
 

Views and Perspectives

 

365

 

Genetics of Migraine: Possible Links to 
Neurophysiological Abnormalities

 

Peter S. Sándor, MD; Anna Ambrosini, MD, PhD; Reto M. Agosti, MD; Jean Schoenen, MD, PhD

 

Key words: migraine, genetics, neurophysiology, 

 

CACNA1A

 

, familial hemiplegic migraine

Abbreviations: MWOA migraine without aura, MWA migraine with aura, FHM familial hemiplegic migraine,
EA2 episodic ataxia type 2, MRS magnetic resonance spectroscopy, CADASIL cerebral autoso-
mal dominant arteriopathy with subcortical infarcts and leukoencephalopathy

 

(

 

Headache.

 

 2002;42:365-377)

 

Migraine is a paroxysmal neurologic disorder af-
fecting up to 12% of males and 24% of females in the
general population. Two main types are distin-
guished: 

 

migraine without aura

 

 (MWOA) and 

 

mi-
graine with aura

 

 (MWA), in which headache is pre-
ceded by transient focal neurologic symptoms
(usually visual). Attacks of only MWOA are re-
ported by about 70% of patients with migraine, while
at least occasional attacks of MWA occur in about
30%.

 

1

 

 Usually one type of attack prevails, but both
types often coexist in the same patient.

Migraine frequently runs in families, but family
and segregation studies have produced conflicting re-
sults with respect to a mode of inheritance.

 

2-5

 

 At
present, the only known monogenic subtype of mi-
graine is familial hemiplegic migraine (FHM). The
more common migraine phenotypes appear to be
complex genetic disorders, wherein additive genetic
effects (susceptibility genes) and environmental fac-
tors are interrelated.

 

6

 

 The weight of genetic factors

seems to be more pronounced in MWA than in
MWOA.

 

7,8

 

 Some studies suggest different susceptibil-
ity 

 

loci

 

 for migraine headache and aura.

 

7,8

 

 For an
overview on the mutations, polymorphisms, and link-
age that are to be discussed, see Table 1.

Migraine is characterized by 

 

recurrent

 

 attacks.
Genetic load can be seen as determining an inherent
migraine threshold that itself is modulated by exter-
nal and internal factors and, if exceeded, leads to
brain and/or brain stem dysfunction, activation of the
trigeminovascular system, and an attack. Depending
on genetically derived susceptibility, the presence or
absence of environmental influences, and the effect
of any prophylactic therapy undertaken, some indi-
viduals will remain attack-free despite their genetic
load, while others will continue to suffer. The genetic
load also may be responsible for interictal nervous
system dysfunction that can produce subtle subclini-
cal signs.

 

FAMILIAL HEMIPLEGIC MIGRAINE—A 
MONOGENIC SUBTYPE OF MIGRAINE 
WITH AURA—AND ALLELIC 
CHANNELOPATHIES

 

Phenotype.—

 

Familial hemiplegic migraine is a
rare autosomal dominant subtype of MWA (Interna-
tional Headache Society classification).

 

9

 

 Patients with
FHM have attacks of migraine which are associated
with variable degrees of hemiparesis. The hemi-
paretic aura typically persists up to several days, much
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longer than the 20 to 30 minutes expected for the
more common aura forms. In addition, some families
with FHM also experience ictal and/or progressive
(interictal) cerebellar ataxia. Patients with FHM and

their family members may also have attacks of “non-
hemiplegic” migraine. Given this clinical back-
ground, it is plausible that FHM is most likely part of
the migraine spectrum, and that genes involved in

 

Table 1.—Migraine Genotypes*

 

DNA Mutation Polymorphism Linkage Source, y

 

CACNA1A

 

�

 

 (n

 

�

 

16) FHM Ophoff et al,

 

12

 

 1996
Ducros et al,

 

19

 

 2001

 

�

 

 MWA

 

�

 

MWOA Nyholt et al,

 

22

 

 1998
May et al,

 

23

 

 1995
Hovatta et al,

 

41

 

 1994
Terwindt et al,

 

24

 

 2001

 

�

 

 MWA Ambrosini et al,

 

52

 

 2000
Notch 3

 

�

 

 (Prolonged aura, 
1 family)

Ceroni et al,

 

107

 

 2000

Chromosome 1q

 

�

 

 FHM (1q21, 1q31) Ducros et al,

 

84

 

 1997 
(1q21-23)

Echenne et al,

 

86

 

 1999
Gardner et al,

 

85

 

 1997 
(1q31)

 

�

 

 MWA, MWOA 
(1q31)

Griffiths et al,

 

87

 

 2001

Chromosome Xq24-28

 

�

 

 MWA, MWOA 
(and 1q, 1 family)

Nyholt et al,

 

89

 

 2000
Griffiths et al,

 

87

 

 2001
Chromosome Xp22

 

�

 

 MWA, MWOA, 
FHM

Wieser et al,

 

90

 

 2001

Chromosome 3

 

�

 

 MWOA, vascular 
retinopathy, and 
Raynaud (3p21)

Ophoff et al,

 

108

 

 2001

Chromosome 4

 

�

 

 MWA Wessman et al,

 

88

 

 2001
Dopamine D

 

2

 

 receptor

 

�

 

 MWA

 

�

 

MWOA Peroutka et al,

 

91

 

 1997
Del Zompo et al,

 

92

 

 1998
Dopamine 

 

�

 

 hydroxylase

 

�

 

 MWA, MWOA Lea et al,

 

95

 

 2000
Angiotensin converting 

enzyme

 

�

 

 MWA, MWOA Paterna et al,

 

93

 

 2000

Serotonin transporter

 

�

 

 MWA, MWOA Ogilvie et al,

 

94

 

 1998
Tumor necrosis factor 

 

� �

 

 MWOA Martelletti et al,

 

98

 

 2000
MTHF reductase

 

�

 

 C677T, MWA, 
MWOA

Kowa et al,

 

100

 

 2000

Endothelin type A 
receptor (ETA-231 
A/G)

 

�

 

 MWOA, MWA Tzourio et al,

 

96

 

 2001

Insulin receptor 
(ch 19p13.2/3)

 

�

 

 (n

 

�

 

5) MWOA, 
MWA

White et al,

 

97

 

 2001

Mitochondrial DNA

 

�

 

 Migraine and stroke Bresolin et al,

 

112

 

 1991
Sano et al,

 

114

 

 1996
Ojaimi et al,

 

118

 

 1998

 

�

 

 All other MWA, 
MWOA

Majamaa et al,

 

117

 

 1998

*FHM indicates familial hemiplegic migraine; MWA, migraine with aura; MWOA, migraine without aura; MTHF, methylenetet-
rahydrofolate.
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FHM are candidate genes for “nonhemiplegic” mi-
graine (especially migraine with prolonged aura [ie,
longer than 60 minutes], migraine associated with
vestibulocerebellar symptoms, or basilar migraine,
the last of which may be clinically linked to FHM).

 

10,11

 

Mutations in the Gene 

 

CACNA1A

 

: FHM and Al-
lelic Diseases.—

 

The calcium channel gene, 

 

CACNA1A

 

(formerly, 

 

CACNL1A4

 

), is located on the short arm of
chromosome 19 and codes for the pore-forming sub-
unit (

 

�

 

1A

 

) of neuronal voltage-dependent P/Q-type cal-
cium channels.

 

8

 

 Some mutations on this gene cause
FHM, while others cause episodic ataxia type 2 (EA2)

 

12

 

;
CAG repeat expansions at the 3

 

	

 

 end cause spinocere-
bellar ataxia type 6.

 

13

 

 Recent reports have indicated a

 

CACNA1A

 

 point mutation (C5733T) introducing a
premature stop codon (R1280stop) in one patient suf-
fering from generalized epilepsy and ataxia and the in-
volvement of one 

 

CACNA1A

 

 polymorphism in gener-
alized epilepsy.

 

14,15

 

Since the first report of 4 mutations in FHM,

 

8

 

 at
least 16 supplementary mutations have been found
(Table 2).

 

8,16-19

 

 Several of those mutations (especially
T666M) also cause ataxia, while others (S218L,
Y1385C) cause seizures and coma that can be trig-
gered by trivial head trauma.

 

8,20-21

 

 At present, the evi-
dence that 

 

CACNA1A

 

 plays a role in the common
forms of migraine is based on linkage studies and sib-
pair analyses.

 

22-24

 

Functional Consequences of These Mutations

 

.—
Six functional subclasses of calcium channels have
been defined by electrophysiological and pharmaco-
logical criteria. They fall into two major categories:
low-voltage activated (T type) and high-voltage acti-
vated channels (L, N, P, Q, R type).

 

25

 

 Calcium chan-
nels are multiple-subunit complexes composed of a
major transmembrane 

 

�

 

1 unit and smaller auxiliary
polypeptides which include a disulfide-linked 

 

�

 

2

 




 

subunit and the 

 

�

 

 subunit. The 

 

�

 

1A

 

 subunit which is
encoded by the 

 

CACNA1A

 

 gene is the most impor-
tant component of P- and Q-type channels; it acts as a
voltage sensor and forms the ion-conducting pore.

 

26

 

P/Q calcium channels are highly expressed in the
cerebellum and known to control neurotransmitter
release in the central (eg, serotonin) and peripheral
nervous system (eg, acetylcholine at the neuromuscu-
lar junction).

 

27-31

 

In general, FHM is caused by missense mutations
and EA2 by truncating mutations in 

 

CACNA1A

 

, but
in some families these clinical phenotypes may over-
lap.

 

17,32

 

 Recently, missense mutations producing ex-
clusively EA2 have been described, and in one
patient EA2 was associated with nonhemiplegic mi-
graine.

 

16,33

 

 In EA2, loss-of-function mutations in

 

CACNA1A

 

 can result in presynaptic failure of neuro-
muscular transmission.

 

34-36

 

In vitro, the functional consequences of several
of the FHM mutations were found to be rather com-
plex: some mutations produce a gain of function, oth-
ers a loss of function or functional instability.

 

37-39

 

Therefore, it appears that mutations producing dif-
ferent channel dysfunctions nonetheless may cause
similar clinical phenotypes.

The mechanisms by which dysfunctioning P/Q-
type calcium channels may cause disorders character-
ized by ictal phenomena such as EA2, FHM, and,
possibly, “regular” migraine are still unknown. An in

 

Table 2.—Familial Hemiplegic Migraine: Genotype-
Phenotype Correlations*

 

Ataxia/
Nystagmus Notes

FHM 19p13 
(

 

CACNA1A

 

)

 

�

 

�

 

80%-90% penetrance with 
ictal coma/traumatic onset 
without epilepsy

R192Q 0
R195K 0
S218L 0 Coma/traumatic onset
T501M 0
R583Q

 

�

 

Frequent
T666M

 

�

 

Most frequent, also sporadic
V714A 0
D715E

 

�

 

Essential tremor
K1336E 0
Y1385C

 

�

 

Sporadic; coma, epilepsy
R1668W

 

�

 

L1682P

 

�

 

W1684R

 

�

 

V1696I 0
I1811L

 

�

 

V1457L 0 Putative
FHM 1 

(1q21-23; 1q31)
0

 

�

 

60% penetrance with ictal 
coma/traumatic onset; 
epilepsy present

*Modified from Montagna.
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vivo study showed that inhibition by alpha-eudesmol
inhibits neurogenic plasma extravasation following
electrical stimulation of rat trigeminal ganglion, as
well as calcitonin gene-related peptide and substance
P release.

 

40

 

 By contrast, in another preliminary study,
blockade of P/Q calcium channels in the periaque-
ductal gray facilitated trigeminal nociception in dor-
sal horn neurons.

 

POSSIBLE INVOLVEMENT OF 

 

CACNA1A

 

 IN 
NONHEMIPLEGIC MIGRAINE

 

Linkage Studies.—

 

Although significant linkage
was not found in one study,

 

41

 

 linkage and sib-pair
analyses suggest that the 

 

CACNA1A

 

 gene region
19p13 also is involved in MWA and MWOA.

 

22-24

 

 This
involvement seems to be more pronounced in MWA
than in MWOA.

 

24

 

Interictal Nervous System Dysfunction in Mi-
graineurs.—

 

Subclinical Dysfunction of the Cerebellum 
and of Neuromuscular Transmission.—

 

In addition to
direct evidence from studies of genetic epidemiology,
there is indirect neurophysiological evidence suggest-
ing an involvement of calcium channel genes in the
common types of migraine. As previously indicated,
mutations in the 

 

CACNA1A

 

 gene can cause FHM,
cerebellar ataxia (or both), and P/Q-type calcium
channels are highly expressed in the cerebellum.

 

27,28

 

We used a pointing paradigm and an infrared opto-
electronic tracking system to search for impairment
of motor control in migraineurs and found subclinical
hypermetria and other subtle cerebellar signs in sub-
jects with the common forms of migraine42; the cere-
bellar signs were more pronounced in MWA than in
MWOA. These signs could reflect subtle dysfunc-
tioning of genetically abnormal calcium channels in a
central nervous system location which, at first glance,
might not be thought involved per se in migraine
pathogenesis. It is of interest, however, that during
and between attacks, vertigo, dizziness, and episodes
of dysequilibrium are frequent complaints of mi-
graineurs, especially in those with MWA.10,43 That the
cerebellar signs were more pronounced in MWA
than in MWOA is compatible with the stronger ge-
netic influence in the former type.44

An example of a subclinical alteration in the pe-
ripheral nervous system of migraineurs seems to be

the reduced safety factor at the neuromuscular junc-
tion recently found with single-fiber electromyogra-
phy (EMG) in a subgroup of patients with MWA.45-47

The abnormality was present mainly in patients with
neurologic in addition to visual aura symptoms and in
patients with prolonged auras.45-47 P/Q calcium chan-
nels are known to control stimulation-induced acetyl-
choline release at the motor axon terminal.48,49 As
similar but more pronounced abnormalities of neuro-
muscular transmission were described in EA2 and in
tottering mice, their presence in the common forms
of migraine is compatible with mildly dysfunctioning
P/Q-type calcium channels.34,50 There is a significant
correlation between cerebellar and neuromuscular
junction performances in MWA supporting the hy-
pothesis of a common cause for both types of subclin-
ical dysfunction.51

Other evidence for the involvement of P/Q-type
calcium channels in the common forms of migraine
comes from the favorable effect of acetazolamide on
clinical symptoms in EA2, FHM, and migraine aura
status and on single-fiber EMG abnormalities found
in patients with nonhemiplegic migraine.18,52-55 That
no mutations have been identified up to now in the
common forms of migraine, suggests that the calcium
channels could be functionally impaired because of
alterations in channel kinetics due to more subtle ge-
netic changes such as gene polymorphisms. A corre-
lation between a CACNA1A single nucleotide poly-
morphism and neuromuscular transmission assessed
by single-fiber EMG was recently described in pa-
tients with MWA.56

Possible Involvement of the Cortex.—During the
headache-free interval, abnormal functioning of the
migrainous brain can be demonstrated by psycho-
physical, neurophysiological, and metabolic studies.

Sensitivity to environmental stimuli is enhanced
interictally in migraineurs.57 On psychophysical tests
of visual functions, migraineurs differ from nonmi-
graineurs in being particularly intolerant to certain
repetitive visual patterns.58 Neurophysiological test-
ing has shown that processing of cortical information
in migraineurs is characterized by deficient habitua-
tion (or dishabituation) during repetition of the
stimulation59; this has been demonstrated for both
event-related and visual evoked potentials.60-64 More-
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over, intensity dependence of auditory evoked corti-
cal potentials is increased in patients with migraine
compared to normal controls, perhaps chiefly a con-
sequence of similar dishabituation.65,66 During pro-
longed visual stimulation, we found less habituation-
like behavior of the BOLD signal in patients with
MWA than in healthy volunteers, thus confirming with
the method of functional magnetic resonance imaging
a migraine-linked difference in cortical information
processing.67

The precise cause of this cortical dysfunction is
not known, but two independent studies have indi-
cated that it is likely genetic in origin and may repre-
sent an “endophenotypic vulnerability marker.”68-70

Dysfunctioning P/Q-type calcium channels can change
neuronal excitability and firing rate via changes in in-
tracellular calcium levels. Since the excitability of sen-
sory cortices is known to be strongly modulated by
subcortical aminergic neurons, a decreased firing rate

of the latter might be responsible for the observed
electrophysiological abnormalities (Figure). We have
shown in a recent study that dishabituation can be in-
duced in the normal human brain by inhibiting the
cortex with low-frequency repetitive transcranial
magnetic stimulation, while habituation can be nor-
malized in the migrainous brain by activating the cor-
tex with high-frequency stimulation.71 Another less
obvious consequence of dysfunctioning calcium chan-
nels was demonstrated with magnetic resonance spec-
troscopy (MRS) in EA2, wherein an increase of intra-
cellular lactate levels and pH suggested impairment of
mitochondrial metabolism (Figure).72 During pro-
longed visual stimulation in patients with MWA,
we have found with functional MRS an abnormal
increase of lactate levels within the visual cortices,
perhaps representing the metabolic consequence of
electrophysiological dishabituation, decreased mito-
chondrial energy reserve, or both.73

Putative functional and metabolic consequences of mutations in the �1A calcium channel subunit gene CACNA1A (metabolic
changes adapted from Sappey-Marinier et al72).



370 May 2002

MOUSE MODELS OF MUTATIONS IN THE 
FHM GENE CACNA1A

There are four mouse mutants that can serve as
a model for human diseases involving CACNA1A
mutations: tottering, leaner, rolling Nagoya, and
rocker.74-78 A “knockout” mouse lacking the �1A sub-
unit also has been produced.79

The recessive tottering mice that have been stud-
ied as models for human epilepsy carry a missense
mutation that is very similar to one of the FHM mu-
tations and most likely affects the pore function of
the P/Q-type calcium channel.80 Its presence results in
intermittent convulsions similar to human absence
epilepsy, motor seizures, and mild ataxia.

The more severely affected leaner mouse is asso-
ciated with a mutation producing an aberrant intra-
cellular terminus and resembling the mutations found
in two EA2 families. The leaner mouse suffers from
absencelike (but not motor) seizures, is severely
ataxic, and typically dies early in life. Purkinje and
granule cell loss throughout the anterior cerebellum
and reduced cerebellar size are found in this mutant.
The third mouse strain, the rolling Nagoya, presents
an intermediate phenotype. Motor seizures do not
occur, the ataxia is more severe than in the tottering
mutant, and life span is normal. The recently de-
scribed rocker mice, possessing a recessive missense
mutation, exhibit a normal life span, ataxia, and in-
tention tremor, but not seizures.78 By contrast, the
knock-out �1A-null mice exhibit severe progressive
ataxia, dystonia, and absence seizures; death nor-
mally occurs within 3 to 4 weeks.79

Tottering and leaner mice have an increased
threshold for cortical spreading depression and atten-
uation of evoked increases of extracellular glutamate
levels, suggesting a decrease in cortical excitability.81

Could a similar lack of excitability be responsible for
the abnormal cortical information processing found
in migraineurs? In tottering mice, a cortical prolifera-
tion of noradrenergic terminals from the locus coer-
uleus is thought to be involved in the generation of
seizures.80 Interestingly, positron emission tomogra-
phy studies have suggested that the brain stem area
wherein the locus coeruleus and dorsal raphe nucleus
reside may be of pathophysiological importance in
migraine attacks.82,83 As mentioned previously, totter-

ing mice also exhibit clear abnormalities of acetylcho-
line release at the motor axon terminal,50 another
finding that indicates they may represent useful
“channelopathy model” for certain migraine sub-
types.

OTHER LOCI FOR MIGRAINE
Chromosomes 1, 4, 19, and X.—While the larger

part of families with FHM have genetic abnormalities
located on chromosome 19p13, some demonstrate no
linkage to chromosome 19, but rather to a yet-to-be-
identified gene on chromosome 1 or to other unde-
termined genetic loci.84-86 Further analysis may dis-
close whether chromosome 1q harbors one or two
FHM genes. Linkage to this chromosome (1q31) was
recently found in nonhemiplegic forms of migraine,
with some families having additional linkage to
Xq24-28.87 Some families with FHM cannot be linked
to chromosomes 19 or 1, and at least a third gene con-
sequently must be involved.84 Significant linkage to
chromosome 4 was described in MWA.88 A new locus
on chromosome 19 (19p13), distinct from the
CACNA1A gene, recently was found to be linked to
MWA.89 The X chromosome also might be a candi-
date, as significant linkages have been shown both to
chromosome Xq24-28 and Xp22 for familial hemiple-
gic and nonhemiplegic migraine.90,91

Polymorphisms.—The prevalence of various
gene polymorphisms may be higher in migraineurs
than in controls. This has been reported for the
dopamine D2 receptor, angiotensin converting en-
zyme, the serotonin transporter, dopamine � hydrox-
ylase, the endothelin type A receptor, the insulin re-
ceptor, and the tumor necrosis factor � genes; the
latter may reflect the decreased frequency of HLA
class II DR2 antigen reported in MWOA. The role
played by these various polymorphisms remains to be
determined; some may not be specific to migraine,
but still could increase susceptibility to the disorder
and induce endophenotypic vulnerability markers. A
recent study of Japanese migraineurs showed a
higher incidence of the homozygous C677T mutation
of the methylenetetrahydrofolate reductase gene,
which is associated with increased homocysteine lev-
els and thrombosis.100 No evidence has been found for
an allelic association between migraine and a poly-
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morphism in the inducible nitric oxide synthase gene,
a result which may be relevant to the putative role of
nitric oxide in migraine pathogenesis.101

OTHER CONDITIONS INCLUDING 
MIGRAINE AS A SYMPTOM

Cerebral Autosomal Dominant Arteriopathy
With Subcortical Infarcts and Leukoencephalopathy
(CADASIL).—This is a disease with multifaceted
symptomatology, including recurrent subcortical is-
chemic strokes, progressive vascular dementia, and
mood disorders.102 Remarkably, MWA occurs in
many patients with CADASIL.102-104 Typical FHM at-
tacks have been described in one family with CADA-
SIL.105 In another family linked to the CADASIL lo-
cus, migraine and white matter lesions resembling
typical CADASIL on MRI were reported.102 A Notch
3 gene mutation has been identified as the cause of
CADASIL.106 It is unclear in CADASIL whether mi-
graine attacks are directly related to the genetic ab-
normality or secondary to vascular changes. No fur-
ther genetic data are, as yet, available from the
families in which CADASIL is accompanied by mi-
graine attacks typical of FHM. A mutation in the
Notch 3 gene recently was found in an Italian family
affected by migraine with prolonged aura but no
other neurologic deficits.107 In a family affected by mi-
graine, hereditary vascular retinopathy, and Raynaud
phenomenon, significant linkage occurred with a lo-
cus on chromosome 3 (3p21).108

Migraine and Mitochondrial Function.—Meta-
bolic studies using MRS have demonstrated low mi-
tochondrial phosphorylation potential in the brain
and muscle of migraineurs.109-111 Although mitochon-
drial DNA mutations have been reported in some mi-
graineurs with strokelike episodes, none of the known
mitochondrial mutations yet has been found in the
more common forms of migraine (Table 3).112,113,115-122

Even so, mitochondrial energy metabolism can be
impaired by calcium channel dysfunction and by de-
creased magnesium levels, both of which may be
present in migraine.72,123-125 It has been hypothesized
that the conjunction of decreased mitochondrial en-
ergy reserve and a deficit in habituation of cortical in-
formation processing (known to protect against over-
stimulation and lactate accumulation) might lead to
activation of the major pain-signalling limb of the
brain, the trigeminovascular system.59 Preliminary re-

Table 3.—Mitochondrial DNA Studies in Migraine*

Negative studies
Klopstock et al,119 1996 3243 MELAS, 8344 MERRF, mtDNA deletions absent in migraine with aura
Haan et al,121 1999 3243 MELAS, 3271, 11084, mtDNA deletions absent in matrilinear migraine
Russell et al,120 1997 11084 mutation absent in Danish migraineurs
Majamaa et al,117 1998 8344, 8993, 11778, mtDNA deletions absent in migraine stroke
Buzzi et al,122 2000 mtDNA A3243G MELAS mutation not associated with multigenerational female migraine

Positive studies
Shimomura et al,113 1995 11084 mtDNA mutation in 25% of 53 Japanese migraineurs
Bresolin et al,112 1991 mtDNA deletion in one case with migraine stroke
Ojaimi et al,118 1998 4216 and 13708 LHON secondary mutations in juvenile stroke
Majamaa et al,115 1997 MELAS mutation in 6% of juvenile migraine stroke
Majamaa et al,117 1998 mtDNA U haplotype in migraine stroke
Boles et al,116 1997 8.1 Kb mtDNA deletion in cyclic vomiting syndrome

*Modified from Montagna.32

Table 4.—Phenotypic Aspects of Common Forms of 
Migraine Possibly Linked to Specific Genotypes

Trigger factors Hereditary transmission patterns
Premonitory symptoms Comorbid disorders
Presence of aura Neuromuscular junction 

impairment
Prolonged aura Subclinical cerebellar signs
Complex neurologic aura Dishabituation on evoked 

potentials
Vertigo/imbalance Interictal cognitive impairment



372 May 2002

sults using functional MRS during prolonged visual
stimulation suggest that the habituation deficit might
suffice in certain migraineurs to produce an abnormal
increase in cortical lactate levels.73 It is still to be de-
termined whether any mitochondrial abnormality
found in migraine is an independent pathophysiologi-
cal component or simply a consequence of other
functional deficits.

CONCLUSIONS
Migraine is a complex disease wherein various ge-

netic factors interact with environmental triggers. The
challenge for future research is to establish better links
between the clinical phenotype and the genotype. Hints
may come from the known function and localization of
some of the gene products found to be abnormal in or
linked to migraine. The recently described subclinical
cerebellar and neuromuscular junction dysfunctions
could be due to abnormal calcium channels, but direct
proof is still missing. Other phenotypic aspects of mi-
graine, be they clinical, electrophysiologic, or metabolic,
may have a genetic basis (Table 4). There clearly is a
need to explore their potential correlation with the ge-
netic profile of subgroups of migraineurs, down to the
level of single nucleotide polymorphisms.
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