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Summary: Familial hemiplegic migraine (FHM) is a rare and
genetically heterogeneous autosomal dominant subtype of mi-
graine with aura. Mutations in the genes CACNA1A and
SCNA1A, encoding the pore-forming �1 subunits of the neuro-
nal voltage-gated Ca2� channels CaV2.1 and Na

� channels
NaV1.1, are responsible for FHM1 and FHM3, respectively,
whereas mutations in ATP1A2, encoding the �2 subunit of the
Na�, K� adenosinetriphosphatase (ATPase), are responsible
for FHM2. This review discusses the functional studies of two
FHM1 knockin mice and of several FHM mutants in heterol-
ogous expression systems (12 FHM1, 8 FHM2, and 1 FHM3).
These studies show the following: (1) FHM1 mutations pro-
duce gain-of-function of the CaV2.1 channel and, as a conse-
quence, increased CaV2.1-dependent neurotransmitter release
from cortical neurons and facilitation of in vivo induction and
propagation of cortical spreading depression (CSD: the phe-

nomenon underlying migraine aura); (2) FHM2 mutations pro-
duce loss-of-function of the �2 Na

�,K�-ATPase; and (3) the
FHM3 mutation accelerates recovery from fast inactivation of
NaV1.5 (and presumably NaV1.1) channels. These findings are
consistent with the hypothesis that FHM mutations share the
ability of rendering the brain more susceptible to CSD by
causing either excessive synaptic glutamate release (FHM1) or
decreased removal of K� and glutamate from the synaptic cleft
(FHM2) or excessive extracellular K� (FHM3). The FHM data
support a key role of CSD in migraine pathogenesis and point
to cortical hyperexcitability as the basis for vulnerability to
CSD and to migraine attacks. Hence, they support novel ther-
apeutic strategies that consider CSD and cortical hyperexcit-
ability as key targets for preventive migraine treatment. Key
Words: Migraine, cortical spreading depression, Ca2� chan-
nel, Na�, K� ATPase, Na� channel, epilepsy.

INTRODUCTION

Migraine is a common episodic headache disorder
affecting more than 10% of the general population. It is
characterized by unilateral and pulsating moderate-to-
severe headache (lasting 4 to 72 hours), often accompa-
nied by nausea, phonophobia, and photophobia (mi-
graine without aura, MO), that may be preceded by
transient (usually less than 60 minutes) neurological
symptoms, that are most frequently visual but may in-
volve other senses (migraine with aura, MA). Migraine
arises from a primary brain dysfunction that leads to
activation and sensitization of the trigeminovascular sys-
tem; the nature and mechanisms of this primary brain
dysfunction are incompletely understood.1,2 Migraine
has a strong (up to 50%) genetic component (higher in
MA than MO), with a likely multifactorial polygenic
inheritance.3,4

Familial hemiplegic migraine (FHM) is a rare autosomal
dominant subtype of MA, whose aura symptoms include

motor weakness or paralysis (often, but not always, unilat-
eral). Apart from the obligatory motor aura, typical FHM
attacks resemble MA attacks. Nearly always, at least three,
and often four, aura symptoms are present in FHM (typi-
cally in the temporal order: visual, sensory, motor, aphasic),
and they last longer than in MA. MA usually has only
visual symptoms but the appearance and progression of the
visual symptoms are similar in MA and FHM. Also, the
duration of the headache is usually longer in FHM than
MA, but all other headache characteristics are similar.5

FHM and MA attacks may alternate in patients and co-
occur within FHM families, and compared with the general
population FHM probands have an almost eight times in-
creased risk of MA,6 suggesting that FHM and MAmay be
part of the same spectrum andmay share some pathogenetic
mechanisms. The study of FHM mechanisms may thus
provide unique insights into the pathophysiology of mi-
graine.
In addition to typical FHM attacks, some FHM patients

can have atypical severe attacks with signs of diffuse en-
cephalopathy, impairment of consciousness (coma) or con-
fusion, prolonged hemiplegia lasting several days, and in a
few cases seizures.7,8 Moreover, about 20% of FHM fam-
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ilies show permanent cerebellar symptoms consisting of
progressive cerebellar ataxia with or without nystagmus.5

Emotional stress and minor head trauma are among the
most common triggers of FHM attacks.7,8

FHM is genetically heterogeneous. Mutations in the
genes CACNA1A at chromosome 19p13 (see Ophoff et
al.9), ATP1A2 at 1q23 (see De Fusco et al.10), and
SCNA1A at 2q24 (see Dichgans et al.11) are responsible
for type 1 (FHM1, up to 50% of the cases), type 2
(FHM2, 20% to 30% of the cases), and type 3 FHM
(FHM3), respectively. Clinically, there are few differ-
ences in symptoms between the genetically different
types of FHM, except for the cerebellar symptoms that
are almost exclusively associated with FHM1.
Sporadic hemiplegic migraine (SHM) has clinical char-

acteristics identical to FHM, but without other affected
cases in the family. Some of the SHM patients are the first
FHM patients, as shown by the identification of CACNA1A
mutations in three of about 40 patients analyzed; however,
SHM patients exist without mutations in known FHM
genes.12 Most linkage and association studies indicate that
the CACNA1A and ATP1A2 genes are not involved in MA
(see Kirchmann et al.,13 Netzer et al.,14 and references
therein). However, missense mutations in the ATP1A2 gene
have been identified in two families with clustering of com-
mon forms of migraine15 and in a family with basilar mi-
graine, a subtype of MA in which the aura symptoms orig-
inate from the brainstem or reflect simultaneous
involvement of both hemispheres.16

FAMILIAL HEMIPLEGIC MIGRAINE TYPE 1
(FHM1)

The FHM1 gene, CACNA1A, was identified in 1996;
CACNA1A encodes the pore-forming �1 subunit of the
neuronal voltage-gated calcium channel CaV2.1 (or P/Q-
type Ca2� channel).9 This subunit consists of four re-

peated domains (I–IV) each of which contains six trans-
membrane regions (S1–S6) comprising a voltage sensor
S4 and a pore loop between S5 and S617 (compare Can-
non18 and FIG. 1). Eighteen different missense mutations
associated with FHM1 have been described, including
the Y1385C SHM mutation19,20 (FIG. 1). All produce
substitutions of conserved amino acids in important
functional regions including the pore lining and the volt-
age sensors. Pure FHM1 and FHM1 with cerebellar
symptoms are associated with distinct mutations.7 Symp-
tom variability among subjects with the same mutation
suggests that other genetic or environmental factors also
influence the phenotype.
CaV2.1 channels are located in presynaptic terminals

and somatodendritic membranes throughout the brain,
where they play a prominent role in controlling neuro-
transmitter release particularly at central excitatory syn-
apses.21 The somatodendritic localization of CaV2.1
channels points to additional postsynaptic roles; e.g., in
neural excitability. CaV2.1 channels are expressed in all
brain structures that have been implicated in the patho-
genesis of migraine, including the cerebral cortex, the
trigeminal ganglia, and brainstem nuclei involved in the
central control of nociception.1 Their expression is par-
ticularly high in the cerebellum. Deletion of the
CaV2.1�1 mouse gene leads to severe cerebellar ataxia
and dystonia together with selective progressive cerebel-
lar degeneration.22,23 Different mouse strains with spon-
taneous CaV2.1�1 mutations all suffer from ataxia and
exhibit reduced P/Q-type current in Purkinje cells.24

Moreover, null CaV2.1
�/� mice and the majority of the

spontaneous mutants harboring loss-of-function muta-
tions in CaV2.1 show absence seizures.

21,24 A 50% loss
of CaV2.1 channels leads to reduced responses to inflam-
matory and neuropathic pain in heterozygous CaV2.1

�/�

mice, revealing an important role of these channels in

FIG. 1. Secondary structure of the Cav2.1 �1 subunit and location of the familial hemiplegic migraine 1 mutations identified so far. In
black: mutations whose functional consequences have been studied in heterologous expression systems. Underlined: mutations whose
functional consequences have been studied also in transfected neurons from CaV2.1�/� mice.
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central sensitization.25 The complex neurological pheno-
type of the loss-of-function CaV2.1 mutants suggests that
the lack (or reduced number and [or] functional impair-
ment) of CaV2.1 channels cannot be functionally com-
pensated for at many central synapses.
In humans, mutations in the CACNA1A gene cause, in

addition to FHM1, a few autosomal dominant neurolog-
ical disorders characterized by cerebellar dysfunction,
such as episodic ataxia type 2 (that may be associated
with absence epilepsy in a few cases) and spinocerebellar
ataxia type 69,26,27 (compare, Strupp28 and Gomez29).
Functional studies of the effects of these mutations on
recombinant CaV2.1 channels in heterologous expression
systems have revealed a loss of channel function in the
case of mutations causing episodic ataxia type 2 (with or
without absence epilepsy)21 (compare, Strupp28), and
conflicting effects in the case of mutations causing spino-
cerebellar ataxia type 6 (compare, Gomez29).
The functional consequences of 12 FHM1 mutations

(in black, FIG. 1) have been investigated in heterologous
expression systems expressing recombinant CaV2.1
channels30-36 (and our unpublished observations). Be-
cause CaV2.1 channel expression is almost exclusively
restricted to neuronal cells, five of these mutations (un-
derlined in FIG. 1) have also been investigated in neu-
rons from CaV2.1

�/� mice expressing human CaV2.1�1
subunits.31,35,37,38 Recently, the generation of knockin
mice carrying two different FHM1 mutations (R192Q
and S218L) allowed the first analysis of mutant channels
expressed at their endogenous level in neurons.39-41

The studies in heterologous expression systems
showed that the FHM1 mutations alter many biophysical
properties of human CaV2.1 channels, in a complex way.
In some cases (e.g., in the case of the channel inactiva-
tion properties) the effects were different depending on
the mutation. However, an important consistent effect
was revealed by studying the single channel properties of
eight mutant human CaV2.1 channels. All the FHM1
mutants showed an enhanced single channel Ca2� influx
in a wide range of mild depolarizations, reflecting an
increased channel open probability, mainly due to a shift
to lower voltages of channel activation31,34,35 (and our
unpublished observations). Consistent (and in the major-
ity of cases significant) shifts to lower voltages of current
activation of human FHM1 mutants were also revealed
by measurements of whole-cell currents in heterologous
expression systems, transfected neurons and neurons of
FHM1 knockin mice.30,31,34-36,39-41

The CaV2.1 current density in cerebellar granule cells
and cortical pyramidal neurons of R192Q and S218L
knockin mice was larger than in wild-type neurons for a
wide range of mild depolarizations. Similar current den-
sities were measured with strong depolarizations (elicit-
ing maximal channel open probability) indicating a sim-
ilar number of functional CaV2.1 channels in the

membrane of knockin and wild-type neurons.39-41 The
shift to lower voltages of CaV2.1 channel activation and
the gain-of-function of the neuronal CaV2.1 current were
about twice as large in homozygous compared with het-
erozygous S218L KI mice, revealing an allele-dosage
effect consistent with dominance of the mutation in
FHM1 patients.41

While the R192Q mutation produces a pure FHM
phenotype characterized by typical attacks, the S218L
mutation produces a severe clinical phenotype, in which
typical attacks of FHM triggered by minor head trauma
are frequently followed by deep coma or profound stupor
(sometimes preceded by a generalized seizure), fever,
and long-lasting severe cerebral edema; other common
symptoms are ataxia and cerebral and (or) cerebellar
atrophy.42-44 Accordingly, while the homozygous
R192Q knockin mice appear healthy, the homozygous
S218L mice are prone to sudden death for seemingly
unknown reasons (probably due to severe seizures) and
are ataxic (Arn van den Maagdenberg, personal commu-
nication). Compared with the other FHM1 mutations
analyzed, S218L is one of the mutations that produces
the largest shift of activation of human CaV2.1 channels
and the largest gain-of-function especially for small de-
polarizations.31,35 Accordingly, at low voltages close to
the threshold of activation of mutant channels, the gain-
of-function of the CaV2.1 current was larger in S218L KI
mice than in R192Q KI mice.39,41

The changes in whole-cell CaV2.1 current density in
neurons from knockin mice were very similar to the
changes in single channel Ca2� influx of mutant recom-
binant human CaV2.1 channels, indicating that FHM1
mutations produce a similar gain-of-function of Ca2�

influx through mouse and human Ca2� channels. The
analysis of mutant channels in neurons of knockin mice
revealed that FHM1 mutations produce gain of function
of CaV2.1 channels at both the single channel and whole-
cell level. By contrast, varying and conflicting results
were obtained from previous measurements of the
whole-cell Ca2� current in transfected neurons and
HEK293 cells overexpressing mutant human CaV2.1
channels. While either an increase or a decrease of the
whole cell CaV2.1 current density elicited by strong de-
polarizations was measured in HEK293 cells depending
on the FHM1 mutant analyzed31,34,35 (and our unpub-
lished observations), a consistent decrease was measured
in neurons.31,35,37,38 The R192Q mutation decreased the
current density at high voltages in transfected neurons
but increased it in transfected HEK293 cells.31,34,37,38

Because the same mutation did not affect the whole-cell
P/Q Ca2� current density elicited by strong depolariza-
tions in neurons of knockin mice expressing CaV2.1
channels at their endogenous level, the changes in trans-
fected cells likely reflect changes in the number of func-
tional channels in the membrane that might be an artifact
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of overexpression. One may therefore obtain misleading
answers using transfected cells to study the effect of ion
channel mutations on cellular functions that depend on
the number of functional channels in the membrane. This
is well illustrated by the different conclusions regarding
the effect of FHM1 mutations on neurotransmitter re-
lease that are reached when neurotransmission is studied
in knockin mice or using transfected neurons.
The FHM1 knockin mice showed increased neuro-

transmission at the neuromuscular junction in conditions
of low release probability (evoked release at low Ca2�

and spontaneous release).39,45,46 Moreover, recent inves-
tigation of excitatory neurotransmission at physiologic
Ca2� concentrations in microcultures of cortical neurons
revealed an increased glutamate release due to an in-
creased contribution of P/Q Ca2� channels.47 In contrast,
synaptic transmission was unaltered and the contribution
of P/Q Ca2� channels in controlling release was de-
creased at synapses between hippocampal neurons trans-
fected with human R192Q CaV2.1�1 subunits.

37

The functional studies just described lead to the im-
portant conclusion that FHM1 mutations produce gain-
of-function of human neuronal CaV2.1 channels. Mutant
human CaV2.1 channels open at lower voltages and more
readily than WT channels, and Ca2� influx through mu-
tant channels can occur in response to small depolariza-
tions insufficient to open WT channels. As a conse-
quence, FHM1 mutations produce gain-of-function of
CaV2.1-dependent neurotransmitter release at synapses
where the presynaptic Ca2� sensor controlling release is
not saturated.
Neuroimaging findings indicate that migraine aura is

due to cortical spreading depression (CSD), a wave of
sustained strong neuronal depolarization, that slowly
progresses across the cortex, generating a transient in-
tense spike activity that is followed by long-lasting neu-
ral suppression.1 In animals, CSD can be induced by
focal stimulation (electrical, mechanical, or with high
K�) of the cerebral cortex, by inhibition of the Na�/K�

ATPase and by other stimuli.48 In animal studies, CSD
can activate the meningeal trigeminal nociceptive affer-
ents and evoke alterations in the meninges and brainstem
consistent with the development of headache.49 More-
over, a series of known antimigraine prophylactic drugs
have the common property of elevating the stimulation
threshold for induction of CSD after protracted admin-
istration.50 These studies support the idea that CSD may
initiate migraine attacks.1,2,51

Interestingly, FHM1 knockin mice are more suscepti-
ble to CSD than wild-type mice. In both R192Q and
S218L knockin mice, gain-of-function of CaV2.1 chan-
nels lead to a lower threshold for CSD induction and an
increased velocity of propagation of CSD induced by
electrical stimulation of the visual cortex in vivo.39,41 In
correlation with the more severe clinical phenotype of

the S218L mutation, the facilitation of CSD (especially
its rate of propagation) was larger in S218L than R192Q
KI mice. Moreover, S218L knockin mice showed a much
higher incidence of recurrent CSDs.41 The unique com-
bination of a particularly low threshold of activation and
slow inactivation, and a particularly fast rate of recovery
from inactivation of mutant S218L CaV2.1 channels,
probably underlie the high incidence of repetitive
CSDs.35 Recurrent CSDs might open the blood–brain
barrier52,53 and explain the delayed cerebral edema and
severe clinical phenotype of the S218L mutation. The
facilitation of CSD induction and propagation were
about twice as large in homozygous compared with het-
erozygous S218L KI mice, an allele-dosage effect con-
sistent with dominance of the mutation in FHM1 pa-
tients.41 These findings support a key role of CSD in the
pathogenesis of FHM1.
Together with previous CSD data from the spontane-

ous Cacna1a mutants leaner and tottering,54 the CSD
data from FHM1 knockin mice also support a key role of
CaV2.1 channels in the initiation and propagation of
CSD. Loss-of-function of CaV2.1 channels in leaner and
tottering mice leads to a higher threshold for CSD in-
duction, a lower velocity of propagation, and a shorter
duration of the CSD depolarization in vivo.54 Similar
inhibitory effects on CSD initiation, propagation, and
duration were produced in vivo by NMDA antagonists in
a dose-dependent manner.55 Moreover, a decrease in in-
tracortical glutamate was measured by in vivo microdi-
alysis during high K� exposure in leaner and tottering
mice.54 Thus, CaV2.1-dependent release of glutamate
from cortical excitatory synapses appears crucial in de-
termining both initiation and propagation of CSD.
Although the mechanisms for initiation and propaga-

tion of CSD are not completely understood, a local in-
crease above a critical value of the K� concentration in
the narrow space surrounding cortical neurons and the
activation of a sustained net inward current in apical
dendrites appear crucial for initiating the positive feed-
back cycle that almost zeroes the neuronal membrane
potential and ignites CSD.48 The pivotal role played by
both NMDA receptors and CaV2.1 channels in CSD in-
duction and propagation is consistent with a positive-
feedback mechanism in which excessive CaV2.1-depen-
dent release of glutamate from synaptic terminals
depolarized by high K� and consequent activation of
NMDA receptors lead to further depolarization of the
postsynaptic membrane, further increase of K� in the
extracellular space (that has narrowed, mainly as a con-
sequence of swelling of astrocytes due to KCl uptake),
further release of glutamate, further activation of the
NMDA receptor, and so on (see FIG. 5 in Pietrobon2).
The normal brain has efficient regulatory mechanisms,
among which the glial uptake mechanisms are particu-
larly important, to keep the extracellular concentration of
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K� within the physiologic range during neuronal activ-
ity.56 The CSD threshold is reached when the regulatory
mechanisms that keep the local K� ions concentration in
the physiologic range are overwhelmed by the build-up
of K� via positive feedback loops. In FHM1 this might
occur as a consequence of cortical hyperexcitability due
to excessive release of glutamate secondary to increased
Ca2� influx through CaV2.1 channels. Enhanced suscep-
tibility to CSD in FHM1 can be explained, considering
that given the lowered voltage threshold for activation of
mutant CaV2.1 channels, a lower increase of extracellular
K� is necessary to activate synaptic CaV2.1 channels and
to release enough glutamate to initiate the positive feed-
back cycle leading to CSD. Thus, a relatively weak de-
polarizing stimulus, as a minor head trauma, which is
without consequences in healthy individuals, may be
able to initiate CSD in FHM1 patients.
Whereas activation of meningeal nociceptors and their

sensitization appear crucial for the initiation of migraine
pain, self-sustained central sensitization plays a key role in
maintaining the severe prolonged pain of migraine head-
ache (Pietrobon and Striessnig,1 Pietrobon,2 and references
therein). Long-term potentiation of nociceptive synapses in
the trigeminal nucleus caudalis, with or without alterations
of descending endogenous pain modulatory pathways, are
plausible hypothetical mechanisms for the maintenance of
central sensitization of the trigeminovascular system.1,2,57

There is evidence that CaV2.1 channels play an important
role in central sensitization in the spinal cord,25,58 and that
CaV2.1 channels located in the periaqueductal gray region
and in the rostroventromedial medulla play a role in de-

scending inhibitory and facilitatory pathways that regulate
trigeminal and spinal pain.59,60 Moreover, CaV2.1 channels
are involved in the control of neurotransmitter release from
perivascular terminals of meningeal afferents and conse-
quent neurogenic vasodilation.1,61 Thus, although the con-
sequences of FHM1 mutations on trigeminal nociception
remain unexplored, one may predict alterations that proba-
bly lead to hyperexcitability of the nociceptive trigemino-
vascular pathways in FHM1. This hypothesis can be inves-
tigated using the available FHM1 knockin mice.

FAMILIAL HEMIPLEGIC MIGRAINE TYPE 2
(FHM2)

The gene for FHM2 was identified in 2003 when muta-
tions in ATP1A2, the gene encoding the �2 subunit of the
Na�,K�-ATPase, were first demonstrated in two Italian
families.10 The Na�,K�-ATPase is a P-type ion pump that
utilizes the energy of ATP to actively transport Na� ions
out of and K� ions into the cell. It is usually composed of
two subunits, a catalytic � subunit, that contains the binding
sites for ATP and the cations, and a regulatory � subunit.
The � subunit consists of 10 membrane spanning segments,
with a large 4-5 intracellular loop, which undergoes major
conformational changes during the enzymatic cycle and
contains the nucleotide-binding domain and phosphoryla-
tion site62 (FIG. 2). Twenty-three different missense muta-
tions associated with FHM2 have been described, including
the R383H SHM mutation (FIG. 2).10,52,63-70 All produce
substitutions of conserved amino acids in important func-
tional regions including the intracellular 4-5 loop, where

FIG. 2. Secondary structure of the Na�,K�-ATPase �2 subunit and location of the familial hemiplegic migraine 2 mutations identified
so far. In black: mutations whose functional consequences have been studied in heterologous expression systems.
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most of the mutations are located and the extracellular 7-8
loop, a domain responsible for � subunit binding.62 Two
additional mutations associated with FHM2 are deletions,
one in frame and one leading to a frameshift and a prema-
ture stop codon67 (FIG. 2). FHM2 families often include
affected individuals who have a history of seizures and, as
with FHM1, some FHM2 patients experience severe epi-
sodic neurological deficits such as confusion or impaired
consciousness, fever, delayed edema, and permanent men-
tal retardation.19 A missense mutation in the ATP1A2 gene
(T378N) was also found in two (or one and the same?)
families with features that bridge the clinical spectrum be-
tween FHM and alternating hemiplegia of childhood
(AHC), a rare syndrome characterized by early onset of
episodic hemiplegia or quadriplegia with autonomic distur-
bances, movement disorders, and progressive cognitive im-
pairment.71,72

The Na�,K�-ATPase pumps generate the ion gradi-
ents that maintain resting membrane potential and cell
volume and provide the driving force for nutrient and
neurotransmitter uptake. Glial and neuronal Na�,K�-
ATPases play an important role in clearance of K� from
the extracellular space during neuronal activity73,74 and
are fundamental also for the clearance of released gluta-
mate from the synaptic cleft, because active transport of
glutamate into astrocytes and neurons is driven by both
Na� and K� gradients. Genes encoding four � Na�,K�-
ATPase isoforms have been identified.62 In contrast with
the �1 isoform, which maintains generalized cellular ho-
meostasis of Na� and K� as a housekeeping role, the �2
isoform plays more specific roles by colocalization with
various ion transporters.75

In the murine brain, the �2 Na
�,K�-ATPase is ex-

pressed primarily in neurons during embryonic develop-
ment and at the time of birth, and primarily in glial cells
in the adult.76-78 Impaired clearance of neurotransmitters
and enhanced neuronal excitation in the amygdala and
pyriform cortex were shown in Atp1a2�/� mice at the
embryonic stage.79 These mice die at birth because of
lack of spontaneous respiratory activity due to functional
impairment of the brainstem respiratory neurons, proba-
bly as a result of elevated intracellular [Cl�] that would
switch the GABA response from hyperpolarization to
depolarization; the data suggest a specific coupling be-
tween the �2 Na

�,K�-ATPase and the neuron-specific
K�-Cl� cotransporter, which excludes Cl� ions from the
cytosol in respiratory center neurons.80 A specific colo-
calization of the �2 isoform of the Na�,K� pump with
the Na�/Ca2� exchanger in microdomains that overlie
subplasmalemmal endoplasmic reticulum was demon-
strated in cultured astrocytes, suggesting a specific func-
tional role of this isoform also in the regulation of intra-
cellular Ca2�, particularly in the endoplasmic
reticulum.81 Indeed, elevated levels of intracellular Ca2�

ions as well as elevated stores of Ca2� in the endoplas-

mic reticulum were measured in cultured astrocytes from
Atp1a2�/� mice.82 In the adult somatosensory cortex the
�2 Na

�,K�-ATPase isoform is located exclusively in
glial cells and shows a localization virtually identical to
that of the astrocytic glutamate transporters GLAST and
GLUT1; at the ultrastructural level it appears preferen-
tially localized in astrocytic processes around asymmet-
rical (glutamatergic) synaptic junctions, and not around
GABAergic terminals.78 These structural data and pre-
vious functional data (e.g., Pellerin and Magistretti83) are
consistent with a specific functional coupling of the �2
Na�,K�-ATPase with astrocytic glutamate transporters
and a specific role in glutamate clearance by glial cells
during neuronal activity in the adult cortex.
The functional consequences of eight FHM2 muta-

tions (in black, FIG. 2) have been investigated in HeLa
cells expressing recombinant (human or rat) �2 Na

�,K�-
ATPase subunits containing mutations that make the
pump insensitive to ouabain, which allows one to distin-
guish the activity of the exogenous pumps from the
endogenous pumps of the cell line.10,68,69,84,85 Three
FHM2 mutations (L764P, W887R, G615R, and also the
AHC mutation) produced severe or complete loss-of-
function of pump activity, because HeLa cells trans-
fected with the FHM2 mutants showed rapid mortality in
the presence of ouabain.10,69,71 Complete loss of pump
activity (as measured by lack of pump current) with
unaltered expression in the plasma membrane has been
shown for the L764P and W887R mutants expressed in
Xenopus ocytes.86 In contrast, the other five FHM2 mu-
tants analyzed so far conferred sufficient Na�/K� pump
activity to allow survival of HeLa cells although at a
reduced rate in the case of the R593W and V628M
mutants; survival was similar to that conferred by the
WT pump in the case of the T345A, M731T, and R689Q
mutants.68,84,85 However, the T345A mutant had a lower
affinity for extracellular K�, which would slow removal
of K� from the extracellular space and slow the recovery
from neuronal excitation.84 The M731T and R689Q mu-
tants had a decreased catalytic turnover and increased
affinity for extracellular K�, which would also slow
extracellular K� clearance in the plausible hypothesis
that the lower catalytic turnover overrides the effect of
increased K� affinity, at least at high extracellular K�
concentrations.85

Impaired clearance of K� and glutamate by astrocytes
during cortical neuronal activity, consequent to a de-
creased number of functional Na�,K�-ATPases, or a
decreased affinity for K� or a decreased catalytic turn-
over of the �2 Na

�,K�-ATPase pumps, would depolar-
ize neurons and enhance glutamate concentration in the
synaptic cleft, thus impairing recovery from neuronal
excitation. One may predict enhanced susceptibility to
CSD in FHM2 considering that relatively weak depolar-
izing stimuli, that would be without consequences in

FAMILIAL HEMIPLEGIC MIGRAINE 279

Neurotherapeutics, Vol. 4, No. 2, 2007



healthy individuals whose efficient glial uptake mecha-
nisms keep the concentration of K� within the physio-
logical range, may be able to produce a local buildup of
K� concentration above the critical value that ignites
CSD in FHM2 patients with impaired K� and glutamate
reuptake mechanisms. The generation of FHM2 knockin
mice will allow testing of this prediction.

FAMILIAL HEMIPLEGIC MIGRAINE TYPE 3
(FHM3)

The gene for FHM3 was identified in 2005, when a
mutation in SCN1A, the gene encoding the �1 subunit of
the voltage-gated Na� channel NaV1.1, was identified in
three German families.11 The pore-forming �1 subunit of
NaV channels shares the fundamental design of six trans-
membrane segments repeated in four homologous do-
mains, as shown in Figure 1. The FHM3 mutation
(Gln1489Lys) is located in the cytoplasmic segment that
links domains III and IV, and has been shown to cause
accelerated recovery from fast inactivation of recombi-
nant human NaV1.5 channels expressed in tsA201 cells,
an effect that is predicted to increase neuronal firing
rates.11 Given the evidence that mutation of the same
conserved residue may have different functional effects
on different NaV channels,

87 it will be important to con-
firm this finding in human NaV1.1 channels.
NaV1.1 channels are expressed primarily in the CNS

in late postnatal stages (beginning from the second post-
natal week), more in caudal than rostral regions. They
are a relatively minor component of total brain NaV
channels, but are broadly expressed in many types of
neurons, including hippocampal and cortical pyramidal
cells and inhibitory interneurons, where they appear spe-
cifically localized in the soma and proximal den-
drites.88,89 The specific somatodendritic localization im-
plies that NaV1.1 channels may play a key role in
mediating dendritic excitability, an important component
of synaptic signal processing.90 Deletion of the
NaV1.1�1 gene had no discernible effect on Na

� currents
in hippocampal pyramidal neurons of scna1a�/� mice,
but led to 50% reduction of Na� currents in inhibitory
interneurons of heterozygote scna1a�/� mice, suggest-
ing that NaV1.1 channels may be responsible for most or
all of the Na� current in these interneurons, and for a
minor fraction of the Na� current in pyramidal cells.89

GABAergic interneuron excitability was reduced in both
scna1a�/� and scna1a�/� mice, a finding that might
underlie the epileptic phenotype of these mice.89

This finding has important implications for under-
standing the pathophysiology of severe myoclonic epi-
lepsy of infancy (SMEI), a rare disorder characterized by
early-onset febrile seizures followed by intractable epi-
lepsy, mental deterioration, and ataxia. SMEI is caused
by mutations in the SCNA1A gene, most of which are

predicted to truncate NaV1.1 channels, implying a com-
plete loss of channel function; most of the missense
mutations that have been tested functionally in heterol-
ogous expression systems produced nonfunctional hu-
man NaV1.1 channels (although some mutations pro-
duced mixed defects, some implying gain-of-function
and some loss-of-function of NaV1.1

87 [and Heron et
al.91]). While haploinsufficiency for SCNA1A and con-
sequent reduced excitability of inhibitory neurons might
explain seizure susceptibility in most cases of SMEI, the
mechanism underlying a milder epileptic disorder (gen-
eralized epilepsy with febrile seizures plus: GEFS�),
that is caused by missense mutations in SCNA1A leading
(in most cases) to gain-of-function alterations in channel
activity remains unclear87 (see also Heron et al.91). Con-
sidering the high sensitivity of the functional properties
of NaV channels to the cell background (e.g., compare
Cummins et al.92) and the broad expression of NaV1.1
channels in excitatory and inhibitory neurons, one may
hypothesize that different types of SCNA1A mutations
may affect differently different subpopulations of neu-
rons, as shown in the case of CACNA1A mutations where
loss-of-function of CaV2.1 mainly affects cerebellar
function, whereas gain-of-function of CaV2.1 mainly af-
fects cortical function.
To test this hypothesis, and in general to understand

the pathophysiology of the different SCNA1A chan-
nelopathies (including FHM3), it will be essential to
analyze neuronal Na� currents, neuronal firing, and neu-
ronal network behavior in knockin mice carrying differ-
ent SCNA1A mutations. Assuming that the gain-of-func-
tion effect of the FHM3 mutation will be confirmed for
mutant NaV1.1 channels, the knockin mice will also be
important to understand how different gain-of- function
mutations in the same gene may lead to GEFS� or
FHM3, and to understand if and to what extent the two
diseases share mechanisms. In this respect, it appears
interesting that three out of 18 FHM3 patients had epi-
leptic seizures during infancy.11

In a perhaps simplistic view, one may predict en-
hanced susceptibility to CSD in FHM3, considering that
relatively weak depolarizing stimuli that would be with-
out consequences in healthy individuals may produce
excessive neuronal firing that might lead to increases in
local concentrations of extracellular K� above the crit-
ical value that ignites CSD in FHM3 patients with mu-
tant NaV1.1 channels that recover more rapidly from
inactivation. The generation of FHM3 scna1a knockin
mice will allow testing of this prediction.

IMPLICATIONS FOR MIGRAINE
MECHANISMS AND TREATMENT

As mentioned in the Introduction, a major, incom-
pletely understood, issue in the neurobiology of migraine
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concerns the nature and mechanisms of the primary brain
dysfunction that leads to activation and sensitization of
the trigeminovascular system and the ensuing headache.1

Much current evidence points to CSD (the phenomenon
underlying migraine aura) as a key primary brain dys-
function that may initiate migraine pain, but this idea is
still under debate particularly in the case of migraine
without aura.1,51,93 An alternative view considers mi-
graine aura and headache as parallel, rather than sequen-
tial, processes and proposes that the primary cause of
migraine headache is an episodic dysfunction in brain-
stem nuclei involved in the central control of nocicep-
tion.94 The mechanisms that lead to CSD vulnerability
and initiate migraine aura remain unknown. While al-
tered cortical excitability in migraineurs has been well
documented, whether the cortex is hypo or hyperexcit-
able is still a matter of debate, although most of the
consistent findings point to hyperexcitability.1,95,96 The
mechanisms that underlie the cortical hyperexcitability
and its periodicity remain unknown.
The functional studies of FHM just described support a

key role of CSD in migraine pathogenesis. The available
data suggest that, most likely FHM1, FHM2, and FHM3
mutations share the ability of rendering the brain more
susceptible to CSD by causing either excessive synaptic

glutamate release (FHM1) or decreased removal of K� and
glutamate from the synaptic cleft (FHM2) or excessive
extracellular K� (FHM3)2,39,51,97 (FIG. 3). The remarkably
overlapping headache phenotype produced by gain-of-func-
tion mutations in neuronal Ca2� and Na� channels, and
loss-of-function mutations in astrocytic Na�, K� ATPases,
favors the idea that CSD may initiate migraine attacks and
that aura and migraine headache are causally related. The
alternative possibility that FHM1, FHM2, and FHM3 mu-
tations alter in a similar manner trigeminovascular pain
transmission and its central control appears less likely and
remains to be tested.
The FHM data point to ion transport dysfunction as a

key factor in determining the brain susceptibility to CSD,
and point to cortical hyperexcitability as the basis for
vulnerability to CSD and to migraine attacks. Dysfunc-
tion of many other channels and transporters, besides
Cav2.1 and NaV1.1 channels and Na

�,K�-ATPases and
also dysfunction of other proteins (e.g., involved in en-
ergy supply) may render the brain susceptible to CSD
and migraine. The many different molecular mechanisms
that can potentially underlie vulnerability to CSD are
consistent with the large genetic variability and the com-
plex genetics of migraine and with the highly variable
response to prophylactic drugs of migraine patients.

FIG. 3. Gain-of-function mutations in CaV2.1 channels (FHM1) or NaV1.1 channels (FHM3) and loss-of-function mutations in �2
Na�,K�-ATPases (FHM2) may all render the brain more susceptible to CSD by causing either excessive synaptic glutamate release
(FHM1) or excessive extracellular K� (FHM3) or decreased removal of K� and glutamate from the synaptic cleft (FHM2). Depicted is a
glutamatergic synapse. Upon depolarization, glutamate release is controlled by presynaptic CaV2.1 channels. The �2 Na�,K�-ATPase
is expressed primarily in astrocytes in the adult, where it appears functionally coupled to various transporters (glutamate transporter and
Na/Ca2� exchanger in the figure), and plays an important role in clearance of released glutamate and in clearance of K� from the
extracellular space during neuronal activity. NaV1.1 channels are located mainly at the soma and are critical for action potential firing.
FHM1 mutations causing gain-of-function of CaV2.1 channels lead to increased synaptic release of glutamate; both FHM2 and FHM3
mutations causing loss-of-function of �2 Na�,K�-ATPase and gain-of-function of NaV1.1 channels, respectively, presumably lead to
increased glutamate and K� in the synaptic cleft during neuronal activity. In all cases one predicts a lower threshold for initiation of CSD.
(ATPase, adenosinetriphosphatase; FHM, familial hemiplegic migraine.)
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The FHM data support novel therapeutic strategies
that consider CSD and cortical hyperexcitability as key
targets of preventive migraine treatment. In this respect,
it is very interesting that five migraine prophylactic
drugs, belonging to distinct therapeutic classes (val-
proate, topiramate, amytriptyline, propranolol, and me-
thysergide) and all effective in reducing attack frequency
of both MO and MA, have the common property of
inhibiting CSD susceptibility after protracted admistra-
tion.50 The need for protracted administration suggests
that changes in gene expression underlies the therapeutic
efficacy. In contrast, tonabersat (SB-220453), a benzo-
pyran with anticonvulsant properties currently in phase II
clinical trial in the prevention of MA, was found to
inhibit CSD after acute administration.98 The mecha-
nisms by which these drugs inhibit CSD have not been
demonstrated.
Further studies of the incompletely understood mech-

anisms of initiation and propagation of CSD, and of the
changes in gene expression after chronic treatment with
current prophylactic drugs, appear important for the de-
velopment of novel preventive migraine treatment. Even
though the FHM genes are probably not involved in
common migraines, the study of the cellular mechanisms
of enhanced susceptibility to CSD and enhanced cortical
excitability in FHM knockin animal models may provide
unique insights into possible molecular targets for ther-
apeutic strategies aimed at inhibiting CSD susceptibility
and cortical hyperexcitability in migraine. For example,
the FHM1 functional studies suggest that drugs capable
of shifting the activation range of Cav2.1 channels to
more depolarized voltages would make the cortex more
resistant to CSD, and may thus be able to prevent mi-
graine with (and possibly also without) aura attacks.
Increased brain excitability most likely underlies the

pathophysiology of both migraine and epilepsy, and a
common brain state of hyperexcitability could form the
basis of comorbidity of migraine with epilepsy.95 Indeed,
two of the currently most effective migraine prophylactic
drugs (topiramate and valproate) are antiepileptics. Un-
derstanding the specific cellular and molecular mecha-
nisms leading to hyperexcitability in migraineurs, and
what distinguishes them from those in epileptics, will be
important for the development of novel specific preven-
tive migraine treatment.
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