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Abstract In a previous study we found evidence for an
X-linked genetic component for familial typical migraine
in two large Australian white pedigrees, designated MF7
and MF14. Significant excess allele sharing was indicated
by nonparametric linkage (NPL) analysis using GENE-
HUNTER (P=0.031 and P=0.012, respectively), with a
combined analysis of the two pedigrees showing further
increased evidence for linkage, producing a maximum
NPL score of 2.87 (P=0.011) at DXS1123 on Xq27. The
present study was aimed at refining the localization of the
migraine X-chromosomal component by typing additional
markers, performing haplotype analysis and applying a
more powerful technique in the analysis of linkage data
from these two pedigrees. Results from the haplotype
analyses, coupled with linkage analyses that produced
a peak GENEHUNTER-PLUS LOD* score of 2.388
(P=0.0005), provide compelling evidence for the presence
of amigraine susceptibility locus on chromosome X q24-28.

Introduction

Familial typical migraine (MIM 300125), consisting of
migraine with aura (MA) and migraine without aura
(MO), isacommon debilitating disorder affecting approx-
imately 12% of the Western population (Stewart et al.
1992). A study by Stewart et al. (1992) indicated that 18%
of women, 6% of men and 4% of children suffer from the
disorder, although results from Rozen et al. (1999) indi-
cate that the incidence of migraine, particularly in women
may be increasing. This study of a population in Min-
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nesota in the United States showed that there was an in-
creased incidence in the number of medically recognized
female migraineurs in the periods 1979-1981 and 1989—
1990, for al ages, whilst incidence rates in men appeared
more stable over time (Rozen et al. 1999). A recent large
study in the Netherlands also confirmed the higher preva-
lence of migraine in women than in men (Launer et al.
1999). The Dutch study of 6491 adults gave uncorrected
1-year prevalence estimates of 25% in women and 7.5%
in men and life-time prevalence estimates of 33% in
women and 13.3% in men. Migraine is clearly a disorder
that affects a significant proportion of the population.

Studies have also shown that migraine has a large ge-
netic component, with heritability estimates varying be-
tween 40% and 60% (Honkasalo et al. 1995; Larsson et al.
1995), depending on the population studied. Migraine
shows strong familial aggregation, with approximately
50% of migraine sufferers having an affected first-degree
relative (Goadsby et a. 1991). Although family studies,
aimed at identifying the mode of inheritance of typical
migraine, have produced conflicting results, a number of
consistent factors have been noted regarding both MA
and MO, which point in the direction of an X-chromoso-
mal inheritance factor. For both MA and MO there is an
unequal sex distribution (female preponderance of 3:1;
Launer et a. 1999; Rasmussen and Olesen 1992; Rozen
et al. 1999; Stewart et al. 1991, 1992), and for MO pro-
bands of the less affected sex (males) have a higher pro-
portion of affected first-degree relatives (Russell and Ole-
sen 1993; Stewart et a. 1997). These results suggest that
an X-linked dominant form of inheritance is involved in
the disorder.

Recent results from our laboratory support this possi-
bility and also provide strong evidence that the disorder is
heterogeneous, with linkage results implicating genomic
regions on both chromosome 19 (Nyholt et al. 1998a) and
the X chromosome (Nyholt et al. 1998b). Utilizing two
large multigenerational pedigrees, designated MF7 and
MF14, and 28 markers spanning chromosome X, we re-
cently reported evidence for an X-linked genetic compo-
nent in familial typical migraine. In this study multipoint



nonparametric linkage (NPL) analysis using the GENE-
HUNTER program (X-linkage version 1.1; Kruglyak et al.
1996) produced positive NPL scores across a large region
on X, with significant excess allele sharing indicated with
two markersin MF7 and five markersin MF14. However,
although the combined analysis of the two pedigreesindi-
cated excess allele sharing more towards the MF14 peak
(total NPL 5 Of 2.87 at DXS1123, P=0.011), the rela-
tively low significance achieved and the fact that the dif-
ferent peak regions for MF7 and MF14 were approxi-
mately 46 cM apart (Nyholt et al. 1998b) clearly indicated
the need for finer mapping in these pedigrees.

Therefore to further localize and increase the inheri-
tance (linkage) information content across the implicated
regions on chromosome Xq the present study utilized six
additional markers in MF7 and MF14, including one
within the serotonin receptor candidate gene (HTR2C;
Milatovich et al. 1992), and performed haplotype analysis
in addition to a more powerful technique in the analysis of
linkage data.

Materials and methods

All pedigree members were personally interviewed by a clinical
neurologist to establish diagnosis following criteria specified by
the International Headache Society (Headache Classification Com-
mittee 1988). Individuals in migraine pedigrees MF7 and MF14
were classified as affected, after being clinically diagnosed as ei-
ther MA or MO, as described previously (Nyholt et al. 1998a,
1998b). Affected individuals within the two pedigrees showed a
variation in migraine phenotype. This included differences in age
at onset, frequency and severity of attacks, triggering factors and
response to medication. However, al individuals classified as af-
fected satisfied the criteria specified by the International Headache
Society for diagnosis of MA (criterion 1.2.1) or MO (criterion 1.1;
Headache Classification Committee 1988). In these two families a
total of 16 microsatellite markers spanning approximately 105 cM
on chromosome X 21-qter, with an average separation of 6.6 cM,
were tested for linkage to migraine.

To overcome problems arising from misspecification of trans-
mission model parameters due to unknowns regarding the inheri-
tance model (i.e. penetrance) of migraine, nonparametric multi-
point linkage analyses were performed using the S, scoring func-
tion in the GENEHUNTER-PLUS (X-linkage version 1.2) modifi-
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cation (Kong and Cox 1997) of the GENEHUNTER (X-linkage
version 1.3) package (Kruglyak et al. 1996). The S,, statistic of
GENEHUNTER measures identity-by-descent (IBD) allele shar-
ing between all individuals within a pedigree simultaneously and
assigns a higher score when more of them share the same allele by
descent. Therefore the S, statistic should provide a more accurate
localization compared to the alternative Sy scoring function,
which measures IBD allele sharing between pairs of affected rela-
tives within a pedigree. GENEHUNTER-PLUS (LOD*) was used
over GENEHUNTER (NPL) as it makes more efficient use of in-
complete inheritance information and permits the calculation of a
nonparametric LOD score (LOD*) based on allele sharing. The
LOD* scores were calculated using the newly implemented ‘ expo-
nential model” which provides a better fit to data consisting of a
small number of pedigrees with extreme IBD sharing than the
origina ‘linear model’ (Kong and Cox 1997). Reconstruction of
the most likely haplotypes and determination of crossover events
were calculated using the exact-likelihood method implemented
in GENEHUNTER. Marker information and genetic map order
were obtained using Genethon (Gyapay et al. 1994; http:/
www.genethon.fr/genethon_en.html), Genome Database (http://
gdbwww.gdb.org) and GeneMap’'99 data (http://www.nchi.nlm.
nih.gov/genemap99/). The genetic map, with distances (recombi-
nation fraction, 8) given in parentheses was: DXS990 — (0.085) —
DX$454 — (0.095) — DXS1120 — (0.040) — HTR2C — (0.049) —
DX S8064 — (0.076) — DXS1001 — (0.084) — DX S1206 — (0.041) —
HPRT — (0.076) — DXS984 — (0.141) — DXS8106 — (0.041) —
DXS297 — (0.045) — DX S1123 — (0.041) — DXS8091 — (0.075) —
DXS8061 — (0.049) — DXS15 — (0.028) — DX S1108.

Results

In complex diseases such as migraine, which are thought
to result from a combination of different genes with vary-
ing penetrances interacting with environmental factors,
many unaffected individuals may possess the disease-pre-
disposing genotype at one loci but lack the required sec-
ond disease locus genotype, or environmental influences,
necessary for development of the disease. It is therefore
advisable to consider all unaffected individuals to have
‘unknown’ phenotype when performing linkage analyses.
In this way the linkage analysis is based solely on the
marker status of the affected individuals in the pedigree
(Terwilliger and Ott 1994). For these reasons we report
nonparametric linkage results based on IBD sharing and
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Fig.2 Pedigrees of X-linked
migraine families MF7 and
MF14, showing disease-linked
haplotypes. Haplotypes were
constructed using the GENE-
HUNTER package (Kruglyak
et a. 1996). Blackened circles
Affected females; blackened
squares affected males; MA
migraine with aura; MO mi-
graine without aurg; 1st line
under migraine type age at mi-
graine onset in years; 2nd line
under migraine type frequency
of migraine attacks per year;
grey symbols unknown diagno-
sis; white symbols unaffected
diagnosis; arrow proband;
dash within a marker order un-
typed marker alele (deemed
not critical to the identification
of recombination events), which
could not be inferred by the
haplotype analysis. Haplotypes
cosegregating with the affected
status are indicated by black
and grey barsin MF7 and a
black bar MF14. The critical
crossovers defining the proxi-
mal and distal boundaries of
the familial migraine candidate
regions are shown in MF7 in-
dividuals111:1, I11:5, IV:1 and
1V:4, and MF14 individual
111:7, placing the disease locus
between the markers DX S1001-
DXS1206, DXS984-DXS1123
or DX S8091-gter. White and
patterned bars non-disease-as-
sociated haplotypes
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hapl otype data from meioses involving affected individu-
asonly. However, it should be noted that the construction
of haplotypes and determination of IBD status for marker
genotypes utilized information from all individuals.

The results of multipoint nonparametric linkage analy-
ses using the GENEHUNTER-PLUS program (Kong and
Cox 1997) are shown in Fig.1l. Peak LOD* scores were
obtained for MF7 and MF14, at the DXS1001 (LOD*=
1.319, P=0.0069) and HPRT (LOD*=1.771, P=0.0021)
loci, respectively. In addition to these two markers being
only 13 cM apart, examination of the LOD* score curves
in Fig. 1 shows good correlation of peak regions between
these two families. Furthermore, combined analysis of
MF7 and MF14 produced significant evidence for X-link-
age, with a peak LOD* score of 2.388 (P=0.0005) equi-
distant between DX S1001 and HPRT.

Cosegregation of haplotype with migraine statusin both
MF7 and MF14 is shown in Fig. 2. Critical recombination
events in MF7 affected individuals 111:1 (DXS1001x
DXS1206), 111:5 (DXS984xDXS8106), 1V:1 (HTR2Cx
DXS8064) and 1V:4 (DXS297xDXS1123, DXS8091x
DXS8061) localize the disease locus to between markers
HTR2C-DXS1206, DX S984-DXS1123 or DX S8091-qter.
Furthermore, a critical crossover in MF14 affected indi-
vidual I11:7 (DXS1001xDXS1206), made it possible to
reduce the HTR2C-DXS1206 interval to DXS1001-
DXS1206, which, assuming both pedigrees are segregat-
ing the same gene and the GeneMap’ 99 HTR2C mapping
data to be accurate, apparently excludes involvement of
the HTR2C candidate gene. These implicated regions,
DXS1001-DXS1206, DX S984-DX S1123, and DX S8091-
gter, translate to a physical distance of approximately
5 Mb (Nagargja et a. 1998; Pilia et a. 1996), 11 Mb
(Zucchi et a. 1996) and 6.5 Mb (Palmieri et al. 1993; Na-
gargja et al. 1998) on chromosome Xqg24, Xqg27 and
X (28, respectively.

Discussion

Migraineis acomplex neurological disorder that is partic-
ularly prevalent in women. We chose a linkage approach
to investigate this disorder and utilized large multigenera-
tional pedigreesto try to pinpoint the location of migraine
genes. Using such an approach, we have been able to pro-
vide evidence for the heterogeneity of the disorder and
also the location of two migraine susceptibility loci. Re-
sults using alarge Australian pedigree, termed MFL, indi-
cated significant excess alele sharing (maximum NPL
score of 6.64, P=0.0026) across a 12.6-cM region on chro-
mosome 19pl13 containing the calcium channel gene,
CACNA1A, implicated in the rare and severe familial
hemiplegic migraine (Nyholt et al. 1998a). Mutations
within this gene have been shown to be the cause of this
severe migraine sub-type in some familial hemiplegic mi-
graine pedigrees (Ophoff et al. 1996). The MF1 pedigree
shows excess allele sharing for chromosome 19 markers
located near this locus and gives a maximum parametric
lod score for the (CAG), trinucleotide repeat located

within the 3' end of this 47 exon gene. Thistriplet repeat,
although not showing migraine associated expansion in
MF1, does show expansion in spinocerebellar ataxia type
6 (Zhuchenko et al. 1997). In our study the MF1 pedigree
gave evidence implicating chromosome 19; however,
three other migraine pedigrees, termed MF7, MF14 and
MF15, did not show linkage to the tested chromosome
19 markers, and provided significant evidence for the het-
erogeneous nature of the disorder (Nyholt et al. 1998a).

Considering the higher prevalence of migraine in
women than in men and the increased risk of migrainein
female relatives of male probands, we investigated the
possibility of an X-linked dominant gene. Utilizing MF1,
MF7 and MF14, we tested 28 markers spanning the entire
X chromosome and showed independent significant ex-
cess alele sharing in MF7 (NPL 5 of 2.57 at DXS1001,
P=0.031) and MF14 (NPL., of 274 a DXS1123,
P=0.012; Nyholt et al. 1998b). Importantly, MF1 did not
show linkage to any X chromosome marker. Furthermore,
analysis of all three families using the HOMOG program
(Ott 1986) indicated evidence in support of linkage to the
X chromosome and genetic heterogeneity of the disorder
in general (P=0.0065).

The present study builds upon these previous X-chro-
mosomal results, utilizing the MF7 and MF14 Australian
white pedigrees. In addition to using a higher resolution
map of markers, the present study also tested a marker
within the serotonin receptor candidate gene, HTR2C, for
involvement in these migraine pedigrees. The HTR2C gene
was of particular interest since it has been localized to
Xg24 (Milatovich et al. 1992), within the X-chromosomal
region implicated in our families, and because abnormal
serotonin metabolism has been observed in migraine suf-
ferers (Ferrari and Saxena 1993), and migraine medica-
tions are known to interact with serotonin receptors (Per-
outka 1990; Silberstein 1994; Silberstein and Lipton 1994).

In addition to obtaining stronger and significant X-link-
age and providing evidence which seemingly excludesin-
volvement of the HTR2C candidate gene, the present
study was also able to significantly reduce the potential
location of a migraine susceptibility gene to three distinct
regions towards the telomere of Xq. Furthermore, cou-
pling the haplotype data with the peak LOD* score of
2.388 occurring within the DXS1001-DXS1206 region,
approximately 2 cM from DXS1206, indicates that a dis-
ease locus most likely lies within the 5-Mb region be-
tween DXS1001 and DXS1206 on Xg24; however, re-
gions on Xg27 and X 28 cannot at present be ruled out. It
should aso be noted that there is potential for male-to-
male transmission of the disorder from individua 111:7 fa-
ther to 1V:7 son; however, apparent mae-to-male trans-
missions may arise due to the genetic heterogeneity and
high population prevalence of migraine (12%), resulting
in matings between persons who are affected (i.e., admix-
ture), further complicating the inheritance pattern of the
disorder.

Apart from HTR2C, a scan of publicly available data-
bases reveal s no other strong candidate genes within these
implicated regions and, although further fine mapping is



planned in these two families, it is pertinent to note that
genetic mapping designed to narrow the disease-gene re-
gion from the three intervals implicated in this study may
rely on the availability of further informative families.
Therefore our laboratory is currently involved in studies
aimed at the identification and subsequent molecular ge-
netic investigation of candidate EST loci.

Acknowledgements This work was supported by funding from
the National Health and Medical Research Council of Austraia
and GLAXO Wellcome. Genotyping of original markers was per-
formed at the Molecular Medicine Laboratory of Prof. Garth A
Nicholson. The authors thank Jennifer L Dawkins for assistance in
genotyping, and Dr. Peter J Goadsby and Dr. Peter J Brimage for
their involvement in migraine diagnosis.

References

Ferrari MD, Saxena PR (1993) On serotonin and migraine: aclin-
ical and pharmacological review. Cephalagia 13:151-165
Goadsby PJ, Zagami AS, Lambert GA (1991) Neural processing of
craniovascular pain: a synthesis of the central structures in-
volved in migraine. Headache 31:365-371

Gyapay G, Morissette J, Vigna A, Dib C, Fizames C, Millasseau
P, Marc S, Bernardi G, Lathrop M, Weissenbach J (1994) The
1993-94 Genethon human genetic linkage map. Nat Genet 7:
246-339

Headache Classification Committee of the International Headache
Society (1988) Classification and diagnostic criteria for head-
ache disorders, cranial neuralgias and facial pain. Cephalalgia8
[Suppl 7]:19-28

Honkasalo M-L, Kaprio J, Winter T, Heikkila K, Sillanpaa M,
Koskenvuo M (1995) Migraine and concomitant symptoms
among 8167 adult twin pairs. Headache 35:70-78

Kong A, Cox NJ (1997) Allele-sharing models: LOD scores and
accurate linkage tests. Am J Hum Genet 61:1179-1188

Kruglyak L, Daly MJ, Reeve-Daly MP, Lander ES (1996) Para-
metric and non-parametric linkage analysis: a unified multi-
point approach. Am J Hum Genet 58:1347-1363

Larsson B, Bille B, Pedersen NL (1995) Genetic influence in
headaches: a Swedish twin study. Headache 35:513-519

Launer LJ, Terwindt GM, Ferrari MD (1999) The prevalence and
characteristics of migraine in a population-based cohort: the
GEM study. Neurology 53:537-542

Milatovich A, Hsieh C-L, Bonaminio G, Tecott L, Julius D,
Francke U (1992) Serotonin receptor 1C gene assigned to
X chromosome in human (band g24) and mouse (bands D-F4).
Hum Mol Genet 1:681-684

Nagargia R, MacMillan S, Jones C, Masisi M, Pengue G, Porta G,
Miao S, Casamassimi A, D’Urso M, Brownstein B, Schlessin-
ger D (1998) Integrated Y AC/STS physical and genetic map of
22.5 Mb of human Xg24—g26 at 56-kb inter-STS resolution.
Genomics 52:247-266

Nyholt DR, Lea RA, Goadsby PJ, Brimage PJ, Griffiths LR
(1998a) Familia typical migraine: linkage to chromosome
19p13 and evidence for genetic heterogeneity. Neurology 50:
1428-1432

23

Nyholt DR, Dawkins JL, Brimage PJ, Goadsby PJ, Nicholson GA,
Griffiths LR (1998b) Evidence for an X-linked genetic compo-
nent in familial typical migraine. Hum Mol Genet 7:459-463

Ophoff RA, Terwindt GM, Vergouwe MN, van Eijk R, Oefner PJ,
Hoffman SM, Lamerdin JE, Mohrenweiser HW, Bulman DE,
Ferrari M, Haan J, Lindhout D, van Ommen GJ, Hofker MH,
Ferrari MD, Frants RR (1996) Familial hemiplegic migraine
and episodic ataxia type-2 are caused by mutations in the Ca2+
channel gene CACNL1AA4. Cell 87:543-552

Ott J (1986) Linkage probability and its approximate confidence
interval under possible heterogeneity. Genet Epidemiol Suppl
1:251-257

Palmieri G, Romano G, Casamassimi A, D’Urso M, Little RD,
Abidi FE, Schlessinger D, Lagerstrom M, Mamgren H, Steen-
Bondeson M-L., Pettersson U, Landegren U (1993) 1.5-Mb YAC
contig in Xg28 formatted with sequence-tagged sites and in-
cluding aregion unstable in the clones. Genomics 16:586-592

Peroutka SJ (1990) Developments in 5-hydroxytryptamine recep-
tor pharmacology in migraine. Neurol Clin 8:829-838

Pilia G, MacMillan S, Nagargia R, Mumm S, Weissenbach J,
Schlessinger D (1996) YAC/STS map of 9 Mb of Xq26 at 100-
kb resolution, localizing 6 ESTs, 6 genes, and 32 genetic mark-
ers. Genomics 34:55-62

Rasmussen BK, Olesen J (1992) Migraine with aura and migraine
without aura. An epidemiological study. Cephalalgia 12:221—
228

Rozen TD, Swanson JW, Stang PE, McDonnell SK, Rocca WA
(1999) Increasing incidence of medically recognized migraine
headache in a United States population. Neurology 53:1468—
1473

Russell MB, Olesen J (1993) The genetics of migraine without
aura and migraine with aura. Cephalalgia 13:245-248

Silberstein SD (1994) Review: serotonin 5-HT and migraine.
Headache 34:408-417

Silberstein SD, Lipton RB (1994) Overview of diagnosis and treat-
ment of migraine. Neurology 44 [Suppl 7]:S6-S16

Stewart WF, Linet MS, Celentano DD, Natta MV, Ziegler D
(1991) Age- and sex-specific incidence rates of migraine with
and without visual aura. Am J Epidemiol 134:1111-1120

Stewart WF, Lipton RB, Celentano DD, Reed ML (1992) Preva-
lence of migraine headache in the United States. JAMA 267:
64-69

Stewart WF, StaffaJ, Lipton RB, Ottman R (1997) Familial risk of
migraine: a population based study. Ann Neurol 41:166-172

Terwilliger JD, Ott J (1994) Handbook of genetic linkage. Johns
Hopkins University Press, Baltimore

Zhuchenko O, Bailey J, Bonnen P, Ashizawa T, Stockton DW,
Amos C, Dobyns WB, Subramony SH, Zoghbi HY, Lee CC
(1997) Autosomal dominant cerebellar ataxia (SCA6) associ-
ated with small polyglutamine expansions in the alpha 1A-volt-
age-dependent calcium channel. Nat Genet 15:62—69

Zucchi I, Mumm S, Pilia G, Macmillan S, Reinbold R, Susani L,
Weissenbach J, Schlessinger D (1996) YAC/STS map across
12 Mb of Xg27 at 25-kb resolution, merging Xg26-gter. Ge-
nomics 34:42-54



