtained by electronically digesting the PCR product sequence using the

52



web  based restriction analysis program WEBCUTTER 2.0

(www.firstmarket.com/cutter/cut2.html).

2.2.43 SNaPshot

The SNaPshot method of primer extension (Applied Biosystems, Foster City, CA,
USA) employs the principle of extending an unlabelled oligonucleotide primer by 1
basepair in the presence of fluorescently labelled ddNTPs. Each of the 4 ddNTPs is
tagged by a different fluorescent dye (carboxyfluorescein (ROX) = Red = dTTP,
FAM™ = blue = dGTP, hexachlorofluorescein (HEX) = green = dATP and NED™ =
yellow =dCTP). Hence, when the primer extension products are run on an ABI DNA
Sequencer or ABI Genetic Analyser, the specific allele products can be differentiated
from each other on the basis of which fluorescent dye they carry. The initial step of
the SNaPshot primer extension reaction involves the treatment of the amplified PCR
product with Shrimp Alkaline Phosphatase (SAP) (USB Corp., Cleveland, Ohio,
USA) and Exo I, a 3°-5° Exonuclease (New England Biolabs, Beverly, MA, USA) to
remove excess ANTPs and primers respectively (1U SAP, 1U Exo I and 0.5ul SAP
dilution buffer per Sul PCR product). Conditions for this treatment step are 37°C for
30 min followed by 80°C for 15 min. The 10ul primer extension reaction is then set
up consisting of 1.5ul treated PCR product, 0.4ul extension primer [Spmol], 1ul
SNaPshot buffer (see Appendix I 1.3.2), 1.5ul SNaPshot Ready Reaction Mix
(Applied Biosystems, Foster City, CA, USA) and 5.6ul H;O. The ABI Prism
SNaPshot ddNTP Primer Extension Kit (Applied Biosystems, Foster City, CA, USA)
provides the SNaPshot Ready Reaction Mix that contains AmpliTaq DNA
polymerase and fluorescently labelled ddNTPs. The thermocycler conditions for the
extension reaction consist of 50 cycles of 95°C for 5 sec, 43°C for 5 sec and 60°C for
5 sec preceded by a 2 min denaturing step. The extension reaction then undergoes
another treatment step, containing only SAP at the same conditions given above (0.5
units SAP and 0.5ul SAP dilution buffer per Sul DNA) before being analysed on an
ABI 377 or 3100 DNA Sequencer using the ABI GENOTYPER (version 2.5)

software package.
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2.2.4.4.1  Genotyping with Applied Biosystems 3100 Genetic
Analyzer (ABI 3100)

Genotyping of a number of markers (TPH2, an Integrin alpha 4 marker, DVL and
EN2) was performed using the SNaPshot technique on an Applied Biosystems 3100
Genetic Analyzer. This is a multi-colour fluorescence-based DNA analysis system
using capillary electrophoresis. PCR product was diluted prior to running on the
ABI 3100. For each sample, 1ul of the pooled dilutions was mixed with 0.1ul of
L1Z120 Size Standard (Applied Biosystems, Foster City, CA, USA) and 9.4ul of Hi-
Di® Formamide Solution (Applied Biosystems, Foster City, CA, USA). Genotyping
was performed using the ABI 3100 data collection software and Genemapper v.2.7.
At this point samples that had failed to amplify were identified and were re-amplified
under optimized PCR conditions and genotyped again in the same manner. After 3

failed genotyping attempts, samples were excluded from analysis.

2.2.4.5 TaqMan Allelic Discrimination

Allelic discrimination using the ABI 7900 HT was also performed. This technique is
based on the design of two TagMan probes (Applied Biosystems, Foster City, CA,
USA), one specific for the wild-type allele, the other for the mutant allele. Both of
these probes are fluorescently tagged (with FAM and VIC). These probes are
degraded during the amplification process by the 5> — 3’ Exonuclease activity of the
polymerase. During this degradation process the fluorescent group becomes
separated from the quencher group, thus leading to increased fluorescence. The
binding efficiency of the wild-type probe to the mutant allele and vice-versa is very
low due to mismatch within the TagMan probe and target sequence. Consequently
mismatched binding is much reduced. All markers genotyped using this technique

were not included in the “assays-on-demand” product listing. Therefore all probes
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were purchased as an “assay-by-design”. In brief, 3ul of DNA was added to 2.5ul of
TagMan Universal Master Mix (Applied Biosystems, Foster City, CA, USA) and
0.15ul of the specific probe. The samples were then run on the ABI 7900HT using
the absolute quantification programme, which was modified to run for 10 min at
95°C, followed by 40 cycles of 15 seconds at 95°C and 1 min at 60°C. Samples were

analysed using the SDS allele discrimination programme.

2.2.5 Mutation Detection

2.2.5.1 Single Strand Conformational Polymorphism (SSCP)
Analysis

SSCP is a gel-based method for mutation detection. The process is based on the
principle that homoduplexes will migrate differently to heteroduplexes in a non-
denaturing polyacrylamide gel. The PCR products are heated to 95°C for 5 min and
then cooled at a rate of 0.5°C per minute to room temperature to allow for the
formation of heteroduplexes. 20ul of product is mixed with 2ul of loading gel, and
run on a non-denaturing polyacrylamide gel (for 3 hours at room temperature or 7
hours at 4°C). The gels are then stained using a silver staining technique. The gels
were fixed by incubation for 3 minutes using a silver staining solution 1 (SSS1) (see
Appendix I, section 1.3 for solution composition), while being gently rocked
throughout the process to ensure adequate and equal staining, before being discarded
(for all silver staining solutions see Appendix I, section 1.3.8). Another volume of
SSS1 was added, and the gel incubated for a further 3 minutes before being
discarded. Silver staining solution 2 was added and incubated for 15 min. After this
time, the gel was quickly rinsed with ddH,O. Silver staining solution 3 was added to
the gel, and incubated for ~ 3 minutes, until the DNA bands become visible. When

the DNA bands are distinct enough, SSS3 was discarded, and the gel rinsed twice
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with ddH,O. The gel was fixed for 2 min with silver staining solution 4. Following

this the gel was photographed.

2.2.5.2 Denaturing High Performance Liquid Chromatography
(dHPLC) Analysis

DHPLC is a highly sensitive and specific method for mutation detection. The process
uses ion-pair reverse-phase high-performance liquid chromatography under partially
denaturing conditions to differentially retain double stranded heteroduplex and
homoduplex molecules. The PCR products are heated to 95°C for 5 min and then
cooled at a rate of 0.5°C per minute to a temperature of 40°C to allow for the
formation of heteroduplexes. The eluted molecules are detected using a UV detector
set at 260 nm. DHPLC was performed on a WAVE DNA Fragment Analysis System
(Transgenomic Inc, Omaha, NE, USA) containing a DNASep column. The
temperatures used for the analysis of each amplicon were determined using
WAVEMAKER software (Transgenomic Inc, Omaha, NE, USA). PCR products
were eluted from the column using a linear acetonitrile gradient in a 0.1M
triethylamine acetate buffer (TEAA), pH 7 at a constant flow rate of 0.9 ml/min. The
gradient was achieved by the mixing of Buffer A (0.1 M TEAA (pH 7), 0.1 mM
NasEDTA) and Buffer B (25% acetonitrile in 0.1M TEAA (pH 7)). The combining
of buffers to create the gradient was done automatically once the column temperature
was given to the software. At the end of each analytical run the column was washed
with a solution of 50% acetonitrile in 0.1M TEAA (pH 7). Results were
automatically recorded in the form of chromatogram images, by the WAVEMAKER
software. They were then visually analysed to determine difference between the
traces indicative of the presence of a sequence variation. Individual samples with
differing traces for the same amplified region were sequenced using both the forward

and reverse primers of the original PCR to identify the sequence variation.
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2.25.3 DNA Sequencing

Sequencing was performed in house, and is a 3 step process, following the initial

amplification of the region of interest.

2.2.5.3.1 Post PCR Cleanup

A post PCR cleanup step was performed to remove the original PCR primers and
unlabelled dNTPs to ensure they did not interfere with the subsequent sequencing
reaction. The cleanup process was performed using the QIAquick PCR Purification

Kit (Qiagen Ltd, Crawley, West Sussex, UK).

2.2.5.3.2 Sequencing Reaction

Sequencing of the amplified DNA was performed using the ABI BigDye Terminator
(v3.0) Cycle Sequencing kit (Applied Biosystems, Foster City, CA, USA). The
process is similar in nature to that of a PCR except fluorescently labelled ddNTPs are
present in the reaction mix that randomly terminate the amplification process and the
mix contains proof reading polymerase. The reaction mix contains 8ul Dye
Terminator reaction mix, 3.8ul PCR product (post cleanup) and 3.2pmol primer. The
mix was made up to a final volume of 20ul with sterile H,O. The cycling conditions
for the sequencing reaction were 25 cycles of 96°C for 10 sec, 50°C for 5 sec and
60°C for 4 min. All sequencing reactions were performed in the forward and reverse

directions to confirm results.
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2.2.5.3.3  Post Sequencing Reaction Cleanup

The post sequencing reaction cleanup was performed using the DyeEx 2.0 Spin Kit
(Qiagen Ltd, Crawley, West Sussex, UK). This process removes the excess
unincorporated fluorescently labelled ddNTPs, which would interfere with the

analysis of the sequencing products.

2.2.5.3.4  Sequencing Analysis

Sequencing reactions were run on the ABI 3100 DNA Sequencer and the results
were visualised and analysed using SeqScape (v.2) and Sequencing Analysis 5.1

(Applied Biosystems, Foster City, CA, USA).

2.2.6 Measurement of DBH Activity

DBH activity was measured by Dr. George Anderson, Yale Child Study Centre, New
Haven, Connecticut, USA. Ten microlitres of plasma sample was added to 900ul of
a reaction mix A and vortexed briefly to ensure adequate mixing in a glass test tube.
Samples were then incubated for 1 hour at 37°C with gentle shaking before being
placed on ice. One hundred microlitres of 3.4M HCIO, was added to cause
deproteinisation. Samples were spun at 8000rpm for S minutes and the supernatant
was collected and stored at -70 °C until analysis. The amount of octopamine
produced depends on the activity of DBH in the samples. The octopamine was
measured following injection of 10-25ul of the supernatant on a two-column
“backflush” high performance liquid chromatography (HPLC) system. This system
comprises of a 5- and 15¢cm Microsorb 5-mm C18 columns with a connecting 10-
port valve. Two pumps delivered the mobile phase (97% pH3.7 1.5% acetic acid
with 50mg/L Na,-EDTA; 3% methanol: 1ml/min). 1 minute after injection, the 10-
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port valve was switched on to allow the substrate tyramine to be directed to waste.
Octopamine was detected fluormetrically (excitation wavelength = 270nm, emission
wavelength = 310nm). Enzyme activity was calculated and reported on an
nmol/min/ml plasma basis. The sensitivity of this process allows the determination

of activity < Inmol/min/ml.

2.3 Statistical Tests

2.3.1 General Statistics

23.1.1 Hardy Weinberg Equilibrium

All markers were tested to ensure that they conformed to Hardy-Weinberg
Equilibrium. The Hardy Weinberg principle assumes that allele frequencies should

conform to the following mathematical equation:

P +2pg+q’ =1

Where p’ = P(AA), the probability of being an AA homozygote
2pq = P(AB), the probability of being an AB heterozygote
q> = P(BB), the probability of being a BB homozygote

Conformation to this principle can be tested using a %’ statistic according to the

equation:

2
X2 =2(0—EE)

Where O is the observed genotype frequency
E is the expected genotype frequency
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A significant % value is indicative of deviation from the Hardy Weinberg principle.
This may result from genotyping errors or from lack of conforming to the Hardy
Weinberg assumptions, which are as follows: 1) an infinite population size, 2)
discrete generations, 3) random mating, 4) no selection, 5) no migration, 6) no

mutation, 7) equal initial genotype frequencies in the two sexes.

2.3.1.2 Transmission Disequilibrium Testing

The TDT is a test of association in the presence of linkage used in family based
studies '*’. The test examines a single allele of a marker to determine whether it is
transmitted from heterozygous parents to affected offspring more often than would
be expected by chance, i.e. on more than 50% of occasions. It is similar to a case-
control %’ test in the sense that alleles not transmitted act as controls. This lack of a
separate control population eliminates the problem of population stratification, which

can lead to false positive results in case-control studies.

The TDT is calculated using the McNemar Statistic of

2 _ (a-b)’
b = (a+b)

Where a = the number of high risk alleles transmitted from heterozygous parents to
the affected offspring
b = the number of high-risk alleles not transmitted from heterozygous parents

to the affected offspring.
The corresponding p-value of the statistic is calculated using the SymtWin.exe

software package. A p value of < 0.05 indicates significant association between the

marker being tested and autism.
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An extension of the TDT test is the Pedigree Disequilibrium Test (PDT) test, which
is used to test for significant deviations of allelic transmissions in general pedigree
structures 2°**”°. The PDT gives two statistics, the xzavg and %’um. The PDT-avg
weights all families equally, whereas PDT-sum gives more weight to families of a
larger size. Testing has shown that the PDT-sum test is more powerful than the
PDT-avg test, when families of varying sizes are used. PDT-sum is equal to PDT-
avg when each family contains the same number of phenotypically informative

individuals.

2,313 Transmission of Haplotypes

2.3.1.3.1 TRANSMIT

TRANSMIT tests for association between genetic marker and disease by examining
the transmission of alleles or genotypes from parents to affected offspring *”'. It also
examines transmissions of multi-locus haplotypes, phase known or unknown. The
program produces asymptotic chi-squared tests for each haplotype or allele, a test on
1-df for excess transmission of that haplotype and a global test for association on (H-
1) df, where H is the number of haplotypes for which transmission data are available.
The program runs under remote access via the HGMP website

(http:// www.hgmp.mrc.ac.uk/).

2.3.1.3.2 UNPHASED

UNPHASED is another programme available freely under remote access via the
HGMP website (as above) %, It also tests for association between genetic marker
and disease by examining the transmission of alleles or genotypes from parents to
affected offspring. Unlike the test TRANSMIT, the UNPHASED programme tests

the transmission of haplotypes versus the non-transmission of haplotypes, and as
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such is more similar to the original TDT test. The programme is based on a
likelihood ratio test of a log-linear model *7°. Output is given as a Likelihood Ratio
Score (LRS) value, which is equivalent to the Extended TDT (ETDT) chi square of
Sham and Curtis *™* and resulting global p value for the set of haplotypes under

consideration.

2.3.2 Other Statistics

2.3.2.1 Odds Ratio (OR)

The OR is also a measure of the strength of association between a marker and
disease. It measures the probability that disease is present compared with the

probability that it is absent. It is measured according to the following formula

a = Number of allele or haplotype transmissions by heterozygous parents to affected
probands
b = Number of aliele or haplotype non-transmissions by heterozygous parents to

affected probands

2.3.2.2 Graphical overview of linkage disequilibrium (GOLD)

This is a software package that gives a graphical representation of linkage
disequilibrium in genetic data 2. D’ values (see Section 1.4.1.1 for more details) are

generated with relevant % statistics and p value significance. The program runs in
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MS-DOS mode and utilizes an input file with population genotype data for a series

of markers (both microsatellite and SNP data).
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2 3olnd Haplotype Block Structure Analysis using Haploview

Haploview is a software package still in development at the Whitehead Institute
(Massuchessets  Institute of Technology) http://www-

genome.wi.mit.edu/personal/jcbarret/haplo/. Haploview currently allows users to

examine block structures, generate haplotypes in these blocks, calculate D’ measures
of linkage disequilibrium and tag haplotypes with SNPs (htSNPs) that are most
informative for the haplotype under consideration. The input files are in an
Unphased format (see Appendix III, section 1.2). Output files are graphical in
nature. LD measurements between markers are given in D’, and the colour of the
block (between two SNPs) indicates the statistical strength of this measurement. If
D’ =1 and the LOD > 2 | then this block is bright red in colour. If the D’ value = 1
but the LOD value is less than 2 then the block in blue in colour. All other D’
values are represented by decreasing shades of red (where the LOD is > 2) or white
(where the LOD is < 2). A dark line outlining the block in question indicates the

presence of a haploblock.

23.24 Heritability

Heritability is defined as “the proportion of phenotypic variation in a population
attributable to genetic factors” *’°. The heritability of a trait, e.g. DBH activity, can
be calculated using a widely used method, which involves finding the slope of the
regression line of the plots of offspring value for a trait graphed against the parental
value. A regression slope of 1 indicates that variation in a trait is entirely familial,
whereas a regression slope of 0 indicates that variation in a trait is not due to genetic

factors. All other values (i.e. 0<x<1) signify that both genetics and environment play

64



a role in determining the trait. Almost all known traits can be classified as having
both influences. In the case of DBH activity, the average parental DBH activity was
plotted against the probands DBH activity. The best-fit regression line was plotted

and the slope of this line was calculated (using Excel).

2.3.2.5 T-Tests

T-tests are statistical tests that are used to determine if statistical differences occur
between two groups of individuals. Independent t-tests are used when the two
groups being tested are independent of each other, whereas paired t-tests are used
when each individual in one group is related to another individual in the other group.

In the presence of equal sample sizes the expression for calculating t is:

_ 'xgmupl &0 xgmupZ

(SD /~/n)

spra 207D
-~ =D

Where x = mean
x = sample DBH value
n = number of individuals in sample group

SD = standard deviation

These unpaired t-tests are valid only when:
1) The samples in the two groups are randomly selected from the larger
populations.
2) The data is quantitative and forms a normal distribution.

3) The variance of the two groups are almost equal
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4) Each set of observations in the data set is independent of all other
observations in the data set.

[f the samples are large enough, the two sample groups are almost equal and there

are no outliers, then the t-test is still valid in the presence of moderate violations of

these assumptions.

2.3.2.6 Kruskal-Wallis Testing

Kruskal-Wallis testing, measured by the H statistic, was performed to test if different
alleles in a variant were associated with different DBH activity levels. It is an
extension of a two-sample t-test, where more than two sample populations (in the
case of SNP there will be three populations, 2 homozygous and 1 heterozygous) can
be tested simultaneously, in which non-parametric methods must be used. It was
necessary to use non-parametric method as the different allele groups had different
variances and sample sizes, and therefore could not be tested using the normal one-
way analysis of variance (ANOVA) test. A Kruskal-Wallis test, in comparison to
multiple t-tests, reduces the probability of making a type I error, i.e. a false positive
where one rejects the null hypothesis when the null hypothesis is true. In the test the
null hypothesis is that meangy,; = meangq; = mean,,y;. The alternative hypothesis is
that either (meang,; # (meang,, = meangyp3)) or ((meangr,) = meangy, ) # Meangp3) or
((meangr,; = meang3) # meangy,) Or (meang, # meangm; # meangps). Kruskal-

Wallis testing was performed using SPSS (version 11).

2.3.2.7 Regression Analysis

Regression analysis was performed to determine the correlation of each marker to the
square root of DBH activity, i.e. a marker — phenotype correlation. The method used

277

is based on a strategy reported by Zabetian et al (2003) “*". The role of the putative

functional polymorphism C-1021T was assessed first by simple linear regression.
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Markers were subsequently added in, one marker at a time, and multiple linear
regression was used to assess its contribution on DBH activity. Any increase in r’

values was taken as the contribution of the marker to overall DBH activity.

2.3.2.8 Selection of Tagging SNPs

When testing for associations there are two methods for finding disease-causing
variants. The first method, the direct method, is to test all putative causal variants for
correlation with the disease in question. The second method, the indirect method, is
based on the idea that a set of sequence variants in the genome act as genetic markers
that can be used to test association between particular regions of the genome. Using
this method, it is not necessary for the markers tested to have any functional
consequence. The local region surrounding markers showing association can then be
screened for functional mutations, resulting in a more economic and time efficient

method for finding disease-causing variants.

The aim of the HapMap project (at hitp:// www.hapmap.org/) is to “determine the

common patterns of DNA sequence variation in human genome, by characterising
sequence variants, their frequencies and correlations between them in DNA samples
from populations from parts of Africa, Asia and Europe...thus providing the tools
that will allow the indirect association approach to be applied readily to any
functional candidate gene in the genome, to any region suggested by family-based
linkage analysis, or ultimately to the whole genome for scans for disease risk factors”
*78 Haplotypes arise because when a single mutation occurs, it is associated with the
other alleles surrounding it. This specific set of alleles observed on a chromosomal
region is called a haplotype. Within this haplotype, it is only necessary to genotype a
small number of SNPs, “tagging SNPs”, in this region to provide enough information

to predict the majority of other common SNPs in the same haplotype.
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Tagging SNPs were also chosen in the control sample using Haploview. Haploview
automatically chooses tagging SNPs on a block-by-block basis. It aims to maximise
genotypic information while minimising the number of SNPs genotyped. Tagging
SNPs are chosen based on completeness of genotyping and a haplotype tagging SNP
(htSNP) set is chosen that defines all haplotypes above a certain frequency threshold
(default = 1%). The resulting htSNPs are not necessarily chosen to be the most
parsimonious for the sample in question, but instead to provide the most efficient and
thorough testing when moving onto a larger sample, i.e. there is a greater chance of

catching variation in the new, larger sample in comparison to the initial test sample.
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CHAPTER 3

THE SEROTONERGIC SYSTEM AND

AUTISM
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3.1 Introduction

3.1.1 The Serotonin System

The production of serotonin, also known as S5-hydroxytryptamine (5-HT) results
from the hydroxylation of tryptophan by the enzyme tryptophan hydroxylase (TPH)
(see Figure 3.1). This step, which is the rate-limiting step in the synthesis of
serotonin, leads to the formation of 5-hydroxytryptophan (S5-HTP). The
decarboxylation of this product results in the formation of serotonin. Serotonin can
then be released from a synaptic vesicle across a nerve synapse, whereupon it
stimulates a reaction in the post-synaptic nerve, before being degraded or taken back
up into the presynaptic cell by the serotonin transporter (5-HTT). After re-uptake,
serotonin can be recycled by storage in another synaptic vesicle or it can be broken
down by the enzyme monoamine oxidase (MAO) leading to the formation of 5-
hydroxyindoleacteic acid, which is excreted by the body with urine (see Figure 3.1

for a summary of the serotonin pathway).

The serotonin producing-nerve cells are found in 9 clusters in the brain that extend
into the raphe nuclei of the midbrain, pons and medulla. The projections are also
sent to the cerebral cortex by the dorsal and medial raphe nuclei *”°. This wide
projection of serotonergic neurons, especially in the limbic regions of the brain that
are critical for emotional expression and social behaviour, leads to numerous
potential functions for the neurotransmitter. Serotonin plays a key role in
behavioural inhibition, appetite, aggression, mood, social affiliation, sleep and

75,280-284

sensory gating This has lead to the hypothesis that abnormalities in the

serotonergic systems might contribute to autism.
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3.1.2 Serotonin and Autism

It is not just the disruption of serotonin related behaviours in autism that supports the
serotonergic hypothesis. One of the most widely replicated biological findings
relating to autism is the occurrence of hyperserotonemia in individuals with autism.
Hyperserotonemia is defined as serotonin levels that are greater than 2 standard
deviations above the mean serotonin level **°. A report by Schain and Freedman was
the first to show an increase in endogenous serotonin levels in the blood of children
with autism **®. This finding has since been replicated many times. A recent study
by Mulder et al reported significantly increased serotonin levels in individuals with
autism and PDD compared to a control sample and a sample of individuals with
mental retardation but without PDD **’. A study by Coutinho et al described a non-
significant increase in platelet serotonin levels in 105 individuals with autism
compared to 52 controls >. Approximately 11% of these affected children were also
classified as hyperserotonemic. Most studies have reported increases of between
25% and 50% in platelet serotonin in individuals with autism %% 28 2% 291,
Variation in the magnitude of the increases may in part be explained by age >,
although this was not the case in the Coutinho study ?, and in part by the different
ethnicity of the samples involved in the studies ***. The greatest increases compared
to controls occur in children before the onset of puberty. Increased serum serotonin
levels have also been reported **°. Hyperserotonemia also occurs in the immediate
family of these individuals with autism. An initial study by Cook et al found that the
presence of hyperserotonemia in one individual with autism often co-occurred with

2429 Lenventhal et al calculated that if

hyperserotonemia in a close family member
an individual suffered autism, then their first degree relatives were ~2.4 times more
likely to be hyperserotonemic in comparison to controls. However, individuals with

autism were still more hyperserotonemic in comparison to the other family members
295

296

Serotonin receptor 2A is one of 14 receptors for serotonin Decreases in the

density of platelet 5S-HT2 receptor binding sites, labelled with the radio-ligand [*H]-
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lysergic acid diethylamide, was reported in a sample of individuals with autism **’.
However, within the sample of individuals with hyperserotonemia who had both
serotonin uptake and 5-HT; binding measured (n = 8), there were two subgroups.
Firstly, there were 4 individuals with increased serotonin uptake, while 3 individuals
had decreased 5-HT, binding. Data was not available for the final individual. Cook
et al, therefore suggested that within any given sample of hyperserotonemic
individuals with autism, there may be intergenic heterogeneity, with one subgroup

having increased serotonin uptake, while another subgroup has decreased 5-HT,

binding **’.

Not all individuals diagnosed with autism exhibit elevated serotonin levels. Indeed
there has been two reports of decreased serotonin levels in autism samples compared

298 299

to control samples Hyperserotonemia has also been associated with other

medical and psychiatric conditions including schizophrenia, unipolar depression,

300302 The association with mental retardation could

ADHD and mental retardation
be a possible confounding factor. Serotonin levels are most increased in individuals
with severe mental retardation, followed by children with autism and mental
retardation, and relatively normal in high functioning individuals without retardation
3 In the first study, by Schain and Freedman, all the individuals with autism who’s
blood serotonin levels were measured suffered intellectual disability in addition to

autism 2%,

Hyperserotonemia may thus be a marker of intellectual disability in
general rather than autism specifically. Ethnicity of samples may also be another
confounding factor. A study by McBride et al reported that Caucasian children have
lower serotonin levels compared to African / African-American or Hispanic children,

regardless of age ***.

[t should be noted that all of the above studies have been undertaken in the peripheral
system. Whether the level of serotonin in the central nervous system is also
increased in individuals with autism is still unknown. In order to address this
particular question it is necessary to analyse the levels of 5-HIAA in cerebrospinal

fluid (CSF), as it is the major metabolite of serotonin in the brain. Due to the

72



strength of the blood — brain barrier, the 5-HIAA levels from the CSF are free from
contamination of peripheral serotonin and 5-HIAA. Eight studies (summarised in

04
Lam et al 3 305 306 307 308 309 310 311 312' In all but

) have undertaken this experiment
one of these studies there were no differences found in 5-HIAA levels in the sample
with autism in comparison to the control samples. One study, by Cohen et al
reported a significant decrease in the levels of 5-HIAA in CSF from 10 patients with
autism compared to 10 age-matched non-autistic “psychotic” controls. It is
important to point out that in all of these 5S-HIAA studies, the number of individuals
in each study is relatively small (8 < n < 25), and therefore the power may not be

adequate to detect differences between samples.

Evidence for the potential role of serotonin in autism alsc comes from
pharmacological observations. Fluvoxamine (a selective serotonin reuptake inhibitor,
SSRI) is a drug that targets the serotonin transporter, preventing the reabsorbtion of
serotonin back into the presynaptic nerve cell. It is widely used in reducing the

383 rritable

restrictive and repetitive behavioural phenotypes associated with autism
and stereotypical/compulsive behaviour can also be reduced in some individuals with
autism with the administration of risperidone, which is an antagonist of the 5-HTx
receptor . Deterioration of autistic behaviours has also been reported following
administration of the serotonin releaser, fenfluramine, and the 5-HT;pp receptor

agonist, sumatriptan > >,

In recent years positron emission tomography (PET) scans have been used to trace
and measure serotonin synthesis in the brain. A study by Chugani et al measured the
synthesis of serotonin in 8 children diagnosed with autism and 5 of their siblings *'.
Significantly decreased serotonin synthesis was observed in the thalamus and frontal
cortex region, and increased serotonin synthesis in the contralateral dentate nucleus
of the cerebellum regions of the children with autism. Also in 5 out of 7 of these
children, decreased accumulation of serotonin in the left frontal cortex and thalamus,
with an increased accumulation in the right dentate nucleus was observed. In another

2 cases, the mirror image result was reported, i.e. decreased accumulation in the right
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frontal cortex and thalamus with increased accumulation in the left dentate nucleus.
The reason for this mirror image result is not known. However, the observation of
increased synthesis of serotonin in some parts of the brain with decreased synthesis
elsewhere may help explain why there has only been one report of a significant
difference between 5-HIAA levels in affected and control samples. Chugani et al
looked at the relationship between serotonin accumulation and synthesis in autism
and age in three samples; children with autism, their siblings, and children with

epilepsy *".

In the children without autism, the level of serotonin synthesis was at
its greatest between the ages of 2 and 5 years of age. Synthesis then continued to
decrease between the ages of 5 and 14. In the sample of children with autism, this
normal decline was not observed. Thus the development of the autism phenotype

may be related to this disregulation of serotonin synthesis.

Mouse knockout models of serotonin pathway genes have suggested possible links to
autism. Deletion of the SHT;5 receptor leads to increased anxiety behaviour,
reported as between a three-fold (in males) or two-fold (in female) avoidance of the

318 319 These mice also

centre of the open field apparatus, in SHT 4 knockout mice
had an increased response to stress, as elicited by increased mobility in the forced
swim test, which may reflect the involvement of increased anxiety and emotional
reactivity when mutant mice are exposed to inescapable stress. A common feature of
autism is the inherent dislike and increased stress when an affected individual is
placed in a novel situation. Interestingly, the mice can be rescued by expression of
5HT 4 in the forebrain only, indicating that SHT; s expression in the raphe nuclei is
not responsible for the anxiety like behaviour. The expression of SHT)4 is important
during the early postnatal period as the rescuing of mice later in life does not reduce
anxiety like behaviour. This may be because of the role that serotonin plays in brain
development. During early development, the correct migration and differentiation of
cells is critical for normal development. Serotonin has been shown to regulate
mouse cranial neural crest migration and the differentiation of glutamate neurons in

320 321

the developing cerebral cortex With numerous links between the serotonin

system and autism, association studies were the next logical test to evaluate whether
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functional genetic variants in serotonergic genes have a role in the development of

autism.

3.1.3 Genetic Studies of the Serotonin Related Genes And Autism

A number of studies have been undertaken to test the possible association of genes in
the serotonin system with autism. Several genetic associations have been found
between the serotonin transporter gene variants (5-H77) and autism (see Section
3.1.4) and more recently with the tryptophan hydroxylase 2 gene (TPH2) (see
Section 3.1.5). There have also been a number of studies looking at the role of the
Monamine Oxidase A gene (MAO-A). Yirmiya et al examined the transmission of a
30bp repeat located 1.2kb upstream of the MAO-A4 gene. This marker occurs as a 3,
3'/5, 4 or 5 repeat, and the longer repeats are associated with increased transcriptional
efficiency **2. Although there was no evidence of over-transmission of any allele to
affected probands, there was an association with reduced 1Q scores and the 4 repeat
allele. However, association between the 3 repeat allele and lower 1Q was also
significant in a different sample of young males diagnosed with autism 27 The

33 This time

same marker was also studied in a Canadian multiplex sample
however there was no difference in IQ associated with the child’s MAO-A4 promoter
genotype. However, a lower proband 1Q was associated with a maternal 3 repeat
allele (p value = 0.03 when analysing multiplex and simplex families, p value = 0.01
when analysing only multiplex families). These associations are interesting and
warrant further investigation. Biochemical studies of MAO-A activity in autism
have shown contradicting results. Filinger et al reported a lower platelet MAO-A
activity in a small population of children suffering autism and pervasive

24

developmental disorder ***. Takahashi et al and Cohen et al found no differences

between MAO-A activity in children diagnosed with autism compared to an age-

matched control samples **° **.
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The role of the serotonin receptor 2A (HTR2A) in the development of autism has
also been investigated. A study by Veenstra-VanderWeele analysed the transmission
of 2 functional SNPs (one in the promoter which leads to decreased expression of the
gene, and another in exon 3 which shows slower and damped Ca®* response to

serotonin) and a mutation in intron 1 %’

There were no reported transmission
distortions when both parents were included in the analysis and when only the
transmission of paternal alleles was considered, a trend of increased transmission of
the A allele of the promoter variant. However following corrections for multiple
testing and parent-of-origin testing, this result was considered to be non-significant.
Another serotonin reporter, HTR7, has also been tested for association with autism,

but likewise has shown no evidence for transmission distortion to affected probands
328

Tryptophan 2,3-dioxygenase (TDO2) is an enzyme that catalyses the oxidative

9

catabolism of tryptophan to kynurenine **°. It has shown genetic association with

other childhood psychiatric disorders including Tourette Syndrome and Attention

330 331

Deficit Hyperactivity Disorder An association study in a AGRE sample

consisting of 196 multiplex autism families has also shown an association with this
gene . An A to C transversion in the promoter region of the gene showed
significant over-transmission of the C allele to affected probands, leading to an Odds
Ratio (OR) of 3.86 (95% CI = 1.9 to 13.3) and a p value of 0.0006. There have been

no replications to date.

3.1.4 The Serotonin Transporter Gene

The serotonin transporter (SHTT) is a major modulator of serotonergic
neurotransmission. It directly controls the re-uptake of serotonin in presynaptic
nerves. The serotonin transporter gene is located on chromosome 17q11.2 and

contains 14 exons spread over ~35kb ***. Transcription of the gene produces a
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membrane spanning protein of 630 amino acids of 70.3kDa (Genecard information:

http://genecards.bcgsc.be.ca/).

There have also been reports of linkage using markers close to this and within this
gene. Two genomic screens have reported suggestive evidence with MLS.
IMGSAC found a single point MLS of 3.6 using a VNTR in intron 2, and Yonan et
al reported suggestive evidence of linkage using a marker (D17S1294) 142kb away
from the gene with an MLS of 4.3 (p value = 0.0029) ***°. Sex stratification using
families with either male only ASPs or female containing ASPs, led to increased

linkage in families with male only ASPs ****.

There are three extensively studied markers in this gene. They include:
1) A 44bp insertion / deletion in the promoter, and the basal activity of the long

promoter allele has been shown to be three fold higher than that of the short

promoter allele **

2) A variable tandem repeat (VNTR) in intron 2, containing 9, 10 or 12 repeats, in

which the 12 repeat allele has been shown to drive higher expression in

2 S . 334
embryonic mouse rostral hindbrain =

3) A G to T transversion in a putative polyadenylation site in the 3> UTR of the

gene.

Klauck et al and Yirmiya et al reported preferential transmission of the long

4 213

promoter variant in autism Tordjman et al reported the transmission of the

short promoter allele in severely affected individuals, but transmission of the long

212 Cook et al, who reported the initial finding,

190

promoter in the sample as a whole

found over-transmission of the short promoter allele There have also been

g ot 1
reports of absence of association ¥ !,

A study by Coutinho et al, reported that increased serotonin levels were associated

with the long serotonin promoter variant, and the 10 repeat VNTR 2. QTDT

indicated a significant dominant variance effect of the long promoter allele on
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serotonin levels, whereas the VNTR showed a significant additive genetic effect. No

distortions in allelic transmissions were found with either variant however.

3.1.5 The Tryptophan Hydroxylase 2 (TPH2) Gene

The conversion of tryptophan to serotonin by tryptophan hydroxylase (TPH), in the
presence of oxygen, tetrahydrobiopter (BH4) and ferrous iron, is the rate-limiting
step of the serotonin pathway (see Figure 3.1). There are two forms of the TPH
protein, resulting from the transcription of two separate TPH genes. The 7PHI gene,
located on 11p15.2, is expressed in the pineal gland, spleen, gut and thymus, whereas
the TPH2 gene on chromosome 12q21.1 is only expressed in the brain 336 The
TPH2 gene is 93.6kb in length, with 11 exons. Transcription of the gene produces a
protein of 490 amino acids in length that is 56kDa

(http://bioinfol.weizmann.ac.il/cgi-bin/genecards/carddisp? TPH2). This protein

shows a very high similarity (71%) to the protein produced by the TPHI gene. The
discovery of the second TPH gene with brain expression may explain the lack of

association found in earlier studies, which focused on 7PH1 e

Studies in mice illustrated the importance of amino acids 106 and 116 in TPH2.
Deletion of amino acids residues 1 to 106 has no effect on enzyme activity, however

deletion of residues 1 to 116 abolishes enzyme activity **’. In a mouse strain with a

447

C1473G transversion leading to a Pro**’ to Arg*"’ change, those mice homozygous

for the G allele (arginine) showed a 50% reduction in serotonin synthesis in the

8

frontal cortex and a 70% reduction in the striatum ***. In humans, a mutation at

1), resulting from a G to A transition at position

Arg*' (mutant amino acid = His
1463, has also been described. In human PC12 cells, replacement of the arginine
with histidine results in an 80% reduction in serotonin production **°. This mutation
is uncommon in the general population, with a frequency of ~1.4% (3 out of 219

individuals in a control population), but has shown to be associated in a sample of
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patients suffering unipolar depression (rare allele found in 9 of 87 cases, i.e. 10.4%)
339

Two other SNPs in TPH2 have been shown to be associated with autism ’. A T to G
transversion in intron 1, rs4341581, is a rare SNP. In the control sample studied by
Coon et al, the G allele only appeared once in 95 individuals, but 9 times in a sample
of 88 individuals with autism (x2 = 9.58, p value = 0.013). Another SNP, an A-T
transversion (rs11179000), was also more frequent in the sample with autism,
occurring at a frequency of 0.276 compared to a frequency of 0.202 in the control
sample (x° = 7.34, p value = 0.024). It is unknown whether these SNPs are

functional or whether they are in LD with a functional SNP elsewhere in the gene.
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Figure 3.1 SUMMARY OF SEROTONIN PATHWAY AND LINKS TO AUTISM.
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3.1.6 Aims

The aim of this study was to investigate the role of the serotonin transporter and the
tryptophan hydroxylase 2 genes in the development of autism. Replication of

previous reported findings is an important element in the study of complex diseases.
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3.2 Materials and Methods

3.2.1 Samples

The serotonin transporter study was undertaken in the Phase I sample, whereas the
TPH2 study was undertaken in the Phase I sample (see Section 2.1 for more details

on these samples).

3.2.2 Amplification of Serotonin Transporter Variants

Five variants were screened in our sample. They included the serotonin in/del in the
promoter region, a T to C transition in the promoter 1B (rs2020936) (referred to here
as SNP10), the VNTR in intron 2, a G to A transition in intron 2 (rs2020942)
(referred here to as SNP18), and the G to T transversion occurring in the putative
polyadenylation signal in the 3’UTR. Details of amplification and genotyping
methods can be found in the appendix (Appendix II, sections 1.1 and 1.2).

3.2.3 Amplification of TPH2 Variants

Four TPH?2 variants were investigated in our sample. They included the G to T
transversion in intron 1, rs4341581, and an A-T transversion in intron 4, rs11179000,
both of which showed association in an AGRE sample diagnosed with autism ’.
Another two SNPs, a T to G transversion in intron 5 (rs1843809), and a G to T
transversion 6.705kb from the first exon (rs4570625), were also investigated. These
two SNPs showed association in an Irish sample suffering ADHD **. Markers
rs1843809 and rs11179000 were genotyped using an “assay-by-design” kit from
Applied Biosystems (see Section 2.2.4.5 for details). The remaining two SNPs were
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amplified and analysed using the SNaPshot primer extension technique (Applied
Biosystems, Foster City, CA, USA), see Appendix II, sections 1.1 and 1.2, for more

details.

3.2.4 Statistics

All variants were tested for Hardy-Weinberg equilibrium. LD was measured using
the D’ statistic by GOLD (in the case of the serotonin transporter) and Haploview (in

the case of TPH2), see Section 2.3.2.2 and 2.3.2.3 for more information.

Transmission of alleles was tested using the TDT. In the case of the serotonin
transporter, transmission of haplotypes was analysed using the TRANSMIT
programme, whereas in the case of the TPH2 variants, transmission of haplotypes
was tested using the UNPHASED programme (see Sections 2.3.1.3 for further
details).

The power of the samples was calculated using the Genetic Power Calculator

(available at http://statgen.iop.kcl.ac.uk/gpe/dtdt.html) 31 For ease of comparison it
is assumed that the variants are in absolute LD with the disease causing variant, i.e.
LD = 1. Power is calculated at a false positive rate of 5%. In the running of this
programme, genotype relative risks (GRRs) for homozygotes for the high-risk allele
and for heterozygotes, had to be estimated. They were estimated at three points. The
first estimation was for the highest OR detected from the tests. Another two GRRs
for high-risk homozygotes were estimated based on a multiplicative model, whereby
high-risk homozygotes have a higher GRR than heterozygotes, and the overall OR is

estimated to be that detected from the tests.

A joint-analysis of serotonin promoter markers was performed. All studies that were

published since 1997 0t 2004 2, with published allelic transmissions in
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trio/multiplex families were included. Transmissions of the short and long promoter
alleles were compiled and the sum of transmissions calculated. A TDT test was
performed on this “summed” value. All individual studies were also plotted on a

funnel plot to test for publication biases.
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3.3 Results

3.3.1 The Serotonin Transporter Gene

Genotype frequencies did not deviate from Hardy-Weinberg equilibrium.

3.3.1.1 LD Measures

Linkage disequilibrium measurement demonstrates the presence of LD between

markers across the gene, with D’ values between 0.301 and 0.788 (see Figure 3.2).

The promoter was not in strong LD with any marker, however LD was seen to

increase with markers ranging from SNP 10 to the 3’'UTR.

PROMOTER

SNP10 0.413

VNTR

SNP18 0.301

3J'UTR 0.332
PROMOTER

0.6<D’'<0.8

SNP10 | VNTR | SNP18 | 3'UTR

Figure 3.2 MEASURES OF LD (D’) ACROSS THE SEROTONIN TRANSPORTER GENE.

D’ was measured using GOLD.
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3.3.1.2 TDT Testing

Due to the low frequency of 9 repeat alleles in the VNTR markers (frequency =
1.7%), the 9 repeat alleles were combined with 10 repeat alleles for testing. There
was significant over-transmission of the short promoter allele to probands. With 55
transmissions of the short promoter allele and 34 non-transmissions, a % value of
4.5252, OR of 1.6176 and corresponding p value of 0.0334 was produced. No other
significant deviations from expected equal allele transmissions were observed (see

Table 3.1).

Marker Allele Transmitted | Not OR X p value
Transmitted

Promoter | Long 34 55 1.62 4.525 0.0334

Variant | Short 55 34

SNP10 C 54 42 1.29 1.261 0.2615
T 42 54

VNTR 12 repeat | 45 37 1.22 1.000 0.3347
9+10 37 45
repeat

SNP18 G 46 37 1.24 0.771 0.3800
A 37 46

3’UTR G 42 31 1.35 La71 0.2416
T 31 42

Table 3.1 TDT RESULTS FOR SEROTONIN TRANSPORTER MARKERS. Significant

transmissions are highlighted in yellow.
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3313 Transmission of Haplotypes

Examination of two marker haplotypes revealed increased transmission of several
haplotypes. These include the haplotypes constructed from the short promoter allele
and the C allele of SNP10 (x> = 4.2277, p value = 0.0398), and also the haplotype
constructed from the C allele of SNP10 and the 12 repeat allele of the VNTR (x* =
5.8912, p value = 0.0152). In addition, when the promoter, SNP10 and VNTR
markers were analysed together a significant preferential transmission of the short
promoter — C allele (SNP10) — 12 repeat haplotype to autism cases was observed (x*
= 6.341, p value = 0.0118). Transmission of a Prom-SNP10-VNTR-
SNP18haplotype (short-C-12rp-G-G) produced the strongest OR (OR = 2.403, p
value = 0.0085). Interestingly, almost all associated haplotypes, with the exception
of haplotype (VNTR-SNP18-3’UTR, p value = 0.0355) contained the C allele of
SNP10. ORs were also calculated for the haplotypes and ranged from 1.4512
(SNP18-3’UTR) to 2.24 (Promoter-SNP10-VNTR-SNP18), see Table 3.2 for further

details.

It was found that ORs increased as neighbouring polymorphisms were included in
the haplotype analysis. A good example of this is the 12 repeat VNTR, in which the
OR of developing autism from inheriting this allele rises from ~1.35 to 1.70 when
the C allele of SNP10 is included, and continues to rise until all polymorphisms, bar
the G allele of the 3’UTR, are included, giving rise to the highest OR of 2.4.
Interestingly, ORs decrease as one moves closer to the 3” end of the gene (see Table

3.1 and figure 3.3).
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Marker Alleles Observed Expected Chi-square Haplotype OR Global
Transmission | Transmission p-value p value
Prom-SNP10 S-C 40.05 32.91 4.227 0.0398 1.741 0.0784
SNP10-VNTR C-12rp 56.68 47.93 5.891 0.0152 1.692 0.0776
VNTR-SNP18 12rp-G 94.08 86.601 3.0407 0.0812 1.4203 0.1964
SNP18-3’UTR G-G 68.804 61.566 3.0933 0.0786 14512 0.3398
Promoter-SNP10-VNTR S-C-12rp 30.951 23.819 6.341 0.0118 2.0436 0.0821
SNP10-VNTR-SNP18 C-12rp-G 50.531 41.129 7.6501 0.0057 1.8406 0.2323
VNTR-SNP18-3’UTR 12p-G-G 68.143 59.578 44189 0.0355 1.6088 0.1901
Promoter-SNP10-VNTR-SNP18 S-C-12rp-G 29.163 21.869 7.6866 0.0085 24034 0.1121
SNP10-VNTR-SNP18-3’UTR C-12rp-G-G 42.177 32.946 10.888 0.0052 2.062 0.565
Promoter-SNP10-VNTR-SNP18-3’'UTR S-C-12rp-G-G 24.981 18.717 5.878 0.0153 2.206 0.1766

Table 3.2 HAPLOTYPE TRANSMISSION AND ODDS RATIO DATA. Haplotype p-values represent the p-value for the transmission of

indicated variants of the haplotype. The global p-value represents the overall significance for the haplotype using all possible variants.

(S = Short promoter variant, 12rp = 12 repeat variant of intron 2 VNTR).
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Figure 3.3 THE OpDS RATIO OF EACH HAPLOTYPE.

Marker 1: The short Promoter Allele  Marker 2: C allele of SNP10
Marker 3: 12 repeat VNTR Marker 4: G allele of SNP18
Marker 5: G allele of 3’'UTR

3.3.14 Power Study

The power of this replication was calculated using the TDT power calculator
(http://statgen.iop.kcl.ac.uk/gpc/dtdt.html). Given a sample size of 96 trios, a disease
prevalence of 0.003, and a GRR for inheritance of two high-risk alleles of 2.4 (the
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prom-SNP10-VNTR-SNP18 haplotype), and a GRR of 1.6 for heterozygous
individuals, the power of this replication was calculated to be 66.93% to detect an
association at p value < 0.05. All other things being equal, and given a GRR of 4 for
high-risk homozygotes and 2 for heterozygotes, the power of this test was 75%.
Given a GRR of 3.2 for high-risk homozygotes and 1.6 for heterozygotes, resulted in
power of 66%.

3.3.1.5 Joint-analysis of published serotonin transporter

promoter variants.

Following a full literature review, and a PubMed search using the terms “autism”,
“serotonin transporter” and “promoter”, 43 references were found. Of these, 11
contained TDT information regarding the transmission of long and short promoter
alleles (see Table 3.3 for more details). ORs for the resulting transmissions (based
on over-transmission of the short promoter allele) ranged from 1.65 190 t6 0.375 2 12,
i.e. over-transmission of the long promoter allele. In the combined sample there
were 730 transmissions of the short promoter allele versus 689 transmissions of the

long promoter allele. This resulted in an OR of 1.059, and corresponding p value of

0.288.

Bias in the meta analysis was tested for using the funnel plot **?, which tests for
publication and participation bias. The funnel plot is constructed by plotting the size
of each sample against the odds ratio (OR) for the data. The theory behind the
method is that the larger samples will have ORs closer to the combined OR, which,
in the absence of heterogeneity between the samples (see 2.3.5.1), should also be the
true OR of the combined sample. The smaller samples scatter themselves either side
of the true OR value and when plotted they visually construct the shape of an
inverted funnel. The presence of bias in the sample would result the plot deviating
from the inverted funnel shape. For example if the study excluded all of the negative

findings then one side of the funnel diagram would be missing. In the case of the
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serotonin long/short promoter variant, the resulting funnel plot suggests that such
biases are not apparent. However there are less positive findings in smaller samples

than would be expected. This may be in part due to the small number of samples in

the analysis.
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Number
Author [Transmission[Transmission| OR p value Origin in
Short Allele | Long Allele of Sample Study

Tordjman 0.046
i 24 64 0.375 French 71
Yirmiya ** i 25 0.44 0.027 Israeli 35
Klauck ¢ 43 68 0.632 0.032 German 65
Maestrini ° 72 76 0.947 0.805 Caucasian (European & American)| 98
Mulder *!! 54 51 1.059 0.77 Dutch 108
McCauley ° 221 180 1.228 0.01 American 137
Conroy 0.0334
(data in
thesis) °1° 55 34 1.617 Irish 86
Betancur * 71 55 1.291 <0.15 Caucasian (European & American)| 93
Cook **° 48 29 1.655 0.03 American 86
Coutinho ° 88 79 1.114 0.536 Portuguese 196
Kim ° 43 30 1.433 0.128 American 115

otal 730 689 1.059 0.288 1090

TABLE 3.3 INDIVIDUAL STUDY RESULTS FOR TRANSMISSION OF SEROTONIN TRANSPORTER VARIANT.
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Figure 3.4 FUNNEL PLOT. The dotted line indicates the OR for the combined
samples (OR = 1.059). Blue points indicate the OR of each individual sample (see
Table 3.3 for further information). Funnel lines (in black) highlight the tendancy of
ORs of larger samples to be closer to the true mean OR (in dotted line) in

comparison to ORs of smaller samples.
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3.3.2 TPH2

3.3.2.1 LD Measures

LD measures (see Figure 3.5) show a region of moderate LD between markers
rs4341581 (in intron 1) and rs1843809 (in intron 5). The SNPs in intron 1 and intron
4, rs4341581 and rs1117900 respectively, were in complete LD although the
accompanying LOD score was not greater than 2.0 (blue colour). The marker 703bp
5’ to the gene (rs4570625) was not in LD with any of the other markers (as can be

seen in figure 3.5).
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Figure 3.5 MEASURES OF LD (D’) Across THE TPH2 GENE. LD was measured
using the Haploview Programme. A blue block indicates complete LD (with LOD
scores < 2), whereas red/pink and white blocks indicate D’ values < 1.0, with LOD

scores >2 and < 2 respectively.
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3.3.2.2

TDT Testing

There was significant (at p < 0.05 level) over-transmission of the A allele to

probands with autism (OR = 1.60, p value = 0.0406).

There were no other

significant deviations from expected allele transmission to affected offspring with the

remaining three markers (see Table 3.4 for more details).

ID Marker Allele | Transmitted | Not OR |x p value
Number | Name Transmitted

1 rs4570625 | G 62 48 1.29 | 1.787 |0.1813
2 rs431581 | A 14 10 1.40 |0.670 |0.4131
3 rs1117900 | A 48 30 1.60 |4.192 |0.0406
B rs1843809 | G 19 13 1.46 | 1.461 |0.2874

Table 3.4 TDT ResuLTS FOR TPH2 MARKERS. Significant transmissions are

highlighted in yellow and bold.

3.3.2.3

Transmission of Haplotypes

Haplotype transmissions were tested using the UNPHASED programme (see Section

2.3.1.3.2). There were no significant haplotype transmissions to affected offspring

(see Table 3.5). However there was a trend towards over-transmission of the A-T

haplotype of markers rs431581 and rs1117900 (OR = 1.74, p value = 0.092).
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Markers | Alleles | Transmitted Not OR LRS | pvalue
Transmitted

1-2 G-A 32 37 1.41 3.83 | 0.2803

2-3 A-T 40 23 1.74 | 4.767 | 0.0922

3-4 T-G 27 i3 1.83 | 3.336 | 0.1886

Table 3.5 HAPLOTYPE TRANSMISSION RESULTS FOR THE TPH2 GENE.
Transmission of haplotypes was analysed using the UNPHASED programme.

Trends towards significance are highlighted in light yellow.

3.3.2.4 Power Study

The power of a study to detect a finding such as that of the association of the A allele
of rs1117900, with a GRR for homozygotes of 1.6, and a GRR of 1.2 for
heterozygotes in a sample of 184 trios, was found to be 36%. Given a GRR of 2.2
for high-risk homozygotes and 1.4 for heterozygotes, the power was calculated to be
56%. Finally given a GRR of 3 for high-risk homozygotes and a GRR of 1.4 for

heterozygotes, the power was estimated to be 73%.
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3.4 Discussion

3.4.1 Replication of Previous Results?

34.1.1 Serotonin Transporter

Five serotonin transporter polymorphisms were analysed for association with autistic
disorder in our Irish sample. The short promoter allele was the only individual allele
to reach significance (p value of 0.03554, see Table 3.1). Haplotypes constructed
from alleles that were over-transmitted showed significant excess transmission for all
two-marker combinations, with the exception of the VNTR-SNP18 haplotype (See
Table 3.1). Moving to 3 and 4 marker haplotypes, it is apparent that each haplotype
that contains SNP10 C allele is statistically significant. The haplotype with the
highest OR is a haplotype containing the first 4 markers in the gene (Prom-SNP10-
VNTR-SNP18 haplotype, C-12rp-G form) with OR of 2.4 and p value of 0.0085. It
is interesting to note that as one moves towards the 5’ end of the gene, the ORs
calculated for the haplotypes increase, suggesting that the polymorphism(s) linked to
autism are located at this end of the gene. Additionally, the observed pattern of
associated haplotypes suggests that risk is associated with a combination of
polymorphisms working together to alter the function or levels of the serotonin

transporter produced.

Our findings contradict those of Klauck et al and Yirmiya et al, who reported
association with the long promoter allele in samples of 52 German trios and 34

4213 However, Cook et al found transmission of the short

Israeli trios respectively
promoter allele in a sample of 86 trios, although this finding was not replicated in a
further 81 new trios '* °. Another study using 57 New England and 80 AGRE
multiplex families found nominal association with the short allele of the serotonin

promoter variant *’. More recently, Tordjman et al found association of the long
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promoter variant in their total sample. However when the patient sample was
divided into those mildly and severely affected based on the social and
communication domains of the ADI, significant transmission of the short allele was
found in those patients severely affected 2'>. Finally, there are those studies that have

5,335 1,343 Due to

reported no association between the promoter variants and autism
the increasing number of reports between autism and the serotonin transporter, with
the correspondingly different associations, the inclusion of the Irish sample does
little to elucidate or simplify the confusion. Association with either the long or short
promoter allele, or a lack of association is a replication of at least one previous
report. A joint-analysis of the serotonin transporter long/short promoter variant in 11
family based reported studies was undertaken to estimate the OR of the short
promoter in a larger sample. A funnel plot (see Figure 3.4) indicated that there was
no bias in the publication of reports. In the combined sample of 1090 affected
individuals, there was over-transmission of the short promoter allele overall.

However the OR associated with this over-transmission was not significant (OR =

1.059, p value = 0.288).

Excess transmission of haplotypes containing the 12 repeat allele of the VNTR, but
not the 12 repeat allele on its own, had previously been reported by Cook et al and by
Kim et al *'*°. A study examining the transmission of the serotonin transporter allele
and the VNTR in a sample of Dutch individuals diagnosed with PDD reported the
increased presence of 12 repeat allele in the VNTR in individuals who scored highly

in the “rigid-compulsive” factor in the ADI-R test =

As of yet, there have been no reports of association with the 3’'UTR variation and

autism.
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3.4.1.2 Replication of TPH2 Results?

Coon et al recently reported the association of two variants in the 7PH2 gene with an
American / Italian sample with autism ’. This was an interesting association study
based on the importance of the TPH2 gene in controlling the synthesis of serotonin
from tryptophan in brain tissue **°. Coon et al found an increased frequency of the G
allele of rs4341581 (p value = 0.013) and the T allele of rs1117900 (p value = 0.024)
in a sample of individuals with autism in a case-control study. A haplotype
containing these two variants was also significantly more frequent in the sample with
autism in comparison to a control sample (p value = 0.005). In the Irish sample,
there was increased transmission of the A allele of rs1117900 (p value = 0.0406, see
Table 3.4). This is not the original allele reported by Coon et ai ’. Significant
transmission of alleles of marker rs431581 was not observed in the Irish sample.
Likewise, there was no increased transmission of the T allele of marker rs1843809,
which showed increased transmission to a sample of Irish children diagnosed with

ADHD

3.4.2 Potential Reasons for Differing Results.

3.4.2.1 The Serotonin Transporter Gene

The studies included in the joint-analysis (see Table 3.3) highlight the wide range of
results reported in the literature with the serotonin promoter long/short variation
alone. An increasing number of meta-analyses have been published in an attempt to
clarify some associations with differing results, e.g. testing the association of the
CA(n) repeat in the dopamine D5 receptor in ADHD *** and the association of the
serotonin transporter short/long promoter variant in affective disorders **. The joint-
analysis result indicates that the overall effect of the serotonin transporter long/short
promoter variant, plays only a minor role, if any, in the development of autism. That

is not to say that the serotonin transporter does not play any role in the development.

100



It may play a role in a small subset of individuals. Phenotypic heterogeneity is a
potential problem in any genetic study of a psychiatric disorder and autism is no
exception. The sample described here underwent rigorous assessment using the
ADI-R and ADOS-G instruments to define the phenotype. However heterogeneity
may still exist within a sample meeting criteria for the narrow diagnosis of autism
using these diagnostic tools. Sub-grouping the sample using particular aspects of the
phenotype such as social abnormalities or restrictive and repetitive behaviours may
be advantageous. This has been attempted in some studies, such as Tordjman et al
and Mulder et al, with mixed results. In the case of Tordjman et al, categorising
individuals based on their communication and social impairments resulted in the
increased transmission of the short promoter allele in those individuals exhibiting
severe impairments in social interaction (p value = 0.033), whereas those with
mild/moderate impairments had preferential transmission of the long promoter allele
(p value = 0.049) *'2. In the study undertaken by Mulder et al *'', where the sample
was also split according to severity in social and communication impairments, there
were no significant differences in genotype frequencies were observed between those
individuals severely affected and those only mildly/moderately affected in both
domains. There was a trend towards an increased frequency of individuals
homozygous for the short promoter allele in individuals with high scores in the
compulsive obsessive domain. However, as the phenotypic data is often qualitative
in nature and not quantitative, this is not a straightforward exercise. Cluster analysis
has been proposed as an alternative to determine genetically relevant aspects of the
phenotype, but, as for any study attempting to dissect phenotype, larger samples are

required.

In addition to phenotypic heterogeneity there is the problem of genetic heterogeneity.
There is a possibility that there are a number of haplotypes that confer susceptibility
to autism. A study by Sutcliffe et al found three novel highly conserved coding
mutations, all in the transmembrane domains, that segregated with autism . Two of
these had functional significance. These mutations also showed a phenotypic

correlation with rigid-compulsive behaviours. Sutcliffe suggests that the most
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parsimonious model “involves multiple risk alleles (including the serotonin
transporter promoter) that act in different families to collectively account for the
observed linkage” in both his and other samples with autism **. It is also possible
that the contrasting long and short allele findings may occur because these variants
are in LD with a causative variant but differ between populations. Also, another
mutation or even the same mutation may have arisen on two separate occasions and
are associated with different haplotypes. Another likely reason for the confounding

results is that the underlying mechanisms of hyperserotonemia are heterogeneous S

Finally, one must take into consideration that some or all of the above findings are
false-positive results. The results of the joint-analysis would support this finding.
Although the OR for individual studies ranges from 0.375 *'* to 1.655 ', the mean
OR for association of the short promoter allele in the 11 samples included in the
joint-analysis was only 1.06 (p value = 0.288). The funnel plot (see Figure 3.4) also
highlights the tendency of the larger individual samples to conform to the overall
mean. An example of this is the contrast in ORs between the largest and smallest
studies. In the sample of Yirmiya et al, in which there were 35 families with an
individual affected by autism, the OR of the short promoter allele was 0.44, i.e. there

23 However in

was over-transmission and association with the long promoter allele
the study by Coutinho et al, in which there were 196 affected individuals and their
families, the OR of the short allele was just 1.14 2. The larger study has an OR

closer to the mean of the combined sample.

The fact that there are so many associations with the transporter gene and autism,
even thought the associations are not the same in each population, would lead one to
believe that the serotonin transporter does not plays a major role in autism, although
it may be partly responsible for the development of autism in a minority of cases.
The role of the serotonergic system in autism is complex and as yet not fully

understood.
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3.4.2.2 The TPH2 Gene

The association with both alleles of the same marker in two different populations
also occurred at the 7PH2 gene. Unlike the serotonin transporter however, there is
only the original study that Coon et al published ’. This study by Coon et al was a
case/control study in a sample of American/Italian individuals, whereas the study
presented here was a family based study of Irish individuals. It is possible that
population stratification may have resulted in a false positive finding. It is also
possible that the finding in the Irish sample is a false positive. Equally possible is
the occurrence of two false positive results, each with a different allele. Finally, in a
fashion similar to that suggested for the serotonin transporter, there may be reasons
why associations with different alleles occur. At this stage it is impossible to
differentiate between the possibilities. Further replication studies in independent
samples are required to determine the possible association of variants in the TPH2

gene in other samples of individuals with autism.

3.4.3 Conclusion

There is a large and varied range of evidence supporting the role of serotonin in the
development of the autistic aetiology. There is little doubt that all the findings (see
the introduction) reported to date are indicative of a role for serotonin. Unfortunately
the role of the serotonin transporter in this process is not clear-cut. It is still
uncertain to what extent this gene is involved. In the Irish sample describe here there
is over-transmission of the short promoter allele (See Section 3.3.1.1.2), which is a

190
1

replication of a report by Cook et al *~". However, other reports find no association

1,5,335 4,213

or association with the long promoter allele , see Section 3.1.4. Joint-
analysis of the serotonin transporter promoter variant revealed a non-significant role
for the serotonin transporter gene promoter variant in the development of autism

overall. This joint-analysis revealed an increased transmission of the short promoter
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allele, but this was non-significant (OR = 1.06, p value = 0.288).  Further
investigations are required to determine if the serotonin transporter has a role in a
small sub-group of individuals diagnosed with autism. The TPH2 gene has only
recently been identified. This present study has, in a manner similar to the serotonin
transporter gene, not replicated (with the original allele) the initial report by Coon et
al of association of the T allele with autism ’. The serotonin pathway is a
complicated one and it is possible that the effects of a small number of genes, each of
minor effect, together contribute to the hyperserotonemia observed and replicated in
many samples (see Section 3.1.2). It is also possible that not all variants are required
for the development of autism, and that some of these may be population specific.
The serotonin system and its role in the development of autism remains one of the

interesting puzzles to be solved in the field of autism research.
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CHAPTER 4

THE DOPAMINE-B-HYDROXYLASE GENE AND
AUTISM
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4.1 Introduction

4.1.1 Dopamine and Autism

Dopamine is a ubiquitous neurotransmitter in the CNS. Dopamine is synthesised in
the body by the decarboxylation of DOPA by aromatic L-amino acid decarboxylase
(see Figure 4.1). A role for dopamine in the aetiology of autism has been suggested
by decreased dopaminergic activity reported in the prefrontal cortex of autistic
children **’, and by the therapeutic benefits observed from the oral administration of
Risperidone and Haloperidol in the condition. Risperidone is an atypical anti-
psychotic medication that acts to block dopamine receptors. In a study comparing
risperidone administration with placebo, treatment with risperidone led to significant
decreases in the level of irritability in 69% of children with autism (n = 49)

'3 Similarly haloperidol (a

compared to 12% in the placebo group (n = 52)
postsynaptic dopamine-receptor antagonist) has been reported to improve severe
behavioural problems in individuals affected by autism, although long-term use is

limited by side-effects ***.

Dopamine-B-hydroxylase (DBH) is the enzyme, which is responsible for the
conversion of dopamine to norepinephrine (NE), and thus it is important to
maintaining the levels of both of these neurotransmitters (see Figure 4.1). Decreased
DBH activity has been reported in children with autism *** **°, while increased DBH

1

activity has been reported in another study **'. A further study found no difference

between DBH activity in a sample of cases with autism in comparison to a sample

352 Although these studies provide an indication that DBH

with Down’s syndrome
activity may be linked to autism, the power in each study was limited due to small
sample size (n < 20 in all cases). A larger study of parent-child trios, n = 37 trios,

with autism found lower serum DBH activity in mothers compared with controls.
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Thirty-three percent of mothers in this study were found to be homozygous for a
deletion polymorphism in the promoter region compared with 20% of controls. As
DBH converts dopamine to norepinephrine, alterations in DBH activity could result
in an imbalance between these neurotransmitters. Altered NE levels are also
involved in other neuropsychiatric disorders including anxiety. Yohimbine, a drug
which is believed to increase the synaptic availability of NE, induces a high level of
panic-like anxiety in individuals suffering from panic disorder, whereas clonidine, an
adrenergic agonist, reduces the rate of panic induced by the panicogenic probe

33333 " The NE system is one of the systems responsible for the

sodium lactate
response to stress. The neurons involved in NE transmission originate in the locus
ceruleus, the medulla and pons. Upon stress activation they send signals to many
parts of the brain including the amygdala, which acts to establish ‘emotional valence’
to stimuli and coordinate the correct response, and the hippocampus, both of which
have been linked to autism (see Palmen et al for a complete review of

399 3% Interestingly DNA variations in the

neuropathological findings in autism)
DBH gene have been associated with other psychiatric conditions including attention
deficit hyperactivity disorder (ADHD), cocaine induced paranoia, and major

. 7 9
depression 7 3% %
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Catecholamines (dopamine and norepinephrine)
synthesis and metabholism

tyrosine hydroaylase

Tyrosine > dopa
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phenylalanine (pyridoxal cofactor)
dopamine heta
. . g udroxylase dopamine
norepinephrine
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(SAM)

epinephrine
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Figure 4.1

Dopamine is converted to norepinephrine by dopamine-f-hydroxylase in the
presence of ascorbate and oxygen. Although DBH is not the rate-limiting step of this
pathway, its action and activity are important in controlling the levels of both

dopamine and norepinephrine. This figure has been taken from

THE DOPAMINE / NOREPINEPHRINE PATHWAY.

http://www.cellscience.com/CCA.htm.
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A number of other genes involved in the dopamine pathway have been investigated
for an association with autism (see Figure 4.1). The Monoamine Oxidase genes
(MAO-A and MAO-B) have been the most widely investigated, with studies at both
DNA and protein levels being reported. A study by Takahashi et al in 1977, found no
differences between MAO activity between individuals with autism (n = 20) and age-

matched controls (n = 30) **°

. Filinger et al also reported no differences between
autistic individuals (n = 6) compared to controls (n = 14). However, individuals with
childhood-onset Pervasive Developmental Disorders (n = 6) presented significantly
lower V. (maximum catalytic speed of enzyme) and K, (a measure of the
specificity of the binding site of the enzyme for the substrate) levels compared to
controls. A polymorphism in the promoter region of this gene has been linked to 1Q
in individuals with autism ***. No association has been reported between autism and

variants in the DOPA decarboxylase and catechol-O-methyltransferase (COMT) gene
and COMT activity *¢' 213 62,

4.1.2 The Dopamine Beta Hydroxylase Gene

The gene for DBH is located on chromosome 9q34.2 and is 22,981bp long *** ***

(http://genecards.begsc.be.ca/cgi-bin/carddisp?DBH). It contains 12 exons, and

encodes 2 types of mRNA due to alternative polyadenylation, denoted ‘type A’ and
‘type B’, with type A being more abundant than type B. Type A differs from type B
due to the presence of an extra 300bp sequence (cDNA nucleotides 2394 — 2694).
Type A is five times more abundant than type B ***. This may be due to the presence
of a “stabilising” sequence within this region. The 3’UTR region of a gene has been

366 367 368. The gene

reported to be involved in both mRNA stability and efficiency
produces a protein 603 amino acids long, which belongs to the copper type II,
ascorbate-dependent monooxygenase family (information from gene cards). The
gene is expressed restrictively in norepinephrine and epinephrine neurons, in
addition to neurosecretary cells in the nervous system. Their expression within the

brainstem is limited to a number of distinctive loci, the lateral tegmentum in the
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medulla oblongata, the nucleus of the solitary tract, the locus coeruleus and the

lateral tegmental area in the pons ** 737!,

The transcription initiation site for the gene is located 52bp upstream of the initiation
codon. The promoter region of the gene is located close to the initiation codon, with
the TATA box at —29 to —24, and the CCAAT box at —159 to —155. A GC box also
lies 14 to 19bp downstream of the transcription initiation site. A number of other
sequence motifs including a cyclic AMP response element (CRE) and glucocorticoid

response element lie upstream of the gene *%.

DBH activity levels vary from individual to individual, with ~4% of individuals
having a “very low” serum DBH activity, i.e. an activity of less than 50 U (where 1U
of enzyme activity represents the production of 1 nmol of phenyl ethanolamine per

372

hour per ml of serum incubated at 37°C) This ‘low activity’ was seen to

segregate in a recessive manner within families, and a strong sibling-sibling

correlation has been reported *”.

These observations led to the hypothesis by
Weinshilboum that a single low activity functional polymorphism (DBH") existed in
the European population with a frequency of 20%, which accounted for this variation
It has taken many years to determine the underlying genetic variation
responsible for DBH activity. A single SNP in the promoter region of the DBH
gene, C-1021T, has been shown to be responsible for 35 —52% of this variation.
Individuals with a TT genotype (~ 4 — 7% of a Japanese and European population
respectively) have the lowest DBH activity, and it is these individuals who represent
the low activity subgroup. CC homozygotes have high DBH activity, while CT
individuals have activity that is intermediate between the two homozygous groups. A
number of observations support this C-1021T as being an important functional
variant. Firstly the proposed DBH" allele appears to ‘lower plasma-DBH activity by
diminishing the levels of circulating protein, rather than by decreasing the activity of
homospecific enzymes’. The location of the C-1021T polymorphism in the promoter

region of the DBH gene may alter the levels of transcription of the gene and would

thereby account for this variation. Also a reporter gene experiment highlighted the
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—600 to —1100 region of the gene as being functionally important in DBH expression
7 Other polymorphisms within the gene exist, including a small number of non-
synonymous polymorphisms (e.g. 444A—G polymorphism, and the 1368G—A
polymorphism). However these polymorphisms cannot account for the variation in
DBH levels activity observed. Neither of these observations conclusively proves that
C-1021T is the DBH" polymorphism; and there remains a possibility that C-1021T is

in LD with another functional polymorphism. However there are no other

polymorphisms reported that appear to be of the same functional significance.

4.1.3 Dopamine-B-hydroxylase & Epilepsy

Epilepsy is defined as “two unprovoked seizures of any type” *’°. The prevalence of
epilepsy in children with autism varies from 5% to 38.3% and is approximately 10
fold higher than children in the general population. Although the variation in these
frequency estimates is high, the differences can in part be explained by the bimodal
age distribution of epilepsy. The first major peak of epilepsy in autistic individuals
occurs early in life, around the age of 5 years, with a second major peak occurring at
the beginning of adolescence (~10 years). The studies with a low prevalence of
epilepsy are often those studies whose sample is very young *”” whereas those with a
higher prevalence rate include adolescents and adults *’®. Epilepsy also seems to be
more common in individuals where the level of brain injury is likely to be more

severe, e.g. lower ranges of intellectual functioning *7**'

A role for DBH in epilepsy has been suggested through studies of animal models. A
rat model for epilepsy (genetically epilepsy prone rats (GEPRs)) exhibit low levels of
DBH, presynaptic NE content, NE turnover, NE uptake and tyrosine hydroxylase

3823%  DBH knockout mice (who have no NE activity) exhibit increased

levels
sensitivity to a number of seizure-inducing stimuli, which included 2,2,2-trifluroethyl
ether, pentylenetetrazol, kainic acid and high decibel sounds. Decreasing NE (in

wild type mice) increases seizure susceptibility, whereas the administration of NE
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leads to a protective effect **”. Although Dbh knockout mice showed a significantly
higher rate of in utero mortality, those that did survive show no gross morphological
abnormalities, and Thomas et al were unable to discern any physical differences

between living knockout mice and their wild-type littermates e

4.1.4 Dopamine-B-hydroxylase Animal Models

As stated in section 4.1.3, DBH knockout mice are susceptible to convulsant stimuli,
and show higher rates of in utero mortality. A study by Thomas and Palmiter
reported the presence of behavioural deficits in Dbk -/- maternal mice #9 " These
Dbh -/- mothers showed impaired nesting and pup-retrieval. Pups were observed
scattered around the nest, often unwashed and with placentas still attached. Despite
the normal mammary gland function, pups were not nursing. Olfaction and problem
solving abilities were normal. However some deficits in motor function and learning
were observed. Maternal behaviour in the knockout mice was rescued with the
administration of 4-dihydroxyphenylserine (DOPS), which can be converted to NE
by aromatic L-amino acid decarboxylase, thus increasing NE content within the
CNS, on the evening before birth, leading to the survival of 50% of pups. If the
administration of DOPS was left until the morning after birth, rescuing did not take
place, and the pups died. These results indicate that norepinephrine may be
responsible for responding to environmental cues and determining what is relevant
and important. The effects of administration of DOPS lasted into subsequent
pregnancies **°. The role of DBH in social behaviour, a characteristic affected in

autism, implicates DBH in this developmental disorder.
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4.1.5 The Aims

The aims of this study were three-fold.

1) To attempt to replicate Robinson et al *** by examining the transmission of 7

markers spaced throughout the gene, looking for an association with autism.

2) To measure DBH activity in affected individuals and their parents.

3) To establish the contribution of each variant to the overall level of DBH

activity.
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4.2

Materials & Methods

4.2.1 Measuring DBH Activity

Plasma DBH activity was measured by Dr. George Anderson, of Yale Child Study

Centre, using a sensitive high performance liquid chromatographic-fluorometric

method (see Section 2.2.6). Individuals on medications, which may affect DBH

activity i.e. beta-blockers, anti-psychotic medication, insulin and the oral

contraceptive pill, were excluded from analysis

390-392

4.2.2 Amplification of DBH Variants

Seven variants (6 SNPs, and an in/del variant) were chosen to be screened in our

population. The selection of variants was based on a number of criteria:

Y

2)
3)
4)
5)

Putative functionality (the C-1021T SNP, see section 4.1.2 for further
details)

Non-synonymous changes (i.e. variants in exons 5 and 11)

Location within exons (exons 12, 11)

Use in the Robinson paper (In/del variant) e

Regions close to the potential promoter (C-2124T, C-1333T).

Fragments were amplified under varying conditions (see Appendix II, sections 1.1

and 1.2, for further information).
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4.2.3 Statistics

Analyses were performed by assessing the transmission of individual polymorphisms
using the TDT. Transmission of haplotypes was assessed using the UNPHASED
program, and logistic regression based analysis was conducted for the genetic

variants against DBH activity.

DBH activity was measured in triplicate, and the mean of these readings was taken

for all subsequent tests.

Due to the observation that DBH activity increases over the first 3 years of life, it
was necessary to ensure that any potential DBH activity differences between parents

and their affected offspring were not due to this age effect *”°.

The square root of
children’s DBH activity was plotted against their age (in months) twice. It was
necessary to use the square root of DBH activity in order to normalise the data set.
The first analysis included all probands in the study regardless of age. The second
analysis included only those probands aged 6 years and over. In both cases a

regression line was fitted to the data and the slopes of these lines noted.

Paired t-tests were used to make comparisons between father-child DBH activity and
mother-child DBH activity. An independent t-test was used to compare differences
between mother-father DBH activity and proband-child control DBH activity. The
heritability of DBH activity was measured as described in Section 2.3.2.4. Kruskal-
Wallis testing was undertaken to test if different allelic variants were associated with
different DBH activity. Regression analysis was performed to determine the
correlation of each marker to the square root of DBH activity, i.e. a marker —

phenotype correlation (see Section 2.3.2.6).
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4.3 Results

Plasma samples were collected from 54 full trios, 7 mother-proband duos and 3
father-proband duos. Individuals on medication (n =5), which may affect DBH
activity, e.g. beta-blockers, anti-psychotic medication, insulin and the oral

contraceptive pill, were excluded from analyses.

4.3.1 Age effect and DBH Activity.

Probands DBH activity was plotted against age of proband in months. In the first
test all probands were included in the analysis (n = 59, mean age = 140 months,
standard deviation = 89 months, age range = 55, 408 months). In the second test
only individuals who were greater than 72 months of age were included (n = 45,
mean age = 166 months, standard deviation = 90 months, age range = 73, 408
months). A regression line was fitted to each dataset, and the correlation, i.e. slope,
calculated. No significant correlation between the square root of DBH activity and
age was found, even when all probands were included in the analysis. In the first
dataset, the correlation was calculated to be 0.0025 (p = 0.923), see Fig 4.2. When
probands less than 72 months were excluded the correlation was 0.00004 (p = 0.992),
see Fig. 4.3. These results show that within this sample, there is no statistical change
in DBH levels over time, therefore all probands, regardless of age were included in

subsequent analysis in order to increase power.
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Dotplot of DBH Activity versus Age
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Figure 4.2 DOT PLOT SHOWING RELATIONSHIP BETWEEN TRANSFORMED DBH
ACTIVITY AND AGE IN THE DATASET INCLUDING ALL PROBANDS. DBH activity
was transformed by using the square root function, and age was measured in months.
Regression analysis indicated that there was no increase in DBH Activity with age in

this all-inclusive dataset. R> = 0.0025 with a corresponding p value of 0.923.
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Dotplot of DBH Activity versus Age (probands > 72 months)
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Figure 4.3 DoT PLOT SHOWING RELATIONSHIP BETWEEN TRANSFORMED DBH
ACTIVITY AND AGE (IN MONTHS) IN INDIVIDUALS GREATER THAN 72 MONTHS OF
AGE. Regression analysis indicated that there was no increase in DBH Activity with

age in this dataset. R* = 0.00004 with a corresponding p value of 0.992.
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4.3.2 Heritability of DBH Activity

Regression analysis of DBH activity was used to estimate the heritability of DBH
activity (see Section 2.3.2.4). The mean parental DBH activity was plotted against
proband DBH activity (see Figure 4.4). A regression line was fitted and the slope (i.e.
heritability) was calculated. The heritability of DBH activity was 44.92%. A spouse-
spouse DBH activity correlation analysis was undertaken (see Figure 4.5), to ensure
that the heritability measured above a correct estimate. As expected, the correlation

between paternal and maternal DBH activity was negliable (r* = 0.0025).

Heritability of DBH Activiy
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Mean Parental DBH Activity (nmol/min/ml)

Figure 4.4 MEASUREMENT OF THE HERITABILITY OF DBH ACTIVITY.
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Figure 4.5 Spouse-Spouse Correlation of DBH Activity.

4.3.3 DBH Activity. Values and Comparisons.

The population was divided into mothers, fathers and affected probands. The parental
midpoint (i.e. (Mothers DBH Activity + Fathers DBH Activity) +2)) was also
calculated, as this was considered to be the best estimate of overall parental
contribution to a probands DBH activity. The mean, variance and standard deviation of
the DBH activity of each group were measured. The maternal DBH activity mean was
calculated to be 34.811 nmol/min/ml and the mean paternal DBH activity was
calculated to be 35.107 nmol/min/ml (see Table 4.4.2 and Figure 4.6). The difference
between these parental DBH activities was compared in 54 parents. With a mean
difference of ~ 0.18, the difference was deemed to be non-significant (p = 0.97, 95%

Confidence Interval = -9.64, 9.28). This result was to be expected, as there have been
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no reports of a sex difference in a normal control population with regard to DBH

activity 393, Power calculations (using

http://www.dssresearch.com/toolkit/spcal¢/power_a2.asp) indicates that the differences

between children and their mothers, fathers and parental means are extremely powerful,

ranging from 98.5% to > 99.9%.
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Figure 4.6 BoxpLOoT OF DBH ACTIVITY IN MOTHERS, FATHERS AND CHILDREN.
Individuals 1 represent children, whose mean DBH activity is 20.330 nmol/min/ml.
Individuals 2 represent fathers, whose mean DBH activity is 35.107 nmol/min/ml.
Individuals 3 represent mothers, whose mean DBH activity is 34.507 nmol/min/ml.

The average child DBH activity is much lower than that of either parent.
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Comparison Mean N Std Dev Std
Pair Error
Mean
M/F Mother 34.212 51 24.00253 | 3.3610
Father 34.392 51 21.43085 | 3.0009
M/C Mother 34.811 56 23.486 3.1385
Child 19.845 56 12.2942 1.6429
F/C Father 35.107 54 21.2278 2.8887
Child 20.330 54 11.9854 1.6310
PM/C Parental 34.302 51 153335 2.1471
Mean
Child 19.447 51 11.6064 1.6252

Table 4.1 DBH AcTiviTY PAIRED DIFFERENCE SUMMARY. DBH summary statistics
for pairs involved in paired t-tests. Parental mean (PM) is the average of mother (M)
and father (F) DBH activity, which is then compared to the probands (C) activity. In all
cases, the children’s DBH activity is lower than that to which it is being compared, i.e.
mothers, fathers and parental mean DBH Activity. The number of pairs varied between

comparisons due to the presence of incomplete data for all members of the sample.
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Paired Differences T Sig (2-all) ~ [Power to

Mean Std.Dev  |Std  Error(95% Confidence Interval of
Difference Mean Difference Detect
Lower  {Upper Difference
M. F [0.1804 33,6 47078 9,63 92755 0038 097 © 400
Mw.C  [14966 (22533  [3.0111 8932 U 497 E 10 |9g50%
Fvw.C (4778 180178 (24518  [9.86 1969 (6027 G4x10* 199.80%
PMvs.C (1485 12558 (17585 1132 1839 §.448 Wl (> 99.9%

Table 4.2 PAIRED SAMPLES t-TEST FOR DIFFERENCES IN DBH AcTIviTY. Paired t-
tests were undertaken to investigate if there were any statistical differences between the
average DBH activity in mothers, fathers, children and the parental mean. M = mothers
DBH activity, F = fathers DBH activity, C = child DBH activity and PM = parental
mean DBH. All significant differences are highlighted in bold and bright yellow.

4.3.4 Comparison of Irish Proband DBH Activity with Previously
Reported Children Control Sample.

Due to the lack of an Irish age-matched control sample, DBH activity from a normal
child sample (between the ages of 6 and 12) was used from a publication from
Weinshilboum et al **. The mean of this sample (see Section 4.2.3 for more details)
was calculated to be 34.429 nmol/min/ml, with a standard deviation of 20.595
nmol/min/ml (see Table 4.3). A t-test was undertaken to compare the mean of this
sample to the proband sample described here. Inidividuals with autism were found to
have a significantly lower DBH activity in comparison to the child control sample (T
statistic = 5.3038, p value = 1.9737 x 10 ), see Table 4.3 and Figure 4.7. The power

of this statistical test was found to be greater than 99.99% according to the power

calculator available at http://www.dssresearch.com/toolkit/spcalc/power_a2.asp.
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Boxplot of DBH Activity in Proband Sample and Child Control Sample
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FIGURE 4.7 Box-pLOoT OF DBH AcCTIVITY IN PROBAND SAMPLE AND CHILD
CONTROL SAMPLE. A number of outliers were present in the Weinshilboum sample *7*.

As no further details were available, all outliers were included in the test.
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Proband Sample Control Sample
Mean 219 34.429
Std. Dev 14.058 20.595
Std. Error Mean 1.815 1,137
N 59 317
T statistic 5.3038
p value 1.9737x 10°

TABLE 4.3 TwWO SAMPLE t-TEST FOR DIFFERENCES IN DBH AcCTIVITY IN PROBAND

SAMPLE AND A CHILD CONTROL SAMPLE

4.3.5 Comparison of DBH Activity in Individuals with Epilepsy

There were 5 individuals with autism in the sample that also had a diagnosis of
epilepsy. The average DBH activity in these individuals were compared to the normal

17, and also to the remaining

child control sample as described in Weinshilboum et a
probands in the autism sample. No statistical differences in DBH activity were
observed between those individuals with autism and epilepsy and those with autism or
a control (see Table 4.4). This is not surprising however due to the small sample of

individuals with epilepsy and autism (n = 5).
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Epilepsy Autism Control

Mean DBH Activity 39.7 20.6 34.429
Std. Dev 17.6 14.508 20.595
N 5 ol 317

Epilepsy vs Autsim | t = 1.705 |p value = 0.18| power = 58.6%

Epilepsy vs Control | t = 0.160 |p value = 0.88| power = 6.9%

TABLE 4.4 COMPARISON OF DBH AcTiviTY BETWEEN INDIVIDUALS WITH EPILEPSY
& AUTISM, AUTISM, AND A CHILD CONTROL SAMPLE. The statistical differences
between DBH activities were calculated using t-tests, and power of each test was

calculated using http://www.dssresearch.com/toolkit/spcalc/power_a2.asp.

4.3.6 Investigation of the Association of Allelic Variants with DBH
Activity.

Kruskal-Wallis testing was used to evaluate if allelic variants were associated with
different parental DBH activity levels. It was necessary to use a non-parametric form
of testing to allow for differences in sample sizes and standard deviations. Statistically
significant differences between allelic associated DBH levels were observed for a
number of markers, especially those markers close to the C-1021T variant (see Table
4.5). The box plot revealed that the TT homozygotes (11) of the C-1021T variant have
the lowest level of DBH activity, with CC individuals (22) having the highest level of
DBH activity. Heterozygote individuals (12) have a DBH level intermediate between
that of the TT and CC homozygotes (see Fig 4.8), Kruskal-Wallis testing indicated that
these differences in DBH activity are statistically significant (chi’ = 26.156, p-value =
2.09 x 10'6). Significant differences also existed for the in/del variant, C-2124T, and
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exon 2 (see table 4.5). There was no significant difference between exon 5, exon 11

and exon 12 allelic genotypes.
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Figure 4.8 Box PLOT OF C-1021T ALLELIC VARIANTS AND THEIR ASSOCIATED
DBH AcTivity. TT homozygotes are represented by 11, and show the lowest DBH
activity. CC homozygotes are represented by 22, and show the highest DBH activity,
while heterozygous individuals (12) show a DBH activity level is intermediate of the

level of either homozygote.
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DBH Variant Kruskal Wallisx~ | d.f. p-value
In/Del 9.501 2 0.009
C-2124T 8.766 2 0.012
C-1021T 26.156 2 2.09x10°
Exon 2 21.638 2 2x10°
Exon 5 0.339 2 0.844
Exon 11 0.671 1 0.431
Exon 12 1.591 2 0.451

Table 4.5 KRUSKAL-WALLIS TEST RESULTS FOR DIFFERING ALLELIC VARIANTS
AND THE AsSSOCIATED DBH AcTiviTy. Statistically different activities
(highlighted in bold and bright yellow) were associated with allelic variants in the
in/del, C-2124T, C-1021T and Exon 2 variants. As there were only 3 individuals
with a TT genotype in the Exon 11 test, these three individuals were ignored (n must
be > 5 to be included in the analysis). Therefore there were just two groups

compared (CT vs. CC) and only 1 degree of freedom.

4.3.7 Regression Analysis of DBH Variants in Parents

Simple Regression analysis revealed that the DBH C-1021T variant is the most
important variant analysed in this study. It was found to be responsible for over 40%
of the variation in DBH activity (> = 0.408, p = 8.826 x 10"*). The remaining
variants were found to contribute to a lesser extent to DBH activity, with effects
ranging from 6.2% (C-2124T) to 0% (in/del). The cumulative R? is the total variance
explained by the presence of the markers, whereas the individual R? is the variance

explained by the last marker added into the analysis.
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Marker Cumulative R? | Individual F-value p-value
(adjusted) R’
(adjusted)

C-1021T 0.408 0.408 39.891 8.823x 10
In/del 0.402 0 19.965 2.350 x 10"
C-2124T 0.470 0.062 14.877 1.138 x 10"
Exon 2 0.475 0.005 11.413 8.141x10™"
Exon 5 0.522 0.047 10.492 5.909x 10"
Exon 11 0.529 0.007 9.686 5312x10™"
Exon 12 0.538 0.009 7.021 6.248x 107 |

Table 4.6 REGRESSION ANALYSIS OF EFFECT OF VARIANTS ON OVERALL DBH
ACTIVITY IN PARENTAL SAMPLES. The C-1021T marker is shown to be the
strongest variant at describing / predicting DBH activity. It explains over 40% of
DBH activity. Other variants, which predict DBH activity, albeit to a lesser extent,
are the C-2124T marker (6.2%) and the Exon 5 marker (4.7%).

4.3.8 Regression Analysis of DBH Variants in Children.

Simple linear regression analysis was also performed to elucidate the role of the
DBH variants in determining / explaining DBH activity in our affected children

population.
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Marker Total R’ | Individual F-value p-value
(adjusted) R’
(adjusted)

C-1021T 0.05 0.050 2.460 0.095
In/del 0.058 0.008 1.818 0.14
C-2124T 0.102 0.044 1.925 0.098
Exon 2 0.158 0.056 2.124 0.056
Exon 5 0.118 0.000 1.640 0.132
Exon 11 0.290 0.172 2.778 0.01
Exon 12 0.265 0.000 2.414 0.021

Table 4.7 REGRESSION ANALYSIS OF EFFECT OF VARIANTS ON OVERALL DBH
ACTIVITY IN THE PROBAND SAMPLE. In our sample of individuals with autism, the
C-1021T variant is shown to play a much weaker role in explaining DBH activity.
DBH variants significantly explaining DBH variation are highlighted in bold and
bright yellow. Those variants showing a non-significant trend towards significance

(p value > 0.05) are highlighted in light yellow.

4.3.9 Linkage Disequilibrium Measurements

The level of linkage disequilibrium between the tested polymorphisms was measured
using the D’ statistic and the Haploview programme (see Sections 1.4.1.1 and
Section 2.3.2.3). Strong LD was found between markers close to each other (see
Figure 4.9). One haplotype block was shown to exist in the promoter region of the
gene, including the insertion/deletion, the C-2124T and the C-1021T marker. The C-
1021T and C-2124T markers are also in very strong LD with the Exon2 marker.

However Exon2 is excluded from the block as the LD between Ex2 marker and
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insertion/deletion is low (0.36). There is a break in LD after marker 5, which shows
moderate LD with markers in the haploblock (0.47 <D’ < 0.60) and is in moderately
strong LD with Ex2 marker (D’ = 0.84). However the exon 11 marker is not in LD
with any of the markers in the haploblock, nor with the Exon 2 marker (see Figure
4.9). Due to the low minor allele frequency in both Ex5 and Ex11, the D’ value is
also low between these markers. Ex11 shows moderate LD with Ex12 however.
This is once again not surprising due to the proximity of the two markers. These

77 who reported a

results are similar to those published by Zabetian et al (2003)
haploblock stretching from the C-2124T marker to a marker (IVS4+601C—T) in
intron 4. The haploblock for this sample does not stretch this far. This may be due
to differences in linkage disequilibrium between populations. However, a study by
Hawi et al ***, which reported inter-marker LD in the DBH gene in a sample of Irish
families with children with attention deficit hyperactivity disorder, showed that LD
(in the parents of these affected children) between a marker in exon 2 and a marker

in intron 5 was 0.845. Likewise, the level of LD between markers in the intron 5 and

intron 9 (a distance of 9kb) was very weak (D’ = 0.172)
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Figure-4.9 LD MEASURES A ND HAPLOBLOCK FORMATION O F DBH
VARIANTS. LD is measured using the D’ statistic. A haploblock was found to
consist of the in/Del, C-2124T and C-1021T variants. The Exon 2 variant (Ex2C3A)
is also in very strong LD with the C-2124T and the C-1021T variants. A break in

LD is seen between the Exon 5 and Exon 11 variants.
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4.3.10

The transmission disequilibrium test (TDT) was undertaken with all variants using

TDT Testing

the Transmission Disequilibrium Test (see Section 2.3.1.2 for further details) 395.

No significant preferential transmission of any allelic variant was observed (at p <
0.05) (see Table 4.4.8 for further information). Surprisingly the alleles associated
with low DBH activity (i.e. the T allele of C-1021T) were not found to be over-

transmitted to affected probands.

2

Marker Allele 1 | Allele2 | 1T | INT | 2T | 2NT X p-value
In/Del Insertion | Deletion | 17 | 16 | 16 | 17 | 0.0304 | 0.8618
C-2124T T C 15 12 (12| 15 0.334 | 0.5633
C-1021T C T 9 8 8 9 10.05886 | 0.8083

Ex 2 (C3A) A & 20| 28 |28 20 1.34 | 0.2471
Ex 5 (G910T) T G 6 | 12 [ 12| 6 2.039 | 0.1533
Ex 11 (C1603T) T C 131 17 | 17| 13 | 0.5349 | 0.4645
Ex 12 (C2320T) T G 171 23 |23 | 17 | 09034 | 0.3419

Table 4.8 TDT RESULTS FOR DBH VARIANTS. 1T = number of transmissions of
allele 1, INT = number of non-transmissions of allele 1, 2T = number of
transmissions of allele 2, 2NT = number of non-transmissions of allele 2. A TDT x’
is calculated using the McNemar statistic (see Section 2.3.1.2), resulting in the p

values as stated above. There is no significant over transmission of any one allelic

variant to affected individuals suffering autism.
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4.3.11 Transmission of Haplotypes

The construction of and analysis of transmission of haplotypes was undertaken using
the UNPHASED programme (available from HGMP, see Section 2.3.2.3). Two and
three-marker haplotypes were examined and the results are presented in Table 4.9.
Although single haplotypes were observed to be over-transmitted, the global test did
not reach the threshold of significance at p < 0.05. Once again, the haplotypes
containing the alleles associated with low DBH activity were not found to be over-

transmitted to individuals with autism.
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Markers Haplotype Over- Hap | Hap Global Global p-
transmitted T NT LRS value
In/Del — (C-214T) Insertion — T 13 10 3210 0.3603
(C-2124T) - T-C 15 10 1.482 0.4766
(C1021T)
C-1021T — Ex2 c-C 24 16 1.637 0.6511
Ex2 — Ex5 C-G 22 11 4.074 0.2536
Ex5 — Ex11 G-C 16 11 1.725 0.6313
Ex11 - Ex12 C- 16 7 4.897 0.1795
In/Del — C2124T - Insertion— T — C 13 9 3.9435 0.4137
C1021T
C2124T - C1021T T-C-C 23 15 2.567 0.7663
— Ex2
C1021T - Ex2 - C-C-G 21 10 7.328 0.2916
Ex5
Ex2 — Ex5 — Exl11 C-G-C 23 11 5.709 0.4566
Ex5 - Ex11 - G-C-C 19 10 6.792 0.4502
Exl12

Table 4.9 HAPLOTYPE TRANSMISSION RESULTS FOR THE DBH VARIANTS. The
haplotypes that showed any excess transmission are presented, along with the global

%* and the global p-value. No haplotypes were shown to be significantly over-

transmitted to affected probands.
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4.4 Discussion

4.4.1 DBH Activity with Age

As previous studies have indicated that there is a positive correlation of DBH activity
over time, it was necessary to ensure that any differences in DBH activity were not
as a result of this “age effect”. A previous study by Freedman et al reported an age
increase in DBH activity in the first few years of life, especially around the ages of 2

and 3 3%

. Another study by Weinshilboum et al in 1973, found that between the ages
of 6 and 12, there were no increases in DBH activity in girls, and only very minor
changes in boys *”*. In the Irish child population described here, likewise, there were
no significant changes in DBH activity with age (see Section 4.3.1). Simple
regression analysis was undertaken firstly in all child probands (n = 59), and
secondly only in probands over the age of 6 years of age (n = 45). The age of
probands in this population ranged from 47 months to 408 months. When all
probands were included in the analysis, the effect of age on DBH activity was found
to be minimal and non significant (r* = 0.0025, p = 0.923, see Figure 4.1). When
only individuals greater than 6 years of age were included the effect of DBH activity
on age was again found to be non-significant (r* = 0.0004, p = 0.922, see Figure 4.2).
Although removing children less than 6 years (mean age of removed individuals =
62.88 months) did lead to a reduction in the “age effect”, the level of significance
between both analyses remained almost identical. Therefore, it was decided in
include all individuals in subsequent analysis. This was undertaken to increase the
power of subsequent analysis. These findings confirm the results of Weinshilboum

313 which indicate that there are no major changes in DBH activity over the age of 6

years.
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4.4.2 Heritability of DBH Activity

Heritability of DBH activity in individuals diagnosed with autism was found to be
~45% (see Section 4.3.2). This was lower than previous reports regarding the
heritability for DBH activity. There have been two studies that measured the
heritability of DBH activity in a normal healthy control sample and a sample of
affected individuals diagnosed with affective illnesses and their relatives. In the
study by Oxensteirna et al, the heritability of DBH activity was measured as 98% in
serum and 83% in cerebrospinal fluid in a normal healthy sample ®. In a sample of
individuals diagnosed with affective illness, the heritability of plasma DBH activity
was found to be greater than 90% °. A study by Goldin et al found that a single locus
(located on chromosome 9) accounted for 56% of the heritability **’. The C-1021T
variant is now presumed, although not definitively proven, to be responsible for 35-
52% of this variation. The finding of lower DBH heritability in individuals with
autism is interesting, as it highlights a possible environmental effect in determining

DBH activity.

4.4.3 Differences in DBH Activity

Unlike the Robinson study, this study did not show a lower maternal DBH activity
3 Within our sample, there was no difference in DBH activity levels between
mothers and fathers of affected individuals (see Table 4.4.1). A similar study by
Goldin et al, also found no differences in male and female DBH activity in a sample
of relatives of individuals suffering major affective disorders **’. A limitation of this
study is the lack of controls for the parent sample. In the Canadian Study by
Robinson et al, DBH levels of both mothers and fathers were compared to sex

matched controls. Mothers of autistic individuals were found to have significantly

lower levels of DBH activity compared to the controls. Although our parental
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sample has no sex-matched controls, their DBH activity levels are almost identical to
the controls reported by Robinson et al (mean maternal DBH activity = 33.907
nmol/min/ml, mean paternal DBH activity = 35.107 nmol/min/ml, mean parental
average DBH activity = 34.507 nmol/min/ml vs. mean Canadian control population
DBH activity = 33.14 nmol/min/ml), and this would indicate to us that our parental
DBH levels are comparable to those of controls. Another control sample had a mean
DBH activity of 34.1 nmol/min/ml, indicating again that our parental sample is

comparable to a normal control sample ***.

The children with autism were however found to have a significantly lower level of
DBH activity compared to their parents and a previously reported normal child
sample *”* (see Tables 4.4.2 and 4.4.3, and Figures 4.6 and 4.7). This result confirms
the early results of the 1970’s, in which DBH was reported to be lower in individuals

349 350

with autism . A major limitation of these previous studies was their very small

sample sizes, which led to very low power.

A further limitation of this study is the lack of age-matched control sample from the
normal Irish population. The question whether this decreased DBH activity is present
only due to a normal “age effect” arises. Early studies report that this “age effect”

takes place only during the early years of infancy *”.

Regression analysis was
undertaken in order to determine if there was any change in DBH activity due to the
age of the children. Regression analysis with all probands indicated that age did not
play a role in determining DBH activity (r* = 0.0025, p = 0.923). When children
under the age of 6 were excluded from the analysis, once again the role of age in
determining DBH activity was found to be non-significant (r* = 0.0004, p = 0.922).
The results from the sample with autism described here have been compared to a
previous study of DBH activity in a normal child population (aged between 6 and
12). This test indicates that DBH activity in this control sample is significantly
lower than the activity in the sample of Irish probands with autism (see Table 4.3).

The study by Weinshilboum reported an average DBH activity of 34.4nmol/min/ml

in a sample of 317 control children aged between 6 and 12 years of age B The t-
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test result indicate that this mean decrease of 12.53 nmol/min/ml was significant (T

statistic = 5.308, p value = 1.97 x 10 ) (see Table 4.3).

4.4.4 DBH and Epilepsy

Norepinephrine has been shown to play an important role in the control of seizures
(see Section 4.1.3). Attempts were made to test if the affected individuals in the Irish
sample who also had a diagnosis of epilepsy had lower DBH activity in comparison
to the remaining non-epileptic sample with autism, and the normal child control
sample described previously. Unfortunately, the number of individuals with epilepsy
(n = 5) was too few, and the power of this test was not strong enough to provide
conclusive evidence. Further tests in a larger sample would be required to test this

hypothesis.

4.4.4 Transmission of Allelic Variants

Neither TDT of single allele nor haplotypes, using UNPHASED, revealed any
significant distortions in the transmission of particular alleles to affected probands.
This was a surprising result. Given that the children had significantly lower DBH
activity than their parents (see Table 4.2), one would have expected that transmission
of ‘lower activity alleles’ would be in excess of ‘higher activity alleles’. This was
shown not to be the case. Similarly, there was no excess transmission of ‘low
activity haplotypes’ to affected individuals. These results suggest that the lower
levels of DBH in the children with autism are not due to the possession of low
activity alleles. Regression analysis was undertaken to determine the role that each

variant plays in determining the activity of DBH, in both parents and children.
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4.4.5 Regression Analysis in Parents and Children

A previous study by Zabetian et al identified the C-1021T variant and reported that it
accounted for between 35% and 52% of the variation of DBH activity **. The T
allele predicts low DBH activity, with homozygotes having the lowest DBH activity.
C homozygotes exhibit the high DBH activity, while heterozygotes show an
intermediate DBH activity. Our data show a similar finding, with CC individuals
having a higher activity than either CT or TT individuals, and TT individuals having
the lowest activity of all (see Figure 4.8). Kruskal-Wallis analysis revealed that
these differences were significant (x> = 26.156, p = 2.09 x 10°. Likewise,
differences between allelic variants were found to be significant in the In/Del, C-

2124T and Exon 2 variants (see Table 4.5 for further details).

Regression analysis in parents indicated that the C-1021T allele accounted for ~41%
of DBH activity variation. This was consistent with the findings of Zabetian et al **°.
Some of the remaining variants, which did not account for any variation in
Zabetians’s population, were shown to account for DBH activity levels ranging from
0.5% to 6.2% in our sample of parents (see Table 4.6 for more information). These
differences may have arisen due to allele-specific effects in the Irish population or by

chance.

Regression analysis in children showed that these variants played a significantly
smaller role in determining DBH activity in children. Instead of the C-1021T
explaining 41% of variation as in adults, in children it was shown only to contribute
5%, and this did not reach statistical significance. All variants, with the exception of
exon 11, were shown to contribute less in children than they did in their parents (see
Table 4.7). However, the analysis of only two variants, exon 11 and exon 12,
reached the significance threshold. The exon 11 variant was shown to contribute
17% of the variation. This finding is interesting, as another yet unpublished study
from Joseph Cubells, found that this same variant was responsible for a similar level

of variation in a population of individuals suffering bipolar depression, where once
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again the DBH C-1021T variation failed to account for the differences in DBH
activity (personal communication). Once again however, TDT analysis did not

reveal any preferential transmission of exon 11 alleles to affected children.

4.4.6 Possible Reasons for Biochemical/Genetic Discrepancy

There could be a number of reasons for the observed differences in enzyme activity
without accompanying genetic evidence of allelic transmission distortion mentioned
above. Firstly, there could be a mutation elsewhere in the gene, which is having a
major negative effect on DBH activity within the proband sample. However it would
be expected that the mutation causing such an effect would be present in either or
both of the parents, where it should also exert a decreased effect on DBH activity.
Although a control sample is not presently available to test if parental DBH activity
is lower or higher than normal, comparison with other studies indicate that our
parental DBH activity is very similar to other normal control samples reported !
Also, one would expect that this ‘mutation’ would be in at least weak LD with one of

the other markers spanning the gene, and thus might have been detected by TDT

testing of the markers included in this study.

Another possibility is that there is a recessive mutation/variation in another gene in
the children, which may have the downstream effect of reducing DBH transcription.
That is to say, that epistasis is taking place. Potential candidates for this role include
the Arix gene, a transcription factor for DBH, or another gene encoding proteins in
the cAMP-dependent protein kinase (PKA) pathway that leads to changes in Arix
phosphorylation and hence DBH transcription. A number of protein binding sites
exist in very close proximity to the DBH transcription start site. One site, located at
—58 to —40, matches 8 of the 9 consensus base-pairs for a general transcription factor
called Sp1 *®. This transcription factor has been shown to be crucial in maintaining

1

DBH promoter activity, by interacting with numerous other proteins Y1 Another

141



domain, matches the AP2, another common transcription factor, consensus site.
Another two domains in the promoter region have been identified as positive
norepinephrine-specific cis-elements, which act to recruit two proteins, Phox2a
(a.k.a. Arix) and Phox2b (a.k.a. NBPhox). It is necessary to have simultaneous
occupation of both of these sites to initiate DBH transcription **. Phox2a activity is
controlled via its phosphorylation status, which in turn is controlled by the PKA
pathway. The DNA binding ability of Phox2a is greatly increased by
dephosphorylation of the protein, in response to stimulation of the PKA pathway.
All four domain-binding sites need to be activated for transcription of the DBH gene
to take place. Future work may include association testing of variants within this

gene.

Another possibility is an environmental stimulus or developmental switch, affecting
DBH activity or transcription activity, which could be altered in the affected
children. DBH activity increases significantly in the first three years of life ***. The
stimulus / developmental switch causing this rapid increase in DBH activity is yet
unknown. It is possible that this ‘switch’ is not triggered in individuals with autism,
and therefore their DBH activity remains at their infant levels. This theory would be
supported by the finding of decreased heritability of the DBH activity in the sample
of Irish individuals with autism in comparison to previous studies *°. All of the

aforementioned hypotheses are worthy of further investigation.

The finding of decreased DBH levels in autistic probands is important.

Noradrenaline has been identified as a modulator of seizures, with DBH -/- mice

382 384 387

exhibiting increased susceptibility to seizure inducing stimuli . In humans,

lower DBH activity may also lead to an increased risk of seizures, although this
remains to be demonstrated. However it may help explain why individuals with
autism are more likely than individuals from the general population to be diagnosed
with epilepsy *”°. Furthermore, DBH knockout mice have shown deficits in maternal

behaviour, e.g. nest building, pup retrieval and nursing etc *%.

: 5 " : 402
deficits in motor function, learning and memory .

They also show

Thus we can speculate that
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DBH may affect social and emotional interaction, which may contribute to the

autistic phenotype.

4.4.7 Conclusions

A number of conclusions have been reached in this study. Firstly children with
autism have lower levels of DBH activity compared to their parents and a published
normal child sample. Secondly there is no increase in DBH activity from the ages of
47 months upwards. Thirdly, the study has replicated the finding that there are no

sex differences between men and women in terms of DBH activity.

The reason for this lower DBH activity remains unclear however. There was no
preferential transmission of low activity single alleles or haplotypes to affected
individuals. In parents at least, the C-1021T marker was shown to account for 40.8%
of DBH activity, which was comparable to Zabetian’s finding (where in his
population the C-1021T allele accounted for 35% to 52% of variation), with the
remaining markers accounting for less variation. In children however, the same
marker only explains 5% of the variation in DBH activity. This result indicates that

there are other over-riding influences affecting DBH activity.
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CHAPTER 5

INTEGRIN-04 AND AUTISM
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5.1 Introduction

S.1.1 Chromosome 2q and Genome Scans

As discussed in the introduction (section 1.3.1), genomewide linkage studies are one
method of highlighting chromosomal regions of interest that may contain genes
important in elucidating the role of genetics in autism. Linkage to chromosome 2q
has been reported in a number of studies. Findings by the International Molecular
Genetics Consortium in Autism (IMGSAC) detected a Maximum LOD score (MLS)
of 4.8 at marker D2S2188, located at 180.79cM *'. A follow-up study resulting from
the IMGSAC study aiso found evidence for linkage in the chromosome 2q using
markers D252314 (at 188.9cM) and D2S2310 (at 191.8cM) resulting in a maximum
multipoint MLS score of 2.54 **. Buxbaum et al also reported linkage in this region,
between markers D2S335 and D2S364, located at 175.91cM and 186.21cM

: 4
respectively on chromosome 2q *”*

. Interestingly, restricting analysis to individuals
with phrase speech delay further increased the significance of these findings.
Another study, by Shao et al, described evidence for linkage in an independent
sample telomeric to the two previously described studies, at the marker D2S116 at
198.65cM ***. The statistical significance of this finding also increased with
restriction of analysis to probands with phrase speech delay. The linkage ‘peaks’
resulting from such studies, while highlighting regions of interest may be broad and
harbour a large number of genes. For the purposes of positional cloning there is large
variation between linkage peaks relative to the physical location of disease genes 403,
Also, if the peaks of the linkage study are not very significant (MLOD < 3.0), they
can also be displaced by up to 40cM **°. The overlapping region of interest produced
from the peaks observed in the above three studies is 22.74cM. This represents a
challenge to identify the gene or genes associated with autism. A number of
techniques are possible. Firstly, fine mapping and further linkage analysis of the

region may refine the region, and hence reduce the number of candidate genes to be

investigated by association testing. Also, reports of cytogenetic abnormalities in
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