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Abstract

Background: Migraine is a common neurological disorder with a strong genetic component, yet the precise mechanisms
underlying its genetic susceptibility remain largely unknown. Genome-wide association studies (GWAS) have identified
multiple risk loci, but monogenic forms of migraine, particularly Familial Hemiplegic Migraine (FHM), have provided dee-
per insights into the pathophysiology of migraine. Studying monogenic disorders that present migraine as a symptom
could help identify novel therapeutic targets by uncovering shared molecular pathways.

Methods: A narrative literature review was conducted using a stepwise approach in the PubMed database. Reviewers
were divided into three groups, each focusing on different aspects of migraine genetics. The first group analyzed mono-
genic migraine syndromes, including FHM and related ion-channelopathies. The second group examined clinical manifes-
tations and phenotypic spectrum of FHM-related genes. The third group expanded the search to other monogenic
disorders associated with migraine, such as Cerebral autosomal-dominant arteriopathy with subcortical infarcts and leu-
koencephalopathy (CADASIL), Mitochondrial encephalomyopathy with lactic acidosis and stroke-like episodes (MELAS),
and Familial Advanced Sleep Phase Syndrome (FASPS). Additional searches were conducted using the Compendium of
Causative Genes for Monogenic Disorders.

Results: The review identified multiple monogenic disorders associated with migraine, revealing distinct but intercon-
nected mechanisms. lon-channel dysfunction (CACNAIA, SCNIA, ATPIA2), vascular impairment (NOTCH3, TREX), mito-
chondrial dysfunction (MT-TLI), and circadian dysregulation (CSNK/D) emerged as critical contributors to migraine
pathophysiology. These findings highlight the roles of neuronal excitability, cortical spreading depression,
trigeminal sensitization, and neurovascular dysfunction in migraine.

Conclusions: Monogenic migraine disorders offer valuable insights into migraine pathogenesis, emphasizing the import-
ance of ion homeostasis, vascular function, and circadian regulation. Although genetic studies have not yet directly trans-
lated into new therapeutic targets, the study and knowledge of these rare conditions is pivotal for neurologists and
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migraine specialists, as it might improve diagnosis and care, and provide new insights into migraine pathophysiology that

may ultimately inform future treatments.
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Introduction

Genetic diseases encompass a group of pathologies that
arise due to alterations in the genetic material. Monogenic
diseases result from mutations in a single gene, whereas
polygenic or complex diseases develop due to the inter-
action between various genetic variants and environmental
factors.

A complex interplay between genetic and environment
shapes the clinical phenotype of migraine, a disabling and
multifaceted neurological disorder (1,2) affecting almost
15% of the population worldwide (3) and with an esti-
mated heritability of 37-54% (4). A growing body of evi-
dence has identified multiple genetic variants associated
with migraine (1,5-8). Populational genomics, specific-
ally, genome-wide association studies, have identified
more than 100 susceptibility loci (5,9), affecting genes
involved in neuronal excitability, neurotransmission, the vas-
cular system and genes related to migraine-specific drug
targets (Calcitonin-Related Polypeptide Alpha (CALCA) /
Calcitonin-Related Polypeptide Beta (CALCB), Serotonin
Receptor 1 (HTR1F)). Recent advances in polygenic risk
scores (PRS) have provided a means to quantify an indivi-
dual’s genetic predisposition to migraine by aggregating the
effects of these susceptibility loci. PRS models have shown
promise in identifying high-risk individuals and may aid in
patient stratification for targeted preventive treatments.
However, their clinical utility remains an area of ongoing
research, particularly in integrating PRS with environmen-
tal and lifestyle factors for a more comprehensive risk
assessment (10,11). However, the study of monogenic
migraine forms, such as Familial Hemiplegic Migraine
(FHM) (5,6), has also proven useful in understanding
aspects of migraine pathophysiology, including in develop-
ing animal models of migraine. In line with this, the study
of other monogenic disorders reporting migraine as a
common condition can unravel potential shared patho-
physiological mechanisms.

The aim of this review is to describe monogenic disor-
ders that involve migraine as one of their symptoms to
provide an important source of knowledge for the under-
standing of migraine pathophysiology, and to uncover
novel potential targets for migraine therapeutics. It must
be recognized that, despite more than three decades of
genetic research, no therapeutic targets have yet been

directly identified through genetics alone. Nevertheless,
monogenic conditions are important for clinicians to
know about, not only to improve diagnosis and manage-
ment of affected patients, but also to enhance understanding
of migraine mechanisms.

Search strategy and selection criteria

This is a narrative literature review. The reviewers were
divided into three groups and worked independently, con-
ducting an extensive literature search in the PubMed data-
base. A stepwise approach was applied to ensure a
comprehensive selection of relevant studies. The first
group focused on identifying genetic disorders associated
with migraine, particularly Familial Hemiplegic Migraine
(FHM), by searching for terms related to monogenic condi-
tions, chromosomal aberrations, and genetic mechanisms in
migraine. Additionally, specific queries were designed to
explore the role of CACNAIA, ATPIA2, SCNIA, and
PRRT? in migraine pathophysiology. The second group
examined the clinical spectrum of FHM-related genes,
using search terms that combined genetic variants with
key phenotypic descriptors such as clinical presentation
and disease spectrum. This allowed for the identification
of studies detailing the neurological and systemic manifes-
tations associated with mutations in these genes. The third
group expanded the search to include other monogenic dis-
orders linked to migraine, using a combination of genetic
and clinical search terms. Additionally, this group utilized
the Compendium of Causative Genes for Common
Monogenic Disorders (12) to systematically explore genes
associated with migraine-related conditions. No publication
date restrictions were applied, but preference was given to
original research articles published in the last ten years,
the final search was conducted between November 2024
and February 2025. Reviews were considered when a
broader discussion was necessary. Letters to editors, and
articles in languages other than English were excluded.
As this is a narrative review based primarily on PubMed,
we acknowledge the potential for selection bias; however,
given PubMed’s coverage of neurology/genetics and our
citation-tracking steps, we believe the likelihood of
missing pivotal studies is low. Each group independently
screened relevant articles, resolving conflicts through
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consensus, and two senior reviewers (E.C., P.P.-R.) super-
vised the selection process. After an initial screening, all
researchers reviewed the full texts of the selected studies,
refining the reference list based on research quality and rele-
vance. The final reference selection was approved by the
senior reviewers after resolving any remaining conflicts.

Familial hemiplegic migraine (FHM) and
other monogenic disorders with mutations
in the FHM-associated genes

FHM is a monogenic, autosomal dominant subtype of
migraine with aura, clinically characterized by hemiparesis
or hemiplegia during the aura phase, often accompanied by
visual, sensory, speech, or language disturbances (7,13).
Affected individuals frequently have a first-degree or
second-degree relative with hemiplegic migraine.
Genetically, FHM is caused by single-gene mutations in
CACNAIA, ATPIA2, SCNIA, and PRRT?2 (6-8). The func-
tional consequences of these mutations typically differ by
gene: gain-of-function mutations are most often observed
in CACNAIA and SCNIA, whereas ATP1A2 mutations gen-
erally lead to loss-of-function (6-8). Beyond migraine,
mutations in these genes are implicated in other neuro-
logical disorders, highlighting their broader significance
in neuronal excitability and synaptic function (Table 1).

CACNAIA

The CACNAIA gene is located at 19p13 and encodes the
alpha 1A subunit of P/Q-type calcium channels (CaV2.1)
found on presynaptic neurons in the brain and cerebellum
(Online Mendelian Inheritance in Man, OMIM: 601011)
(5,7,8,14). Mutations in the CACNAIA gene can either
result in a gain or a loss of function. With gain-of-function
mutations, there is prolonged opening of the affected
calcium channels with an increased influx of calcium ions
and neuronal excitability (15). Conversely, with loss of
function, there is impaired or improper opening of the
calcium channels, leading to less influx of calcium ions
and decreased neuronal excitability. Several mutations in
the CACNAIA gene with variable phenotypic expressions
have been identified (15). Of the more than 25 different
CACNAIA mutations associated with FHM1, T666 M and
S218L are the most common (6). Clinically, patients with
T666 M and S218L mutations typically present with
severe hemiplegic migraine attacks, accompanied by
coma and fever. Cerebellar degeneration has also been
reported in FHM1 (16). Mutations of the CACNAIA gene
have been identified in other monogenic disorders, includ-
ing episodic ataxia type 2 (EA2), developmental and epilep-
tic encephalopathy 42 (DEE42), and spinocerebellar ataxia
type 6 (SCAG6) (15,17). EA2 is a monogenic disorder with
an autosomal dominant pattern of inheritance. Patients

with EA2 present clinically with recurrent episodes of
imbalanced vertigo and ataxia. Attacks or episodes are
usually precipitated by physical or emotional stress (18).
Most cases of CACNAIA mutations associated with EA2
are loss-of-function point mutations, which result in
decreased neuronal excitability and progressive loss of
Purkinje cells in the cerebellum (18). Spinocerebellar
ataxia type 6 is a subtype of spinocerebellar ataxia (auto-
somal dominantly inherited progressive neurodegeneration
of the cerebellum) and is characterized by adult-onset, pro-
gressive cerebellar-type ataxia, dysarthria, and nystagmus
(19,20). DEEA42 is characterized by neonatal-onset refrac-
tory seizures of various types, which typically begin in
the first hours or days of life and are associated with signifi-
cant developmental delay and intellectual impairment (21).
Affected infants may also present hypotonia, tremor, ataxia,
and abnormal eye movements. Most patients with DEE42
have heterozygous mutations in the CACNAIA gene (21).

ATPIA2

ATPIA2, located on chromosome 1q23.2 (OMIM 182340),
encodes the catalytic a2-subunit of the Na+/K + -ATPase
(14,22). The o2-subunit is abundantly expressed in
muscle tissue (skeletal, cardiac and vascular smooth
muscle) and in the brain, where it is primarily found in cor-
tical astrocytes, though neuronal expression has been
described during developmental periods (23). The Na+/K
+-ATPase regulates electrochemical Na+and K+ gradi-
ents across the plasma membrane, which are essential for
cellular resting potential and excitability, and activity of
secondary active transporters (23). Dysfunction of neuronal
and astrocytic Na+/K + -ATPases results in hyperexcitabil-
ity due to extracellular K + and intracellular Ca2 + accumu-
lation, and failure to clear neurotransmitters such as
glutamate from the synaptic cleft, which increases suscepti-
bility to CSD(23).

ATPIA2 mutations in FHM2 typically cause partial or
complete loss of function. However, certain variants that
subtly affect the voltage dependence of the pump may
exhibit voltage-dependent functional effects, resulting in
loss of function at some membrane potentials and gain of
function at others (23). ATPIA2 mutations have also been
implicated in sporadic hemiplegic migraine (SHM2) and
common forms of migraine (i.e., migraine with and
without aura); familial migraine with brainstem aura (24);
FARIMPD, an autosomal recessive syndrome with fetal
akinesia, respiratory insufficiency, microcephaly, polymi-
crogyria, and dysmorphic facies, typically resulting in
death in infancy (25); developmental and epileptic
encephalopathy-98 (26); and alternating hemiplegia of
childhood 1 (27). Recently, an association between a
novel heterozygous missense mutation in ATPI/A2, result-
ing in a depolarizing inward leak current in skeletal
muscle under hypokalaemic conditions, and hypokalemic
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periodic paralysis (HypoPP) with CNS involvement was
suggested. HypoPP is a rare neuromuscular disease,
usually caused by an aberrant depolarizing leak current
through mutant sarcolemmal voltage-gated calcium or
sodium channels. Mutations in ATP/A2 have not previ-
ously been linked to muscle dysfunction (28). Other path-
ologies have also been reported, often in relation to the
above-mentioned disorders (see Table 1). Phenotypic
overlap can present a diagnostic challenge.

SCNIA

SCNIA, located on chromosome 2 (OMIM 182389) (14),
encodes the alpha subunit of the sodium voltage-gated
channel Navl1.1. This channel plays a critical role in gener-
ating and propagating action potentials in cortical neurons,
especially in GABAergic inhibitory interneurons (29).

Mutations in SCNIA are implicated in numerous mono-
genic disorders besides FHM3: in particular, SCN/A is one
of the most important epilepsy genes, resulting in a wide
phenotypic and prognostic spectrum ranging from self-
limited and pharmacoresponsive epilepsies to developmen-
tal and epileptic encephalopathies (DEEs).

SCNIA is most notably associated with Dravet syn-
drome (DS), a refractory DDE in which about 80% of
cases are attributed to more than 1800 pathogenic variants
(30). Additionally, about 20% of families with Genetic
Epilepsy with Febrile Seizures Plus (GEFS+) harbor muta-
tions in this gene (30).

Other epileptic encephalopathies linked to SCNIA
include Epilepsy with Myoclonic Atonic Seizures
(EMAtS), Epilepsy of Infancy with Migrating Focal
Seizures (EIMFS), West syndrome, Lennox-Gastaut syn-
drome, Rett syndrome and Nonsyndromic Epileptic
Encephalopathies (NEE) (31).

Beyond epileptic disorders, SCNIA mutations are also
associated with non-epileptic conditions, such as autism spec-
trum disorder (ASD), Sudden Unexpected Death in Epilepsy
(SUDEP) and non-epileptic sudden deaths (31); rarely, they
have been linked to Arthrogryposis Multiplex Congenital
(AMC) and Melkersson-Rosenthal syndrome (MRS) (32).

The diversity in phenotypes is partly explained by the
functional effects of SCNIA mutations. The mutational
spectrum of FHM3 is limited to missense mutations, typic-
ally resulting in a gain of function and enhancing NaV1.1
activity and triggering cortical spreading depression
(CSD) (33). In contrast, epileptic phenotypes often arise
from missense or truncating mutations that cause
loss-of-function, consistent with haploinsufficiency,
leading to reduced GABAergic interneuron inhibition,
network hyperexcitability, and thus seizures.

PRRT2

PRRT2, located on chromosome 16p11.2 (OMIM 614386),
encodes the Proline Rich Transmembrane Protein 2 and is

highly expressed in the human brain, particularly in the
cerebral cortex, basal ganglia and cerebellum (34,35).
PRRT?2 localizes to presynaptic terminals, especially at glu-
tamatergic synapses, where it interacts with and modulates
different ion channels, e.g., GRIN1A, a glutamate receptor
and member of the AMPA receptor family, and voltage-
gated Navl.2 and Navl.6 channels (34,35). Additionally,
PRRT? interacts with proteins of the exocytosis complex,
e.g., the synaptic t-SNARE protein Synaptosomal-
Associated Protein 25 (SNAP2S5), indicating that PRRT2
has a possible role in synaptic endocytosis, vesicle
docking, and Ca2+-mediated neurotransmitter release
(34,35). PRRT? also plays an important role in brain devel-
opment and synaptogenesis (34,35). Mutations in PRRT2
have recently been associated with hemiplegic migraine,
and due to its prevalence, it has been suggested as the
fourth HM gene (FHM4) (36). FHM4 associated mutations
typically involve loss-of-function caused by nonsense/mis-
sense mutations, deletions, duplications, frameshift muta-
tions leading to premature stop codons or read-through
mutations resulting in longer transcripts, which result in
synaptic dysfunction and increased excitability of neural
networks (34-36). Mutations in the gene have also been
implicated in benign familial infantile seizures (BFIS2)
(14,34,35); Episodic kinesigenic dyskinesia 1 (EKDI)
and Familial Infantile Convulsions with Paroxysmal
Choreoathetosis (ICCA), a syndrome with overlapping fea-
tures from BFIS2 and EKD1 (14,34,35). Other pathologies
relating to paroxysmal movement disorders, seizures, and
intellectual disability and/or developmental delay have
also been reported (see Table 1). Different phenotypic pre-
sentations can occur from the same mutations in PRRT2,
and overlap can happen (14,34-36).

Potential genes involved in FHM and associated disorders.
While CACNAIA, ATPIA2, SCNIA, and PRRT2 are the
primary genes implicated in FHM, their mutations do not
fully explain the full spectrum observed in clinical practice,
suggesting additional genetic contributors (37). Several
other genes, including PNKD, SLC4A4, SLCIA3,
SLC2A1, ATPIA3, and ATPIA4, have been linked to
FHM and related neurological disorders, influencing synap-
tic function, ion transport, and neurotransmitter regulation
(14,38—40). A detailed overview of these genes, their func-
tions, and associated phenotypes is provided in Table 1.

Monogenic disorders reporting association
with migraine
The literature review showed different monogenic disorders

reporting significant association with migraine (see
Table 2).
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Cerebral autosomal-dominant arteriopathy with

subcortical infarcts and leukoencephalopathy
(CADASIL)

CADASIL is one of the most common causes of inherited
monogenic cerebral small-vessel disease characterized by
severe leukoencephalopathy and high risk of recurrent
ischemic events and vascular dementia in adults. The preva-
lence of CADASIL is estimated to be 2-5 cases per 100,000
individuals (41). It is caused by mutations in the NOTCH3
gene (>95% of cases) (42), which encodes a transmembrane
receptor primarily expressed in vascular smooth muscle
cells. More than one hundred mutations are reported, all
occurring in exons 2-24, with strong clustering in exons
3 and 4 which encode several EGF-like extracellular
domains. The majority are missense mutations involving
a cysteine residue, others are small-in frame deletions or
splice-site mutations. The histopathological hallmark is
the degeneration of vascular smooth muscle cells, charac-
terized by local accumulation of the Notch3extracellular
domain, aggregation, and impaired endocytosis. This pre-
vents protein ubiquitination and degradation and leads to
the formation of extracellular deposits of granular osmio-
philic material and fibrous thickening of the arterial walls
(43,44). Immunofluorescence techniques reveal the accu-
mulation of NOTCH3 protein in the vessel walls (42).
Although these histopathological findings are systemic
(45), in the cerebral vessels they can lead to cerebral
dysfunction.

The main clinical features include migraine with aura,
recurrent subcortical/lacunar ischemic events, mood distur-
bances, apathy, cognitive impairment, and seizures (46—
49). Brain MRI shows classical white matter hyperintensi-
ties in typical sites: anterior temporal pole lobe, periven-
tricular white matter, internal and external capsule, pons,
multiple lacunar infarcts and microbleeds. Also, lacunar
infarcts are frequent, with association with cognitive
dysfunction.

Migraine prevalence in CADASIL patients ranges from
14 to 72% (50) with variability in different geographic areas
(higher in occidental countries compared to Asian coun-
tries) and a pooled prevalence of 38% (95% CI of 33—
42%). The prevalence of migraine with aura is higher in
CADASIL patients (51), compared to the general popula-
tion, and is more frequent in females who presented the
first attacks at younger age than men.

Migraine with aura is the most frequent and with an
earlier clinical presentation occurring in the second-third
decade of life, also migraine without aura and tension
type headache are reported. The aura is typical visual or
sensory aura in almost half of the cases (52), while the
other half could present with atypical features: aura
without headache, hemiplegic auras, brainstem aura, pro-
longed aura, and acute onset aura. Rarely patient with
CADASIL may present with acute status migrainosus

with persistent aura or with prolonged and persisting head-
ache, acute altered mental status (visual hallucinations,
behavioral disturbances), speech difficulties and memory
deficits that could also evolve to coma (53-56).

The exact mechanism linking CADASIL to migraine
manifestation is not fully understood. However, it is
hypothesized that the vascular abnormalities caused by
NOTCH3 mutations may lead to chronic subcortical ische-
mia, which can trigger cortical spreading depression, a phe-
nomenon associated with migraine aura. No association
between onset and severity of migraine presentation and
the MRI signs of microvascular damage in both white
matter and basal ganglia (52) was found nor association
with CGRP levels (57).

Another known associated factor that could modulate
migraine susceptibility is the hyperhomocysteinemia that
could lead to a younger age of onset (58). Different
NOTCH3 gene variants may influence the presentation
and severity of migraine attacks in CADASIL patients.
Some variants have been linked to variable headache
courses, as shown in a recent study identifying specific
pathogenic mutations (e.g., p.Tyr189Cys, p.Argl53Clys,
p.Cys144Arg). Additionally, certain benign mutations are
associated with specific migraine phenotypes, such as
aura type (59). However, these findings are limited by
small sample sizes and geographically restricted cohorts.
There is no specific targeted treatment for CADASIL, nor
for migraine associated with CADASIL, clinicians should
also consider other comorbidities and eventual symptom
worsening (e.g., neuropsychiatric manifestations). No clin-
ical trials are available for this rare condition, but according
to an individual case level meta-analysis beta-blockers and
simple analgesics are the most commonly prescribed drugs
(60).

However, the authors stated that beta-blockers should be
avoided in CADASIL patients due to the potential for
adverse events, possibly related to impaired cerebral vasor-
eactivity and reduced perfusion reserve (61-63). In con-
trast, acetazolamide and valproate showed neutral results
compared to other preventive treatments and did not
exhibit adverse effects. However, they warrant further
investigation, as their potential efficacy is supported by spe-
cific mechanisms of action on smooth muscle vessels and
anecdotal evidence from small cohorts and case series
(61,62,64,65).

Retinal vasculopathy with cerebral
leukoencephalopathy and systemic manifestations
(RVCL-S)

RVCL-S is an autosomal dominant systemic small-vessel
disease, caused by mutations in the TREXI gene (66).
Clinically, RVCL-S is characterized by progressive white
matter lesions, focal neurological deficits, migraine,
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cognitive decline, psychiatric disturbances, and seizures.
Systemic features include vascular retinopathy, liver dys-
function, nephropathy, hypertension, anemia, Raynaud’s
phenomenon, and gastrointestinal bleeding. The disorder
typically manifests around the age of 40, with a median sur-
vival age of 53 years (67,68).

TREX]I encodes a 3’-5' DNA exonuclease that plays a
crucial role in clearing cytosolic DNA and preventing acti-
vation of the innate immune response (67). Mutations in
TREX] result in the accumulation of cytosolic DNA, trig-
gering chronic inflammation via the STING pathway,
which underpins the systemic vasculopathy observed in
RVCL-S (1,68). Migraine is a common feature in
TREX]-associated disorders, affecting 42-59% of indivi-
duals with mutations (67,68). Migraine attacks often
present with aura and may precede other systemic or neuro-
logical symptoms, complicating early diagnosis (1). The
pathophysiology linking TREX] mutations to migraine is
not fully understood, but vascular dysregulation and
chronic inflammation likely lower the threshold for
migraine initiation. The overlap between migraine aura phe-
nomena and other neurological symptoms of RVCL-S, such
as visual disturbances and cognitive changes, further high-
lights the complexity of this relationship.

Current research on TREXI-related disorders faces
several limitations. Most studies involve small sample
sizes or retrospective data collection. Furthermore,
migraine progression in relation to other RVCL-S symp-
toms is poorly documented due to a lack of longitudinal
studies (1,67,68).

KCNK I8 related disorders

Mutations in the KCNKIS8 gene, encoding the
TWIK-related spinal cord potassium channel (TRESK),
are associated with familial migraine with aura. KCNKI8
mutations were first linked to migraine through the identifi-
cation of a frameshift mutation (F139WfsX24) in a multi-
generational family, where it segregated with typical
migraine with aura in an autosomal dominant pattern (69—
71). TRESK is a two-pore domain potassium channel
highly expressed in trigeminal and dorsal root ganglion
neurons. It regulates resting membrane potential and
reduces neuronal excitability, thus acting as a brake on
nociceptive signaling. Loss-of-function mutations in
TRESK increase the excitability of trigeminal nociceptors,
enhancing susceptibility to migraine attacks. In experimen-
tal models, TRESK-deficient neurons exhibit increased cal-
citonin gene-related peptide (CGRP) release, which
contributes to central and peripheral sensitization observed
in migraine (69-71).

Beyond migraine, KCNKI8 mutations have also been
implicated in intellectual disability and neurodevelopmen-
tal disorders. Biallelic variants affecting TRESK function
have been reported in individuals with global

developmental delay, cognitive impairment, and seizures,
suggesting a broader role of KCNKIS in neuronal homeo-
stasis and brain function (72).

Individuals carrying the F139WfsX24 mutation typic-
ally report severe migraine, accompanied by visual aura,
photophobia, and nausea, often beginning in adolescence.
However, inconsistent findings regarding the pathogenicity
of some KCNK18 variants in sporadic migraine suggest that
additional genetic or environmental factors modulate this
relationship (73,74).

Current research on KCNKI8 and its role in migraine
faces notable limitations. While the F139W{sX24 mutation
is well-characterized, other missense variants demonstrate
variable effects on channel function, complicating
genotype-phenotype correlations. Studies often involve
small cohorts, with limited representation of diverse popu-
lations, reducing the generalizability of findings. Hence,
despite evidence linking TRESK dysfunction to trigeminal
hyperexcitability, the precise molecular pathways connect-
ing KCNKI8 mutations to migraine remain inadequately
understood (69,75).

Familial advanced sleep phase syndrome (FASPS)

FASPS is a rare, autosomal-dominant circadian rhythm dis-
order characterized by early sleep onset and early morning
awakening, often beginning in childhood or adolescence.
This condition is associated with mutations in the
CSNK 1D gene, encoding casein kinase 15 (CKI9), a critical
regulator of circadian rhythms through phosphorylation of
core clock proteins such as PER2 (76,77). The
CKI5-T44A mutation results in reduced kinase activity,
which shortens the circadian period in humans and animal
models, leading to the FASPS phenotype (76).
Headaches, including migraine with aura, are frequently
observed in FASPS-affected individuals. In one study, all
CKIbd-T44A mutation carriers experienced migraine, pre-
dominantly with aura, characterized by visual disturbances
and heightened sensitivity to light and sound (77).
Experimental models have shown that CKIS mutations
increase cortical spreading depression susceptibility (78),
a key mechanism underlying migraine aura, and enhance
nitroglycerin-induced hyperalgesia, further supporting a
mechanistic link between circadian dysregulation and
migraine pathophysiology. Moreover, some studies
described the role of CKI1d in regulating astrocytic
connexin-43 (Cx43) forming gap junctions between astro-
cytes (79). Mice lacking Cx43 in astrocytes showed an
increased velocity of hippocampal spreading depolarization
waves (79). Although evidence remains limited to single
reports and pre-clinical studies, the FASPS model offers
valuable insights into how circadian rhythms interact with
migraine (80).
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Mitochondrial encephalomyopathy with lactic
acidosis and stroke-like episodes (MELAS)

MELAS is a mitochondrial disorder that manifests with
migraine or migraine-like features (81,82). The prevalence
of MELAS based on specific mutation is estimated to be
236 per 100,000 (0.24%:95% CI 0.10-0.49%) in Caucasian
populations (83). This syndrome is typically maternally inher-
ited and occurs in children and young adults (84,85), although
adult-onset (86,87) cases have been reported.

MT-TLI is the implicated gene in MELAS syndrome
(84). This gene, located at position 12 on the short arm of
the mitochondrial DNA, facilitates the transfer of the
amino acid leucine to the polypeptide chain during transla-
tion. The most common variant accounting for approxi-
mately 80% of cases is the A3243G mutation which
involves substitution of Adenine(A) to Guanine(G) in the
nucleotide of the transfer RNA (tRNA) (81,87). Other
mutations include m.3271T >C, m.3252 A>G (88). This
point mutation causes defective mitochondrial translation
and protein synthesis resulting in energy production defi-
ciency. This energy deficiency leads to abnormal prolifer-
ation of mitochondria, which manifests in different
organ-systems like myopathy, cardiomyopathy, and angio-
pathy and impairs blood perfusion to major organs. Clinical
features of MELAS include stroke-like episodes,
ataxia, intellectual disability, hearing loss, seizures, cortical
blindness, hypertrophic cardiomyopathy, renal failure, dia-
betes mellitus, hypothyroidism or hyperthyroidism and psy-
chiatric disorders (82,84,89). Headache prevalence ranges
from 35.5% to 70% depending on the population
(82,87,90). Headaches may present as recurrent migraine
attacks, migraine-like headaches that resemble migraine in
their clinical features — such as unilateral throbbing pain
with photophobia — but do not meet the full diagnostic cri-
teria. These migraine-like episodes may also overlap with
or be precipitated by stroke-like events (82,85,86). The fre-
quency and duration of headaches are variable, with no
reported racial predilection. Although the exact mechanism
of MELAS and migraine is not known, neuronal hyperex-
citability and trigeminovascular activation have been sug-
gested (91). The severity of migraine headaches may be
associated with defects in the respiratory chain (82).

Treatment is primarily symptomatic and multidisciplin-
ary, depending on the affected organs or systems. An open-
label clinical trial reported that taurine combined with
L-arginine reduced the frequency of stroke-like episodes
(92). L-arginine is effective for acute episodes, and oral
supplementation reduces stroke-like episodes (93).
Additionally, erenumab at a dose of 70 mg was reported
to be effective and well tolerated in a patient with
MELAS with chronic treatment-refractory migraine (94).
Although clinical trials are available, there is a lack of con-
sensus on medications to treat MELAS Syndrome.

COL4A| related disorder

Mutations in the COL4AI gene, responsible for type IV col-
lagen synthesis, are associated with a variety of clinical
phenotypes, including juvenile stroke, leukoencephalopa-
thy and ocular abnormalities (95). These mutations can
cause vascular fragility and cerebral microangiopathy. A
history of migraine has been reported in several studies,
often involving familial cases with documented genetic
mutations (96,97). Available evidence is limited by small
sample sizes and non-standardized methodologies.

Therapeutic considerations in FHM and other
monogenic causes of migraine

Since controlled trials are not available, current evidence is
based on single reports and case series. An 11-case study
involving four FHM patients and seven Sporadic
Hemiplegic = Migraine patients demonstrated that
onabotulinumtoxinA treatment reduced both headache
intensity and aura severity and frequency in most partici-
pants. The majority of patients received a 150-U modified
PREEMPT protocol under the 12-week cycle which
resulted in a typical “wear-off” period between weeks 9
and 10 (98). The anti-CGRP monoclonal antibodies have
demonstrated therapeutic effects across different genetic
backgrounds; galcanezumab reduced headache days and
acute medication use and MIDAS scores and attack severity
in PRRT2-associated FHM patients in a small family study
(99) and a sporadic HM patient with SCNIA variant muta-
tion showed positive response to an anti-CGRP mAb after
standard preventive treatments failed (100). Observational
studies of FHM1 patients with CACNAIA T666 M muta-
tion show that calcium antagonist medications like verap-
amil and flunarizine provide long-term benefits, while
studies suggest acetazolamide and lamotrigine could work
for specific patient phenotypes (101).

Two patients with chronic migraine in CADASIL
showed enduring benefits from erenumab treatment
without any adverse effects according to research (102).
However, caution has been raised regarding the use of
CGRP blockade in small-vessel disease, as CGRP might
exert vasoprotective functions during ischemia, and its
inhibition might theoretically worsen cerebrovascular out-
comes (103). No published evidence is currently available
on the use of gepants in FHM or CADASIL. Overall, the
reported benefits of onabotulinumtoxinA and peripherally
acting CGRP-targeted therapies suggest that such
approaches may have a role in managing disorders charac-
terized by Central Nervous System dysfunction, although
further research is warranted to clarify safety and efficacy
across genetic subtypes.
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Figure |. Genes involved in monogenic forms of migraine and migraine-associated disorders. Representation of the function and
localization of genes involved in FHM in an excitatory presynaptic and postsynaptic terminal, an inhibitory GABAergic interneuron and
astrocytes. CACN/A gene encoding for the voltage-gated calcium channel CaV2.1, and responsible for FHMI, regulates the calcium
influx and the release of glutamate in the synaptic cleft. ATPIA product is localized in astrocytes and is involved in the clearance of
extracellular K* and glutamate. Located in 2 GABAergic interneuron can be found represented the gene responsible for FHM3, SCN /A,
which encodes a Na* channel and regulates the ion influx. FHM4 involves the PRRT2 gene, which has been associated with the
regulation and fusion of synapse vesicles to the plasma membrane. All the genes implicated in FHM contribute to an increase in
extracellular K and glutamate, which results in increased hyperexcitability and susceptibility to CSD. NOTCH3, CK15, KCNK 18, TREX|
and MT-TLI are some of the genes that have been associated with migraine and are responsible for other monogenic disorders.
NOTCHS3 is a gene expressed in vascular smooth muscle cells and accumulates in the cerebral vasculature causing neurovascular
degeneration. CK/§ gene encodes a kinase which plays a key role in regulating the circadian cycle by interacting with core clock proteins
PER and CRY. In addition, CK/§ interacts with astrocytic Connexin-43. KCNK/8 gene encodes for a two-pore domain potassium
channel named TRESK, whose mutated form interacts with the wild-type protein and causes its downregulation resulting in an
increased excitability. TREX| mutated exonuclease, related to RVCL-S syndrome, leads to an accumulation of cytosolic DNA which
results in chronic inflammation through STING pathway. MT-TLI mutated gene, which is responsible for MELAS syndrome, results in
increased neuronal hyperexcitability due to mitochondrial dysfunction. ATPIA = ATPase Na*/K* transporting subunit alpha

I. CACNIA = calcium voltage-gated channel subunit alphal. Cav2-| = calcium voltage-gated channel subunit o.l A. CRY =
cryptochrome proteins. CK |18 =casein kinase | isoform delta. Cx43= Connexin 43 protein. FHM =familial hemiplegic migraine.
KCNK18 = potassium two pore domain channel subfamily K member 8. Navl-| = sodium voltage-gated channel o subunit |. MELAS =
maternally inherited mitochondrial disorder. MT-TL| = mitochondrially encoded tRNA-Leu (UUA/G) |. NOTCH3 = notch receptor
3. PER = period circadian protein homolog |. PRRT2 = proline rich transmembrane protein 2. SCNIA = sodium voltage-gated channel
alpha subunit |. STING = cGAMP-stimulator of interferon genes pathway. TREX| =three prime repair exonuclease |. RVCL-S =
Retinal Vasculopathy with Cerebral Leukoencephalopathy and Systemic Manifestations. Figure created with BioRender.com

Insights our understanding of both migraine aura and headache
mechanisms, paving the way for innovative treatment strat-
egies. The genetic landscape of monogenic migraine disor-
ders mirrors the complexity observed in GWAS studies,
where multiple genes with diverse functions—vascular

Monogenic diseases provide crucial insights into migraine
pathophysiology and may help identify new therapeutic
targets. Investigating these genetic conditions enhances
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regulation, inflammation, and neuronal excitability—con-
tribute to disease susceptibility. This supports the notion
that migraine is a multifactorial disorder influenced by
various genetic pathways. (Figure 1) A key feature of
monogenic migraine disorders is the disruption of ion
homeostasis in both neuronal and glial cells. In FHM type
1 and 3, gain-of-function mutations in ion channels lead
to excessive glutamatergic transmission and an increased
susceptibility to cortical spreading depression (CSD), a crit-
ical event in migraine aura. Meanwhile, FHM type 2, asso-
ciated with ATPJA2 mutations, highlights the role of glial
cells in synaptic ionic balance, where loss-of-function
mutations result in neuronal hyperexcitability and heigh-
tened susceptibility to CSD (22,104). These findings align
with GWAS research identifying migraine risk loci within
glutamate receptor genes, reinforcing the central role of
synaptic excitability in migraine pathogenesis (9). Beyond
ion homeostasis, monogenic disorders such as
KCNK]I8-related disorders may be linked to increased
excitability of trigeminal neurons, which could trigger
migraine attacks. CADASIL exemplifies how vascular dys-
function can predispose individuals to migraine. The vascu-
lar abnormalities in CADASIL likely trigger ischemic
events and facilitate CSD, reinforcing the vascular compo-
nent in migraine pathophysiology (46). On the other hand,
FASPS highlights the potential role of circadian biology
and hypothalamic function in migraine. The mutation
alters the regulation of core clock proteins, which not
only affects sleep-wake cycles but also increases suscepti-
bility to CSD in preclinical models (77). These findings
suggest that circadian misalignment and hypothalamic dys-
regulation may act as migraine triggers, offering potential
pathways for interventions targeting circadian biology and
hypothalamic pathways. Among the different migraine phe-
notypes, migraine with aura appears to have a stronger
genetic basis than migraine without aura. This is supported
by its predominant presence in monogenic disorders, likely
due to the direct impact of genetic mutations on neuronal
excitability and CSD. The link between aura and these
mutations provides a crucial perspective on the underlying
biological processes that distinguish migraine subtypes.
Further reinforcing the genetic connection, the genes

implicated in FHM are often associated with other episodic
neurological disorders, such as epilepsy and ataxias. While
some of these conditions are neurodegenerative, most
involve transient dysfunction rather than progressive deteri-
oration, suggesting shared genetic pathways between
migraine and other paroxysmal disorders. A particularly
illustrative case is MELAS, where mitochondrial dysfunc-
tion, particularly affecting the respiratory chain and
energy metabolism, plays a central role (84). This high-
lights the importance of cellular energy homeostasis in
migraine pathogenesis and suggests potential therapeutic
avenues aimed at improving mitochondrial function. In
parallel, therapeutic observations from case reports high-
light that peripherally acting treatments such as
onabotulinumtoxinA and anti-CGRP monoclonal anti-
bodies can reduce attack frequency and severity in FHM,
while preliminary data in CADASIL suggest possible ben-
efits but also raise safety considerations due to the vasopro-
tective role of CGRP. Although anecdotal, these findings
provide practical insights for clinicians managing patients
with genetic migraine syndromes and underscore the need
for systematic studies. By understanding these genetic path-
ways, we could not only enhance migraine treatment but
also improve care for a range of related neurological and
systemic disorders providing broad therapeutic benefits
across neurological and systemic disorders.

Conclusions

Migraine is a complex genetic disorder that involves
various biological pathways. The study of monogenic
forms of migraine and of monogenic disorders reporting
strong association with migraine can help in the identifica-
tion of pathophysiological mechanisms of migraine, includ-
ing ion homeostasis, vascular function, and circadian
regulation. Future studies will be essential to better charac-
terize these pathways. Even if direct genetic-to-therapy
translation has not yet occurred, knowledge of monogenic
conditions remains vital for accurate diagnosis, optimized
patient care, and deeper pathophysiological understanding
that could eventually guide therapeutic innovation.

Key findings
with Aura

and highlight the role of ion channel dysfunction.

modifying therapies.

e Monogenic disorders offer a natural model to dissect migraine pathophysiology, particularly in relation to Migraine

e Genes such as CACNAIA, ATPIA2, and SCNIA are central to our understanding of familial hemiplegic migraine

e Overlap with other rare genetic syndromes (e.g., PRRT2-related paroxysmal disorders, mitochondrial and vascular
diseases) suggests shared complex and multifaced neuronal mechanisms.

e Insights from these disorders may guide precision medicine, identifying potential targets for future disease-

o This review offers a comprehensive, updated synthesis of migraine-related monogenic conditions.




42

Cephalalgia 45(10)

Author contributions

D.M.: literature research and data curation, writing original draft,
editing and reviewing manuscript, project supervision. Z.A.Z.:
Literature research and data curation, writing original draft, sub-
group supervision. O.G.: literature research and data curation,
writing original draft, subgroup supervision, visualization.
F.D.S., CR, AD., MN.N,, EM., FE.A.: literature research
and data curation, writing original draft. E.C., P.P.-R.: conceptual-
ization and methodology, editing and reviewing manuscript.
project supervision.

Data availability statement

Complete search methods and articles found and selected are
available upon request.

Declaration of conflicting interests

The authors declared the following potential conflicts of interest
with respect to the research, authorship, and/or publication of
this article: D.M has received educational and travel grants from
Eli Lilly, Organon, Abbvie, Teva. E.C. has received honoraria
from Novartis, Chiesi, TEVA, Lundbeck, Medscape. P.P.-R.
reports that within the prior 36 months, having received honoraria
as a consultant and speaker for: AbbVie, Amgen, Biohaven,
Chiesi, Eli Lilly, Lundbeck, Medscape, Novartis, Pfizer and
Teva. Her research group has received research grants from
Novartis, Teva, AbbVie, EraNET Neuron, RIS3CAT FEDER,
AGAUR, ISCIII, International Headache Society; has received
funding for clinical trials from Alder, Amgen, Biohaven,
ElectroCore, Eli Lilly, Lundbeck, Novartis, Teva. She is the
Honorary Secretary of the International Headache Society. She
is a member of the Clinical Trials Guideline Committee of the
International Headache Society. She serves as an associate editor
for Cephalalgia, Headache, The Journal of Headache and Pain,
Neurologia, and Revista de Neurologia. She is the founder of
www.midolordecabeza.org. P.P.-R. does not own stocks from
any pharmaceutical company. All remaining authors have
nothing to declare.

Funding

The authors received no financial support for the research, author-
ship, and/or publication of this article.

Supplemental material

Supplemental material for this article is available online.

ORCID iDs

Davide Mascarella
Zixuan Alice Zhuang
Federico De Santis

https:/orcid.org/0000-0002-9265-3281
https:/orcid.org/0000-0002-0041-7389
https:/orcid.org/0000-0002-8059-6427

Austeja Daputke (2 https:/orcid.org/0000-0001-7508-0971
Funmilola Eunice Adewinle (2 https:/orcid.org/0009-0008-4972-
8488

Edoardo Caronna
Patricia Pozo-Rosich

https:/orcid.org/0000-0001-5525-0267
https:/orcid.org/0000-0003-0796-4702

References

1. Sutherland HG and Griffiths LR. Genetics of migraine:
insights into the molecular basis of migraine disorders.
Headache 2017; 57: 537-569.

2. Yeh PK, An YC, Hung KS, et al. Influences of genetic and
environmental factors on chronic migraine: a narrative
review. Curr Pain Headache Rep 2024; 28: 169-180.

3. Stovner LJ, Hagen K, Linde M, et al. The global prevalence of
headache: an update, with analysis of the influences of meth-
odological factors on prevalence estimates. J Headache Pain
2022; 23: 34.

4. Mulder EJ, Van Baal C, Gaist D, et al. Genetic and environ-
mental influences on migraine: a twin study across six coun-
tries. Twin Res 2003; 6: 422-431.

5. Gormley P, Winsvold BS, Nyholt DR, et al. Migraine genet-
ics: from genome-wide association studies to translational
insights. Genome Med 2016; 8: 86.

6. Grangeon L, Lange KS, Waliszewska-Prosét M, et al.
Genetics of migraine: where are we now? J Headache
Pain 2023; 24: 12.

7. Sutherland HG, Albury CL and Griffiths LR. Advances in
genetics of migraine. J Headache Pain 2019; 20: 72.

8. Sutherland HG, Jenkins B and Griffiths LR. Genetics of
migraine: complexity, implications, and potential clinical
applications. Lancet Neurol 2024; 23: 429-446.

9. The International Headache Genetics Consortium. Genome-
wide association study of migraine implicates a common sus-
ceptibility variant on 8q22.1. Nat Genet 2010; 42: 869-873.

10. Chalmer MA, Esserlind AL, Olesen J, et al. Polygenic risk
score: use in migraine research. J Headache Pain 2018; 19: 29.

11. Chase BA, Frigerio R, Rubin S, et al. An integrative
migraine polygenic risk score is associated with age at
onset but not chronification. JCM 2024; 13: 6483.

12. Apgar TL and Sanders CR. Compendium of causative genes
and their encoded proteins for common monogenic disor-
ders. Protein Sci 2022; 31: 75-91.

13. Kumar A, Samanta D, Emmady PD, et al. Hemiplegic
Migraine. In: StatPearls. Treasure Island, FL: StatPearls
Publishing, 2025, http:/www.ncbi.nlm.nih.gov/books/
NBK513302/ (Accessed 10 February 2025)

14. Amberger J, Bocchini CA, Scott AF, et al. Mckusick’s
online Mendelian inheritance in man (OMIM(R)). Nucleic
Acids Res 2009; 37: D793-D796.

15. Indelicato E and Boesch S. From genotype to phenotype:
expanding the clinical spectrum of CACNAI1A variants in
the era of next generation sequencing. Front Neurol 2021;
12: 639994.

16. LiM, Zheng X, Zhong R, et al. Familial hemiplegic migraine
with progressive cerebellar ataxia caused by a p.Thr666Met
CACNAITA gene mutation in a Chinese family. Front
Neurol 2019; 10: 1221.

17. Martinez-Monseny AF, Edo A, Casas-Alba D, et al
CACNAI1A Mutations causing early onset ataxia: profiling
clinical, dysmorphic and structural-functional findings.
IJMS 2021; 22: 5180.

18. Strupp M, Zwergal A and Brandt T. Episodic ataxia type 2.
Neurotherapeutics 2007; 4: 267-273.

19. Bhandari J, Thada PK and Samanta D. Spinocerebellar
Ataxia. In: StatPearls [Internet]. Treasure Island, FL:


http://www.midolordecabeza.org
https://orcid.org/0000-0002-9265-3281
https://orcid.org/0000-0002-9265-3281
https://orcid.org/0000-0002-0041-7389
https://orcid.org/0000-0002-0041-7389
https://orcid.org/0000-0002-8059-6427
https://orcid.org/0000-0002-8059-6427
https://orcid.org/0000-0001-7508-0971
https://orcid.org/0000-0001-7508-0971
https://orcid.org/0009-0008-4972-8488
https://orcid.org/0009-0008-4972-8488
https://orcid.org/0009-0008-4972-8488
https://orcid.org/0000-0001-5525-0267
https://orcid.org/0000-0001-5525-0267
https://orcid.org/0000-0003-0796-4702
https://orcid.org/0000-0003-0796-4702
http://www.ncbi.nlm.nih.gov/books/NBK513302/
http://www.ncbi.nlm.nih.gov/books/NBK513302/
http://www.ncbi.nlm.nih.gov/books/NBK513302/

Mascarella et al.

43

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

StatPearls Publishing, 2025, http:/www.ncbi.nlm.nih.gov/
books/NBK557816/ (Accessed 10 February 2025)

Casey HL and Gomez CM. Spinocerebellar Ataxia Type 6.
In: Adam MP, Feldman J, Mirzaa GM and et al.(eds)
GeneReviews® [Internet]. Seattle, WA: University of
Washington, Seattle, 1993, http:/www.ncbi.nlm.nih.gov/
books/NBK1140/ (Accessed 10 February 2025)

Myers CT, McMahon JM, Schneider AL, et al. De Novo
mutations in SLC1A2 and CACNAIA are important
causes of epileptic encephalopathies. Am J Human Gene
2016; 99: 287-298.

Fusco MD, Marconi R, Silvestri L, et al. Haploinsufficiency
of ATP1A2 encoding the Na+/K+ pump o2 subunit asso-
ciated with familial hemiplegic migraine type 2. Nat Genet
2003; 33: 192-196.

Friedrich T, Tavraz NN and Junghans C. ATP1A2 mutations
in migraine: Seeing through the facets of an ion pump onto
the neurobiology of disease. Front Physiol 2016; 7: 239
Ambrosini A, D’Onofrio M, Grieco GS, et al. Familial
basilar migraine associated with a new mutation in the
ATPI1A2 gene. Neurology 2005; 65: 1826—-1828.

Monteiro FP, Curry CJ, Hevner R, et al. Biallelic loss of
function variants in ATP1A2 cause hydrops fetalis, micro-
cephaly, arthrogryposis and extensive cortical malforma-
tions. Eur J Med Genet 2020; 63: 103624.

Vetro A, Nielsen HN, Holm R, et al. ATPIA2- And ATP1A3-
associated early profound epileptic encephalopathy and
polymicrogyria. Brain 2021; 144: 1435-1450.

Al-Bulushi B, Al-Hashem A and Tabarki B. A wide clinical
phenotype Spectrum in patients with ATPIA2 mutations. J
Child Neurol 2014; 29: 265-268.

Sampedro Castafieda M, Zanoteli E, Scalco RS, et al. A novel
ATPIA2 mutation in a patient with hypokalaemic periodic
paralysis and CNS symptoms. Brain 2018; 141: 3308-3318.
Martin MS, Dutt K, Papale LA, et al. Altered function of the
SCN1A voltage-gated sodium channel leads to
y-aminobutyric acid-ergic (GABAergic) interneuron abnor-
malities. J Biol Chem 2010; 285: 9823-9834.

Scheffer IE and Nabbout R. SCN1A-related phenotypes:
Epilepsy and beyond. Epilepsia 2019; 60(Supp3):
S17-S24.

Ding J, Li X, Tian H, et al. SCN1A Mutation—beyond
Dravet syndrome: a systematic review and narrative synthe-
sis. Front Neurol 2021; 12: 743726.

Azzara A, Cassano I, Lintas C, et al. Melkersson—Rosenthal
syndrome and migraine: a new phenotype associated with
SCNI1A variants? Genes (Basel) 2023; 14: 1482.
Auffenberg E, Hedrich UBS, Barbieri R, et al
Hyperexcitable interneurons trigger cortical spreading
depression in an Scnla migraine model. J Clin Invest
2021; 131: e142202.

Landolfi A, Barone P and Erro R. The Spectrum of
PRRT2-associated disorders: update on clinical features
and pathophysiology. Front Neurol 2021; 12: 629747.
Ebrahimi-Fakhari D, Saffari A, Westenberger A, et al. The
evolving spectrum of PRRT2 -associated paroxysmal dis-
eases. Brain 2015; 138: 3476-3495.

Riant F, Roos C, Roubertie A, et al. Hemiplegic migraine
associated with PRRT2 variations: a clinical and genetic
study. Neurology 2022; 98: e51-e61.

37.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Hiekkala ME, Vuola P, Artto V, et al. The contribution of
CACNAIA, ATPIA2 and SCNIA mutations in hemiplegic
migraine: a clinical and genetic study in Finnish migraine
families. Cephalalgia 2018; 38: 1849-1863.

. Gil-Perotin S, Jaijo T, Verdd AG, et al. Epilepsy, status epi-

lepticus, and hemiplegic migraine coexisting with a novel
SLC4A4 mutation. Neurol Sci 2021; 42: 3647-3654.
Sutherland HG, Maksemous N, Albury CL, et al.
Comprehensive  exonic  sequencing of hemiplegic
migraine-related genes in a cohort of suspected probands
identifies known and potential pathogenic variants. Cells
2020; 9: 2368.

Paucar M, Granberg T, Lagerstedt-Robinson K, et al.
SLCIA3 Variant associated with hemiplegic migraine and
Acetazolamide-responsive MRS changes. Neurol Genet
2020; 6: e474.

Mizuno T, Mizuta I, Watanabe-Hosomi A, et al. Clinical and
genetic aspects of CADASIL. Front Aging Neurosci 2020;
12: 91.

Joutel A, Corpechot C, Ducros A, et al. Notch3 mutations in
CADASIL, a hereditary adult-onset condition causing stroke
and dementia. Nature 1996; 383: 707-710.

Okeda R, Arima K and Kawai M. Arterial changes in cere-
bral autosomal dominant arteriopathy with subcortical
infarcts and leukoencephalopathy (CADASIL) in relation
to pathogenesis of diffuse myelin loss of cerebral white
matter: examination of cerebral medullary arteries by recon-
struction of serial sections of an autopsy case. Stroke 2002;
33: 2565-2569.

Kalimo H, Ruchoux M, Viitanen M, et al. CADASIL: a
common form of hereditary arteriopathy causing brain
infarcts and dementia. Brain Pathol 2002; 12: 371-384.
Ruchoux MM, Chabriat H, Bousser MG, et al. Presence of
ultrastructural arterial lesions in muscle and skin vessels of
patients with CADASIL. Stroke 1994; 25: 2291-2292.
Chabriat H, Joutel A, Dichgans M, et al. CADASIL. Lancet
Neurol 2009; 8: 643-653.

Dichgans M, Mayer M, Uttner I, et al. The phenotypic spec-
trum of CADASIL: clinical findings in 102 cases. Ann
Neurol 1998; 44: 731-739.

Desmond DW, Moroney JT, Lynch T, et al. The natural
history of CADASIL: a pooled analysis of previously pub-
lished cases. Stroke 1999; 30: 1230-1233.

Reyes S, Viswanathan A, Godin O, et al. Apathy: a major
symptom in CADASIL. Neurology 2009; 72: 905-910.
Liem MK, Oberstein SAL, Van Der Grond J, et al.
CADASIL And migraine: a narrative review. Cephalalgia
2010; 30: 1284—1289.

Guey S, Mawet J, Hervé D, et al. Prevalence and character-
istics of migraine in CADASIL. Cephalalgia 2016; 36:
1038-1047.

Vahedi K, Chabriat H, Levy C, et al. Migraine with aura and
brain magnetic resonance imaging abnormalities in patients
with CADASIL. Arch Neurol 2004; 61: 1237-1240.
Ferrante E, Trimboli M, Erminio C, et al. Acute confusional
migraine in CADASIL: a case report and literature review.
Clin Neurol Neurosurg 2022; 216: 107239.

Sathe S, DePeralta E, Pastores G, et al. Acute confusional
migraine may be a presenting feature of CADASIL.
Headache 2009; 49: 590-596.


http://www.ncbi.nlm.nih.gov/books/NBK557816/
http://www.ncbi.nlm.nih.gov/books/NBK557816/
http://www.ncbi.nlm.nih.gov/books/NBK557816/
http://www.ncbi.nlm.nih.gov/books/NBK1140/
http://www.ncbi.nlm.nih.gov/books/NBK1140/
http://www.ncbi.nlm.nih.gov/books/NBK1140/

44

Cephalalgia 45(10)

55

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

. Fan Y, McGowan S, Rubeiz H, et al. Acute encephalopathy
as the initial manifestation of CADASIL. Neur Clin Pract
2012; 2: 359-361.

Le Ber I, Carluer L, Derache N, et al. Unusual presentation
of CADASIL with reversible coma and confusion.
Neurology 2002; 59: 1115-1116.

Goldstein ED, Gopal N, Badi MK, et al. CGRP, migraine,
and brain MRI in CADASIL: a pilot study. Neurologist
2023; 28: 231-236.

Singhal S. The influence of genetic and cardiovascular risk
factors on the CADASIL phenotype. Brain 2004 Aug 2;
127: 2031-2038.

Szymanowicz O, Korczowska-tacka I, Stowikowski B,
et al. Headache and NOTCH3 gene variants in patients
with CADASIL. Neurol Int 2023; 15: 1238—-1252.

Glover PA, Goldstein ED, Badi MK, et al. Treatment of
migraine in patients with CADASIL: a systematic review
and meta-analysis. Neur Clin Pract 2020; 10: 488-496.
Forteza AM, Brozman B, Rabinstein AA, et al
Acetazolamide For the treatment of migraine with aura in
CADASIL. Neurology 2001; 57: 2144-2145.

Huang L, Yang Q, Zhang L, et al. Acetazolamide Improves
cerebral hemodynamics in CADASIL. J Neurol Sci 2010;
292: 77-80.

Pfefferkorn T, Von Stuckrad-Barre S, Herzog J, et al.
Reduced cerebrovascular CO, reactivity in CADASIL: a
transcranial Doppler sonography study. Stroke 2001; 32:
17-21.

Bertone NI, Groisman Al, Mazzone GL, et al. Carbonic
anhydrase inhibitor Acetazolamide shifts synaptic vesicle
recycling to a fast mode at the mouse neuromuscular junc-
tion. Synapse 2017; 71: €22009.

Martikainen MH and Roine S. Rapid improvement of a
complex migrainous episode with sodium valproate in a
patient with CADASIL. J Headache Pain 2012; 13: 95-97.
Richards A, Van Den Maagdenberg AMIM, Jen JC, et al.
C-terminal truncations in human 3’-5" DNA exonuclease
TREX1 cause autosomal dominant retinal vasculopathy
with cerebral leukodystrophy. Nat Genet 2007; 39: 1068—
1070.

Stam AH, Kothari PH, Shaikh A, et al. Retinal vasculopathy
with cerebral leukoencephalopathy and systemic manifesta-
tions. Brain 2016; 139: 2909-2922.

De Boer I, Stam AH, Buntinx L, et al. RVCL-S and
CADASIL display distinct impaired vascular function.
Neurology 2018; 91: €956-963.

Pettingill P, Weir GA, Wei T, et al. A causal role for TRESK
loss of function in migraine mechanisms. Brain 2019; 142:
3852-3867.

Lengyel M, Hajdu D, Dobolyi A, et al. TRESK Background
potassium channel modifies the TRPV 1-mediated nociceptor
excitability in sensory neurons. Cephalalgia 2021; 41:
827-838.

Albury CL, Stuart S, Haupt LM, et al. Ion channelopathies
and migraine pathogenesis. Mol Genet Genomics 2017,
292: 729-739.

Pavinato L, Nematian-Ardestani E, Zonta A, et al. KCNK18
Biallelic variants associated with intellectual disability and
neurodevelopmental disorders Alter TRESK channel activ-
ity. IJMS 2021; 22: 6064.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Rainero I, Rubino E, Gallone S, et al. KCNK 18 (TRESK)
genetic variants in I talian patients with migraine.
Headache 2014; 54: 1515-1522.

Kowalska M, Prendecki M, Kapelusiak-Pielok M, et al.
Analysis of genetic variants in SCNIA, SCN2A,
KCNKI18, TRPA1 and STX1A as a possible marker of
migraine. CG 2020; 21: 224-236.

Lafreni¢re RG, Cader MZ, Poulin JF, et al. A dominant-
negative mutation in the TRESK potassium channel is
linked to familial migraine with aura. Nat Med 2010; 16:
1157-1160.

Xu Y, Padiath QS, Shapiro RE, et al. Functional conse-
quences of a CKIS mutation causing familial advanced
sleep phase syndrome. Nature 2005; 434: 640-644.
Brennan KC, Bates EA, Shapiro RE, et al. Casein kinase 15
mutations in familial migraine and advanced sleep phase. Sci
Transl Med 2013; 5: 183ra56.

Pietrobon D and Brennan KC. Genetic mouse models of
migraine. J Headache Pain 2019; 20: 79.

Cooper CD and Lampe PD. Casein kinase 1 regulates
connexin-43 gap junction assembly. J Biol Chem 2002;
277: 44962-44968.

Gosalia H, Karsan N and Goadsby PJ. Genetic mechanisms
of migraine: insights from monogenic migraine mutations.
1JMS 2023; 24: 12697.

Tatlisumak T, Putaala J, Innildi M, et al. Frequency of
MELAS main mutation in a phenotype-targeted young
ischemic stroke patient population. J Neurol 2016; 263:
257-262.

Kraya T, Deschauer M, Joshi PR, et al. Prevalence of head-
ache in patients with mitochondrial disease: a cross-sectional
study. Headache 2018; 58: 45-52.

Manwaring N, Jones MM, Wang JJ, et al. Population preva-
lence of the MELAS A3243G mutation. Mitochondrion
2007; 7: 230-233.

Montagna P, Gallassi R, Medori R, et al. MELAS
Syndrome: characteristic migrainous and epileptic fea-
tures and maternal transmission. Neurology 1988; 38:
751-751.

Panda P, Sharawat I, Singh A, et al. A young child with
recurrent episodes of headaches and vision loss: diagnostic
clues? J Pediatr Neurosci 2021; 16: 82.

Ge YX, Shang B, Chen WZ, et al. Adult-onset of mitochon-
drial myopathy, encephalopathy, lactic acidosis and stroke-
like episodes (MELAS) syndrome with hypothyroidism
and psychiatric disorders. eNeurologicalSci 2017; 6: 16-20.
Finsterer J. Lifestyle changes normalize serum lactate levels
in an m.3243A>G carrier. Am J Case Rep 2021; 22:
€930175-1-e930175-5.

Alves C, Zandifar A, Peterson JT, et al. MELAS: phenotype
classification into classic-versus-atypical presentations.
AJNR Am J Neuroradiol 2023; 44: 602-610.

El-Hattab AW, Adesina AM, Jones J, et al. MELAS
Syndrome: clinical manifestations, pathogenesis, and treat-
ment options. Mol Genet Metab 2015; 116: 4-12.

Hoptasz M, Szczucinski A and Losy J. Heterogeneous
phenotypic manifestations of maternally inherited deafness
associated with the mitochondrial A3243G mutation. Case
Report. Neurologia I Neurochirurgia Polska 2014; 48:
150-153.



Mascarella et al.

45

91.

92.

93.

94.

95.

96.

97.

Tsujikawa K, Yokoi S, Yasui K, et al. Effectiveness of mid-
azolam for L-arginine-resistant headaches during stroke-like
episodes in MELAS: a case report. Rinsho Shinkeigaku
2014; 54: 882-887.

Ohsawa Y, Hagiwara H, Nishimatsu SI, et al. Taurine sup-
plementation for prevention of stroke-like episodes in
MELAS: a multicentre, open-label, 52-week phase III trial.
J Neurol Neurosurg Psychiatry 2019; 90: 529-536.
Argudo JM, Astudillo Moncayo OM, Insuasti W, et al.
Arginine for the treatment of mitochondrial encephalopathy,
lactic acidosis, and stroke-like episodes: a systematic review.
Cureus 2022; 14: €32709

Naegel S, Burow P, Holle D, et al. Erenumab for migraine
prevention in a patient with mitochondrial encephalopathy,
lactate acidosis, and stroke-like episodes syndrome: a case
report. Headache 2021; 61: 694—-696.

Plaisier E and Ronco P. COL4A1-Related Disorders. In:
Adam MP, Feldman J, Mirzaa GM and et al. (eds)
GeneReviews® [Internet]. Seattle, WA: University of
Washington, Seattle, http:/www.ncbi.nlm.nih.gov/books/
NBK7046/ (Accessed 21 April 2025).

Shah S, Kumar Y, McLean B, et al. A dominantly inherited
mutation in collagen IV Al (COL4AT1) causing childhood
onset stroke without porencephaly. Eur J Paediatr Neurol
2010; 14: 182-187.

Vahedi K, Massin P, Guichard JP, et al. Hereditary infantile
hemiparesis, retinal arteriolar tortuosity, and leukoencepha-
lopathy. Neurology 2003; 60: 57-63.

98

99

100.

101.

102.

103.

104.

Chen TY, Garza I, Dodick DW, et al. The effect of
OnabotulinumtoxinA on aura frequency and severity in
patients with hemiplegic migraine: case series of 11 patients.
Headache 2018; 58: 973-985.

Sottani C, Di Lazzaro G, Calabresi P, et al. Efficacy of gal-
canezumab in proline-rich transmembrane protein 2
(PRRT2) -associated familial hemiplegic migraine: a case
series. Headache 2025; 65: 377-381.

D’Apolito M, Rispoli MG, Ajdinaj P, et al. Sporadic hemi-
plegic migraine with novel missense mutation in the
SCNI1A gene and positive response to anti-CGRP antibody:
a case report. Neurol Sci 2024; 45: 5535-5537.

Indelicato E, Nachbauer W, Eigentler A, et al. Ten years of
follow-up in a large family with familial hemiplegic
migraine type 1: clinical course and implications for treat-
ment. Cephalalgia 2018; 38: 1167-1176.

Albanese M, Pescini F, Di Bonaventura C, et al. Long-Term
treatment with the calcitonin gene-related peptide receptor
antagonist erenumab in CADASIL: two case reports. JCM
2024; 13: 1870.

De Boer I, MaassenVanDenBrink A and Terwindt GM.
The potential danger of blocking CGRP for treating
migraine in CADASIL patients. Cephalalgia 2020; 40:
1676-1678.

Bgttger P, Glerup S, Gesslein B, et al. Glutamate-system
defects behind psychiatric manifestations in a familial hemi-
plegic migraine type 2 disease-mutation mouse model. Sci
Rep 2016; 6: 22047.


http://www.ncbi.nlm.nih.gov/books/NBK7046/
http://www.ncbi.nlm.nih.gov/books/NBK7046/
http://www.ncbi.nlm.nih.gov/books/NBK7046/

	 Introduction
	 Search strategy and selection criteria
	 Familial hemiplegic migraine (FHM) and other monogenic disorders with mutations in the FHM-associated genes
	 CACNA1A
	 ATP1A2
	 SCN1A
	 PRRT2
	 Potential genes involved in FHM and associated disorders


	 Monogenic disorders reporting association with migraine
	 Cerebral autosomal-dominant arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL)
	 Retinal vasculopathy with cerebral leukoencephalopathy and systemic manifestations (RVCL-S)
	 KCNK18 related disorders
	 Familial advanced sleep phase syndrome (FASPS)
	 Mitochondrial encephalomyopathy with lactic acidosis and stroke-like episodes (MELAS)
	 COL4A1 related disorder
	 Therapeutic considerations in FHM and other monogenic causes of migraine
	 Insights

	 Conclusions
	 Key findings
	 References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


