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Abstract: Migraine, an extremely disabling neurological disorder, has a strong genetic component.
Since monogenic migraines (resulting from mutations or changes in a single gene) may help re-
searchers discover migraine pathophysiology, transgenic mice models harboring gene mutations
identified in Familial Hemiplegic Migraine (FHM) patients have been generated. Studies in these
FHM mutant mice models have shed light on the mechanisms of migraine and may aid in the identi-
fication of novel targets for treatment. More specifically, the studies shed light on how gene muta-
tions, hormones, and other factors impact the pathophysiology of migraine. The models may also be
of relevance to researchers outside the field of migraine as some of their aspects are relevant to pain
in general. Additionally, because of the comorbidities associated with migraine, they share similari-
ties with the mutant mouse models of epilepsy, stroke, and perhaps depression. Here, we review the
experimental data obtained from these mutant mice and focus on how they can be used to investi-
gate the pathophysiology of migraine, including synaptic plasticity, neuroinflammation, metabolite
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alterations, and molecular and behavioral mechanisms of pain.

Keywords: Familial hemiplegic migraine, mouse models, migraine with aura, cortical spreading depression, pathophysiology,
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1. INTRODUCTION

Migraine, the third-most common human disease in the
world [1], is a neurobiological disorder with characteristics
such as headache, generally combined with nausea and vom-
iting, and light and sound hypersensitivity [2]. The two types
of migraines are migraine with aura (MA) and migraine
without aura (MO) [2], of which the first occurs in more than
one-third of the people. Aura may last for 5-60 minutes and
has transient neurological symptoms, such as sensory, motor,
visual, or speech difficulties that develop before the onset of
headache. The comorbidity of migraine with other disorders
including stroke [3, 4] and epilepsy [5-7] has been reported.
The clinical symptoms in migraine are well known; how-
ever, its precise molecular pathophysiology is not yet well
defined. A better understanding of migraine mechanisms has
been possible with several animal studies which have helped
in improving therapy [8, 9]. In migraineurs’ brains, there is a
higher vulnerability to changes in the homeostasis of the ions
[10-12]. As many clinical and experimental data suggest,
cortical spreading depression (CSD) has a main role in trig-
gering the headache mechanism [10-12] in migraine with
aura. CSD is a wave of depolarization in neuronal and glial
cells which spreads 3-6 mm/min in the cortex, and is well
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known as the electrophysiological cause of aura in migraine
patients [13]. After CSD, parenchymal neuroinflammatory
cascades start, Pannexinl channels in neurons open, and neu-
roinflammatory molecules such as high mobility group box-1
(HMGB1) and nuclear factor-«B (NF-kB) are released, lead-
ing to the activation of the trigeminovascular system [12].
CSD starts a range of events in the cortex, subcortex, [14]
meninges, and brainstem, consistent with the development of
headache in animal models [10, 12]. Migraine is still known
as a complex disorder with few monogenic reasons identified
[15]. Monogenic type of migraines are helpful models for the
detailed study of the disease neurobiology because of the
number of available transgenic mouse models and reported
symptoms that overlap with common migraine. Here, by
reviewing genetic animal models for migraine, we tried to
provide a holistic image of the present knowledge on mi-
graine pathophysiology, synaptic plasticity, the role of neu-
roinflammatory processes, metabolite alterations, and mo-
lecular and behavioral mechanisms of pain, besides the fu-
ture studies. We have included studies on the first FHM mice
models of monogenic migraine, and excluded clinical cases,
patients, or in vitro studies.

1.1. Familial Hemiplegic Migraine Mutations as a Model
for Disease

Genes and pathways for migraine vulnerability have been
unraveled by studies involving mutations in monogenic mi-
graine. Mutations leading to familial hemiplegic migraine
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(FHM) type 1, 2, and 3 provide the basis for the current
transgenic mouse models of migraine. These studies show an
increase in CSD susceptibility in these mouse models with
multiple mutations and mechanisms leading to the phenome-
non. This may be due to the enhanced cortical glutamatergic
transmission observed in FHM1 mouse models [16]. Antie-
pileptic drugs suppressing neuronal excitability have high-
lighted the role of neuronal excitation in CSD susceptibility
determination [17, 18]. Besides, studies in FHM1 [19],
common migraine patients in the clinic [20, 21], and ge-
nome-wide association studies (GWAS) in subjects with
common migraine [8] confirm the hyperexcitability of the
cortex as an underlying cause for migraine.

FHM is one of the monogenic migraine types with aura,
characterized by transient hemiparesis during aura events
[2]. Since most of the patients with FHM present symptoms
similar to common migraine along with typical hemiplegia
[22], FHM can be included in migraine classification, and
models that mimic this condition might be relevant for
studying common migraine mechanisms. Three genes for
FHM have been recognized: voltage-dependent calcium
channel, alpha 1A subunit (CACNAI1A) for FHM1; ATPase
Na'/K' pump, alpha 2 subunit (ATP1A2) for FHM2; and
voltage-gated sodium channel, type 1 alpha subunit
(SCN1A) for FHM3.

FHMI1 gene, CACNAIA, located on chromosome 19p13,
is responsible for coding a voltage-gated Ca,2.1 Ca>" chan-
nel subunit in neurons [22], the channels which regulate the
release of neurotransmitters at central synapses in the brain
[23]. FHM1 mutations show Ca,2.1 channel gain-of-function
in human cell systems [24] and in mutant mice neurons [25].
This effect increases Ca”" influx following an action poten-
tial and increases the release of glutamate in the synaptic
cleft [16, 26] causing enhancement in neuronal network ac-
tivity, followed by CSD facilitation [27]. This may explain
symptoms of migraine aura and headache in FHMI. In clini-
cal perspective, the variability of FHM1 mutations changes
from hemiplegia, as reported in patients with R192Q muta-
tion [22] to severe deficits such as cerebellar ataxia, epilepsy,
and fatal coma in S218L mutant patients [28].

The FHM2 gene, ATP1A2, located on chromosome
1923, is responsible for encoding the o2 subunit of the
Na'/K' transporting ATPase [29] which forces Na' ions
outward of the glial cells and K" ions inward, binds Na*, K",
and ATP, and utilizes ATP hydrolysis. Thus, the pump regu-
lates glutamate and potassium re-uptake in synaptic cleft into
glial cells. FHM2 mutations in glial cells cause loss of func-
tion in the Na'/K" ATPase, leading to an increase in ex-
tracellular K" and glutamate, and hyper-excitation in neu-
ronal networks [30, 31]. In the clinic, FHM2 mutations show
pure hemiplegia and FHM attacks [29, 32, 33], or the mix-
ture of FHM symptoms with other brain diseases, including
aphasia, cerebellar ataxia, behavioral changes, and coma [34-
36].

The FHM3 gene, SCN1A, located on chromosome 2q24,
encodes voltage-gated Nayl.l sodium channel subunit [37]
that has an essential role in the generation of an action poten-
tial and its propagation. Sometimes, FHM3 mutations are
present with other clinical symptoms, including transient
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blindness and generalized tonic-clonic epilepsy [37-40],
apart from migraine and hemiplegia. Reports from FHM3
patients with epilepsy suggest a common molecular mecha-
nism between FHM and epilepsy indicated by seizures re-
ported independently from attacks of hemiplegic migraine
[38]. In FHM3, gain-of-function of Nayl.1 channels causes
hyperexcitability of inhibitory interneurons. Reports of loss-
of-function show the complex spectrum of Nayl.1 and the
effects of its mutation FHM3.

Fig. (1) shows the summarized mechanisms of three
FHM mutations.

1.2. Mouse Models of FHM

So far, two mutant FHM1 knock-in (KI) mouse models
with the R192Q or S218L gain-of-function mutations in the
CACNATIA have been reported [25, 41]. Animals with the
R192Q mutation present a milder form, [26] however, mice
with the severe S218L mutation display an overt phenotype
with cerebellar ataxia and seizures, [42] consistent with the
phenotype of patients with FHM1 mutations. Studies with
FHM1 KI mice revealed that besides enhancement in suscep-
tibility to CSD [25, 41-44], as a triggering mechanism under-
lying migraine aura, the excitation/inhibition balance is
changed [16, 45, 46]. Moreover, synaptic plasticity is altered
[47] and pain signaling mediated by calcitonin gene-related
peptide (CGRP) in trigeminal nuclei [48-50] is modified.

FHM2 mutant mice with W887R loss-of-function mis-
sense mutation in their Atpla2 gene were generated. Homo-
zygous FHM2 KI animals are lethal, same as homozygous
Atpla2 knock-out mice, hence only heterozygous animals
could be used for research. Similarly, with FHM1 KI mice,
heterozygous FHM2 mutants in vivo have enhanced CSD
susceptibility [51]. In the 02 isoform KI mice, the 02 isoform
protein is decreased in brain lysates in western blots to 60%
in heterozygous a2 VSR 1517 and 027" mice [52] and to
very low amounts in homozygous fetuses of 02 OIR/GI0IR|

Recently, an abstract has been published in Cephalalgia
reporting the first FHM3 KI mouse model which was gener-
ated using homologous recombination, with human mutation
L1649Q which is located in the mouse orthologous Scnla
gene [53]. FHM3 mutant mice display an enhanced CSD
susceptibility by an increased inhibitory activity of interneu-
rons [53]. However, further data regarding these mice and
the mechanisms of CSD susceptibility have not published yet
so the validity of this model needs to be cleared.

2. FHM1

2.1. Ca,2.1 Gain of Function and Increase in CSD Sus-
ceptibility in FHM1 Mice

Cerebral hyperexcitability seen in FHMI1 patients can
potentially occur due to FHM1 mutations leading to a Ca,2.1
gain of function [19]. In brain slices of cortex and cultures of
neurons, FHM1 R192Q [16, 45] and S218L [46] mutations
have an increase in excitatory but not inhibitory neurotrans-
mitter release. Moreover, the increase in synaptic transmis-
sion mediated by glutamatergic neurons in the cortex and
increase in CSD susceptibility are associated, and are shown
for R192Q mutant mice in vitro in brain slices [16]. Interest-
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Fig. (1). Familial Hemiplegic Migraine (FHM) mutations causing increased susceptibility of the brain to Cortical Spreading Depression
(CSD). FHM1 mutations in CACNAT1A gene encoding P/Q type neuronal Ca,2.1 channels result in the gain of function of this calcium chan-
nel that increases synaptic glutamate release upon neuronal activity. Loss of function mutations in ATP1A2 gene encoding a, subunit of Na'-
K'-ATPase antiport carrier located on astrocyte membrane is responsible for FHM2. This mutation leads to an increased amount of K™ and
glutamate in the synaptic cleft. FHM3 mutations in SCN1A gene encoding voltage-gated Nay1.1 sodium channel subunit result in hyperex-
citability of GABAergic interneurons by increasing extracellular K. All three types of FHM mutations cause increased K and glutamate in
the synaptic cleft, hence facilitation of CSD, the neurophysiological correlate of migraine aura.

ingly, by reducing excitatory transmission to wild-type (WT)
levels in the cortex by partial inhibition of Ca*" channels, the
CSD susceptibility facilitation was turned back to normal
level [16]. This finding may explain the link between the
increased influx of Ca”" into the cell, synaptic transmission
mediated by glutamatergic neurons, and an increase in the
susceptibility to CSD. Brain slices from FHM1 S218L mu-
tant mice have increased neuronal Ca*" levels at rest. Addi-
tionally, in vivo Ca®* imaging in the somatosensory cortex of
these mutants indicates a change in the synaptic morphology
[54] which is compatible with the increase in their synaptic
strength and a hyperexcitable phenotype. Vulnerability to
CSD was also increased [41-44] in S218L compared to
R192Q KI mice in vivo under anesthesia, and could be
modulated by stress and sex hormones [43, 55]. The higher
vulnerability to CSD in S218L/S218L compared to S218L/
WT mutant in vivo [41, 42] is due, in part, to cortical Ca,2.1
channels in the synapses of S218L/S218L mutant, which are
open at a membrane potential far below the threshold for
action potential [46].

2.2. Neuronal Network-Dependent Synaptic Plasticity in
FHM1 Mutant Mice

Cortical synapse proteomes of FHM1 R192Q KI mice
and WT animals were analyzed by iTRAQ reagent-based

Liquid Chromatography-Mass Spectrometry approach to
identify the proteins and their differential expressions. Most
of the differences in expression were subtle except for a few
alterations in abundance levels of proteins involved in the
presynaptic active zone or postsynaptic density [56]. This
indicates that the R192Q mutation does not have a functional
effect on synaptic molecular architecture, which is consistent
with the earlier findings in the same mutant mice reporting
no changes in the abundance level of different kinds of Cay
channels [25] or in the releasable pool of neurotransmitters
at cortical synapses [16]. However, 19 proteins involved in
vesicle turnover, actin molecule dynamics, and neurite out-
growth, and finally, glutamate transporters were significantly
different between genotypes. These data imply the possibil-
ity of compensatory mechanisms to counter-balance a dys-
regulated glutamatergic signaling taking part in the FHM
pathophysiology at the level of synapses as an adaptation
mechanism [56]. An increase in synaptic depression in the
cortex of R192Q [16] and S218L mutant mice [46] has been
shown by in vitro studies, indicating a decline in synaptic
transmission efficacy after repetitive stimulation. Findings
from both in vitro and in vivo studies of the synapse of the
brainstem Calyx of Held in S218L/S218L mutant demon-
strated a faster recovery after synaptic depression in com-
parison with WT [57]. This finding also was shown in the



964 Current Neuropharmacology, 2019, Vol. 17, No. 10

R192Q mutant in vitro [58]. In the cerebellum slices of
R192Q and S218L KI mice, a reduction in short-term synap-
tic facilitation at the synapses of parallel fibers to Purkinje
cells was observed. This may occur due to a facilitated state
of KI Ca,2.1 channels at presynaptic location [26], which
damage the balance in the firing tuning of the Purkinje cell,
causing cerebellar ataxia observed in FHMI1. A recent in vivo
study examining the function of the hippocampus in R192Q
and S218L mutant showed an enhancement in long-term
potentiation and no change in long-term depression associ-
ated with disrupted learning and memory as a result of
changing the balance between depression and potentiation at
the neuronal circuit scale [47]. How the mechanisms of the
brain network modifications in the hippocampus, cerebel-
lum, and brainstem cause FHMI-specific features of mi-
graine-related neuronal networks, is not clear yet. It is inter-
esting that a single mutation has different effects in the tri-
geminal ganglion (TG) [49] and brainstem compared to the
cortex [59], leading to the idea that the effect of FHMI mu-
tations may depend on the type of neuron. For instance, a
strong gain-of-function influence on FHMI1 mutations is
seen for excitatory pyramidal neurons in contrast to the ab-
sence of any influence of these mutations on fast-spiking
interneurons of the cortex. This may be due to the presence
of some Cay2.1 channels specific to interneurons with gating
features not altered by the FHM1 mutation [45]. Differences
in function between several types of neurons in healthy net-
works in the cortex [60] could be the reason for distinct ef-
fects of FHM1 mutations on various neuronal networks lead-
ing to dynamic perturbations in the excitatory/inhibitory bal-
ance in the brain. It has been reported recently that tissue
anoxia could be the underlying mechanism for strong aura in
FHM1 patients [61]. In this study, Ca*" signals have been
reduced during normal network activity in a FHM1 mouse
model compared to WT mice, it has been proposed that this
event could explain deficits in neurovascular responses in the
FHM1 KI mice, leading to a brain weakness in patients with
FHM1 mutations [61].

2.3. The Effect of FHM1 Mutations on Neuroinflamma-
tion

The first evidence of pro-inflammatory profile in the in
vivo/in vitro studies using TG from R192Q mutant mice in-
dicates neuroinflammation in this migraine transgenic mouse
model. In TGs of KI or WT mice, most neurons co-express
P2X3 and tumor necrosis factor alpha (TNFa) receptors,
making them susceptible to inflammation mediated by TNFa
and the pain signaling related to it [62, 63]. R192Q KI TGs
have been reported to be enriched in activated macrophages,
as indicated by both immunoreactivity to the CD11b (adhe-
sion molecule marker for active microglia and macro-
phages), Ibal, and the macrophage antigen ED1, and also by
macrophage morphology, compared to WT mice [63]. TGs
of R192Q mutant mice expressed increased levels of mRNA
of IL6, IL1b, and IL10 and the MCP-1 chemokine and TNFa
cytokines. As TNFa is the main factor in TG sensitization,
expression of TNFo and macrophage occurrence were sig-
nificantly higher in the ganglia of R192Q KI compared to
WT mice following an inflammatory reaction induced by
LPS injection [63]. The complex molecular and cellular en-
vironment in KI TG reveals a novel phenotype of tissue con-
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sistent with a neuroinflammatory profile. This phenotype can
aggregate the pathophysiology of trigeminal pain by a re-
lease of mediators such as TNFa and may establish crosstalk
between resident glia and sensory neurons, which is the rea-
son for the process of neuronal sensitization in FHM patients
[63]. In a recent study, gene expression profile analysis from
cortical tissue of R192Q KI mice revealed the molecular
pathways affected by CSD [64]. CSD-induced up-regulation
of a specific group of genes in R192Q mutant brains was the
striking data of the study. These genes have a prominent
functional enrichment for signaling genes of inflammatory
pathways [64], including multiple genes of cluster 1 such as
Cd53, Ccel2, Anxa2, Ms4a6d, C3arl, Timpl, and Vim, which
are the main initiators of inflammatory reactions [65]. Path-
way analysis indicated that the exacerbated inflammation
was related to interferon [64]. However, the way the interac-
tion between R192Q mutation and CSD results in a definite
inflammatory profile should be studied further. Investiga-
tions in epilepsy models may help to understand the close
interplay between increased excitation and inflammation [66,
67], suggesting the elevated activity in glutamatergic path-
ways in R192Q KI mice [16] being more severe during CSD
episodes, as a reason for enhanced inflammatory response.
On the other hand, it can be interpreted that the CSD-
induced elevation of the inflammatory response can be due
to a pro-inflammatory state in the FHM1 R192Q brains
which may already exist in naive animals [64]. Therefore,
naive TG of R192Q KI mice could exhibit a pro-
inflammatory phenotype with increased activated macro-
phages and microglia and, elevated levels of cytokine ex-
pression [50, 68-70]. As reported in wild-type mice, CSD
initiated a signaling cascade among neurons under stress and
trigeminal afferents via the opening of neuronal Pannexinl
channel after the activation of caspase-1 followed by the
neuronal release of HMGBI1 and NF-«B activation in astro-
cytes [12]. Therefore, additional studies are needed to inves-
tigate the CSD-induced parenchymal neuroinflammation
pathway in FHM mutant mouse models. Recently, bilateral
HMGBI release and NF-kB activation have been shown in
the cortical and subcortical regions of FHM1 R192Q KI
mice compared to WT after CSD [71]. In the western blots
from the cerebrospinal fluid of S218L KI mice, more
HMGBI release has been shown after 1-hour of multiple
CSDs compared to sham-operated and WT mice [71]. Inter-
estingly, a basal ongoing parenchymal neuroinflammatory
process has been demonstrated in all areas of the brain in
R192Q mice including primary motor cortex, primary soma-
tosensory cortex, striatum, and thalamus, compared to WT
[71]. The release in HMGBI1 from neurons as an alarmin
molecule has been confirmed to be only due to the basal par-
enchymal neuroinflammatory processes or CSD events in the
brain of FHM1 mice and not due to the perfusion-hypoxic
stress which causes neuronal swelling and chromatin margi-
nation leading to HMGBI1 release [72]. Future studies are
needed to reveal the mechanism of the bilateral parenchymal
neuroinflammation in FHM1 mutant compared to WT, and
to determine whether the basal parenchymal inflammatory
state is due to hyperexcitability of these mice, or the reverse,
whether the presence of ongoing neuroinflammation in-
creases the hyperexcitability of the brain in the mutant.
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2.4. Altered Brain and Plasma Metabolites after CSD in
FHM1 Mice

CSD induces metabolic remodeling in R192Q mutant
mice which is measurable in plasma [73]. These immediate
changes after CSD leading to metabolic alterations can be
better studied in R192Q KI mice and are much more difficult
in patients. With different experiments including capillary
electrophoresis, multivariate data analysis, and mass spec-
trometry, a considerable distinction between the profiles of
R192Q mutant and WT mice after CSD has been established.
Lysine and pipecolic acid were identified as two important
metabolites that were changed. This change indicates an in-
crease in GABAergic neurotransmission after excitation as a
mechanism of compensation [73]. CSD waves can also
change the repertoire of peptides and metabolites both in the
cortex and the subcortical areas of the brain in R192Q mu-
tant mice as indicated by large-scale matrix-assisted laser
desorption/ionization mass spectrometry imaging [74]. The
changes in the distribution of biomolecules have been ob-
served only in R192Q KI mice after CSD. The biomolecules
influenced by CSD remain to be identified [74].

2.5. Molecular Pain Mechanisms, Modified Trigemino-
vascular Processing, CGRP Release, and Purinergic Sig-
naling in FHM1 Mice

In vitro glutamate and CGRP release from trigeminal
neurons [75] and in vivo trigeminocervical complex (TCC)
nociceptive transmission [76] are known to be facilitated by
Cay2.1 channels. Investigation of the function of TG in
FHMI mice led to a molecular phenotype of pain mediated
by modified CGRP-induced purinergic signaling. In TG of
R192Q mice, the sensory neurons showed an increased
purinergic activity of P2X3 receptor that is ATP-gated. This
increase may be due to a change in the phosphorylation level
of intracellular protein domains [68]. The hyperpolarization-
activated conductance Iy, that is mediated by hyperpolariza-
tion activated cyclic nucleotide-gated channels (HCN), con-
tributes to sub-threshold behavior and firing in WT and
FHM1 KI neurons of TG [77]. Most WT and KI TG neurons
expressed I, current, which was blocked by the inhibitor
ZD7288, however, I, current was smaller in the neurons of
KI mice although they showed similar activation and deacti-
vation kinetics [77]. The low amplitude of [, in FHM1 mu-
tant TG neurons indicates that down-regulation of /;, current
in sub-threshold behavior is a compensatory mechanism for
limiting sensory hyperexcitability, which is observed after
specific stressful stimuli [77]. Enhancement of Ca*" influx in
FHM1 mutant neurons may cause essential P2X3 receptor
activity since the membrane expression of P2X3 was not
changed. Algogenic mediator, bradykinin, augments both
glial P2Y-mediated calcium responses and the percentage of
responding cells. This indicates a particularly prominent
modulation of purinergic signaling in satellite glial cells in
mutant ganglia, which can be interpreted in the migraine
pathophysiology [50]. Furthermore, neurons of R192Q KI
mice TG showed more baseline release of different media-
tors such as CGRP, TNFa, and brain-derived neurotrophic
factor that could contribute to P2X3 receptor potentiation
and explain why an increased potentiation of P2X3 receptors
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by exogenous TNFa or CGRP is not possible [78]. These
observations suggest that KI cells have a basal neuroinflam-
matory profile with the possibility of facilitation of the re-
lease of endogenous mediators such as ATP, in order to acti-
vate P2X3 receptors that are constitutively hyper-functional
and amplify nociceptive signaling by trigeminal sensory neu-
rons [69]. The surge in extracellular TNFoa may raise the
activity of transient receptor potential vanilloid 1 (TRPV1)
receptor, and therefore, it may amplify nociceptive transduc-
tion in the periphery, which is important in migraine pain
[79]. Purinergic activity enhancement was related to abnor-
mal profiles of chemokine/cytokine and an increase in active
macrophages seen in FHM1 R192Q mice TG [63]. In R192Q
KI mice TG, the release of CGRP increased while it was not
changed in the dura; this is consistent with the lack of FHM1
mutation effect on Cay2.1 currents observed in TG neurons
that are capsaicin-sensitive and consist the majority popula-
tion of small dural afferents [49]. After co-culturing FHM1
TG neurons with satellite glial cells, the enhancement in the
release of CGRP at baseline and after neuronal activity led to
P2Y receptors potentiation in glial cells and subsequent acti-
vation of these cells [50]. However, decrease in the CGRP
signal, as reported in another study, may explain the deple-
tion of intracellular CGRP stores in the FHM1 KI mice due
to an active trigeminovascular system (TVS) with an in-
crease in the release of CGRP. Taken together, the specific
neuroinflammatory condition in FHM1 KI mice TGs, with a
constant neuronal and glial purinergic receptor activity,
might facilitate pain signaling propagation, considering the
important role of the mediators of inflammatory pain in-
volved in meningeal nociceptors [80]. Examination of an-
other FHM1 mutant mouse model like S218L KI, which also
has a reduction in threshold for CSD induction [42], or stud-
ies in other mouse models for FHM2 and FHM3, can be
helpful to understand if the above-mentioned differences are
specified to the R192Q mutation or whether the molecular
alterations occur as the consequence of the same pathophysi-
ological mechanisms inherent to all FHM subtypes.

A recent report has shown that trigeminal neurons in WT
mice have negative control over P2X3 receptors by brain
natriuretic peptide pathway which is reflected in the suppres-
sion of P2X3 receptors-mediated excitability. In FHM1 KI
cultures, the lack of this inhibition causes a hyperexcitability
phenotype which could facilitate the trigeminal pain signal-
ing in migraine [81]. The phenotype of TG neurons sensiti-
zation in FHM1 KI mice has been shown to be not due to an
up-regulation of CGRP receptors, whereas it is likely caused
by larger CGRP release. This data indicates that, in FHM1
TG, when the extracellular concentration of CGRP turns
back to control level with targeted treatment the normal sen-
sory neuron signaling can be restored [82]. In the trigemi-
nocervical complex of WT mice, the number of Fos-
expressed cells elevated significantly after dural stimulation
compared to the sham group and declined after naratriptan
treatment [83]. In R192Q KI animals, the stimulated and
sham or naratriptan-treated mice were not significantly dif-
ferent. In FHM1 mutant mice, the number of Fos-positive
cells in the stimulated group was significantly lower than the
WT stimulated animals [83].
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2.6. Modified Behavioral Pain Responses in FHM1 Mice

The mouse grimace scale, which measures the expression
of facial pain in mice, indicates a baseline pain face in
R192Q KI mice as compared to the wild-type mice. This
baseline pain was reversed by rizatriptan (50 mg/kg) indicat-
ing the presence of endogenous pain in the KI mice [84].
When R192Q KI mice were subjected to novelty and/or re-
straint stress, several behavioral measures indicating a spon-
taneous head pain were found. These measures showed later-
alization and increased frequency in KI mice but not in WT
mice, and they were more frequent in females compared to
males [85]. These spontaneous head pain behaviors were
normalized by systemic administration of rizatriptan and
morphine, different acute analgesics and anti-migraine drugs,
in a dose-dependent manner. The behaviors included abnor-
mal frequent head grooming with excess unilateral ocu-
lotemporal strokes and the elevated number of blink rates
with one eye closed [85]. Some of these appeared more fre-
quently and were more severe in the S218L than in the
R192Q KI mice, consistent with the clinical symptoms ob-
served in patients. The pain-expressing behavior normalized
by administration of serotonergic anti-migraine drugs sup-
ports the involvement of trigeminal pain pathways [85]. The
R192Q mice showed unchanged susceptibility to different
noxious thermal, mechanical, and chemical stimuli applied
exogenously with respect to WT ones. Additionally, the mu-
tant mice had the tendency to avoid the bright but closed-
safe arms in a modified version of the elevated plus maze
compared to WT mice [85]. This indicates a photophobia-
like behavior in both R192Q and S218L mutant mice. If the
findings from CGRP alterations and TG function in vitro
could be translated to the in vivo paradigm, FHM1 KI mice
may serve as a precious animal model to study the effects of
current and new anti-migraine drugs, which may be related
to the CGRP modulation and neuroinflammatory mecha-
nisms [86, 87]. Moreover, important insights regarding the
pain behavior pathways could be obtained by the comparison
of the behavioral alterations in FHM1 mutant to the photo-
phobia-like behavior seen in a mutant mouse model sensi-
tized to CGRP [88, §89].

FHM1 gain-of-function mutation enhances excitatory
transmission and long-term potentiation (LTP) in the hippo-
campus; however, learning and memory are impaired in
these mutant mice indicating a possible explanation for cog-
nitive alterations in FHM [47]. R192Q mutant mice were
studied for stimulus intensity-response curves determined for
field potentials taken from hippocampal CAl evoked from
anterior commissure and evaluation for neuroplasticity by
measuring LTP and long-term depression (LTD) under anes-
thesia. The hippocampal field potentials presented a signifi-
cant enhancement in R192Q KI mice compared to the WT
ones. There was a shift to the left in stimulus intensity—
response curves and larger maxima in the mutants [47]. Be-
sides, a two-fold augmentation in LTP was seen in R192Q
KI mice, whereas there was no alteration in LTD compared
with WT mice. Moreover, the mutant mice displayed signifi-
cant deficits in their spatial memory as measured by Morris
water maze and also contextual fear-conditioning experiments
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with respect to WT controls. The test of novel object recog-
nition was not disrupted in R192Q mice, but S218L mutants
showed remarkable impairment in this test, implying a geno-
type-phenotype relationship [47]. These data suggest that the
abnormal enhancement in plasticity can be as detrimental for
efficient learning as decreased plasticity.

Another behavioral clue comes from sleep behavior
changes in FHM1 mice. Knowing the G-protein-mediated
effect on adenosine receptors and its effect on Cay2.1 chan-
nel function, R192Q FHMI1 mice have been studied to un-
derstand if they are less sensitive to adenosinergic inhibition
and if they show a sleep-specific phenotype [90]. These mu-
tant mice have a faster adaptation to the light-dark cycle
phase shifts in their sleep-wake rhythms and behaviors [90].
After applying a 6-hour sleep deprivation paradigm, and
using caffeine as a general adenosine receptor antagonist,
and cyclopentyladenosine as a specific Al receptor agonist,
R192Q mutant mice showed an enhanced waking pattern in
the active dark period compared to WT. This may be due to
decreased susceptibility to the adenosine Al receptor inhibi-
tion as indicated by baseline recordings (EEG and electro-
myogram) [90]. These observations may shed light on the
mechanism of the relationship between migraine and dis-
rupted sleep in the clinic.

With respect to stress effect, 20 minutes and 3-hours re-
straint stress tests have no effect on CSD susceptibility in
both R192Q mutant and WT mice, but there is an elevation
in the levels of plasma corticosterone in KI ones [55]. How-
ever, subcutaneous injection of corticosterone (20 mg/kg)
raises CSD frequency dramatically in the KI mice, while
levels of corticosterone in plasma are similarly increased in
KI and WT mice. Mifepristone as a glucocorticoid receptor
(GR) antagonist normalized the effect of corticosterone on
CSD frequency. This indicates that the GR activity induced
by corticosteroid may increase CSD frequency in an individ-
ual who is genetically susceptible and may lead to a predis-
position to migraine attacks [55]. Since FHM1 mutation is
inherited dominantly, phenotype studies related to cellular
and behavioral aspects of R192Q heterozygous KI mice are
also worth studying.

2.7. Sex-Related Differences in FHM1

In the clinic, there is a strong sex effect in migraine pa-
tients, 18% of women suffer from migraine compared to 6%
of men. Besides, women have more severe and more fre-
quent migraine attacks than men. However, the limited num-
ber of investigations related to sex effect and difference of
CSD consequences in female and male FHM1 mutant mice
is a shortcoming of these models in migraine studies. The
features of CSD phenotype, including velocity, amplitude,
threshold, and frequency are more severe in female S218L
and R192Q KI mice compared to male ones and disappear
after ovariectomy [42]. Orchiectomy, on the other hand, ele-
vates susceptibility to CSD in R192Q KI mice. Testosterone
replacement chronically restores CSD susceptibility by an
androgen receptor-based mechanism and leads to a new pro-
phylactic target for migraine [43]. Reports also show that
estradiol augments genetically-enhanced CSD susceptibility
in both S218L and R192Q FHMI1 mutant mice [42].
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2.8. RNA Expression Changes in FHM1

There is a pronounced difference in the RNA expression
in the cerebellum of S218L mutant mice compared to R192Q
and WT mice [91]. In particular, tyrosine hydroxylase,
which indicates the delayed cerebellar maturation, has been
shown to be highly upregulated in S218L cerebella. How-
ever, a minimal difference in the expression level was re-
ported in the caudal cortex of both FHM1 mutant strain [91].

2.9. Stroke Studies in FHM1

There is a high comorbidity between migraine and other
diseases such as stroke [86-88], epilepsy [5, 6], and depres-
sion [89, 90], suggesting genetic or environmental-
epigenetic-specific common pathogenic pathways. In this
case, transgenic animal models of migraine could provide a
significant opportunity to study in vivo pathophysiology of
migraine. Epidemiological studies have suggested an en-
hanced risk of stroke or ischemia in migraine patients, espe-
cially in female MA [92-94]. Large- scale meta-analysis of
genome-wide data recently demonstrated common genes for
susceptibility between ischemic stroke and migraine [95].
However, to further increase our knowledge of migraine and
stroke comorbidity and fill the gap in mechanisms related to
translating these data to the molecular level, FHMI1 trans-
genic mice as monogenic migraine models might represent a
relevant preclinical tool [96]. The experimental induction of
transient focal cerebral ischemia revealed larger infarcts in
R192Q and S218L KI mice when compared to WT animals
[97]. Interestingly, there was a perfect correlation between
phenotype and genotype (in R192Q better than in S218L)
and an allele-dosage influence (in heterozygotes better than
in homozygotes). This can be explained by increased suscep-
tibility to ischemic injury by the enhanced neuronal hyperex-
citability observed in migraine pathogenesis. Experimentally
induced cerebral ischemia triggers anoxic depolarization that
is faster and increases the frequency of development of the
peri-infarct depolarizations (PIDs), causing a more severe
mismatch in metabolic supply-demand and faster growth of
infarct [97]. MK-801 treatment as an antagonist to N-
methyl-D-aspartate (NMDA) receptor blocked the infarct
growth and reversed the effects on the WT mice, indicating
CSD as a potential target for stroke treatment [97]. Migraine-
prophylactic drugs, such as lamotrigine and topiramate, used
chronically, decreased the number of ischemic depolariza-
tions and caused an improvement in stroke consequences in
FHM1 KI mice and WT [98], suggesting that the hyperexcit-
ability induced by genetically increased glutamatergic neuro-
transmission could be a shared mechanism for migraine and
ischemia. In FHM1 mice, enhanced oligemia and desatura-
tion of hemoglobin after CSD [54], together with increased
levels and velocity of (Ca*") current surge in neurons during
CSD, could also lead to the increased susceptibility to
ischemia in migraine-vulnerable brains [97].

3. FHM2

3.1. FHM2 KI Mice Demonstrate Decreased Astrocytic
a2 Na', K'-ATPase Expression and Increased Suscepti-
bility to CSD

FHM2 is a form of MA which is autosomal dominant and
is produced by o2-subunit mutations of the Na'/K" ATPase,
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which has a massive expression in the brain astrocytes of an
adult animal. The first FHM2 KI mouse model with human
W887R mutation in the Atpla2 orthologous gene was cre-
ated in 2011 [51]. Only heterozygous a2 KO and KI animals
are viable, since the homozygous mutant mice are lethal im-
mediately after birth [51, 99, 100]. In the a2 isoform KI
mice, the 02 isoform protein is decreased in brain lysates in
western blots to around 60% in heterozygous adult a2""**7%
[51] and 02 "FBOR Jevels [52] and to very low levels in ho-
mozygous fetuses of 02" UR The decreases could be
related to the delayed and inefficient endoplasmic reticulum
secretion and deficit in proteasomes degradation [51]. The
02Na'/K' ATPase has a critical role in extra-synaptic K"
buffering on neuronal activation [101, 102]; however, addi-
tional direct evidence needs to be provided. Heterozygous
FHM2 mice, similar to FHM1 mice, demonstrated a de-
creased threshold for CSD with increased CSD propagation
velocity [51]. The increased CSD susceptibility in KI mice
was shown to be due to reduced rates of K" and glutamate
clearance by cortical astrocytes during neuronal activation
and decreased density of GLTla glutamate transporters in
cortical presynaptic astrocytic processes in FHM2 mutant
mice [103].

3.2. Modified Behavioral Pain Responses in FHM2 Mice

In FHM2, the behavioral implications of introducing the
W887R mutation in mouse were measured by a modified
version of SHIRPA protocol [51]; however, the only signifi-
cant change between a2 "V mice and WT was an increase
in anxiety and fear behavior. Whereas, the behavior in the
o2 "SR KT mice was different. The sucrose preference test
indicated that the a2"%"'® mice demonstrated stress-induced
anhedonia and elevated acoustic startle response, indicating a
high level of fear and anxiety. Moreover, the 02"%*'"® my-
tants demonstrated depression-like behavior and increased
levels of immobility in the tail suspension test when com-
pared to WT animals [52]. Although these studies show that
there are different pain behavior responses in FHM1 and
FHM2 mutant mice, they also posit the behavioral changes
seen in these mutant mice resemble those in humans [104,
105]. However, it should be cleared if the mutation in pa-
tients causes the psychiatric manifestations in a consistent
manner, and if the mouse shows psychiatric manifestations
similar to human.

3.3. Sex Effect on the Glutamate System and Behavioral-
Emotional Expression in FHM?2

In the FHM2 KI mice model, the female 02"FPUR mice
+HG301R

show more abnormal behaviors than the male a2 mu-
tant. The female 02"**'® mice were hypoactive in the open
+/G301R

field test when compared to WT females and male a2
mutant [52]. Moreover, in the open field test female o2
mutant showed excessive grooming behaviors, indicating
compulsive behavior in these mice. Female a2"%"'® mice
also demonstrated obsessive-compulsive disorder- (OCD)-
like features on the marble-burying test, by burring a signifi-
cantly higher number of marbles than both, WT and male
2" mutant animals. All these behaviors reversed to the
normal state after a single progestin treatment [52]. This in-
dicates a role for female hormone cycle in the changed be-

+/G301R
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haviors of 02"%"® females compared to WT females and
male a2”%"'® animals. This may explain the effect of ovar-
ian hormones on migraine and a higher prevalence of mi-
graine in women compared to men. Moreover, NMDA re-
ceptor antagonists changed the female a2 "GUR OCD-like
behaviors, increased startle response to acoustic stimuli, and
hypoactivity, indicating that glutamatergic mechanisms are
under the influence of mutated 02 isoform in these FHM?2
mice. The elevation of glutamate levels in the main brain
areas of 02"%**'® mice supports this idea when cultures of
both astrocytes and neurons from o2 OIR/GIOIR - mutants
showed a significant decrease in glutamate uptake with re-
spect to similar cultures of WT animals [52]. This also sug-
gests that the participation of the female hormone cycle af-
fects the glutamate system and might relate it to the behav-
ioral-emotional evidence in FHM2.

4. FHM3

4.1. FHM3 KI Mice Show Enhanced CSD Susceptibility
by an Increased Inhibitory Interneuron Activity

The FHM3 mouse model study shows that both cortical
and hippocampal fast-spiking interneurons demonstrate a
significantly increased frequency of action potential firing in
acute slices [53]. It indicates that these interneurons have
gain-of-function because of point mutation L1649Q in the
mouse orthologous Scnla gene. Moreover, pyramidal neu-
rons of the cortical layer V have significantly more inhibi-
tory input [53]. In the in vivo experiments, FHM3 mutant
mice show a significant increase in CSD frequency, like the
other forms of FHM mutants [53]. Besides, these mutants
have a significantly lower CSD induction threshold [53].
This newly described mouse model of FHM3 mutation re-
veals a potentially new mechanism of CSD susceptibility
through the increase in inhibitory interneurons activity and
could be further studied for drug targeting for this new path-
way.

4.2. Need for Experiments on Behavioral Responses in
FHM3 Mice

Data related to behavioral responses of L1649Q mutation
is not available for FHM3. Results of behavioral tests in
FHM3 mouse model would be important to compare the data
with FHM1 and FHM2 mouse models, as FHM3 mutation
causes increased activity of inhibitory interneurons [53] and
enhances cortical inhibition as opposed to FHM1 and FHM2.

CONCLUSION

As described above, in order to decipher migraine
mechanisms, animal models of monogenic forms of migraine
have been beneficial to understand the excitatory/inhibitory
balance alteration in different experimental paradigms and its
consequences on neurophysiology and behavior in a mi-
graine context. There are a few key shortcomings of FHM
models for investigating the pathophysiology of migraine
including 1- The lack of enough information about the
mechanisms of the brain network modifications in the hippo-
campus, cerebellum and brainstem causing FHMI1 specific
features of migraine-related neuronal networks in this model;
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2- The lack of enough study on the neuroinflammatory cas-
cades involved in the dysregulated excitatory/inhibitory bal-
ance. 3- The lack of sufficient information about underlying
mechanisms of increased CSD susceptibility in FHM2 and
FHM3 mutant mice; 4- The lack of enough studies for the
relevant data relating to the clinical manifestation of FHM?2
and FHM3 mechanisms since the current mouse models re-
ports have not shown significant results compared to FHM1
mouse models; and finally 5- S218L mutant mouse, with the
more severe phenotype of FHMI, has been argued to be a
sound model for studying migraine pathophysiology, since
some researchers assume it as a model for epilepsy studies or
a model for more complex neurological disorders. However,
FHM mutant mice helped answer some clinically essential
challenges including the link between aura and headache in a
CSD model of migraine, and the relationship between gene-
environment interplay in clinical phenotypes. The transgenic
mice described in the present study represent a refined tool
to develop pre-clinical studies relevant to the migraine field,
due to the similarity of phenotypes between patients and the
mutant mice. Additionally, they will aid in future studies to
investigate pain behavior in FHM and common migraine.
MA in FHM is a predominant symptom and a majority of
preclinical research has linked CSD events as the underlying
mechanism for migraine aura; however, just about one-third
of migraine patients exhibit aura symptoms. Therefore, to
understand if patients with MO also have CSD, more re-
search is needed to investigate other trigeminovascular sys-
tem stimulators in other models including CGRP models [88,
89] and new models of migraine in which aura is a less-
prominent symptom [106, 107]. Additional investigations of
various FHM mouse models, together with the clinical stud-
ies of different comparable FHM types of patients will con-
tribute to deciphering the pathophysiology of migraine as a
disorder with multiple altering symptoms, varying severity,
and various functional consequences with different genetic
backgrounds.
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