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In order to evaluate the contribution of 19 serotonin-related

genes to the susceptibility to migraine in a Spanish population we

performed a case–control association study of 122 single nucle-

otide polymorphisms (SNPs), selected according to genetic

coverage parameters, in 528 migraine patients —308 with

migraine without aura (MO) and 220 with migraine with aura

(MA)— and 528 sex-matched migraine-free controls. The

single-marker analysis identified nominal associations with

the migraine phenotype or with the MO or MA subtypes. The

multiple-marker analysis revealed risk haplotypes in three genes

that remained significantly associated with migraine after

correction by permutations. Two-marker risk haplotypes were

identified in the HTR2B (rs16827801T-rs10194776G) and MAOA

(rs3027400G-rs2072743C) genes conferring susceptibility to

MO, and a four-marker haplotype in DDC was specific of

MA (rs2329340A-rs11974297C-rs2044859T-rs11761683G). The

present study supports the involvement of HTR2B and MAOA

genes in the genetic predisposition to MO, while DDC might

confer susceptibility to MA. These results suggest a differential

involvement of serotonin-related genes in the genetic back-

ground of MO and MA. � 2009 Wiley-Liss, Inc.
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INTRODUCTION

Migraine is a highly prevalent neurological disorder characterized

by recurrent episodes of headache and autonomic nervous system

dysfunction (migraine without aura, MO), which are accompanied

in some patients by transient neurological symptoms constitutive

of migraine aura (migraine with aura, MA) [Headache Classifica-

tion Subcommittee of the IHS, 2004]. Migraine is considered a

polygenic multifactorial disease with several genes participating in

its pathogenesis through interaction with environmental factors

[Montagna, 2000; Wessman et al., 2007].

Several evidences suggest a role of the serotoninergic system in

migraine pathophysiology. First, pharmacological agents inter-

acting with serotonin (5-HT) and/or its receptors are highly
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effective in acute and prophylactic migraine treatment [The

Subcutaneous Sumatriptan International Study Group, 1991;

Hargreaves, 2007]. In addition, drugs known to facilitate 5-HT

release are able to induce migraine attacks [Panconesi and Sicuteri,

1997] and low 5-HT blood levels predispose to cortical spreading

depression (CSD) in rats [Supornsilpchai et al., 2006], the suggested

upstream event of a migraine attack, particularly in MA

[Moskowitz, 2007]. Although there is controversy, most studies

point toward altered 5-HT levels in migraine patients both during

attacks and interictally [Ferrari and Saxena, 1993; Hamel, 2007] and

suggest that reduced 5-HT availability could be a fundamental event

in migraine pathophysiology.

Studies in different populations have focused on the serotonin-

ergic pathway while seeking for genetic factors contributing to

migraine susceptibility. The analysis of a few polymorphisms within

genes encoding the 5-HT transporter (SCL6A4), several 5-HT

receptors (HTR1A, HTR1B, HTR1D, HTR2A, HTR2C), and the

enzymes involved in 5-HT synthesis or degradation tryptophan

hydroxylase (TPH), monoamine oxidase A and B (MAOA, MAOB),

and L-dopa decarboxylase (DDC), have provided negative or con-

flicting results in different populations [Hamel, 2007].

The aim of the present study was to evaluate the participation of

19 genes involved in serotoninergic function in the susceptibility to

migraine through a case–control association study.

MATERIALS AND METHODS

Subjects
The clinical sample consists of 528 Caucasian patients with

migraine recruited in three centers of Spain (Hospital Universitari

Vall d’Hebron, Barcelona, Catalonia; Hospital Sant Joan de D�eu,

Manresa, Catalonia; and Fundaci�on P�ublica Galega de Medicina

Xen�omica, Santiago de Compostela, Galicia) between 2002 and

2007. All subjects fulfilled the International Criteria for Headache

Disorder, 2nd edition (ICHD-II [Headache Classification Subcom-

mittee of the IHS, 2004]) for migraine and were diagnosed

by specialized neurologists with MO (n¼ 308, 58.3%) or MA

(n¼ 220, 41.7%). Patients who received both diagnoses were

classified into the MA group. Individuals suffering from migraine

with hemiplegic aura, a severe MA variant usually showing mono-

genic inheritance, were excluded. Seventy-eight percent of patients

were females. Diagnosis was blind to genotype. The control sample

consists of 528 Caucasian Spanish unrelated adult subjects (blood

donors, individuals that underwent surgery unrelated to migraine,

or unaffected partners of migraine patients), matched for sex with

patients recruited in the same areas (Hospital Universitari Vall

d’Hebron, Barcelona, Catalonia; Fundaci�on P�ublica Galega de

Medicina Xen�omica, Santiago de Compostela, Galicia), and in

whom migraine and positive family history of migraine in the

first degree relatives was excluded by personal interview of the

subject. The average age at assessment was 37.2 years (SD¼ 16.3;

range 5–86) for patients and 55.4 years (SD¼ 17.6; range 20–96)

for controls. This study was approved by the local Ethics Com-

mittees and informed consent was obtained from all adult

subjects, children, and their parents according to the Helsinki

declaration.

DNA Isolation and Quantification
Genomic DNA was isolated from peripheral blood lymphocytes by

a salting-out procedure [Miller et al., 1988], the QIAGEN maxikit

or the QUIAamp DNA Minim Kit (QIAGEN, Hilden; Germany) or

with the Chemagic Magnetic Separation Module I, and Chemagic

DNA kit (Chamgen AG, Baesweiler, Germany). Otherwise, DNA

was obtained from saliva using the Oragene extraction kit (DNA

Genotek, Ottawa, Canada). The DNA concentrations of all samples

were determined on a NanoDrop spectrophotometer (NanoDrop

Technologies, LLC, Wilmington, DE).

SNP Selection, SNPlex Design, Genotyping,
and Quality Control
Nineteen candidate genes involved in the serotoninergic neuro-

transmission pathway that encode the 14 serotonin receptors

(HTR1A, HTR1B, HTR1D, HTR1E, HTR1F, HTR2A, HTR2B,

HTR2C, HTR3A, HTR3B, HTR4, HTR5A, HTR6, and HTR7), the

serotonin transporter (SLC6A4), and four enzymes involved in

serotonin synthesis (TPH1 and DDC) or degradation (MAOA and

MAOB) were selected.

The SNPs selection and SNPlex design have been described

previously [Ribas�es et al., 2009]. Briefly, SNPs covering each

candidate gene plus 3–5 kb flanking sequences were picked from

the CEU panel of HapMap database (www.hapmap.org). TagSNPs

included were at an r2 threshold <0.85 from all SNPs with minor

allele frequency (MAF) >0.15 or 0.25 (for those genes with more

than 15 tagSNPs) according to HapMap. A total of 122 SNPs

were included in the SNPlex assay. After genotyping, minimal allele

frequencies were determined in our control population, and

although three SNPs displayed MAF values between 0.12 and 014,

they were not excluded from the analysis (Supplementary Table I).

To detect population stratification, 48 unlinked anonymous

SNPs located at least 100 kb distant from known genes were also

genotyped [S�anchez et al., 2006].

Genotyping was performed using the SNPlex platform (Applied

Biosystems, Foster City, CA) in the Barcelona node of the National

Genotyping Center (CeGen) as described [Tobler et al., 2005].

Two CEPH samples were included in all genotyping assays and a

100% concordance with HapMap data was obtained.

Statistical Analyses
Considering that serotoninergic system may confer susceptibility to

MO and MA phenotypes by different mechanisms and to reduce

heterogeneity, these clinical samples were first analyzed separately.

Only when a gene was found to be associated with both MO and

MA, the two data sets were studied together.

The analysis of minimal statistical power for the c2 test was

performed post hoc using the Genetic Power Calculator software

[Purcell et al., 2003], assuming odds ratio (OR) values of 1.3, 1.5,

and 1.7, a prevalence of 0.14 [Jensen and Stovner, 2008], a signi-

ficance level (a) of 0.05 and the mean MAF value as calculated in

our control population (0.317), and showed statistical powers of

46%, 81%, or 95% in the MO group, 39%, 72%, or 90% in MA, and

58%, 91%, or 98% when all patients were considered.
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Potential genetic stratification was tested by analyzing 45 SNPs

(three failed) in Hardy–Weinberg equilibrium (HWE) from

the anonymous 48-SNPs set using three different approaches:

the STRUCTURE software, Fst coefficient, and the method by

Pritchard and Rosenberg, as described [Ribas�es et al., 2009].

The evaluation of linkage disequilibrium (LD) patterns from

the genotype data of controls was performed using Haploview

3.32 [Barrett et al., 2005] to detect redundancies (r2> 0.85).

Single-Marker Analysis
The analysis of HWE (threshold set at P< 0.01) and the comparison

of both genotype and allele frequencies between cases and controls

were performed with the SNPassoc R library [Gonz�alez et al., 2007].

Dominant (11 vs. 12þ 22) and recessive (11þ 12 vs. 22) models

were also analyzed when an initial association was identified under a

codominant genotype model or in the alleles comparison. All tests

were adjusted for geographical area (Catalonia or Galicia) and

sex. For the X-linked genes we considered only females in the

comparison of genotype frequencies and both males and females in

the allele comparisons. After the multiple comparison correction of

Bonferroni, considering two clinical groups (MO and MA) and the

analysis of genotypes (under a codominant model) and alleles at

the 101 SNPs that fulfilled inclusion criteria for MAF (>0.10), LD

(r2< 0.85 with any of the other SNPs), HWE (P> 0.01) and call rate

(>90%), the nominal significant threshold set at P< 0.05 was

lowered to P< 1.24E�04 (¼0.05/(2� 2� 101)).

Multiple-Marker Analysis
The haplotype-based association study was restricted to those genes

showing nominal association in the single-marker analyses. The

best haplotype, up to four markers, from all possible combinations

was identified in the relevant group as previously described with

the UNPHASED software [Dudbridge, 2003]. Significance was

estimated by a 10,000 permutations procedure.

The specific individual haplotype estimation was performed

using the PHASE 2.1 software [Stephens et al., 2001] considering

cases and control subjects separately. The frequency of the risk

haplotype carriers was compared between cases and controls

adjusting by sex and geographical origin using the SNPassoc

software. For those haplotypes where a significant association was

observed, frequencies were also compared between the two clinical

subgroups of migraine (MO vs. MA).

Potential additive or epistatic effects between the risk haplotypes

identified within a group were implemented using a stepwise

logistic regression procedure with the SPSS 12.0 software, as

previously described [Ribas�es et al., 2009].

RESULTS

To investigate the possible involvement of the serotonin

neurotransmission system in migraine susceptibility, we analyzed

tagSNPs in 19-candidate genes encoding proteins involved in

synthesis, degradation, signaling, or transport of serotonin in

528 migraine cases (308 MO and 220 MA) and 528 controls.

From the 122 SNPs included in the SNPlex assay, 21 were

discarded for several reasons (see Supplementary Table I).

Analysis of Single Markers
Population admixture was excluded in our sample using

the STRUCTURE software (Supplementary Table II), the

Fst coefficient (q¼ 0 with a 99% confidence interval (CI) of

0.000–0.001), and the Pritchard and Rosenberg method

(P¼ 0.268).

As there is controversy as to whether MO and MA share

etiological factors [Goadsby et al., 2002; Wessman et al., 2007]

and in order to detect possible specific susceptibility genes, the MO

and MA groups were first considered separately. The MO group

displayed nominally significant differences in 9 SNPs within 7 genes

(HTR1E, HTR2A, HTR2B, HTR2C, HTR3A, HTR4, and MAOA),

while in the MA group our analysis revealed differential frequency

distributions for 11 SNPs within 6 genes (HTR1E, HTR2A, HTR2C,

HTR3A, HTR7, and DDC). To gain statistical power, the analysis of

the HTR1E, HTR2A, and HTR2C genes, showing nominal asso-

ciation with both MO and MA, was also performed considering

both clinical subtypes together and, as expected, differences be-

tween the migraine and control groups remained statistically

significant. These data are summarized in Table I. However, after

applying the correction of Bonferroni for multiple comparisons

setting the significant threshold at 1.24E�04 none of the obtained

P-values remained significant.

Analysis of Multiple Markers
Only the genes showing single-marker associations were considered

for the multiple-marker analysis in the relevant migraine group.

The haplotype-based association study of HTR3B and HTR4 in the

MO group, HTR7 and HTR3A in the MA sample, and HTR1E,

HTR2C, and HTR2A in the MO–MA group showed no differential

distributions between cases and controls. In contrast, risk haplo-

types were identified in HTR2B, MAOA, and DDC, which remained

significant after applying a multiple comparison correction by

permutation (see adjusted P-values in Table II).

The analysis of all possible SNP combinations within the HTR2B

gene revealed a two-marker haplotype (rs16827801-rs10194776)

associated with MO (best adjusted P-value¼ 0.0017; Table II), with

an over-representation of the T-G allelic combination in MO

patients (OR¼ 1.43, 95% CI¼ 1.16–1.76; Table III). In this regard,

T-G haplotype carriers showed a 1.92-fold risk of suffering MO

when compared to non-carriers (95% CI¼ 1.26–2.91; P¼ 0.0016;

data not shown).

We also identified a positive association between MO and a two-

marker haplotype in the MAOA gene (rs3027400-rs2072743; best

adjusted P-value¼ 0.006; Table II) due to an over-representation of

the G-C haplotype in cases (OR¼ 1.41, 95% CI¼ 1.10–1.80) and

the T-T allele combination in controls (OR¼ 1.49, 95% CI¼ 1.14-

–1.95; Table III). As a result, G-C haplotype carriers displayed an

OR of 1.78 (95% CI¼ 1.09–2.89; P¼ 0.0177).

And, finally, the haplotype-based study of DDC revealed an asso-

ciation between MA and a four-marker haplotype (rs2329340-

rs11974297-rs2044859-rs11761683; best adjusted P-value¼ 0.0019;

Table II). The allelic combination A-C-T-G was significantly
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more frequent in MA cases than in controls (OR¼ 2.31, 95%

CI¼ 1.48–3.59; Table III), with a risk to develop MA for this haplotype

carrier of 1.95 (95% CI¼ 1.22–3.11; P¼ 0.0057).

Analysis of Additive and Epistatic Effects
Since risk haplotypes in both the HTR2B and MAOA genes were

identified in the same phenotype group (MO), we evaluated the

potential additive effect of the rs16827801T-rs10194776G and

rs3027400G-rs2072743C haplotypes in this clinical subgroup.

Assuming a simple additive model, the combined effect of the

two risk haplotypes in the MO phenotypic variance in our Spanish

sample was estimated to be 3.1%. We also evaluated possible

interactions between these allelic combinations, but we found no

evidence supporting the existence of epistatic effects between both

genes in the risk to develop MO (data not shown).

DISCUSSION

This study investigates the role of 19 genes from the serotonin

neurotransmission system in migraine using a genetic coverage

approach.

Whether MO and MA share susceptibility factors is still a matter

of debate [Goadsby et al., 2002; Wessman et al., 2007]. Therefore,

we initially analyzed the MO and MA groups separately and

performed analysis in the whole migraine group only in those

genes that had shown evidence of association in both clinical

subgroups. Risk haplotypes for MO were identified in the HTR2B

and MAOA genes, and for MA in DDC.

As patients and controls were recruited from two different

geographical areas of Spain (Catalonia and Galicia), we first ruled

out population stratification, which can lead to false positive

results, using a panel of 48 unlinked SNPs and three different

analytical approaches. Additionally, several considerations were

taken into account in order to reduce potential sources of hetero-

geneity or stratification: cases and controls were carefully matched

by sex, all of them were Caucasian, we selected controls without

personal or familiar history of recurrent or severe headaches, and

inclusion criteria for patients were restricted to ICHD-II guidelines.

However, some contention around the latter point exists; some

authors believe that ICHD-II classification favors clinical hetero-

geneity and suggest the need for alternative phenotyping strategies

in migraine association studies in order to stratify samples into less

heterogeneous groups [Wessman et al., 2007].

TABLE II. Haplotype Analysis of HTR2B, MAOA, and DDC SNPs in 308 Migraine Without Aura (MO) or 220 Migraine with Aura (MA) Patients

and Controls Subjects Using the UNPHASED Software

Gene Phenotype Markera haplotype Global P Best haplotype P (adjusted P Value) Risk haplotype OR (95% CI)
HTR2B MO 2 3b 0.000599 0.000521 (0.0017) 1.43 (1.16–1.76)

1 2 3 0.001901 0.00306 (0.0133) 1.36 (1.11–1.67)
MAOA MO 1 2 0.0107 0.00180 (0.0061) 1.41 (1.10–1.80)
DDC MA 4 5 0.0192 0.00748 (0.0288) 1.70 (1.25–2.31)

2 4 5 0.0146 0.00674 (0.034) 2.01 (1.35–2.98)
2 4 5 10b 0.00977 0.00109 (0.0019) 2.31 (1.48–3.59)

CI: confidence interval; OR: odds ratio; SNP: single nucleotide polymorphism.
aHTR2B: 1-rs4973377; 2-rs16827801; 3-rs10194776; MAOA: 1-rs3027400; 2-rs2072743; DDC: 2-rs2329340; 4-rs11974297; 5-rs2044859; 10-rs11761683.
bBest allelic combination (higher OR).

TABLE III. Haplotype Distributions of HTR2B and MAOA in 308 Migraine Without Aura (MO) Patients and of DDC in 220 Migraine with Aura

(MA) Patients, and 528 Controls

Gene Phenotype Markera haplotype Cases Controls Haplotype-specific p; OR (95% CI)
HTR2B MO 2 3

T G 391 (64.3) 582 (55.7) 0.000521; 1.43 (1.16–1.76)
MAOA MO 1 2

G T 26 (5.4) 47 (5.3) —
G C 353 (73.9) 592 (66.7) 0.00412; 1.41 (1.10–1.80)
T T 99 (20.7) 249 (28.0) 0.00180; 1.49 (1.14–1.95)b

DDC MA 2 4 5 10
A C C G 60 (20.7) 172 (22.2) —
A C T G 39 (13.4) 48 (6.3) 0.00109; 2.31 (1.48–3.59)
G T C A 49 (16.9) 115 (14.9) —
G T T A 142 (49.0) 439 (56.6) —

CI: confidence interval; OR: odds ratio.
aHTR2B: 2-rs16827801; 3-rs10194776; MAOA: 1-rs3027400; 2-rs2072743; DDC: 2-rs2329340; 4-rs11974297; 5-rs2044859; 10-rs11761683.
bUnderrepresented in MA patients in comparison with control subjects.
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Our single-marker analysis showed associations with several

genes that did not withstand Bonferroni correction for multiple

testing. However, adjusting for the number of independent tests

may be too conservative to control for false positives, as the

101 SNPs analyzed were not always independent in terms of LD

and the clinical subgroups are related. For this reason, in

the multiple-marker analysis we considered all genes displaying

nominal associations, to ensure that combinations that might

modulate the migraine phenotype were not missed. The results

provided evidence of risk-conferring haplotypes in HTR2B, MAOA,

and DDC, which remained statistically significant after applying a

correction by permutations.

A two-SNP risk haplotype, rs16827801T-rs10194776G, con-

ferring susceptibility to MO, was identified in the HTR2B gene.

The involvement of this receptor in migraine has been previously

suggested, although no case–control association studies have

been performed [Panconesi and Sicuteri, 1997]. It was proposed

that 5-HT2B receptors, located on endothelial cells of meningeal

blood vessels may trigger migraine headache through nitric oxide

(NO)-dependent mechanism [Schmuck et al., 1996; Manivet et al.,

2000]. A study described that persistent treatment with dihydroer-

gotamine (DHE), an antimigraine drug which interacts with

multiple 5-HT receptors [Silberstein, 1997], caused 5-HT2B

receptor desensitization inhibiting NO production, and suggested

that it may contribute to its therapeutic efficacy [Schaerlinger et al.,

2003].

The SNPs of the identified risk haplotype rs3027400G-

rs2072743C in MO are located between MAOA and MAOB, within

the 30 region of both genes, so they could have functional effects on

either of them. Three independent association studies have ana-

lyzed the involvement of a functional VNTR polymorphism in the

promoter region of MAOA in migraine, two of which did not find

evidence of association, whereas the third identified a trend in a

small subset of males with MO (P¼ 0.042) [Marziniak et al., 2004;

Johnson and Griffiths, 2005; Filic et al., 2005]. However, the LD

relation between this VNTR and the SNPs considered in the present

study is not known and could explain the discrepancies. In another

study, the exonic c.1460T>C variant, was not found to be associ-

ated with MO [Cevoli et al., 2006]. Although MAO inhibitors are

not frequently used in the migraine treatment, improvement has

been reported by some migraine patients after treatment with MAO

inhibitors [Rapoport, 2008], which may support the participation

of MAOA in migraine susceptibility.

Interestingly, the frequencies of carriers of the HTR2B or MAOA

risk haplotypes were not different between MO and MA (P¼ 0.061

and 0.13, respectively). These results suggest that these haplotypes

could also confer risk to MA, although the limited sample size may

have prevented the identification of the association. Alternatively,

the contribution of these genes to migraine may be specific to MO,

but the fact that the MA sample is not completely MO-free, may

have contributed to the lack of significant differences in haplotype

frequency between the two groups.

Another finding arising from this study is the association of DDC

with MA and the identification of a four-marker risk haplotype. A

previous report, using a two-stage DNA pooling design, screened a

4-bp insertion/deletion (indel) in the 50UTR region of DDC

(rs3837091) and found no evidence of association with migraine

[Johnson and Griffiths, 2005]. In that study, however, MO and MA

patients were not analyzed separately. The indel polymorphism was

not included in the present analysis, and no LD data between this

sequence variant and SNPs in DDC is available. The distributions

of risk haplotype carriers in the MA sample were significantly

different not only from controls but also from MO (17.7% vs.

11.7%, P¼ 0.046), supporting that DDC is a MA-specific suscepti-

bility factor. Indeed, results from previous association studies also

suggest that there might be genetic factors that increase the risk for

aura among migraineurs [Oterino et al., 2004].

Among previous migraine association studies looking into

serotoninergic pathways, some have investigated the possible

role of SCL6A4, the gene encoding the serotonin transporter, and

reached conflicting results [Karwautz et al., 2008]. Most studies

have focused on the two functional polymorphisms (5HTT-LPR

and 5HTT-VNTR). Only one powered study focused on SNPs, and

no evidence of association was found [Todt et al., 2005]. Our results

add to those suggesting lack of association with SCL6A4. Among the

five SNPs initially selected in our study, three were not successfully

genotyped and therefore two tagged bins were not included in the

final analysis. Furthermore, our set of SNPs is not comparable to the

one used previously [Todt et al., 2005] with only one SNP in

common (rs20209442) and the rest belonging to different LD bins.

Further well-powered studies combining potentially functional

polymorphisms and tagSNPs in SLC6A4 are needed to elucidate

its participation in the pathophysiology of migraine.

Splicing enhancers and silencers have been identified as splicing

regulatory elements both in exons and introns [Black, 2003], and it

is well known that aberrant splicing can be a deteminant in disease

susceptibility [Wang and Cooper, 2007]. As the SNPs conforming

the risk haplotypes identified here are all located in introns, it is

plausible that they may have an effect on splicing efficiency.

Alternatively, if these variants have no direct functional conse-

quences, they could be in LD with functionally relevant

polymorphisms.

Our case–control association study has some drawbacks and

limitations.

First, the estimation of the statistical power of the sample varies

considerably when different OR values are considered, and suggests

that the study may have failed to identify variants with very subtle

effects (OR 1.3, power around 50%). Second, the fact that the single

-marker associations identified did not remain significant after

multiple testing corrections indicates that some results could be due

to type I errors, although subsequent multiple-marker analyses

revealed significant risk haplotypes. And third, a significant feature

of the present study is the SNP selection based on genetic coverage

criteria. However, from the 133 SNPs initially selected, 11 could not

be genotyped due to SNPlex design constraints and 9 additional

ones that were successfully genotyped could not be included in

the statistical analysis because of genotyping failure or Hardy–
Weinberg disequilibrium (Supplementary Table I). These exclu-

sions involved 10 different genes, including 2 SNPs in DDC and 1 in

HTR2B. Furthermore, polymorphisms with MAF< 0.15 or not

present in the HapMap database may have escaped our selection

process but still confer susceptibility to migraine.

In spite of these limitations, common to most association

studies, our results suggest a role of genes from the serotoninergic
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pathway in the susceptibility to migraine. Thus, an even

more exhaustive analysis of the HTR2B, MAOA, and DDC genes

may identify additional functional susceptibility factors. Also,

replication studies in different case–control data sets and

family trios from other populations are warranted to confirm our

findings.

ACKNOWLEDGMENTS

We are grateful to patients and controls for their participation in the

study, to M. Dolors Castellar, Anna Dav�ı, Pilar Duocastella, and

Alba Corrons for their help in the recruitment of patients and

control subjects, and to Miquel Casas for his support. This study

was supported by the Spanish Ministry of Education and Science

(SAF2006-13893-C02-01 and SAF2005-07978), Fundaci�o La

Marat�o de TV3 (061330), and Ag�encia de Gesti�o d’Ajuts Universi-

taris i de Recerca-AGAUR (2005SGR00848). RC was funded by the

Institut de Recerca Vall d’Hebron, MR is a recipient of a Juan de la

Cierva contract, EC-L is funded by Fundaci�o La Marat�o de TV3,

PB-A is a researcher from the Isidro Parga Pondal program (Xunta

de Galicia, Spain), and MJS has a contract from the Fondo de

Investigaciones Sanitarias (FIS), Instituto de Salud Carlos III.

SNP genotyping services were provided by the Spanish ‘‘Centro

Nacional de Genotipado’’ (CeGen; www.cegen.org).

REFERENCES

Barrett JC, Fry B, Maller J, Daly MJ. 2005. Haploview: Analysis and
visualization of LD and haplotype maps. Bioinformatics 21:263–265.

Black DL. 2003. Mechanisms of alternative pre-messenger RNA splicing.
Annu Rev Biochem 72:291–336.

Cevoli S, Mochi M, Scapoli C, Marzocchi N, Pierangeli G, Pini LA, Cortelli
P, Montagna P. 2006. A genetic association study of dopamine
metabolism-related genes and chronic headache with drug abuse. Eur
J Neurol 13:1009–1013.

Dudbridge F. 2003. Pedigree disequilibrium tests for multilocus haplo-
types. Genet Epidemiol 25:115–121.

Ferrari MD, Saxena PR. 1993. On serotonin and migraine: A clinical and
pharmacological review. Cephalalgia 13:151–165.

Filic V, Vladic A, Stefulj J, Cicin-Sain L, Balija M, Sucic Z, Jernej B. 2005.
Monoamine oxidases A and B gene polymorphisms in migraine patients.
J Neurol Sci 228:149–153.

Goadsby PJ, Lipton RB, Ferrari MD. 2002. Migraine—Current under-
standing and treatment. N Engl J Med 346:257–270.

Gonz�alez JR, Armengol L, Sole X, Guino E, Mercader JM, Estivill X, Moreno
V. 2007. SNPassoc: An R package to perform whole genome association
studies. Bioinformatics 23:644–645.

Hamel E. 2007. Serotonin and migraine: Biology and clinical implications.
Cephalalgia 27:1293–1300.

Hargreaves R. 2007. New migraine and pain research. Headache 47-
(Suppl1): S26–S43.

Headache Classification Subcommittee of the IHS. 2004. The International
Classification of Headache Disorders: 2nd edition. Cephalalgia 24-
(Suppl1): 9–160.

Jensen R, Stovner LJ. 2008. Epidemiology and comorbidity of headache.
Lancet Neurol 7:354–361.

Johnson MP, Griffiths LR. 2005. A genetic analysis of serotonergic bio-
synthetic and metabolic enzymes in migraine using a DNA pooling
approach. J Hum Genet 50:607–610.

Karwautz A, Campos de Sousa S, Konrad A, Zesch HE, Wagner G,
Zormann A, Wanner C, Breen G, Ray M, Kienbacher C, et al. 2008.
Family-based association analysis of functional VNTR polymorphisms in
the dopamine transporter gene in migraine with and without aura.
J Neural Transm 115:91–95.

Manivet P, Mouillet-Richard S, Callebert J, Nebigil CG, Maroteaux L,
Hosoda S, Kellermann O, Launay JM. 2000. PDZ-dependent activation
of nitric-oxide synthases by the serotonin 2B receptor. J Biol Chem
275:9324–9331.

Marziniak M, Mossner R, Benninghoff J, Syagailo YV, Lesch KP, Sommer
C. 2004. Association analysis of the functional monoamine oxidase A
gene promotor polymorphism in migraine. J Neural Transm 111:
603–609.

Miller SA, Dykes DD, Polesky HF. 1988. A simple salting out procedure for
extracting DNA from human nucleated cells. Nucleic Acids Res 16:1215.

Montagna P. 2000. Molecular genetics of migraine headaches: A review.
Cephalalgia 20:3–14.

Moskowitz MA. 2007. Genes, proteases, cortical spreading depression and
migraine: Impact on pathophysiology and treatment. Funct Neurol
22:133–136.

Oterino A, Valle N, Bravo Y, Munoz P, Sanchez-Velasco P, Ruiz-Alegria C,
Castillo J, Leyva-Cobian F, Vadillo A, Pascual J. 2004. MTHFR T677
homozygosis influences the presence of aura in migraineurs. Cephalalgia
24:491–494.

Panconesi A, Sicuteri R. 1997. Headache induced by serotonergic
agonists—A key to the interpretation of migraine pathogenesis?
Cephalalgia 17:3–14.

Purcell S, Cherny SS, Sham PC. 2003. Genetic Power Calculator: Design of
linkage and association genetic mapping studies of complex traits.
Bioinformatics 19:149–150.

Rapoport AM. 2008. Acute and prophylactic treatments for migraine:
Present and future. Neurol Sci 29(Suppl1): S110–S122.

Ribas�es M, Ramos-Quiroga JA, Hervas A, Bosch R, Bielsa A, Gastaminza X,
Artigas J, Rodriguez-Ben S, Estivill X, Casas M, et al. 2009. Exploration of
19 serotoninergic candidate genes in adults and children with attention-
deficit/hyperactivity disorder identifies association for 5HT2A, DDC and
MAOB. Mol Psychiatry 14:71–85.

S�anchez JJ, Phillips C, Borsting C, Balogh K, Bogus M, Fondevila M,
Harrison CD, Musgrave-Brown E, Salas A, Syndercombe-Court D, et al.
2006. A multiplex assay with 52 single nucleotide polymorphisms for
human identification. Electrophoresis 27:1713–1724.

Schaerlinger B, Hickel P, Etienne N, Guesnier L, Maroteaux L. 2003.
Agonist actions of dihydroergotamine at 5-HT2B and 5-HT2C receptors
and their possible relevance to antimigraine efficacy. Br J Pharmacol
140:277–284.

Schmuck K, Ullmer C, Kalkman HO, Probst A, Lubbert H. 1996. Activation
of meningeal 5-HT2B receptors: An early step in the generation of
migraine headache? Eur J Neurosci 8:959–967.

Silberstein SD. 1997. The pharmacology of ergotamine and dihydroergot-
amine. Headache 37(Suppl1): S15–S25.

Stephens M, Smith NJ, Donnelly P. 2001. A new statistical method for
haplotype reconstruction from population data. Am J Hum Genet
68:978–989.

Supornsilpchai W, Sanguanrangsirikul S, Maneesri S, Srikiatkhachorn A.
2006. Serotonin depletion, cortical spreading depression, and trigeminal
nociception. Headache 46:34–39.

COROMINAS ET AL. 183



The Subcutaneous Sumatriptan International Study Group. 1991. Treat-
ment of migraine attacks with sumatriptan. N Engl J Med 325:316–321.

Tobler AR, Short S, Andersen MR, Paner TM, Briggs JC, Lambert SM, Wu
PP, Wang Y, Spoonde AY, Koehler RT, et al. 2005. The SNPlex geno-
typing system: A flexible and scalable platform for SNP genotyping.
J Biomol Tech 16:398–406.

Todt U, Dichgans M, Jurkat-Rott K, Heinze A, Zifarelli G, Koenderink JB,
Goebel I, Zumbroich V, Stiller A, Ramirez A, et al. 2005. Rare missense

variants in ATP1A2 in families with clustering of common forms of
migraine. Hum Mutat 26:315–321.

Wang GS, Cooper TA. 2007. Splicing in disease: Disruption of the
splicing code and the decoding machinery. Nat Rev Genet 8(10):
749–761.

Wessman M, Terwindt GM, Kaunisto MA, Palotie A, Ophoff RA.
2007. Migraine: A complex genetic disorder. Lancet Neurol 6(6):
521–532.

184 AMERICAN JOURNAL OF MEDICAL GENETICS PART B


