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Abstract

Glutamate levels and lifetime in the brain extracellular space are dinamically regulated by a family of Na*- and K*-dependent
glutamate transporters, which thereby control numerous brain functions and play a role in numerous neurological and psy-
chiatric diseases. Migraine is a neurological disorder characterized by recurrent attacks of typically throbbing and unilateral
headache and by a global dysfunction in multisensory processing. Familial hemiplegic migraine type 2 (FHM?2) is a rare
monogenic form of migraine with aura caused by loss-of-function mutations in the a2 Na/K ATPase (a2NKA). In the adult
brain, this pump is expressed almost exclusively in astrocytes where it is colocalized with glutamate transporters. Knockin
mouse models of FHM?2 (FHM2 mice) show a reduced density of glutamate transporters in perisynaptic astrocytic processes
(mirroring the reduced expression of ®2NKA) and a reduced rate of glutamate clearance at cortical synapses during neuronal
activity and sensory stimulation. Here we review the migraine-relevant alterations produced by the astrocytic glutamate
transport dysfunction in FHM2 mice and their underlying mechanisms, in particular regarding the enhanced brain suscep-
tibility to cortical spreading depression (the phenomenon that underlies migraine aura and can also initiate the headache

mechanisms) and the enhanced algesic response to a migraine trigger.
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Introduction

Glutamate levels and lifetime in extracellular space are finely
regulated by a family of Na*- and K*-dependent glutamate
transporters, which thereby control numerous brain func-
tions, including termination of glutamate signaling at syn-
apses, and play a role in numerous neurological and psychi-
atric diseases [1-7]. Here we will present a brief review of
the role glutamate transporters play in migraine.
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An Overview of Glutamate Transporters

Five glutamate transporters (GluTs) subtypes have been
described: EAAC1 (EAAT3/SIclal/SLC1A1); GLT-1
(EAAT?2/SIc1a2/SLC1A2); GLAST (EAAT1/SlIcla3/
SLC1A3); EAATA4 (Slc1a6/SLC1A6/); and EAATS (Slcla7/
SLC1A7)". In the following, we will use the rodent nomen-
clature when reviewing data obtained in rodents and the
human nomenclature when reviewing data obtained in
humans. Reportedly, GluTs are trimers, with each mono-
mer able to transport glutamate (and other substrates) and
coupled ions. They comprise a “transport domain”, that
binds and transports, and a “scaffold domain” that interacts
with the membrane [8, 9]. In eukaryotic cell transporters,
the stoichiometry of the process is the inward movement
of one glutamate (which carries a negative charge), three
Na*, and one H*, followed by the counter transport of one
K*, resulting in the net influx of two positive charges per
cycle [10, 11]. GluTs also mediate (in physiological con-
ditions) a glutamate-dependent C1~ flux [12-14], whose

I« EAACI, GLT1, GLAST, EAAT4-5 refer to proteins in rodents;
EAATI-5 to proteins in humans; Slclal, Slcla2, Slcla3, Slcla6,
Slcla7 to genes in rodents; and SLC1Al, SLC1A2, SLCI1A3,
SLC1A6, SLC1A7 to genes in humans.
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function is poorly understood. The mechanisms of transport
are similar among different GluTs, and for all of them the
efficiency is about 50% [15]. The remaining 50% of gluta-
mate molecules are released back in the extracellular space,
and bind to glutamate receptors or transporters localized in
the vicinity. Since the rates of glutamate binding to recep-
tors and transporters are relatively similar, and the density
of transporters inserted in membranes is four times higher
than that of extrasynaptic receptors [16], in all likelihood
glutamate molecules unbound from transporters will bound
to other transporters [17]. Although the basic mechanisms
of transport appear similar among GluTs, functional differ-
ences in their properties have been reported for, among the
others, affinity for glutamate, steady state affinity, ratio of
substrate transport versus anion permeation, and voltage-
dependency [6].

Different subtypes of glutamate transporters are differ-
entially expressed in neurons and glial cells and exhibit
striking regional variations [3, 18]. For example, GLT-1
and GLAST are mostly expressed in astrocytes, EAACI,
EAAT4-5 in neurons, and EAAT4 and EAATS are by far
more robustly expressed in cerebellum and retina than in all
other brain regions [3, 19, 20]. EAACI1, GLT-1 and GLAST
are widely expressed in the central nervous system, but their
levels vary significantly across regions [18].

GLT-1 (EAAT2)

GLT-1 [21] has the highest density of expression in the vast
majority of adult brain regions, and it is responsible for the
largest proportion of glutamate transport [18]. Three splice
variants of GLT-1 differing in the C-terminal domain are
known: GLT-1a, the predominant variant, represents ca. 90%
of total GLT-1 protein,GLT-1b, which represents ca. 6%;
and GLT-1c, which accounts for ca. 1% of GLT-1 protein
[22-24]. They have similar regional distribution. [5, 23,
25-28]. A large literature exists on GLT-1, which has been
the subject of several excellent reviews [1, 3-7, 29]. For this
reason, here we will briefly review only those aspects that
are important for the understanding of the next sections.
Early localization studies showed that GLT-1 is expressed
only by astrocytes (e.g., [18, 30-34]). These observations
were somehow in conflict with the biochemical observa-
tion that high-affinity uptake of glutamate could be meas-
ured in a homogenate or in synaptosomal preparation, and
in slices by autoradiography, strongly suggesting that the
uptake was highly specific for glutamatergic nerve termi-
nals [35]. Although a neuronal expression was reported (e.g.,
[34, 36-41]), the discrepancy was generally attributed to
post-transcriptional mechanisms operating in neurons (e.g.,
[42]) or to the newly discovered isoforms [27, 43, 44]. An
important breakthrough was the demonstration that optimal
fixation conditions allow the detection of GLT1a protein in
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a fraction of hippocampal axons [26], a finding that has been
replicated in neocortex [45]. Here, it was shown that 25%
of GLT-1a positive profiles are axon terminals and that ca.
50% of GLT-1a positive profiles are in the vicinity of asym-
metric synapses. Using pre-embedding electron microscopy,
it was observed that 70% of GLT-1a located in the vicinity
of asymmetric synapses is astrocytic and ca. 30% was neu-
ronal. Post-embedding immunogold studies showed that the
density of gold particles coding for GLT-1a is much higher
in astrocytic processes than in axon terminals, a finding that
was confirmed in GLT-1 eGFP BAC reporter transgenic
adult mice [20]. In addition, it was shown that in both astro-
cytic processes and axon terminals most gold particles are
localized in a membrane region extending for about 250 nm
from active zone margin, with a peak at 140 nm for astro-
cytic processes and at 80 nm for axon terminals. These
studies allowed to conclude, among others, that, although
GLT-1a is expressed by both astrocytes and axon terminals,
astrocytic GLT-1a predominates at asymmetric synapses,
and that the perisynaptic localization of GLT-1a in cortex is
well-suited to modulate glutamate concentrations at the cleft
and also to restrict glutamate spillover.

Not only the astrocytic GLT-1 transporters mediate the
majority of glutamate clearance during neuronal activity in
the adult murine cortex [3, 46, 47], but the GLT-1-mediated
Na* influx is one of the major determinants for astrocytic
Na* signaling, which in turn is central to coordinate neu-
ronal activity with the astrocytic homeostatic response [48,
49]. The large GLT-1-mediated Na* influx that occurs in
astrocytes during neuronal activity requires a rapid restora-
tion of Na* and K* gradients, which is undertaken by Na*/
K*-ATPase (NKA) pumps [50-53]. Three Na*/K*—ATPase
a subunits (and 3 auxiliary p) are expressed in adult brain:
al is considered the “housekeeping” pump expressed in
all brain cells, while a3 is expressed only in neurons, and
a2 almost exclusively in astrocytes [54-56]. Copurifica-
tion by mass spectrometry and/or coimmunoprecipitation
in forebrain synaptosome preparations showed that GLT-1
forms macromolecular complexes with al, a2, and a3
NKAs [57-59]. Using several microscopy techniques, it has
been recently shown that at excitatory synapses aland o3
NKAs are exclusively neuronal (mainly in dendrites and in
some axon terminals), while a2 NKA is almost exclusively
astrocytic [60]. GLT-1 displays a differential colocaliza-
tion with al-3 NKAs. GLT-1 colocalizes with a2 NKA
at perisynaptic astrocytic processes, and with ol and o3
NKAs at axon terminals. GLT-1 and a2 NKA gold parti-
cles are ~1.5-2 times closer than GLT-1/al and GLT-1/a3
particles. GLT-1/a2 complexes (edge to edge interdistance
of gold particles <50 nm) concentrate at the perisynaptic
region of distal astrocytic processes membranes, whereas
neuronal GLT-1/al and GLT-1/a3 complexes are fewer and
more uniformly distributed in axon terminals [60]. These
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data unveil different composition of GLT-1 and NKA «
subunits complexes in the glial and neuronal domains of
excitatory synapses. The spatial organization of GLT-1/a1-3
complexes suggests that GLT-1/NKA interaction is more
efficient in astrocytes than in neurons, further supporting the
dominant role of astrocytic GLT-1 in glutamate homeostasis.

GLT-1 expression and function are modulated by sev-
eral drugs (e.g., [61]). Although the mechanisms are at
present still poorly understood (but see [62]), these obser-
vations indicate that GLT-1 may be a therapeutic target to
treat various neurological and psychiatric disorders and/
or a useful tool in experimental research. Compounds that
up-regulate GLT-1 expression include ceftriaxone, tamox-
ifen, 17B-estradiol, EGF, 5-a-MCPA and L-AP3 (group
IIT mGluR antagonists), and minocycline [61]. Of them,
ceftriaxone has attracted considerable attention following
the demonstration that the p-lactam antibiotic ceftriaxone
induces GLT-1 up-regulation (but not of the other GluTs)
by increasing transcription of the sclla2 gene through the
nuclear factor-kB signaling pathway [63-65]. GLT-1 up-reg-
ulation by ceftriaxone reduces glutamate levels at the cleft,
as shown by the severe impairment of mGluR-dependent
long-term depression at hippocampal mossy fiber-CA3 syn-
apses [66]. Compounds that down-regulate GLT-1 expres-
sion and function include clozapine [67], cronic morphine
[68], and endothelins [69].

Migraine

Migraine is a common episodic neurological disorder with
complex pathophysiology that is characterized by recurrent
attacks of typically throbbing and unilateral, often severe,
headache with certain associated features and by a global
dysfunction in multisensory information processing [70-72].
It is generally believed that the development of migraine
headache depends on the activation and sensitization of
trigeminal sensory afferents that innervate cranial tissues
(in particular the meninges and their large blood vessels)
and subsequent activation and sensitization of second order
neurons in the trigeminocervical complex (comprising the
trigeminal nucleus caudalis and the dorsal horn of the first
cervical segments, indicated here for simplicity as TNC) and
of higher order neurons in areas of the brainstem and fore-
brain to which the TNC projects directly or indirectly. These
areas comprise structures involved in the sensory/discrimi-
natory, salience/alerting, and affective/motivational aspects
of pain, as well as structures involved in the response to pain
and in the descending facilitatory/inhibitory modulation of
pain [70-72].

But migraine is much more than a pain disorder. It is
a complex brain disorder characterized by a global dys-
function in multisensory information processing and

integration. Indeed, the majority of migraine attacks fea-
ture sensory amplifications: photophobia, phonophobia,
osmophobia, and cutaneous allodynia (i.e., the perception
of light, sound, smell, and normal touch as amplified or
painful). Hypersensitivity to sensory stimuli may persist in
the interictal period, during which the brain of migraineurs
show altered processing of noxious and non-noxious sen-
sory information. The magnitude of some of these altera-
tions increases in the interictal period in temporal relation
to the next attack and becomes maximal before the attack
in coincidence with prodromal premonitory symptoms
(such as difficulty with speech, reading, concentration,
increased emotionality, irritability, sensory hypersensitiv-
ity) that in many migraineurs are highly predictive of the
attack. In one-third of patients the headache is preceded by
transient neurological symptoms that are most frequently
visual but may involve other senses and speech, the so
called migraine aura [72-74].

The neurophysiological correlate of migraine aura is con-
sidered to be cortical spreading depression (CSD), a self-
sustaining, slowly propagating (2-5 mm/min) wave of nearly
complete depolarization of a population of brain cells that
lasts about one minute and silences brain electrical activity
for several minutes [75, 76]. CSD can be induced in healthy
brain tissue by intense depolarizing stimuli that increase the
extracellular concentration of K™ ions, [K],, above a critical
threshold and release glutamate and other neurotransmitters
[76]. There is evidence from animal studies that CSD can
activate and sensitize the trigeminovascular pain pathway
and hence initiate the headache mechanisms [70]. In fact,
a single experimental CSD can lead to delayed sustained
increases in dural blood flow and in ongoing activity of
rat dural nociceptors and TNC trigeminovascular neurons
as well as delayed sensitization of these neurons [77-81].
Moreover a single CSD can produce periorbital mechani-
cal allodynia, which is aborted by sumatriptan, a drug that
is effective in aborting migraine pain [82]. Repeated CSDs
produce a more robust pain phenotype lasting at least several
days, accompanied by facial grimace as a sign of spontane-
ous discomfort.

Delayed trigeminal activation after a single CSD may
result from CSD-induced release of proinflammatory mol-
ecules in the meninges, e.g. as a consequence of a parenchi-
mal inflammation initiated by CSD-induced opening of
pannexinl channels and inflammasome activation [83, 84]
and/or as a consequence of CSD-induced pial and dural
macrophage activation [85]. Recent clinical imaging studies
using a sensitive PET inflammation marker have provided
supporting evidence for the presence of parenchimal and
meningeal inflammation in migraine with aura patients [86,
87]. The labeling in the meninges was most prominent over
the occipital cortex generating the visual aura and lasted
several days after a migraine attack [87].
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While in most cases the primary cause of migraine lies
in the brain, the neurobiological mechanisms of the pri-
mary brain dysfunction(s) underlying the initiation of a
migraine attack and susceptibility to CSD remain largely
unknown. Also unknown are the neurobiological mecha-
nisms underlying the global dysfunction in multisensory
information processing (and its periodicity) and how they
relate to those underlying the primary migraine causative
brain dysfunctions.

Familial Hemiplegic Migraine

Migraine is a complex polygenic genetic disorder, with her-
itability estimates as high as 50% [88, 89]. Genome-wide
association studies (GWAS) have identified 38 susceptibility
loci for migraine [90]. However, the study of the functional
consequences of GWAS hits is very difficult, if not impos-
sible, given also the fact that they generally lie in intronic or
intergenic regions and therefore they likely influence gene
regulation rather than directly protein function. In contrast,
familial hemiplegic migraine (FHM), a rare monogenic
form of migraine with aura, is caused by mutations that
directly affect protein function, and the functional conse-
quences of the disease-causing mutations can be studied
in genetic mouse models of the disease [88, 91-93]. Apart
from the motor weakness or hemiplegia during aura and the
possible longer duration of the aura, typical FHM attacks
(as those occurring in pure FHM) resemble the attacks of
common migraine with aura and both types of attacks may
alternate in patients and co-occur within families. FHM and
migraine with aura are considered to be part of a clinical
and genetic spectrum [88, 93, 94]. Some FHM patients can
have “atypical” severe attacks and show additional ictal and/
or permanent neurological features such as epilepsy, loss of
consciousness, ataxia and cognitive impairment [88, 91, 93].

Three FHM causative genes have been identified: CAC-
NAT1A, encoding the pore-forming subunit of the voltage-
gated calcium channel Cay2.1 (FHM1) [95], ATP1A2,
encoding the a2 Na/K ATPase (FHM2) [96] and SCNAI1A,
encoding the pore-forming subunit of the voltage-gated
sodium channel Nay1.1 (FHM3) [97]. The Cay2.1 chan-
nel is widely expressed in the brain, it is localized at the
active zones of most brain synaptic terminals and plays a
dominant role in controlling neurotransmitter release at
most excitatory and inhibitory brain synapses ([98] and
references therein). The o, Na/K ATPase (o, NKA) is
expressed primarily in neurons during embryonic devel-
opment and at the time of birth and almost exclusively in
astrocytes in the adult brain [55, 60, 99, 100]. At cortical
excitatory synapses, the a2 NKA is colocalized with the
glutamate transporters GLT-1 and GLAST at perisynaptic
astrocytic processes (PAPs) [55, 60, 101], where a large
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fraction of GLT-1/a2 NKA couples exhibit a separation
distance indicative of physical coupling [60]. The o, NKA,
which is the only NKA pump significantly expressed in
cortical astrocytes [60, 102], plays a key role in K* and
glutamate clearance during neuronal activity [101, 103,
104] (see next chapter). Moreover, being essential for
several astrocytic transporters relying on Na' influx, its
function is also important for astrocytic Na* homeostasis,
Ca2" homeostasis and pH regulation [48, 49, 51, 53]. The
Nay 1.1 channel is highly expressed in inhibitory interneu-
rons in several brain areas where it is mainly localized at
the axon initial segment and plays a key role in interneu-
rons excitability, particularly in sustaining high-frequency
firing [105-107].

FHM1 and FHM3 mutations produce gain of function
of recombinant Cay2.1 and Nay 1.1 channels, respectively
[98, 108-110]. Accordingly, in genetic mouse models of
FHMI1 (knockin mice carrying a different FHM1 muta-
tion) the Cay2.1 calcium current is increased in different
types of excitatory neurons [111-115] leading to increased
action potential-evoked glutamate release at different
types of excitatory synapses, including different intracor-
tical and thalamocortical synapses [111, 113, 116, 117].
In a genetic mouse model of FHM3 the Nay1.1 sodium
current is increased in cortical fast-spiking interneurons
[118]. The migraine-relevant alterations in the brain of
the FHM1 knockin mice, including the enhanced suscep-
tibility to experimentally-induced CSD and the causative
link between increased glutamatergic transmission and
enhanced CSD susceptibility as well as the differential
effect of FHM1 mutations on cortical excitatory and
inhibitory synaptic transmission and the alterations in the
trigeminovascular pain pathway were recently reviewed
[92] and will not be discussed here.

FHM?2 mutations cause the complete or partial loss-
of-function of recombinant a2 NKAs [91, 119]. Accord-
ingly, the brain expression of the a2 NKA is about 50%
reduced in two different heterozygous knockin mice car-
rying FHM2 mutations, which produce complete loss-of-
function and impaired membrane targeting of recombinant
a2 NKAs [120, 121]. In the next chapter, we will review
the consequences of FHM?2 mutations on the expression
and function of astrocytic glutamate transporters and the
consequent migraine-relevant alterations produced in
the brain of FHM2 knockin mice, in particular regarding
the susceptibility to CSD and the algesic response to a
migraine trigger.
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Astrocytic Glutamate Transport Dysfunction
in FHM2 and Consequent Migraine-Relevant
Brain Alterations

In the somatosensory (S1) cortex of heterozygous knock-in
mice carrying the a2 NKA W887R mutation, which causes
pure FHM2 (FHM2 mice), the membrane density of the
glutamate transporter GLT-1 in PAPs surrounding excita-
tory synapses is reduced by 50% [101]. The reduction of
GLT-1 expression in PAPs mirrors the aforementioned
50% reduction in the expression of the o, NKA protein
in FHM2 mice [121]. Interestingly, the membrane density
of GLT-1 in axon terminals, which do not express the o,
NKA, is unaltered in FHM2 mice [60, 101]. Conversely,
administration of the GLT-1 up-regulator ceftriaxone [65]
to the FHM2 mice did not result in an increase in GLT-1
at PAP membranes, but in an increase in GLT-1 at axon
terminals [101]. The reduced density of GLT-1 in PAPs
likely underlies the important finding that the rate of glu-
tamate clearance during neuronal activity, elicited either
by extracellular stimulation in cortical slices or by whisker
stimulation in vivo in awake animals, is reduced in the S1
cortex of FHM2 mice [101, 122, 123]. The relative impair-
ment of glutamate clearance by astrocytes in FHM?2 mice
is activity dependent, being larger after a train of pulses
than after a single pulse stimulation and increasing with
increasing stimulation frequency in cortical slices [101].
A reduced rate of glutamate clearance was also found in
the cingulate cortex of FHM2 mice [124]. The expression
of glutamate transporter GLAST, which appears impli-
cated in astrocyte-mediated glutamate uptake in this corti-
cal region [125], is reduced in the cingulate cortex of the
FHM?2 mutants [124]. In both somatosensory and cingu-
late cortices, also the rate of clearance of K™ ions released
during neuronal activity is reduced in FHM2 mice [101]
[124], showing the active role of the a2 NKA in K* ions
clearance.

Imaging extracellular glutamate using two-photon
microscopy in awake mice revealed the presence of spon-
taneous focal, large glutamate transients (glutamatergic
plumes, spreading from a central origin) in FHM?2 mice,
which were uncorrelated with the sensory stimulation
[123]. Three findings support a key role of impaired glu-
tamate clearance by astrocytes for plume generation: (1)
spontaneous plumes occur in FHM2 mice but are almost
completely absent in wild-type (WT) mice; (2) the spon-
taneous plumes in FHM2 mice are predominantly located
in the superficial layer 1 (putative L1a), where, in com-
parison with L2/3, the coverage of glutamatergic synapses
by PAPs expressing GLT-1 is reduced (as shown by the
reduced density of GLT-1 + astrocyte processes and the
increased percentage of excitatory synapses lacking GLT-1

+ PAPs); and (3) plumes occur in WT mice after phar-
macological inhibition of glutamate transporters [123].
The glutamatergic plumes are driven by both astrocytic
glutamate clearance impairment and neuronal action-
potential-independent release [123]. The conclusion that
plumes glutamate is released from neuronal synapses in
a calcium-dependent but action potential-independent
manner is based on (1) pharmacological evidence show-
ing that, although unaffected by TTX, plumes occurrence
is strongly reduced by compounds that inhibit synaptic
release and enhanced by compounds that increase synap-
tic release, and (2) the observation of spontaneous neural
calcium transients, which mimicked the morphology and
spatial spread of plumes, in L1a in FHM?2 mice express-
ing a genetically encoded calcium sensor targeted to neu-
rons [123]. Consistent with neuronal release of plumes
glutamate is also the finding that manipulations causing
intracellular Ca* increases in astrocytes failed to induce
plumes in FHM2 mice [123]

A key migraine-relevant phenotype shown by FHM?2
mice is their increased susceptibility to experimentally
induced CSD, as revealed by a lower stimulation threshold
for initiation of CSD and a higher rate of CSD propagation
in vivo and in vitro [101, 121, 123]. The reduced rate of glu-
tamate clearance can account for most of the facilitation of
CSD initiation and for a large part of the facilitation of CSD
propagation in FHM2 mice [101]. The remaining facilitation
is likely due to the reduced rate of K* clearance uncovered
in these mutants [101]. Imaging of glutamate at the site of
CSD induction in awake mice revealed that an increase in
plumes frequency and in basal glutamate precedes and may
predict CSD initiation [123]. Although an increase in plumes
frequency and glutamate rise occurred with a smaller CSD-
inducing stimulus in FHM?2 compared to wild-type (WT)
mice, the plumes frequency and the basal glutamate rise
just preceding CSD ignition were similar in WT and FHM2
mice [123]. This finding supports the idea of a threshold
level of glutamate and glutamatergic plumes necessary for
CSD ignition regardless of genotype. Due to the reduced rate
of glutamate clearance this threshold level is reached with
a stimulus of lower intensity in FHM?2, thus accounting for
the facilitation of CSD initiation.

Further insights into the molecular and cellular mecha-
nisms underlying enhanced susceptibility to CSD in FHM?2
mice were provided by the finding that the relatively small
slowing of glutamate clearance [101] results in increased
amplitude and slowing of both rise time and decay of the
NMDA receptor (NMDAR) EPSC elicited in L2/3 pyrami-
dal cells of barrel cortex by (even low frequency) stimula-
tion of neuronal afferents in L1 [122]. In agreement with
the activity-dependence of the slowing of glutamate clear-
ance, the increased activation of NMDARSs in FHM?2 mice is
neuronal activity-dependent [101, 122]. The increased and
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prolonged activation of NMDARs in FHM?2 mice is due to
specific activation of extrasynaptic diheteromeric GluN1-
N2B NMDARs, which do not contribute to the NMDAR
EPSC elicited in L2/3 pyramidal cells in WT mice [122].
This is in line with the proposed role for extrasynaptic
GluN1-N2B NMDARs as primary detectors of glutamate
spillover [126, 127], which is enhanced at FHM?2 synapses
as a consequence of the impaired glutamate uptake by astro-
cytes. It is also consistent with the higher affinity for gluta-
mate (and lower susceptibility to Mg block) of GluN1-N2B
compared to other NMDA receptors, including the trihetero-
meric GIuN1-N2A-N2B receptors [ 128, 129], which appear
to be the main synaptic NMDARSs at the L2/3 pyramidal cell
synapses [122]. Interestingly, inhibition of diheteromeric
GluN1-N2B NMDARs rescues most of the facilitation of
CSD in FHM2 mice, as it increases the CSD threshold and
reduces the velocity of CSD propagation to values close to
those measured in WT mice, suggesting that the enhanced
susceptibility to CSD in FHM2 mice is mainly due to spe-
cific activation of extrasynaptic GluN1-N2B NMDA recep-
tors [122].

Confirming the key role of impaired glutamate clearance
by GLT-1 transporters in facilitation of CSD initiation and
propagation uncovered in FHM2 mice, an increased suscep-
tibility to experimentally induced CSD and an increased rate
of CSD propagation were recently reported in conditional
GLT-1 knockout mice with about 70% reduction of GLT-1
expression in the brain [130]. In contrast, CSD induction
and propagation were not altered in GLAST and EAACI1
knockout mice [130]. On the other hand, an increased rate
of CSD propagation but unaltered stimulation threshold
for CSD induction were recently reported in knockin mice
carrying a different FHM2 mutation (E700K rather than
W887R) [131]. In contrast with the complete loss-of-func-
tion and impaired membrane targeting of recombinant a2
NKAs produced by the W887R mutation, whereby the a2
NKA protein expression is reduced to half the WT level in
the cortex of heterozygous FHM2 mice [121], the E700K
mutation produces a decreased catalytic turnover rate of the
a2 NKA, not a complete loss of function [132], and it is
unclear whether the expression of the pump is reduced in
the brain of heterozygous E700K knockin mice. If it is not
reduced, then one expects a smaller impairment of the rate of
glutamate clearance and a smaller facilitation of CSD initia-
tion in the E700K compared to the W887R FHM2 knockin
mice. This, together with the large variability, might explain
the fact that the CSD threshold was reduced only as a trend
in female E700K knockin mice [131]. However, E700K
FHM?2 knockin mice showed a larger c-Fos upregulation in
the amygdala produced by CSD spread to this region com-
pared to WT mice [131]. This seems interesting also in light
of the fact that in a SHIRPA primary screening assessing
sensory, motor and neuropsychiatric functions, the FHM?2
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mice showed an increased level of fear/anxiety as the only
behavioural anomaly [121].

An increased susceptibility to experimentally induced
CSD, as revealed by an increased frequency of CSDs elic-
ited by prolonged epidural high KCI application in vivo,
was reported in heterozygous knockin mice carrying the
G301R FHM?2 mutation [133]. In humans, this mutation
causes a severe clinical syndrome with atypical attacks that
may include, in addition to hemiplegic migraine, prolonged
coma/torpor or confusional state, epileptic seizures, elevated
temperature, cerebral edema and transient cerebellar signs
[134, 135]. In agreement with and possibly contributing to
the severe phenotype, full tonic-clonic seizures were fre-
quently observed after a certain number of CSDs elicited by
continuous KCl application in heterozygous G301R knockin
mice [133]. The G301R mutation produces complete loss
of function and lack of membrane targeting of recombi-
nant a2 NKAs [134] and the a2 NKA protein expression
is reduced (36-78%) in the brain of heterozygous G301R
knockin mice [120]. Heterozygous G301R knockin mice
revealed several behavioural alterations, which included
increased startle response to aversive acoustic stimuli, stress-
induced depression-like phenotypes, decreased sociability
and increased compulsive behavior [120]. The increase in
compulsive behavior was female-specific and reverted by
progestin-only contraceptive treatment and also by meman-
tine, a low-affinity open channel blocker of NMDARs [120].
At low therapeutic doses, memantine has been reported to
preferentially block extrasynaptic NMDARSs while relatively
sparing synaptic NMDARs [121, 136, 137]. Memantine
also rescued the increased compulsive repetitive behavior
shown by mice with a 60-80% reduction of GLT-1 expres-
sion (after conditional knockout in adolescents) [138]. Thus,
most likely, although not directly measured, in heterozygous
G301R knockin mice the density of GLT-1 receptors in
PAPs surrounding excitatory synapses is reduced resulting
in impaired clearance of glutamate and increased activation
of NMDARs as a consequence of glutamate spillover (pos-
sibly more, at certain synapses, than in pure FHM?2 mice,
which did not show compulsive behavior).

Besides increased susceptibility to CSD, another key
migraine relevant phenotype shown by FHM2 mice is
increased nociceptive response to facial mechanical stimu-
lation after systemic injection of the nitric oxide donor nitro-
glycerin (NTG) [124]. In migraineurs, NTG administration
induces a delayed migraine-like headache with associated
features such as premonitory symptoms and allodynia [139,
140]. The NTG-induced hyperalgesia to facial mechanical
stimulation in animals provides a behavioral model of the
NTG-induced allodynia observed in migraineurs during
the attack [141]. FHM2 mice developed facial mechanical
hypersensitivity upon NTG doses that were ineffective in the
WT littermates and, at higher NTG doses, showed a larger
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orofacial pain score than WT mice [124]. As the NTG-
induced mechanical hyperalgesia was responsive to the
migraine abortive drug sumatriptan in WT mice [141], the
enhanced nociceptive response in FHM?2 mice can be taken
as evidence for an enhanced algesic response to a migraine
trigger.

Romanos et al. [124] obtained interesting insights into
the mechanisms underlying the enhanced sensitivity of
FHM?2 mice to a head pain trigger by investigating the con-
sequences on neuronal function of the slowing of glutamate
and K* clearance in the cingulate cortex. The cingulate cor-
tex plays a key role in pain processing, particularly in noci-
ceptive hypersensitivity and sensitization [142, 143], and it
is activated during both spontaneous migraine attacks and
during the premonitory phase of the migraine-like head-
ache induced by NTG [139, 144]. The slowdown of glu-
tamate clearance by astrocytes in the cingulate cortex of
FHM2 mice was shown to have two effects on neural func-
tion [124]: (1) it facilitated the generation of NMDA spikes
in the tuft dendrites of layer 5 pyramidal cells and (2) it
increased the output somatic burst firing promoted by these
long-lasting dendritic regenerative depolarizations, which
involve activation of extrasynaptic NMDARs by glutamate
spillover [145, 146]. Local rescue of the astrocytic defect
by expressing the WT Atpla2 gene in the cingulate cortex
of FHM2 mice, reversed the defective glutamate and K*
clearance by astrocytes as well as the facilitation of dendritic
NMDA spike generation and the increased output firing
induced by these spikes, thus showing a causal relationship
between the local astrocyte malfunction and the observed
NMDAR-mediated neuronal dysfunctions in the cingulate
cortex [124]. Quite interestingly, astrocyte compensation of
the defective ATPase in the cingulate cortex of FHM?2 mice
strongly reduced their increased nociceptive response upon
NTG treatment [124].

The evidence that cingulate cortex astrocyte dysfunc-
tion in FHM?2 mice leads to hypersensitivity to a migraine-
relevant trigger suggests that this cortical area may be
involved in pain generation and/or sensitization of the
pain processing system in familial migraine. In fact, some
of the downstream regions to which the cingulate cortex
is connected (eg the rostral ventromedial medulla) are
involved in descending modulatory pathways that play an
important role in central sensitization of trigeminovascular
neurons in the TNC [72, 73, 143]. Clinical observations
and animal studies support the idea that facial allodynia
in migraine reflects sensitization of trigeminovascular
neurons in the TNC receiving convergent input from the
meningeal nociceptors and facial skin [72]. Interestingly,
facial mechanical allodynia measured in rats after repeated
applications of an inflammatory soup to the dura (to model
the recurrent trigeminovascular activation assumed to

occur in chronic migraine) involves a strong decrease
of GLT-1 expression, increased glutamate and increased
tyrosine phosphorylation of GluN2B in the TNC [147,
148]. Increasing GLT-1 expression alleviated the facial
mechanical allodynia, and decreased glutamate and phos-
phorylated GluN2B in the TNC [148].

While the facilitation of NMDA spikes in the apical
dendrites of pyramidal cells and the consequent increase
in output firing of these neurons in the cingulate cortex of
FHM?2 mice has important implications in the context of
migraine pain [124], a dysfunctional regulation of NMDA
spikes generation in apical dendrites of pyramidal cells in
sensory cortices might contribute to the altered processing
of sensory information revealed in migraineurs during the
interictal period [72-74]. In fact, dendritic NMDA spikes
evoked in vivo during sensory input strongly influence
context-dependent sensory gain and perception [149-152].
Dendritic NMDA spikes are also involved in associative
LTP and experience-dependent synaptic plasticity in vivo
[153-155]. Indeed, long-term-potentiation induced by high
frequency stimulation at the hippocampal perforant path
synapses in the dentate gyrus was found to be enhanced
in FHM2 mice; in contrast, long-term potentiation was
unaltered at stratum radiatum-CA1 synapses, possibly in
correlation with the differential expression of GLT-1 in the
dentate gyrus and CA1 area [156].

In light of the findings that FHM2-associated astrocytic
glutamate transporters dysfunction in particular brain
regions may engender different migraine-relevant func-
tional consequences (in particular enhanced susceptibility
to CSD and hypersensitivity to a migraine pain trigger), it
is interesting that a genome-wide association study identi-
fied a significant association between migraine and a sin-
gle nucleotide polymorphism in astrocyte elevated gene-1
(AEG-1), which inhibits the promoter activity of EAAT2
encoding glutamate transporter GLT-1 in astrocytes [157].
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