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MIGRAINE MECHANISMS

Chapter 27

Genetics of Migraine

Michel D. Ferrari, Joost Haan, and Aarno Palotie

Anyone can experience an occasional migraine attack
without necessarily being a migraine patient. Not the at-
tack itself, but the repeated occurrence of attacks, is abnor-
mal. In this respect, migraine is very similar to other par-
oxysmal disorders, such as epilepsy. Migraine often runs in
families, suggesting that genetic factors, among others, in-
fluence the individual threshold for attacks. Next to genetic
factors, other endogenous and exogenous factors modu-
late this threshold, and migraine is therefore considered
a multifactorial disorder (47). Unraveling the genetic ba-
sis of migraine should improve our understanding of the
pathogenesis of the disease, notably how, why, and when
patients experience attacks. This improved insight into the
mechanism of the onset of migraine attacks may promote
the development of migraine-specific prophylactic drugs.
In addition, it may help to establish an objective diagnostic
test for (subtypes of) migraine (47). This chapter updates
the genetic data on migraine without aura (MO), migraine
with aura (MA), familial hemiplegic migraine (FHM), and
related disorders.

FAMILY STUDIES

Transmission of migraine from parents to children was
reported as early as the seventeenth century (200). Since
that time, a large number of studies have reported a
positive family history of migraine (reviewed in Russell
[149]). Although a positive family history is characteristic
of genetic traits, it is obviously not direct evidence for
a genetic contribution because families often have a
shared environment. Moreover, in very common traits
such as migraine (lifetime prevalence of 16 to 21% in the
general population (145,153), the chance of a positive
family history increases by itself. Therefore, to provide
evidence for a genetic contribution, a positive family
history should include more stringent criteria than only
affected first-degree relatives. In addition, the method of
recording family history can also influence the result.

Despite the fact that familial aggregation of migraine is
awell-recognized clinical observation and that many stud-
ies in the past have supported this empirical observation,
there are few studies that meet modern methodologic stan-
dards. Apart from problems in collecting data (e.g., ques-
tionnaires, interviews), most studies lack validated diag-
nostic criteria, like those of the International Headache
Society (IHS). Two population-based studies randomly
selected individuals who were subsequently interviewed
(152,162). Russell and Olesen (152) selected 4,000 (3,000
male and 1,000 female) 40-year-old individuals from the
Danish Central Person Registry. On the basis of a ques-
tionnaire, these authors selected those with self-reported
migraine and invited them for a headache interview and
a physical and neurologic examination. Spouses and first-
degree relatives were interviewed by phone and classified
according to IHS criteria. This resulted in 270 probands
with migraine: 126 had MO, 127 MA, and 17 had both types
of migraine. Interestingly, a different pattern of familial
risk was observed for MA and MO. Compared with the
general population, the first-degree relatives of probands
with MO had 1.9 times the risk for MO but only 1.4 times
the risk for MA. On the other hand, first-degree relatives of
probands with MA had almost 4 times the risk for MA but
no increased risk for MO. The authors concluded that MO
was caused by a combination of genetic and environmen-
tal factors, whereas MA was determined largely by genetic
factors.

A population-based study by Stewart et al. (162) col-
lected a random sample of households in Baltimore
County, Maryland, using a random-digit dialing method.
The survey was based on either a telephone interview or
a self-administered questionnaire. Individuals with prob-
able migraine were invited for a clinic visit for interview
and general medical and neurologic examinations. This re-
sulted in 73 migraine probands and 511 first-degree rela-
tives. Probands were stratified into those having more dis-
abling symptoms, missing work or school, and those who
only rarely had to skip work or school because of migraine.
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The risk for migraine was considerably higher among rel-
atives of probands with disabling migraine (relative risk
[RR] 2.17) compared to relatives of probands with mini-
mal disability (RR 1.20). This risk was not influenced by the
type of the proband’s migraine. An increased risk for both
types of migraine was found in family members, regard-
less of whether the proband had MA or MO. The authors
concluded that familial factors contribute to less than 50%
of all migraine cases.

Noble-Topham et al. estimated the genetic load in
familial MA, by comparing sibling risk, age at onset, and
aura type in 54 MA probands categorized by family his-
tory of MA (125). Families with an MA proband were di-
vided into families with MA in three generations (1n = 15),
two generations (n = 20), and one generation, so only the
proband was affected (n = 19). The recurrence risk to sib-
lings of probands was 2.7-fold higher in three generation
compared with two-generation MA families and 4.8-fold
higher in three-generation compared with one-generation
MA families. MA probands from three-generation families
were significantly younger than probands with no affected
family members. The significant difference in genetic load
and the earlier age at onset in the three-generation families
is further evidence of a genetic basis for MA.

TWIN STUDIES

Several large, population-based twin studies have been
published regarding the concordance of migraine in
monozygotic twins (54,79,85,102,123,165,205). The older
studies were performed before the introduction of the stan-
dard THS criteria for the diagnosis of migraine, but have
a trend similar to that of the newer studies, suggesting
a higher concordance rate for migraine in monozygotic
twins than in dizygotic twins in many populations (193).

Several studies in a Danish twin cohort (54,182) ad-
dressed most of the criticisms of older twin studies, be-
cause subjects were personally interviewed and THS crite-
ria were applied. The concordance rate for monozygotic
twins indicated that genetic factors are a major contribu-
tor to the pathogenesis of both MO and MA. In a Finnish
twin study, similar concordance rates were found (85).
Mulder et al. (123) compared the prevalence and heritabil-
ity of migraine across six of the countries that participate
in the GenomEUtwin project, including a total of 29,717
twin pairs. The prevalence of migraine was ranging from
10 to 13% in Finland to 32 to 34% in Danish and Dutch
women.

Another type of twin study focused on twins who had
been raised apart. This setting provides an even more di-
rect estimate of genetic influence because the effect of
a shared environment is excluded. A drawback of these
studies, however, is that the sample size is inevitably
small because of the few individuals available. A study by
Ziegler et al. (205) found that, in general, monozygotic

twins had a higher concordance rate for migraine than
dizygotic twins (total of 197 twin pairs) but did not find
statistically significant evidence that monozygotic twins
raised apart (23 pairs) would have a higher concordance
rate for migraine than dizygotic twins raised apart (20
pairs). A small case-type study reported that two sets of
monozygotic twins raised apart were concordant not only
for migraine but also for the age at onset of the attacks
(68). Svensson et al. studied a cohort of twins aged 42 to
81 years, including a subsample of 314 pairs reared apart
and 364 matched control pairs reared together (165). They
found no significant shared rearing environmental influ-
ences on migraine. The heritability of migraine was esti-
mated at 38% for men and 48% for women. Interestingly,
among monozygotic twins reared apart, those separated at
3 years of age or earlier were more similar for lifetime mi-
graine than those separated later, and this was especially
true for women. Svensson et al. suggested that family “re-
sistance” in migraine is mainly caused by genetic factors,
whereas environmental influences make family members
different, not similar.,

PREVALENCE OF MIGRAINE
IN ETHNICALLY DIFFERENT
POPULATIONS

The prevalence of migraine in African and Asian popula-
tions appears lower than in European and North American
populations (134,176). These differences among racial
groups may be caused by genetic rather than cultural or
environmental factors because they persist in the United
States. Stewart et al. (161) randomly selected and inter-
viewed (by telephone) 12,328 individuals 18 to 65 years
of age living in Baltimore County, Maryland. THS criteria
were used for the diagnosis of migraine. Migraine preva-
lence was significantly higher in whites than in African
or Asian Americans. African Americans reported a higher
level of headache pain but were less likely to report nau-
sea and vomiting with their attacks compared to whites.
By contrast, African Americans were less disabled by their
attacks than were whites. Asian Americans and white
Americans did not have significant differences in associ-
ated features.

MODE OF INHERITANCE

A number of attempts have been made to analyze the mode
of inheritance of migraine. The early reports resulted in a
number of conclusions, from autosomal recessive to auto-
somal dominant, with or without incomplete penetrance
(reviewed in Russell [149]). A number of technical de-
tails, such as differences in diagnostic criteria and statis-
tical analyses, contribute to the somewhat contradictory
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conclusions. Because of the higher prevalence of migraine
in women and the often-reported maternal transmission,
X-linked and mitochondrial inheritance have been of spe-
cial interest but were proved to be unlikely (116,138).

Recent studies have been performed with up-to-date di-
agnostic criteria and statistical tools. Four studies pub-
lished during the past 10 years have all used the IHS crite-
ria for diagnosis, and all study subjects were individually
interviewed. Three (83,151,183) of these four studies sug-
gested a multifactorial inheritance. The other (116) sug-
gested a recessive inheritance. A multifactorial inheritance
was suggested regardless of whether the families were
recruited from headache clinics (83,183) or from a pop-
ulation survey (151). Although various criticisms can be
applied to all of these studies, there is a nearly 100% con-
sistency of the results, suggesting a multifactorial mode of
inheritance for migraine.

MOLECULAR STUDIES IN MIGRAINE

The search for genetic risk factors in paroxysmal diseases,
such as migraine, is complicated by a number of clinical,
genetic, and statistical problems. Major clinical issues are
how to determine whether or not a person is affected and
how to distinguish likely gene carriers from possible phe-
nocopies. Another inherent problem is the high likelihood
of locus heterogeneity. Although hard data are scanty, most
linkage and association studies suggest that multiple genes
contribute to the genetic susceptibility for migraine. Al-
though early onset and severe clinical course are tradition-
ally regarded as indicators of a genetic factor, it is unclear
how one should deal with paroxysmal disorders. Are the
number of attacks or their severity indicators of the pres-
ence of genetic risk factors, or are these merely a conse-
quence of the frequency and intensity of the exposure to en-
vironmental triggers? The genetic strategy depends on the
available patients, family material, and knowledge of likely
candidate genes. When family material is abundant and
candidate genes are scarce, a random genome screening
for linkage is the method of choice. The preferred statisti-
cal method of analysis is debated, namely, parametric ver-
sus nonparametric, and the statistical thresholds that pro-
vide optimal distinction between linkage and background
noise. Linkage findings may lead, after independent con-
firmation, to identification of positional candidate genes
as opposed to the functional candidate genes that origi-
nate from insights into the biochemical pathways under-
lying the disease. The involvement of such functional can-
didates can be evaluated via functional assays and also
by means of linkage tests in multiply affected families. A
third, less commonly practiced method of identifying can-
didate genes for multifactorial disorders is localization of
genes that cause rare Mendelian variants of that disorder.
Such loci can then be evaluated as possible susceptibil-
ity loci, assuming that mutations that convey susceptibil-

ity to a complex disease are allelic to more serious gene
defects leading to Mendelian segregation. Tentatively, one
might call such candidate genes phenotypic candidates.
Such rare variants (e.g., in the case of migraine FHM, or
cerebral autosomal dominant arteriopathy with subcor-
tical infarcts and leukoen cephalopathy [CADASIL]; see
below) usually have a clear inheritance pattern, and can-
didate loci can be identified by using regular logarithm
of the odds (LOD) score analyses. With respect to func-
tional candidates, one might object that their number is a
priori not strictly defined and that different investigators
may favor different functional candidates. In contrast, for
phenotypic candidates the number of alternatives is usu-
ally limited. A fourth approach is investigating association
with genetic markers. The rationale of such studies is that
genetic markers, such as DNA polymorphisms, may oc-
cur in disequilibrium with genes, various alleles of which
may lead to differences in the phenotype. Such linkage
disequilibrium may have two possible reasons. Either the
time that elapsed to separate the suspect genes from the
tightly linked DNA polymorphism by recombination may
not have been sufficient for the disequilibrium to disap-
pear, or the marker allele itself influenced the phenotype
to be studied.

FAMILIAL HEMIPLEGIC MIGRAINE

The only true molecular insight into migraine pathophys-
iology is provided by the isolation of the gene for a rare
subtype of MA. FHM, a rare autosomal dominantly inher-
ited subtype of MA, was first reported early in the twentieth
century (26). A complete list of the early FHM literature is
provided elsewhere (reviewed in Russell [149]). Attacks of
FHM usually consist of a phase with hemiparesis in ad-
dition to at least two typical (visual) aura symptoms with
a mean duration of 60 minutes, followed by a headache
phase. FHM attacks resemble those of basilar migraine
(61), and the headache and aura symptoms, apart from
the hemiparesis, are identical to those of MA (173). Some
patients have atypical attacks, either with a prolonged aura
lasting up to 5 days or with signs of diffuse encephalopa-
thy, expressed as confusion or coma, fever, and sometimes
seizures. Atypical attacks are often the first symptoms of
the disease and may be triggered by head trauma.
Patients with FHM and their unaffected relatives may
also have attacks of MO or “nonhemiplegic” typical MA.
Thomsen et al. studied the prevalence of MO and MA in
probands with FHM and their first-degree relatives (174).
Compared to the general population, FHM probands had
virtually no increased risk of MO but a significantly in-
creased risk of almost 8 times of MA. In total, 65% of FHM
patients also have attacks of “normal” migraine: with aura
61%, without aura 18%, or with both types 21%. A sim-
ilar pattern was seen among their first-degree relatives,
who had no increased risk of MO, whereas the risk of
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MA was significantly increased; 7.6 times in FHM-affected
first-degree relatives and 2.4-times in non-FHM-affected
first-degree relatives. These results suggest that the genetic
abnormality resulting in FHM may also cause attacks with
the symptomatology of MA. Thus, FHM and MA seem to
be part of the same spectrum and FHM may be a good
model to study the genetics of “normal” migraine.

An increased risk might suggest that genes involved in
FHM are candidate genes for MO and “nonhemiplegic”
typical MA. Sporadic cases with FHM symptomatology ex-
ist (10,42,64,169), but they are not classified as FHM be-
cause this requires at least one affected first- or second-
degree relative with identical attacks (63).

GENETIC STUDIES OF FHM

In 1993, linkage of FHM to chromosome 19p13 was re-
ported (76), soon followed by proof of genetic heterogene-
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Familial hemiplegic migraine (FHM): O
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ity, because only about 50% of the families appeared to be
linked to this locus (77,132). Only a few clinical differences
have been found between chromosome 19-linked and un-
linked families (171), the most striking exception being
cerebellar ataxia, which occurs in approximately 50% of
the chromosome 19-linked but in none of the unlinked
families (42,44,76,77,133). Another difference is that pa-
tients from chromosome 19-linked families are more likely
to have attacks triggered by minor head trauma and asso-
ciated with coma (42,170,171).

The human gene originally designated CACNLIA4%
has since been renamed CACNAIA (105). The gene en-
codes for the a1A subunit of voltage-gated P/Q-type neu-
ronal calcium channels. The first missense mutations in
the CACNAIA gene were found in FHM in 1996 (132).
Since that time, several other mutations have been found
(Fig. 27-1). There are mutations that cause pure FHM and
others that are associated with FHM with ataxia. Ducros
etal. (42) presented an extensive study on 21 FHM families

Episodic ataxia type 2 (EA-2): @

1 1. H253Y 9. InsGfs & 1070X  17. Y1444X 25. R1662H

2. R195K 8. K1335E  14. W1683R 2. C287Y 10. InsG fs & 1144X  18. W1449X 26. E1757K

3. S218L 9. R1347Q  15. V1695 3. splice fault int6 11. R1279X 19. Splice fault int27  27. R1781X

4. R583Q 10. Y1384C  16. 11811L 4. splice fault int11 12. DelC fs & 1294X  20. F1492S 28. Splice site int36

5. T666M 11. V1457L 5. deITTCAfs & 658X  13. Spice fault int24  21. Del F1503 29. Q2038X

6. V714A 12. R1667W 6. T666M 14. F1404C 22. R1547X 30 DefC fs & 2127X
7. delAG fs & 781X 15. Spice fault int26  23. DelY1595/A1594D  31. (CAG)23
8. insG fs & 1067X 16. DelC fs & 1430X  24. DelG fs & 1624X

Spinocerebellar ataxia type 6:

[CAG]20-40 CAG units Il ris20x

Progressive ataxia:
[] e293r

Episodic and progressive ataxia and absence epilepsy:

FIGURE 27-1. The CACNAIA gene with mutations. The « 1A pore-forming subunit of P/Q-type voltage-
gated calcium channels is located in the neuron membrane and contains four repeated domains. Each
domain includes six membrane-spanning segments and a so-called P-loop between the fifth and sixth
segments. Positions of mutations identified in this gene are given, including those identified in mice.
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with eight different mutations. With a few exceptions,
mutations were found in single, often small families.
Only the T666M and the R385Q mutation were identi-
fied in 10 and 3 families, respectively. The T666M muta-
tion appears to be the most common mutation worldwide,
being found in several families from several countries
(41,42,92,132,166,195). The finding of recurrent mutations
allowed a comparison of all clinical features in mutation
carriers. Of all mutation carriers, those with the T666M
mutation showed the greatest frequency of hemiplegic mi-
graine (98%), severe attacks with coma (50%), and nys-
tagmus (86%). Thirteen subjects with mutations had no
attacks of hemiplegic migraine, and some had MA (five
subjects) or MO (one subject). A total of 66 atypical FHM
attacks were reported in 44 mutation carriers. Some of
these attacks were found to be prolonged (seven attacks
in six patients), and most attacks were associated with en-
cephalopathy (59 attacks in 38 patients).

At the far end of the FHM CACNAIA spectrum is the
clinical presentation of affected members of two fami-
lies with an S2/8L missense mutation (48,93). These pa-
tients had recurrent atypical attacks, often triggered by
trivial head trauma. The proband of the second family
died after a period of coma following a symptom-free
period of several hours after a mild head trauma. She
had never experienced an attack of (hemiplegic) migraine.
It appears that the S218L (and possibly other) CACNAIA
calcium-channel mutations put persons at risk for unin-
hibited cerebral edema and fatal coma after minor head
trauma.

Two studies point to the association of the CACNAIA
gene with generalized epilepsy (25,78). Of four single-
nucleotide polymorphisms (SNPs) and one microsatellite
marker within the gene that were tested, one showed a sig-
nificant association with epilepsy (25). However, because
this SNP-8, located in exon 8, does not result in structural
changes of the CACNAIA-encoded protein, it is unlikely
that it is the causative mutation. Instead, SNP-8 is expected
to be in linkage disequilibrium with such mutation. In an-
other family, a missense mutation in the CACNAIA gene
was associated with both episodic ataxia and epilepsy (78).
These studies provided first evidence of the involvement
of the CACNAIA locus in epilepsy in humans, which is
of interest in view of the epileptic phenotype observed in
CACNA 1A mutant mice (see below).

Some years ago, two separate groups reported linkage
of FHM to chromosome 1 (43,53). A North American group
showed, in one large family, an LOD score of 3.04 at 6 =
0.09 with marker D1S249 on chromosome 1g31 (53). Al-
though suggestive evidence for linkage appeared to con-
firm this locus in one large Australian pedigree classified
as “typical migraine” (103), the 1g31 locus was recently
considered unlikely by the original investigators (90). An-
other group found linkage to chromosome 1q21-g23 in
three FHM families (43), confirmed in other families (21).

One of the most important breakthroughs in the ge-
netics of headache of the last 2 years is the identifica-
tion of the second FHM gene (FHM?2). This turned out
to be the ATP1A2 gene, encoding the o, subunit of sodium
potassium pumps (30,107). Missense mutations were iden-
tified in two families (Fig. 27-2) and functional assays in
cell lines suggested a loss of function as the underlying
mechanism. Of interest, three subjects reported a history
of seizures similar to migraine-triggered seizures observed
in FHM1 patients. Two novel missense mutations in the
ATPIA2 gene confirmed these results: one mutation was
identified in a small family with pure FHM, the second
in a large FHM family with benign familial infantile con-
vulsions (BFIC), expanding the clinical phenotype associ-
ated with ATP1A2 mutations (189) (see Fig. 27-2). BFIC is
a rare autosomal-dominant benign form of epilepsy, with
strictly partial, nonfebrile, convulsions that begin at age 3
to 12 months and disappear after the first year. All BFIC
persons tested had the missense mutation, but BFIC and
FHM only partially cosegregated. It seems that migraine
and epilepsy have partially overlapping mechanisms re-
lated to dysfunction of ion transport. Importantly, the dis-
covery of the ATPIA2 gene opens up a new perspective
on migraine mechanisms and therapies and resulted in a
boost of genetic research (9,190).

Because some FHM families could not be linked to ei-
ther chromosome 1 or 19, at least a third FHM gene must
exist (43).

SPORADIC HEMIPLEGIC MIGRAINE
AND THE CACNA1A GENE

The etiology of sporadic hemiplegic migraine (SHM), that
is, hemiplegic migraine without affected family members,
is unknown. Several studies searched for CACNA /A muta-
tions in patients with SHM. In one study, two of three SHM
patients with cerebellar signs had a mutation: a T666M mu-
tation in a patient with cerebellar ataxia and a Y7384C mu-
tation in a mentally retarded woman with recurrent pro-
longed attacks of hemiplegic migraine, coma, and seizures
associated with permanent cerebellar ataxia and atrophy
(184,185). Studies of small series of SHM patients showed
mutations in the CACNAIA gene in two of three SHM
patients with permanent cerebellar ataxia, but no muta-
tions in eight patients without ataxia (19,41,42). In arecent
study of 27 SHM patients, CACNA /A mutations were found
in two of the patients (169). A patient carrying the T666M
mutation was distinct from the others by showing perma-
nent cerebellar ataxia and atrophy on computed tomogra-
phy (CT) scan. Unfortunately, no DNA from the parents of
this patient was available. Remarkably, the other mutation
(R583Q) was found in a patient without cerebellar symp-
toms. This R583Q mutation had been reported previously
in four families with FHM and associated ataxia (5,42).
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FIGURE 27-2. Predicted transmembrane model of Na*, K*-ATPase a,-subunit. The location of the

various mutations is indicated.

A study in a group of 105 SHM patients and their first-
degree family members showed that more than half of the
SHM patients had also nonhemiplegic MA attacks, and one
third had additional MO attacks (175). First-degree family
members of “pure SHM” patients had an increased risk of
MA, whereas family members of all SHM patients together
had an increased risk of both MO and MA. Another study
showed that the clinical symptoms of SHM patients were
more similar to FHM than MA (174).

EPISODIC ATAXIA TYPE 2 AND
SPINOCEREBELLAR ATAXIA TYPE 6

Episodic ataxia type 2 (EA-2) is also referred to as
acetazolamide-responsive paroxysmal cerebellar ataxia,
paroxysmal vestibulocerebellar ataxia, or hereditary
paroxysmal cerebellar ataxia (11). Onset is usually in child-
hood or early adulthood. Attacks are characterized by gen-
eralized ataxia lasting minutes to hours that may occur
spontaneously or can be provoked by stress, exertion, al-
cohol, fever, and heat. Many patients also have interictal
nystagmus and may display mild cerebellar atrophy. Up to
50% of patients experience migraine(like) symptoms dur-
ing or in between attacks, or both. Magnetic resonance
imaging (MRI) often reveals cerebellar atrophy (192). At-

tacks can be precipitated by emotional stress, exercise,
or alcohol, and acetazolamide is often effective in pre-
venting attacks. EA-2 appeared to be linked to the same
interval on chromosome 19p as FHM (96,167,186,194)
and was finally proved to be caused by mutations in the
CACNAIA gene. Mutation analysis has revealed various
different mutations in the CACNAIA calcium-channel gene
in EA-2 families (see Fig. 27-1), including truncating mu-
tations, resulting in premature stops and leading to puta-
tive aberrant CACNA1A proteins, and missense mutations
(32,33,51,69,70,78,132,155,187). After several reports of
new EA-2 mutations the total number is now over 20
(71,89,112,164). No CACNA1A mutation was identified in
a family with episodic ataxia indistinguishable from EA-2,
which suggests that EA-2 is a heterogeneous disorder and
that other genes causing EA-2 should exist (65).

One of the EA-2 missense mutations caused additional
generalized epilepsy (78), and another such mutation
caused episodic weakness years before the onset of EA-2
attacks (69).

Spinocerebellar ataxia type 6 (SCA6) differs clinically
from EA-2 by the presence of progressive rather than
episodic ataxia (55). Six different cDNA isoforms of the
CACNI1A1 gene have been reported, of which three con-
tained a 5-nucleotide insertion before the stop codon, re-
sulting in a shift of the open reading frame in which the



P1: KWW/KKL
GRBT050-27

P2: KWW/HCN QC: KWW/FLX
Olesen- 2057G  GRBTO050-Olesen-v6.cls

T1: KWW
August 1, 2005

16:58

Genetics of Migraine 257

CAG repeat is predicted to encode a polyglutamine stretch
(204). Small triplet expansions of the intragenic CAG
repeat, ranging from 21 to 30 repeat units, were observed
in SCA6 patients, whereas normal chromosomes displayed
4 to 20 repeats (68,111,148,204). The CAG repeat length
is inversely correlated with age at onset of ataxia (68,
111,148). Anticipation of the disease was observed clini-
cally, but intergenerational allele size change was not ob-
served, in contrast to other SCAs, which are also caused by
CAG repeats. Two homozygotic cases of SCA6 have been
reported. The first case could not demonstrate an unequiv-
ocal gene dosage effect on age at onset (111). The second
case showed an earlier age of onset and more severe clini-
cal manifestations than her sister, a heterozygote carrying
an expanded allele with the same repeat length as the ho-
mozygote. SCA6 has been estimated to occur in 10% of
Germans and 30% of Japanese with SCAs (111,148).

FHM missense mutations seem by themselves (with-
out CAG repeat expansions) sufficient to cause cerebellar
ataxia (42,172,203). In contrast, two families with small
CAG expansions showed paroxysmal symptoms (72). In
one family with a clinical diagnosis of EA-2, a CAG23
repeat allele gave different interictal symptoms, rang-
ing from nystagmus only to severe progressive cerebellar
ataxia. In another family, initially classified as autosomal
dominant cerebellar ataxia of unknown type, an intergen-
erational allele size change showed that a CAG20 allele was
associated with an EA-2 phenotype and a CAG25 allele with
progressive cerebellar ataxia.

FUNCTIONAL STUDIES OF
CACNA1A MUTATIONS

Voltage-dependent Ca’* channels are key protein struc-
tures in neuronal cell membranes (reviewed in Plomp et
al. [141]). They transduce electrical signals into a cellu-
lar influx of Ca®*, which acts as a second messenger in
many processes such as regulation of excitability, transmit-
ter release, gene regulation, and axon growth. Ca?* chan-
nels consist of a pore-forming, voltage-sensing «;-subunit,
and auxiliary g8-, a; 8-, and y-subunits. Several subtypes
of heteromultimeric channels exist, which can be differ-
entiated by pharmacologic and electrophysiologic criteria
(i.e., N-, P/Q-, L-, R-, and T-types). The «;-subunit consists
of four homologous repeats (I to IV), each with six trans-
membrane segments (S1 to S6; see Fig. 27-1). The so-called
P-loop between S5 and S6 is believed to form the inner lin-
ing of the ion pore. The S4 segments have been shown to
be involved in voltage sensing.

The CACNAIA gene encodes for the pore-forming sub-
unit, ayy. Alternative splicing of CACNAIA yields either
P- or Q-type channels (8). P/Q-type Ca®* channels are
widely expressed in the central nervous system (CNS),
especially in the cerebellum. In cell bodies, P/Q-type Ca?*

channels play a role in excitability, presumably via Ca?*-
dependent K* channels. Furthermore, Ca?* influx stim-
ulates intracellular signaling pathways, mostly involving
kinases, which can influence gene expression, for exam-
ple. During development, P/Q-type Ca?* channels appear
to participate in the process of neurite initiation. At ma-
ture synaptic terminals, their main function is to mediate
transmitter secretion by allowing Ca®* to stimulate the re-
lease machinery complex at so-called active zones, result-
ing in exocytosis of synaptic vesicles. The o 15-subunit con-
tains defined sites that interact with specific presynaptic
proteins (see Fig. 27-1), presumably required for targeted
presynaptic localization and specific presynaptic function
of P/Q-type Ca®* channels. Other specific sites for interac-
tion with B-subunits and G-proteins have been identified.

Several missense mutations associated with FHM have
been analyzed with electrophysiologic techniques in neu-
ronal and non-neuronal expression cells (reviewed in
Pietrobon [140]). In earlier studies, in human and nonhu-
man and in neuronal and non-neuronal expression cells,
FHM mutations appeared to have different effects on
channel conductance, kinetics, and expression depend-
ing on the model system in which these were investi-
gated (62,97,98). The inconsistency of the effects of mu-
tations is illustrated by the observation that mutations
T666M and R1920Q induced a decreased or increased cal-
cium influx, respectively (62). In addition, mutant T666M
and V714A channels have a low-conductance mode that
sometimes switches to the wild-type state (98). In a recent
study, single-channel analysis with mutation V/457L was
extended (178). This mutation increased the channel open
probability by shifting its activation to more negative volt-
ages and reduced both the unitary conductance and the
density of functional channels in the membrane. To inves-
tigate the possibility of changes in channel function com-
mon to all FHM mutations, the product of single-channel
current and open probability as a measure of Ca?* influx
through single channels was measured, and all five FHM
mutants analyzed (T666M, V714A, 11815L, R192Q, and
V1457L) showed a single-channel Ca?* influx larger than
wild-type in a broad voltage range around the threshold of
activation. FHM mutations were also expressed in mouse
cerebellar granule cells, and here the FHM mutations in-
variably led to a decrease in the maximal current density
in neurons. It was concluded that mutational changes of
functional channel densities can be different in different
cell types, and that two functional effects common to all
FHM mutations analyzed exist: increase of single-channel
Ca?t influx and decrease of maximal Cay2.1 current
density in neurons (178).

The missense mutations in FHM suggest a molecu-
lar mechanism similar to what is found in other human
channelopathies. Both alleles are likely to be expressed,
with the allele harboring the missense mutation result-
ing in loss- or gain-of-function variants of the P/Q-type
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calcium channels. Such mutations have been described in
the a-subunit of the skeletal muscle sodium channel, re-
sulting in hyperkalemic periodic paralysis, paramyotonia
congenita, and the sodium channel myotonias (reviewed
in Kullmann [99]).

Several EA-2 mutations have recently been studied in
expression systems (57,69,78,197). Both truncating and
missense mutations induced a dramatic reduction or even
complete loss of current density. For F1491S-mutated
channels, it was shown by immunohistology that this
was not from a lack of membrane expression (57). Inter-
estingly, R1820X-mutated channels, lacking the complete
carboxyterminal intracellular domain, have a dominant-
negative mode of action, presumably by disturbing the
incorporation of wild-type Ca,2.1 protein in the cell
membrane, resulting in less functional channels (78). In
contrast, CACNA1A protein harboring the AY1593/1594D
mutation was able to form calcium channels in Xenopus
laevis oocytes, but with pronounced loss of function (197).

The effects of SCA6-related polyglutamine expan-
sions of Ca,2.1 on the function of P/Q-type channels
have also been recently analyzed (139,147,177). Shifts
in (in)activation voltage were observed, of which the di-
rection and extent depended on the used splice-variant
(P- or Q-type), the length of glutamine expansion, and
the presence of B4-subunits. Immunohistochemical anal-
ysis showed an increase in intracellular and plasma mem-
brane expression of SCA6-mutated Ca,2.1 protein (139).
A more than twofold increase in current density was
observed, along with small hyperpolarizing shifts in ac-
tivation voltage. As in FHM, a complicated pattern ap-
pears to emerge for SCA6-mutated channels, resulting
in either an increased or a decreased cellular calcium
influx.

STUDIES OF CACNA1A IN MICE AND
IN NEUROMUSCULAR JUNCTIONS

A number of mammalian models with ion channel muta-
tions exist. The animals typically exhibit a combination of
seizures and ataxia. Whether any of these animal models
exhibit migraine-like symptoms is obviously impossible to
determine. The fact that even the nematode Caenorhabdi-
tis elegans genome contains close to 200 ion channel genes
(4) reflects the diversity of specific signaling needs and the
complexity of the family of these molecules. One might
speculate that, in a multifactorial disorder such as mi-
graine, a complex combination of seemingly minor vari-
ations in ion channel genes, combined with variations in
other molecules of downstream signaling pathways, might
predispose to the migraine attack. On the other hand, stud-
ies in families with a strong inheritance pattern of mi-
graine may reveal individual genes with major influences
on the predisposition.

The excitement over CACNAIA mutations in migraine
was heightened by the discovery of mouse models that
carry mutations in the corresponding mouse gene (14,40,
49,206). Unlike FHM and EA-2, which are autosomal
dominant traits, the mouse traits are recessive. “Totter-
ing” mice have motor seizures and slowly progressive
ataxia beginning around the third postnatal week, whereas
“leaner” mice have absence spells (brief seizures) and are
severely ataxic, often not surviving past weaning. Totter-
ing mice have a missense mutation resulting in a noncon-
servative (Pro600Leu) amino acid change near the second
p-domain, a site putatively involved in channel formation.
The more severe phenotype, leaner, is caused by a splice
donor mutation, which results in truncation of the normal
transcribed sequences and expression of multiple aberrant
transcripts and novel C-terminal sequences in the polypep-
tide. This is analogous with the human mutations in which
missense mutations have been detected in FHM, and the
more severe phenotype EA-2 tends to have truncating
mutations.

Tottering, leaner, and “rolling Nagoya” mutated P/Q-
type channels have been studied in cerebellar cells and
in expression/transfection systems (39,104,120,196). The
main effect appears to be reduction of calcium current
density. Furthermore, leaner and rolling Nagoya channel
kinetics are changed, although there is some inconsistency
among the leaner studies (39,104,120). Reduced calcium
current in rolling Nagoya Purkinje cells aborts action po-
tential firing, presumably resulting from insufficient re-
cruitment of calcium-activated potassium channels for
repolarization (39).

In addition, two CACNAIA-null mutant (knockout)
mice were independently generated, showing a lethal
phenotype at young age (50,81). Total calcium current den-
sity in cerebellar cells was found to be decreased. P-/Q-type
currents were abolished and appeared to be partly com-
pensated for by N- and L-type current. Cerebellar granule
cells of heterozygous mice from one of the two null mu-
tants displayed a 50% reduction in P-/Q-type current den-
sity (50), whereas no reduction was observed in the other
model (81).

It is now generally accepted that migraine aura is
caused by cortical spreading depression, a depolarization
wave associated with temporary disturbance of ion bal-
ances (101). Recently it was shown that aura symptoms
in some FHM patients can be abolished by the glutamate
receptor antagonist ketamine (88). Because glutamate re-
lease is mediated by P-/Q-type calcium channels, it is well
conceivable that CACNA 1A mutations will influence corti-
cal spreading depression (129). Indeed, experimentally in-
duced cortical spreading depression in tottering and leaner
mice was found altered, in parallel with a reduced release
of cortical glutamate (2,16,81).

Very recently, a knockin mouse model was generated
carrying the human pure FHM-1 R192Q mutation (188).
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Multiple gain-of-function effects were found, including
increased Ca,2.1 current density in cerebellar neurons,
enhanced neurotransmission at the neuromuscular junc-
tion (NMJ) and, in the intact animal, a reduced threshold
and increased velocity of cortical spreading depression.
These very important data show that the increased suscep-
tibility for cortical spreading depression and aura in mi-
graine may be due to cortical hyperexcitability. The R192Q
FHM-1 mouse appears to be a promising animal model to
study migraine mechanisms and treatments.

The NMJ is a suitable model synapse in which to
study CACNAIA mutations because motor nerve termi-
nals contain P-type calcium channels that are responsi-
ble for acetylcholine release. Transmitter release is de-
creased during high-rate nerve stimulation in tottering
NMJs in vitro (142). Interestingly, spontaneous quan-
tal transmitter release was doubled. Leaner and rolling
Nagoya NMJs showed a reduction of about 30% and 60%,
respectively, of low-rate stimulation-evoked acetylcholine
release. Similar changes may occur at brain synapses
in humans with mutated CACNAIA-encoded protein.
Furthermore, in vivo neuromuscular transmission may be
compromised. Indeed, recent clinical electrophysiologic
studies showed NMJ malfunction in three EA-2 patients
with CACNAIA missense and truncation mutations (70).
Single-fiber electromyography (SFEMG) demonstrated in-
creased jitter and the occurrence of blockings in these
patients. Similar findings were observed in patients with
MA (1). Surprisingly, SFEMG of three SCA6 patients was
unremarkable (69). In the paralytic autoimmune disorder
Lambert-Eaton myasthenic syndrome, P-type Ca** chan-
nels at the NMJ are the target of autoantibodies. Interest-
ingly, some of these patients also have ataxia and cerebellar
degeneration.

OTHER HEREDITARY DISEASES
FREQUENTLY ASSOCIATED
WITH MIGRAINE

Several hereditary diseases are associated with migraine
and can serve as models in which to search for and study
migraine genes (58,119).

CADASIL is characterized by recurrent subcortical is-
chemic strokes, extensive white matter abnormalities on
MRYI, progressive subcortical dementia, and mood disor-
ders with severe depressive episodes (23,29,37,84). Up to
one third of the patients have MA (23,34,37,82,191). In one
CADASIL family, 4 of 10 affected members demonstrated
by MRI had cooccurrence with FHM, and one member
unaffected on MRI had FHM (67). Initially, CADASIL and
FHM were considered to be allelic because the CADASIL
locus was mapped to chromosome 19p12 (179). Further
linkage studies revealed that the loci were separate (36),

and later studies showed mutations in the NOTHC3 gene
in CADASIL (75,84,108). Although CADASIL and FHM are
genetically unrelated, the question remains of why MA oc-
curs so frequently in CADASIL. The relation of migraine
and CADASIL is further underlined by the finding of fam-
ilies linked to the CADASIL locus, in which patients have
MRI white matter lesions and attacks of MA, but without
ischemic stroke (20,22).

Migraine was one of the prominent features in a
large family with vascular retinopathy and Raynaud phe-
nomenon (168). The disease was recently linked to chro-
mosome 3p21.1-p21.3 (131).

Mosewich et al. (121) reported a family with a typical
mitochondrial myopathy, encephalopathy, lactic acidosis,
and stroke-like episodes (MELAS) point mutation, with
migraine, rather than stroke-like episodes, as the major
finding. Sano et al. (154) reported a Japanese family with
features from both MELAS and mitochondrial disease, my-
oclonic epilepsy with ragged-red fibers (MERRF), with mi-
graine as one of the prominent symptoms. Migraine has
been associated more often with MELAS and MERRF (91).
A recent description of segregation of familiar cases of
migraine in a family with the Leber T14484C mutation
(27) adds to these previous clinical observations of mi-
graine in patients with various mitochondrial DNA mu-
tations. However, no point mutations or large-scale dele-
tions were found in 23 Germans with sporadic MA (91),
excluding a significant role of mitochondrial genome mu-
tations in white patients with migraine. A point mutation
in mitochondrial nucleotide 11084 was found in 25% (13
of 53) of Japanese migraineurs but in none of 39 nor-
mal subjects or 60 tension-type headache sufferers (157).
This, but no other mutation, was detected in several other
studies from different countries (59,60,150). Mitochon-
drial mutations might therefore explain some cases of mi-
graine in Japanese but is unlikely to play an important role
worldwide.

An interesting observation was made in the so-called
cyclic vomiting syndrome (CVS), which is recently in-
cluded in the second edition of the international classi-
fication of headache disorders as one of the childhood
periodic syndromes that are commonly precursors of mi-
graine. The origin is thought to be mitochondrial. A survey
of parents of 62 children with a severe form of CVS showed
that migraine, myopathy, seizures, and dysautonomia-like
symptoms were far more common in matrilineal versus
nonmatrilineal relatives (7). Mitochondrial DNA sequence
variants are probable risk factors in most children at this
“severe” end of the CVS spectrum, and migraine appears
to be part of the phenotype (28).

Pseudomigraine with lymphocytic pleocytosis is char-
acterized by episodic neurologic dysfunction associated
with headache and cerebrospinal fluid lymphocytic pleo-
cytosis. Because cerebrospinal fluid lymphocytic pleo-
cytosis can occur in atypical FHM attacks and both
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pseudomigraine and FHM can be triggered by angiog-
raphy, the CACNAIA gene was studied as a candidate
gene (24). No mutation, however, was found in eight
patients.

LINKAGE AND ASSOCIATION STUDIES
OF MO AND MA

The inherent feature of locus heterogeneity in complex
traits contributes to the fact that linkage studies for mi-
graine are challenging. Several studies assigning suscep-
tibility loci for common forms of migraine have been
published, but none of these studies has provided as con-
clusive evidence for a true susceptibility gene as CACNAIA
in the case of FHM (Table 27-1). Study samples in at-
tempts to find linkage for more common forms of mi-
graine have varied significantly. Some of the studies have
focused on one or only a few large families, whereas oth-
ers have used relatively large numbers of medium-sized
families. Moreover, phenotypic information is scanty in
all these studies, and they are therefore difficult to com-
pare. It is noteworthy that none of the loci assigned by
linkage studies in common forms of migraine (MA, MO,
or MA/MO) has thus far been independently unambigu-
ously replicated, nor have any gene mutations from these
loci been published. Despite these caveats, well-designed
linkage studies performed with critical statistical analyses
provide a powerful tool to tackle susceptibility loci for mi-
graine and potentially to identify susceptibility genes and
novel metabolic pathways.

Association studies have used polymorphisms of candi-
date genes and have looked for overrepresentation of spe-
cific alleles in migraine samples from the general popula-
tion. Many studies have provided significant or suggestive
associations. However, none of them has provided conclu-
sive evidence of a specific risk allele for MA or MO. Sev-
eral groups have performed linkage and association stud-
ies of the CACNAIA gene, serotonin transporter gene, and
dopamine receptor gene, which are discussed separately.

D TABLE 27-1 Migraine Genes or Loci With
Significant Linkage or Mutations

Genes/Loci Reference
CACNATA (chromosome 19p13) 132
Chromosome 1q 43
NOTCH3 CADASIL gene 75
Neurovascular gene 3p21 131
4q24/4q21 6,198
6p12.2-p21.1 18
14921.2-922.3 159
1q24 17

D TABLE 27-2 Positive Association Studies in

Migraine
Locus/Gene Reference
Group-specific component locus 135
Esterase D locus 135
HLA-DR2 110
Tumor necrosis factor B gene 109,180
Angiotensin-converting enzyme gene 136
Methylenetetrahydrofolate reductase gene 86,95
Endothelin type A receptor gene 181
Catechol-0-methyltransferase gene 46
Interleukin-1a gene 143
Xq24-28-linked gene 127
Insulin receptor gene 74,115
LDRL gene 17
Glutathione S-transferase gene 100
Tumor necrosis factor gene 144
Serotonin receptor gene See text
Dopamine D, receptor gene See text

For an overview of the many other association studies in
migraine, see Table 27-2.

THE CACNA1A GENE

After the identification of the CACNAIA gene, the more
challenging step has been investigation of its role in the
common types of migraine. As mentioned, some muta-
tion carriers in FHM families have attacks of MA or MO
(42,170).

Several classical linkage studies have been performed.
A Finnish study did not find linkage to chromosome 19 in
four multigenerational families with MO and MA (66). An
Australian study included several multigenerational fami-
lies (128). One large tested family showed both cosegrega-
tion and significant allele sharing for markers located in or
adjacent to the FHM migraine locus. Other tested families
showed neither cosegregation nor excess allele sharing to
chromosome 19 markers. An American family with dom-
inantly inherited migraine, episodic vertigo, and essential
tremor that responded to acetazolamide did not link to
chromosome 19p13 (3). A recent Canadian study found no
evidence for linkage in 64 MA families (124). It is therefore
very unlikely that CACNAIA mutations will be found in
many families with MO or MA. However, this does not ex-
clude at all the hypothesis that dysfunction of biochemical
pathways in which the gene product (neuronal calcium-
channel subunit) is involved may also be involved in the
mechanisms for migraine in general.

A German-Dutch affected sibling-pair analysis of 28
families suggests that the CACNA1A gene on chromosome
19p13 is involved in MO and MA (114). The maximal mul-
tipoint LOD score was 1.29 (P ~ .013), but the major
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contribution was made by one large family. The results
were inconclusive with respect to the relative importance
in MO and MA, respectively. Subsequently, a larger second
and independent affected sibling-pair analysis involving 36
extended Dutch families with MO and MA showed signif-
icant increased sharing of the marker alleles in sibs with
MA (172). No such increased sharing was found for MO.
A combined analysis for both migraine types, including
sibling pairs in which one had MO and the other MA, re-
sulted in increased allele sharing. The relative risk ratio
for a sibling (i) to suffer from MA, defined as the increase
in risk for the trait attributable to the 19p13 locus, was
As = 2.4. When MO and MA were combined, A, was 1.25.
When the results of both studies were combined, the max-
imal multipoint LOD score increased to 2.27 (P ~ .001).

A recent mutation analysis in an Australian family with
MA and MO linked to the CACNAIA region revealed no
disease-causing mutation or associated polymorphism in
the CACNAIA gene (102), nor did an Italian study in spo-
radic migraine patients (12). In the Australian study, asso-
ciation was tested with two microsatellite markers within
the gene, but no significant association was found. This
study, however, does not exclude involvement of CACNAIA
in typical migraine, because the gene is very large and a
significant positive association is found only if the marker
is in linkage disequilibrium and thus closely linked to
the disease-causing mutation. Not surprisingly, the T666M
mutation and five other FHM mutations were not identi-
fied in a group of 143 “normal,” nonhemiplegic migraine
patients (199).

Recently, two studies focusing on the dissection of the
chromosome 19p area in MA were published (74,115).
These studies suggest that the locus linked to MA is dis-
tinct from the FHM locus and that specific alleles in the
insulin-receptor gene would be associated with MA. In a
set of 16 families, the maximal LOD score peaked at the
insulin-receptor locus. Surprisingly for a complex trait,
the authors found that the 6 value, reflecting the locus
homogeneity of the study sample, was 0.99, indicating
that all families contribute to the linkage in this region.
This is uncommon in any complex trait and has not been
found in any other studies in any non-Mendelian disorder.
McCarthy et al. (115) found some evidence for association
of migraine with aura with polymorphisms in the insulin
receptor gene in two United States populations from the
San Francisco area. However, these associations were in-
consistent, found only for one SNP and only for MO in an
Australian control sample and not found at all in an inde-
pendent British control sample. Furthermore, there was
no check for the Hardy-Weinberg equilibrium nor correc-
tion for multiple testing. A confirmation of this potentially
interesting finding would be welcome.

Future direct mutation analysis of persons with MO and
MA will establish the precise role of the calcium-channel
gene in these conditions.

THE SEROTONIN SYSTEM

Serotonin is implicated in migraine pathophysiology
(158). More than a dozen different 5-HT signal-mediating
receptors have been described. Most of them belong to
the metabotropic type of receptor, being composed of
a single polypeptide that transmits their action through
G-proteins. The only exception is the 5-HT3 receptor type,
which is a ionotropic receptor permeable to sodium and
potassium ions. Interestingly, this receptor is coded by a
single gene on chromosome 11922 and forms a homomeric
complex composed of five copies of the same subunit, a rel-
atively unique structure for neurotransmitter receptors.

Several studies investigated an association between
5-HT genes and migraine. Most of the studies were
negative. No association was found with receptor-type
5-HT,a (13,80,118,126), 5-HT,¢ (13,15,73). 5-HTjp (118),
5-HTp (106,118), 5SHTsggrr (118), and 5-HTr (106).

On the other hand, a Danish-Scottish association study
found an association of MO and MA with 5-HTsgrr(130),
and Turkish studies found an association between a T102C
polymorphism in the 5-HT>a receptor gene (45), and with
the serotonin transporter 2.10 allele (201). A short/short
type 5-HTTLPR polymorphism in the 5-HT transporter
gene was associated with frequency of attacks in migraine
patients, whereas the short/long and long/long types were
not (94).

DOPAMINE D, RECEPTOR GENE

A number of data support a role for dopamine in the
pathophysiology of certain subtypes of migraine (163).
Moreover, many symptoms, such as nausea, vomiting, and
hypotension, suggest that brainstem dopaminergic neuro-
transmission is involved in the migraine attack. Further
support for the involvement of the dopaminergic system
in migraine has evolved from the finding that dopamine
antagonists are effective in the treatment of migraine
symptoms.

Peroutka et al. (137,138) studied the association of an
intragenic polymorphism in the dopamine D, receptor
(DRD,) in 129 unrelated MO (77) and MA (52) patients
and 121 controls, and in MA patients with anxiety and de-
pression. These investigators found an excess of an Nco
I polymorphic allele in MA, with or without anxiety and
depression, compared to controls and MO. Del Zompo
et al. (31) studied 50 nuclear families affected with MO
from the island of Sardinia, divided into nondopaminer-
gic (35) and dopaminergic (31) probands, and analyzed
them by the Transmission Disequilibrium Test (TDT) to
dopamine receptors D,, D3, and D4 (31). The subgroup
of dopaminergic migraineurs was selected on the basis of
both yawning and nausea immediately before or during
the pain phase of migraine. No association was detected
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with intragenic polymorphisms in DRD3 or DRDy4 to MO.
However, in the dopaminergic subgroup of migraine, an
allelic association to DRD, was detected. The association
vanished when the DRD, polymorphism was analyzed in
the entire set of MO individuals. Both of these studies have
their merits as well as methodologic weaknesses. In the
study by Peroutka et al. (137,138), only scanty information
was provided about patient phenotypes and genetic back-
ground. On the other hand, the study by Del Zompo et al.
(31) had an almost optimal population design utilizing a
genetic isolate and modern methodology, but subgrouping
of patients resulted in quite small patient sets. A German
group found no association of MA with DRD; Nco I (35),
and another group did not find an association with the
DRD;-141C Ins/Del polymorphism (113). Therefore, it is
not possible to make a definitive conclusion about the role
of the DRD, locus on the basis of these studies. Sheperd
et al. (156) found no association between migraine and
DRD;, DRD3, and DRDs.

THE X CHROMOSOME

An unequal gender distribution with a female dominance
is a well-known finding in both MA and MO (146,160).
There is also evidence of a higher frequency of migraineurs
in first-degree relatives of male probands (152,162). These
findings have stimulated studies of a possible involve-
ment of X-chromosomal loci in migraine etiology. Nyholt
et al. (127) reported on a limited genome scan using 28
X-chromosomal markers. In four large Australian mi-
graine families, these authors found a significant excess
of allele sharing and suggestive evidence for linkage on a
relatively large area on chromosome Xq. Although the clin-
ical information provided was limited, the families repre-
sented rather common migraine forms with both MA and
MO individuals. Interestingly, one family also showed link-
age to the 1931 FHM locus. Further studies are necessary
to confirm the role of X-chromosomal loci in genetic pre-
disposition to migraine.

GENOME-WIDE SCANS

During the last 2 years, several successful linkage studies
have been conducted in migraine. First, a genome-wide
scan of MA was performed, using 50 medium-sized fam-
ilies from Finland (198). The families were selected on
the basis of strong representation of MA in all genera-
tions. Although MA was the overwhelmingly predominant
phenotype, many families had some members with MO. In
selecting families for this study, there was a strong bias to-
ward severe phenotypes because the probands were iden-
tified from headache clinics rather than from the general
population or from general practitioner offices. A linkage

for the MA phenotype to a rather broad region on chro-
mosome 4q24 was detected. The o value, reflecting the
number of families contributing to the linkage, was 30 to
50%. In subsequent family samples an « value of about
30% has been observed, suggesting that about one third
of the families might have a predisposing variant in this
region (unpublished data). This chromosomal area does
not contain any known ion channel genes, which would
be obvious candidates in which to search for predisposing
sequence variants. However, several genes localized to this
region are expressed in the CNS and are therefore candi-
dates for further research. Bjornsson et al. (6) were able
to confirm linkage to chromosome 4q21 in Icelandic MO
families. By combining their impressive patient resources
and unique Icelandic genealogy database, they were able
to identify 103 families with 289 MO patients. Genome-
wide scanning revealed a locus on chromosome 4q21 that
shows overlap with the Finnish locus. Interestingly, the
LOD score increased when the sample set was reanalyzed
using affected females only, and allowing a relaxed defi-
nition of MO. This might be explained, according to the
researchers, by the higher preponderance in females. Fu-
ture identification of one or two migraine genes on 4g21
will have to show the contribution to MO and MA.

In a Canadian linkage study a genome-wide screen was
conducted in 43 MA families that were selected because of
an apparent autosomal-dominant pattern of transmission
(17). A novel susceptibility locus was identified on chro-
mosome 11q24. No evidence was obtained for linkage to
any of the known migraine loci on chromosomes 1, 4, and
19, confirming that there is genetic heterogeneity for MA.

In addition to linkage analysis in multifamily studies,
two mapping studies were reported in single families. A
large Italian MO pedigree revealed significant evidence of
linkage on chromosome 14q22 (159). In a large Swedish
family with MO and MA, linkage was obtained for a novel
locus on chromosome 6p12.2-p21.1 (18). Like the Icelandic
study, they allowed a relaxed definition of MO in about half
of the MO patients. Additional studies should investigate
the contribution of both loci to migraine in the general
population.

IS MIGRAINE A CHANNELOPATHY?

Although still circumstantial, there is some striking clin-
ical, genetic, neurophysiologic, and neuropharmacologic
evidence that typical migraine might be, at least in part,
a channelopathy (122). Migraine shares with proven neu-
rologic and neuromuscular channelopathies a number of
clinical characteristics: both are present in attacks of usu-
ally several hours to days that may be provoked by spe-
cific trigger factors; there is a gender-related expression;
onset usually is around puberty, and amelioration after
the age of 40; finally, migraine, basilar migraine, and the
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Multifactorial mode of inheritance a gene for migraine without aura to chromosome 4q21. Am J Hum
. . . Genet. 2003;73:986-993.
Or_]ly migraine gene thus far is CACNATA, in FHM, but probably also 7. Boles RG, Adams K, Ito M, et al. Maternal inheritance in cyclic
in MO and MA vomiting syndrome with neuromuscular disease. Am J Med Genet.
FHM is allelic with EA-2 and SCA6 2003;120A:474-482.
Functional studies with CACNATA mutations still inconclusive 8. Bourinet E, Soong TV}\Z, Sutton K, et al. S?I;Ciﬂg c?galpha lAl sub-
: i unit gene generates phenotypic variants of P- and Q-type calcium
Manz other ge;gs arlelz suggested (see Tables 27-1 and 27-2) channels. Nat Newrosci, 1999:2:407-415.
uch research is still needed 9. Bradbury J. Second gene identified for familial hemiplegic mi-
graine. Lancet Neurol. 2003;2:137.
10. Bradshaw P, Parsons M. Hemiplegic migraine, a clinical study. Q J

proven channelopathic FHM have identical headache and
aura symptoms (apart from the hemiplegia) and coexist in
patients (61,173). Genetic evidence includes the demon-
strated involvement of the CACNAIA gene in at least sub-
populations of migraine: classical linkage in an Australian
family (128), FHM CACNAIA mutations in patients with
migraine but without FHM (42,170), and increased shar-
ing of the CACNAIA locus with migraine in two inde-
pendent sibling-pair analyses (114,172). Neurophysiologic
evidence includes the demonstration of subclinical single-
fiber abnormalities (1). Finally, neuropharmacologic evi-
dence comes from the observations that certain P-/Q-type
calcium-channel blockers interfere with putative basic
migraine mechanisms: a-eudesmol blocks the release of
calcitonin gene-related peptide and neurogenic plasma ex-
travasation, and administration of Q-agatoxin in the peri-
aquaductal gray facilitates firing of the trigeminal nucleus
caudalis.

CONCLUSIONS

The identification of the first “migraine gene,” CACNAIA
in FHM, has introduced a new point of view into the area
of migraine research, characterizing migraine as a chan-
nelopathy in at least some subtypes (Table 27-3). In the
spectrum of CACNA A -related disorders, FHM is only one
of many neurologic (paroxysmal) disorders. Although MO
and MA can be considered part of this CACNA A spectrum,
there have been conflicting results about the precise role
of the CACNAIA gene in susceptibility to typical migraine.
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