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Abstract Migraine is a common debilitating primary
headache disorder with significant mental, physical and
social health implications. The brain neurotransmitter 5-
hydroxytryptamine (5-HT; serotonin) is involved in
nociceptive pathways and has been implicated in the
pathophysiology of migraine. With few genetic studies
investigating biosynthetic and metabolic enzymes gov-
erning the rate of 5-HT activity and their relationship to
migraine, it was the objective of this study to assess
genetic variants within the human tryptophan hydrox-
ylase (TPH), amino acid decarboxylase (AADC) and
monoamine oxidase A (MAOA) genes in migraine sus-
ceptibility. This objective was undertaken using a high-
throughput DNA pooling experimental design, which
proved to be a very accurate, sensitive and specific
method of estimating allele frequencies for single
nucleotide polymorphism, insertion deletion and vari-
able number tandem repeat loci. Application of DNA
pooling to a wide array of genetic loci provides greater
scope in the assessment of population-based genetic
association study designs. Despite the application of this
high-throughput genotyping method, negative results
from the two-stage DNA pooling design used to screen
loci within the TPH, AADC and MAOA genes did not
support their role in migraine susceptibility.
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Introduction

To reduce the level of genotyping and to vastly reduce
the time, labour and expenses required, the analysis of
pooled samples of DNA as opposed to individual sam-
ples of DNA may provide a more feasible approach to
systematically scanning the human genome for associa-
tions to multifactorial disorders (Norton et al 2004;
Sham et al 2002). The application of DNA pooling in-
volves a twofold approach where an estimate of allele
frequencies at a particular locus can be obtained and
those frequency estimates can then be utilised as a first
pass screen of genetic variants assayed for a genetic
association study. Individual DNA samples are collec-
tively pooled to incorporate a single sample for sub-
sequent analysis, thus minimising the time, labour and
expense associated with individual genotyping.

A wealth of scientific support has implicated the
brain neurotransmitter 5-hydroxytryptamine (5-HT;
serotonin) as being involved in the pathophysiology of
migraine, supporting a proposed serotonergic theory of
migraine. Documented evidence of increased 5-HT
activity associated with a corresponding decrease in
nociception and decreased 5-HT activity levels with a
subsequent increase in nociception is indicative of the
role of serotonin in pain modulation (Anthony 1987).
Fluctuations in 5-HT homeostasis have been docu-
mented in migrainous episodes with similar conclusions.
Changes in 5-HT serum levels during patient migraine
attacks (Ferrari et al 1989) and disruptions within the
synthesis (Chugani et al 1999) and metabolism (Ferrari
and Saxena 1993) of 5-HT all substantiate the patho-
physiological role of 5-HT in migraine pathogenesis.

There has been a comprehensive effort to investigate
the physiological, pathophysiological and/or genetic
actions of 5-HT interactions with tissue specific 5-HT
receptor classes (Johnson et al 2003; Nyholt et al 1996),
in addition to studies of the serotonin transporter (5-
HTT) (Lea et al 2000). However, there have been limited
studies relating to the biosynthetic and metabolic
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enzymes governing the rate of 5-HT and their relation-
ship to migraine. It was the aim of this study to therefore
investigate genetic variations within the tryptophan
hydroxylase (TPH), amino acid decarboxylase (AADC)
and monoamine oxidase A (MAOA) genes and their
potential role in migraine susceptibility using a two-
stage DNA pooling study design.

Materials and methods

Subjects and diagnosis

Phenotypic data for the diagnosis of typical migraine
(MO + MA), migraine without aura (MO) and mi-
graine with aura (MA) adhered to specified criteria set
by the Headache Classification Committee of the
International Headache Society (1988). Using a mi-
graine population-based association cohort consisting of
275 migraineurs and 275 sex-, age (±5 years)- and eth-
nicity (Caucasian origin)-matched non-migraineurs,
DNA pools were prepared and constructed in triplicate
(Sham et al 2002). Each independent migraine DNA
pool consisted of 179 individual DNA samples and each
independent non-migraine DNA pool consisted of 186
individual DNA samples. Individual DNA samples used
for pooling purposes were at an equimolar concentra-
tion of 8 ng ll�1.

DNA pool genotyping

The TPH �7065C fi T promoter SNP was amplified
using PCR technology and primers previously published
(Paoloni-Giacobino et al 2000). Allelic discrimination of
the TPH SNP in the DNA pool constructs using the
sense extension primer was performed using the SNaP-
shot single base extension assay on a 3100 Genetic
Analyzer (Applied Biosystems, Foster City, CA, USA).
The AADC 4 bp insertion deletion (indel) polymor-
phism was amplified using PCR technology and primers
previously published (Speight et al 2000). Resolution of
the AADC indel was performed using capillary-based
electrophoresis on a 310 Genetic Analyzer (Applied
Biosystems). Residing �1.2 kb upstream from the ATG
translation initiation codon, the MAOA promoter

VNTR was amplified using PCR technology and prim-
ers previously published (Speight et al 2000). Resolution
of the MAOA promoter VNTR was performed using
capillary-based electrophoresis on a 310 Genetic Ana-
lyzer.

Individual genotyping

Application of a real-time PCR SNP genotyping assay
was employed to evaluate the individual genotype and
allele frequencies for the TPH SNP. A full description of
this individual genotyping method that incorporates a
novel set of mathematical criteria for determining
ambiguous genotypes has been previously described
(Johnson et al 2004).

DNA pool statistical analysis

TPH SNP and AADC insertion deletion loci: To alleviate
unbiased estimates of pooled allele frequencies, the
magnitude of allele-specific fluorescent signals were
subjected to a correction factor (k) obtained from pre-
viously known individual sample allele specific amplifi-
cations (Hoogendoorn et al 2000). Depending upon the
magnitude of experimental error produced in the esti-
mation of pooled allele frequencies, a classical v2-test
statistic or an adjusted v2-test statistic (vadj

2 ) was used to
assess the null hypothesis (Le Hellard et al 2002; Vis-
scher and Le Hellard 2003).

MAOA VNTR locus: Estimated allele frequencies
were determined by allele-specific peak heights expressed
as a percentage of the sum of the allele peak heights and
statistically assessed by the CLUMP T1 v2 statistic
(Sham and Curtis 1995).

Individual genotype statistical analysis

Statistical assessment of individual genotype and allele
counts were performed by standard contingency table v2

analyses.

Results

Estimates of the between migraine and between non-
migraine pool variations were negligible, warranting
standard v2 contingency table analysis of both the TPH
SNP and AADC indel loci. The pooled allele frequency
analysis between migraine and non-migraine pools for
the TPH SNP exceeded the nominal ‘‘relaxed’’ pooled
statistical threshold (a=0.1) (Table 1). Using a two-
stage DNA pool experimental design, this nominal
pooled result was then subjected to individual genotyp-
ing. Observed individual genotype and allele frequency
data of the migraine population-based association co-
hort used to verify the TPH pooled SNP result (see

Table 1 DNA pool v2 analysis of the TPH�7065CfiT promoter
SNP a,b

Allele frequency (count) estimates

DNA Pool C T Total

Migraine (n=179) 222 (0.62) 136 (0.38) 358
Non-migraine (n=186) 201 (0.54) 171 (0.46) 372
Total 423 307 730

aAllele frequency estimates denoted in parentheses
b v2=4.77, P=0.029
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Table 1) are presented in Table 2. Using the more
standard statistical threshold (a=0.05) to assess indi-
vidual genotypes of the TPH locus, both genotypic and
allelic association analyses were nonsignificant
(Table 2).

Stratification of the migraine phenotype in order to
independently assess the MO- and MA-only phenotypes
for the TPH SNP did not present significant genotypic
or allelic associations upon analyses either (Table 2).
Pooled allele frequency analysis between the migraine
and non-migraine pooled replicates for the AADC indel
and MAOA VNTR loci did not satisfy the nominal
‘‘relaxed’’ pooled statistical threshold. These data
therefore did not warrant individual genotyping analy-
sis.

Discussion

With the exception of Marziniak et al (2004) there has
been a dearth of migraine population genetic research
investigating the potential role of 5-HT biosynthetic and
metabolic enzymes. For the tested TPH SNP, pooled
allele frequency analysis was positively identified to
satisfy the nominal ‘‘relaxed’’ statistical threshold com-
monly used in DNA pooling applications (a=0.1)
(Norton et al 2004; Sham et al 2002). However, indi-
vidual genotyping results did not validate the initial
pooling analysis. Although the tested TPH promoter
SNP had functional relevance for genetic analysis of 5-
HT related disorders, there was no evidence from this
research for involvement of this marker in typical mi-
graine (MO + MA), MO or MA susceptibility. Dis-
playing a high degree of accuracy in the estimation of
the TPH SNP pooled allele frequencies, a maximum
discrepancy of 5% from individual allele frequencies
when compared to pooled allele frequency estimates was
observed. With particular reference to independent
population genetic investigation of the same TPH SNP,
Paoloni-Giacobino et al (2000) reported frequencies for
the C and T alleles of 0.59 and 0.41, respectively. Based
on individual genotypings, these data are within 5% of
the current pooled allele frequency estimates and are
identical to the current individual allele frequency
observations.

Pooled analysis of the AADC indel failed to satisfy
the ‘‘relaxed’’ statistical threshold (a=0.1). Individual
genotyping was therefore not warranted, indicating that
there was no evidence that the AADC indel was involved
in typical migraine (MO+MA) susceptibility. However,
the use of DNA pooling on a novel (indel) genetic locus
again demonstrated a high degree of accuracy in the
estimation of allele frequencies (to within 5%). For a
population data sample size of 158 chromosomes, the
AADC indel is documented in the NCBI SNP database
(dbSNP) with observed allele frequencies of the insertion
and deletion 4 bp variant of 0.722 and 0.278, respec-
tively (refSNP ID: rs3837091). These observed frequen-
cies of individual genotyping results compare well with
the current DNA pooling estimation of the control
groups insertion (0.77) and deletion (0.23) allelic fre-
quencies.

Resolution of the 30 bp MAOA VNTR can be
achieved using a slab-gel based approach, although the
use of fluorescently labelled sense primers and capillary
electrophoresis provides a more quantifiable assessment
of each allele (peak height). Based on this relative allele
frequency estimate, pooled analysis could not support
the involvement of the MAOA VNTR in migraine sus-
ceptibility (P>0.1). Individual genotyping was not
conducted as this pooled result concurs with the com-
bined male and female allelic association analysis of the
same VNTR locus in a German cohort (Marziniak et al
2004). Comparison of pooled VNTR allele frequencies
to independent genetic investigations of the same tested
variant were greater than 5% (Deckert et al 1999; Sabol
et al 1998; Serretti et al 2002). DNA pool assessment of
the MAOA VNTR did not correct for stutter, as VNTR
loci do not exhibit this characteristic. There was no
correction for differential amplification either. Uncor-
rected for differential amplification in both the migraine
and non-migraine pools, the characteristic preferential
amplification often witnessed in shorter alleles over
longer alleles may account for the discrepancies in the
frequency estimates of the shorter MAOA VNTR al-
leles.

It was demonstrated that the use of DNA pools did
provide an accurate and sensitive measure of allele fre-
quencies for various types of genetic loci. It has been
well documented that the use of DNA pooling is a

Table 2 Observed individual genotype and allele frequency counts for the TPH�7065C fi T promoter SNPa,b

Migraine cohort Genotype Allele

CC CT TT C T

Migraine combined (n=275) 98 (0.39) 108 (0.44) 41 (0.17) 304 (0.62) 190 (0.38)
MO c (n=121) 38 (0.39) 38 (0.39) 20 (0.18) 114 (0.59) 78 (0.41)
MA d (n=78) 60 (0.40) 70 (0.46) 21 (0.14) 190 (0.63) 112 (0.37)
Non-migraine (n=275) 89 (0.38) 100 (0.43) 45 (0.19) 278 (0.59) 190 (0.41)

aAllele frequencies denoted in parentheses
bNo significant differences were observed between either of the migraine phenotypes and the non-migraine group (P>0.05)
cMigraine without aura
dMigraine with aura
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successful high-throughput assay for screening SNP loci,
this study inclusive. The successful application of DNA
pooling to a novel insertion deletion locus and a novel
VNTR locus now provides further evidence for the
scope of DNA pooling applications to be increased to
investigate of genetic variations within the human gen-
ome.
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