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Abstract: Familial hemiplegic migraine type 2 is a premonitory subtype of migraine caused by an
ATP1A2 gene mutation. It is an autosomal dominant genetic disease. Here, we report a 51-year-old
woman who had a migraine attack due to a pathogenic ATP1A2 gene mutation. With frequent attacks,
the patient developed complete left hemiplegia, a confusion of consciousness and partial seizures.
Magnetic resonance imaging showed extensive angiogenic edema in the right cerebral hemisphere.
In this article, we review the latest literature and try to explain the above symptoms in our patient
with cortical spreading depression (CSD) and ATP1A2 gene mutations.
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1. Introduction

Familial hemiplegic migraine type 2 is a premonitory subtype of migraine caused
by ATP1A2 gene mutations. It is characterized by an aura of reversible motor weakness
and is associated with the involvement of at least one first- or second-degree relative.
Some other neurological phenomena that patients have include coma and epilepsy [1].
We report a 51-year-old woman who had a migraine attack due to a pathogenic ATP1A2
gene mutation. With frequent attacks, the patient developed complete left hemiplegia,
a confusion of consciousness and partial seizures. Magnetic resonance imaging showed
extensive angiogenic edema in the right cerebral hemisphere.

2. Case Presentation

The patient is a 51-year-old woman; at the age of 30, she experienced her first attack.
Before each attack, she experienced the following: fatigue before each attack; general
weakness that was sometimes slightly obvious on one side, but she was able to walk;
gradual to complete difficulty in orientation and understanding; unable to find the location
of familiar objects; unable to remember the names of acquaintances; decreased attention;
slow response; memory loss; speech disorder (slurred language, incomprehensible speech);
and no flashes and scotomas before the attack. There are hallucinations during the attack,
and a headache occurs within less than 1 h. Each attack starts from the right front area
of the head, followed by full head pain and throbbing pain. Relief is experienced after
1–2 h, and the headache recurs. The attacks become more frequent. The severity gradually
increases, and the pattern gradually becomes regular. The attacks occur 1–2 times a month,
and the attack normally occurs at 3–5 p.m. Her aunt and father had a similar form of
migraine attack.

At the age of 51, she had a migraine attack with weakness in the left limb. The headache
became increasingly serious, so she was admitted to a hospital six days after the attack.
Upon admission, she had severe headaches and left limb weakness, and the neurological
examination revealed left hemiparalysis with muscle strength at 3/5 by manual muscles
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testing (MMT). A brain MRI (magnetic resonance imaging) on day two of admission
revealed cortical swelling in the right cerebral hemisphere (Figure 1A), and on the day three
of admission, the magnetic resonance angiography (MRA) showed a slight decrease in
the branches of the left middle cerebral artery (MCA). The main trunk of the left posterior
cerebral artery (PCA) was slender contralateral, and its branches were significantly reduced
contralaterally (Figure 1B). Symptoms persisted. On day five of admission, the patient
had a focal epileptic seizure, which was followed by two more seizures. Subsequently,
the patient’s left limb weakness gradually worsened, the neurologic examination revealed
left hemiparalysis with muscle strength at 0/5 by MMT, and she gradually developed
unconsciousness to light coma. Brain CT scans during coma revealed swelling of the
right cerebral cortex (Figure 1C). Contrast-enhanced brain MRI showed swelling and
diffuse enhancements in the cortex of the right cerebral hemisphere (Figure 1D). Perfusion-
weighted imaging (PWI) showed right hemisphere hyperfusion (Figure 1E). Based on her
medical history and presentation at admission, a lumbar puncture was performed, and
the cerebrospinal fluid pressure (CSF) was 204 mm H2O. The biochemical and cytologic
examination of the CSF revealed normal chloride, glucose and cell counts and classifications,
in addition to normal protein levels. The CSF tested negative for bacteria, viruses, fungi
and autoimmune encephalitis. Whole-exome sequencing showed a missense mutation
(c.2473G > A, p.Glu825Lys) in exon 18 of ATP1A2. Based on a series of tests, the patient was
diagnosed with FHM2 caused by a pathogenic ATP1A2 mutation. During hospitalization,
we dehydrated the patient, gave the patient paracetamol for symptomatic treatment and
an intramuscular injection of phenobarbital to control seizures. On the 15th day after
admission, consciousness and hemiplegia improved, and the headache was relieved; the
patient was discharged after 22 days. She was back to normal, and at later follow-up, the
patient’s brain MRI (Figure 2A), contrast-enhanced brain MRI (Figure 2B), PWI (Figure 2C)
and computed tomography angiography (CTA) all returned to normal (Figure 2D). The
time course diagram of the disease in our patient is presented in Figure 3.
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3. Discussion

Over the past few decades, neurophysiological and neuroimaging studies have pro-
vided consistent evidence supporting CSD as a neurophysiological process in migraines.
Cortical spreading depression is a depolarizing wave of neurons and glial cells that prop-
agates in adjacent gray matter in a relatively concentric manner. Indeed, during SD, any
action potential generation and synaptic transmission are blocked due to the loss of mem-
brane potential; thus, despite depolarization, brain function is inhibited, and the recovery
of synaptic activity is required after SD of 10 min or more, with brief bursts of neuronal ex-
citation before propagation [2]. The ATP1A2 gene encodes the α2 subunit of Na, K-ATPase,
which are mainly located in astrocytes and are key players in potassium clearance from
the synaptic cleft. The ATP1A2 mutations lead to reduced expression and a loss of func-
tion of Na, K-ATPase, which in turn lead to the accumulation of K+ and glutamate in the
synaptic cleft [3]. Heterozygotes of ATP1A2-deficient mice mimicking FHM2 exhibited
lower thresholds for the induction of CSD, faster spread and slower recovery [4]. Growing
evidence supports an important role for cortical spreading inhibition in the pathogenesis of
migraines. Here, we attempted to use mutations in the CSD and ATP1A2 genes to explain
a variety of symptoms in our patients, including aura, headache, seizures, radiographic
vasogenic edema and reversible motor weakness.
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3.1. CSD and Aura

The transmission of CSD is limited by the sulci and aorta; therefore, the patient’s
somatosensory, motor and language auras are difficult to interpret. A new idea that
CSD involves the cerebral cortex and/or thalamic nucleus in causing precursors has been
proposed. The SD waves propagating to the thalamic reticular nucleus or higher order
thalamic nucleus affect multiple cortical regions of different cortical functional networks
via the thalamo–corticothalamic connection [5]. This, in turn, may interfere with large-
scale functional networks in the brain [6], and it even affects the contralateral cortex,
which explains the complex sensory aura and even the bilateral aura [7]. Studies using
resting-state fMRIs (RS-fMRIs) showed that high resting state functional connectivity
(RS-Fc) in the interictal lingual gyrus (“aura generator”) may promote CSD initiation,
while increased RS-FC in the insula (sensorimotor network) is more conducive to CSD
propagation, leading to a complex precursor phenotype [8]. In conclusion, visual precursors
are a result of CSD, and subsequent complex precursors depend on a complex network of
brain functional connections.

3.2. CSD and Migraine

Although the mechanisms of migraine onset are not fully understood, the activation
and sensitization of pain fibers that govern the dura matter and associated large blood
vessels (i.e., meningeal nociceptors) are believed to play a key role in migraine onset [9].
Direct experimental data confirm that the firing rate of the neurons continued to increase,
beginning during CSD, immediately after or after a delay of about 25 min after CSD and
lasting 30–70 min [10]. While the dura is dominated by pain fibers, it is also densely
packed with immune cells, especially mast cells, which are closely packed with nociceptive
fibers. Aseptic meningeal inflammation is considered to be a key endogenous factor in
the sensitization and subsequent activation of meningeal nociceptors. Studies have shown
that j-activated meninges nociceptive receptors release neuropeptides, such as substance P,
calcitonin gene-related peptide (CGRP) and pituitary adenylate cyclase-activating peptide
(PACAP), which cause vascular dilation, plasma protein extravasation and mast cell de-
granulation [11]. Mast cells release prostaglandins, serotonin [12] and trypsin-like tumor
necrosis factor −α [9]. These inflammatory factors in turn act on meningeal nociceptors.
It has been proved that mast cell degranulation can trigger the prolonged excitation of
meningeal nociceptors and promote the activation of nociceptive trigeminovascular brain-
stem neurons [9]. Therefore, the prolonged activation and sensitization of the trigeminal
cervical nerve complex with primary and central nociceptors in vivo due to aseptic menin-
gitis are considered to be the basis of throbbing headaches and allodynia during migraine.
It is believed that the increases in K+ and glutamate concentrations in the extracellular
interstitium are caused by CSD, which then trigger the migraine (such as sleep deprivation
and acute psychological stress). In addition, increased cell swelling and intracellular Ca2+

concentrations caused by CSD can open the Panx1 channel in neurons and trigger a cascade
of inflammatory signals. This results in the enhanced pro-inflammatory transcription activ-
ity of astrocytes and the release of NO, prostaglandin and cytokines, and these mediators
reach the meningeal notoriety receptors through the meningeal–astrocyte network and
activate them. This mechanism explains the occurrence of headaches in migraine patients
with and without auras [13].

3.3. CSD, ATP1A2 and Neurovascular Coupling

TakahiroIizuka et al. monitored cerebral blood flow in three patients with FHM2
during 11 episodes of aura lasting more than 24 h and found that around 18–19 h after
the onset of aura, blood flow in the affected cerebral hemispheres would change from
hypoperfusion to hyperperfusion, followed by sustained hyperperfusion [14]. The supply
of oxygen and nutrients and the removal of metabolic wastes help maintain the integrity
of brain function, which depends on the blood supply to the brain. Neurovascular cou-
pling refers to the increase in regional cerebral blood flow caused by neuronal excitation.
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Neurovascular coupling promotes the balance between neuronal activity and local blood
supplies. The cerebral blood flow is regulated by the interaction of intrinsic myogenic and
exogenous vasoactive factors [15]. Sufficient data show that SD leads to neurovascular
uncoupling and releases many potential vasoactive substances during SD, many of which
are related to shaping hemodynamic responses [16]. It was found that the expression of
Na and K-ATPase in the cerebral arteries of mice carrying the ATP1A2 gene mutation
decreased, while the decrease in Na and K-ATPase allowed the automatic phosphorylation
of cSrc kinases [17]. The α2 isomer-dependent regulation of cSrc kinase can increase the
sensitivity of cerebral artery smooth muscle cells to calcium ions. It also means that the
change in blood perfusion may be independent of changed neuronal activities at least to
some extent but originated from the vascular wall. Moreover, the increased contractility
may be confined to the cerebral arteries [18]. It was previously believed that the mechanism
of neurovascular coupling is the dilation of parenchymal arterioles (SM) caused by active
neurons in excited neurons and vasoactive substances released by adjacent astrocytes. SM
is considered to be the target of action, but SM cannot form direct synaptic connections with
most neurons in the brain. On the contrary, each neuron is closely connected with cerebral
capillary endothelial cells (CECs). Therefore, the existing view is that neurons excite, release
K+ to the extracellular interstitium and activate inward rectifier Kir2.1 channels [19]. The
Kir2.1 channels of smooth muscle cells are open, and hyperpolarization inactivates the
voltage-gated calcium channels on the membrane, resulting in a decrease in intracellular
Ca2+ concentrations and vascular relaxation [20]. The hyperpolarization of endothelial cells
activates calcium influx, activates calcium-dependent enzymes and causes the release of
NO, prostaglandin E2 and epoxide eicosatrienoic acid, which are considered to be effector
molecules of neurovascular coupling [21]. In turn, vascular smooth muscle cells and blood
vessels are relaxed [22]. Animal experiments have found that the basis of cerebral blood
flow hyperperfusion in mice carrying the mutant ATP1A2 gene is the increased expression
of the endothelial Kir2.1 channel, which leads to the increased sensitivity of cerebral capil-
laries and to the increase in extracellular stroma K+ concentrations, resulting in abnormally
high cerebral vascular hyperemia [23].

3.4. CSD, Seizure and Vasogenic Edema

A retrospective study of patients with FHM2 found that, on the 7th–10th day of the
attack, MRIs showed swelling and/or cortical hyperintensity on T2/FLAIR-weighted
images of the affected hemispheres’ CSD and seizures. This seems to be related to the
prolongation of the duration of the attack and suggests angiogenic edema, which is caused
by the destruction of the blood–brain barrier [24]. CSD has been shown to alter the
permeability of the blood–brain barrier by activating matrix metalloprotein-9 (MMP-9) [25].
Additionally, seizures can trigger a pathway involved in glutamate signaling through
cytosolic phospholipase A2 (cPLA2), which increases MMP-2 and MMP-9 levels [26]. All of
the above suggest that the swelling and/or cortical hyperintensity on T2/FLAIR-weighted
images are due to vasogenic edema caused by blood–brain barrier disruption. Barrier
leakage can also trigger seizures [27], so cPLA2 may be a potential pharmaceutical target
for repairing barrier dysfunction and improve epilepsy treatments [26]. The MMP inhibitor
IPR-179 also showed good antiseizure and antiepileptogenic effects in rodent models
of epilepsy and alleviated the cognitive decline caused by epilepsy [28]. Most of these
radiographic changes occurred in the late stage of the attack (day 7–9) and may be related
to the prolonged duration of the attack [24].

3.5. CSD, ATP1A2 and Seizure

Although the pathophysiological mechanism of FHM and epilepsy comorbidities has
not been fully elucidated, functional data and clinical evidence support the supposition
that migraine and epilepsy are parts of the common pathogenic mechanism associated
with genetically determined modifications in the ion channel and pump alterations [29].
A mouse model for FHM2 showed increased susceptibility to both epilepsy and CSD. In
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addition, epileptiform activities were superimposed on CSDs [30]. SD and seizures are
not separate physiological events in the brain; they persist along a dynamical continuum
of our membrane of neurons, and in vitro experiments showed that the extracellular K+

concentration causing seizures was lower than that causing SD [31]. Epileptic seizures can
be converted to SD when glial K+ buffer capacities decrease, accompanied by increased cell
size and decreased extracellular clearance [32]. SD has been observed to be triggered by
highly focal seizures under experimental and clinical conditions, which was reinforced by
a human migraine mutation [33]. This seems to explain why the prevalence of epilepsy is
higher in migraines with auras than in the general population and why ATP1A2 mutations
were found in the largest number of patients with epilepsy and FHM (the proportion
of patients with epilepsy was 7.7%, 57.7%, 16.7% and 17.9% in FHM1, FHM2, FHM3
and FHM4, respectively) [34]. According to Isra Tamim et al., microseizures may trigger
the migraine aura (SD), which, once triggered, immediately inhibits epileptic seizures
by its electrical silencing effect and prevents its generalization; thus, in terms of survival
advantage, it is better for the body to experience migraine aura than seizures [33]. This idea
is better supported by the fact that people with epilepsy are more likely to have in-attack
or post-attack migraines than those with migraine-induced epilepsy [35]. The study also
found that the increase in power density in the δ frequency range predicts the occurrence
of SD [33]. Meanwhile, previous studies found that the EEG of patients with HM shows a
consistent expression of delta range slowing throughout the affected hemisphere [35]. This
seems to explain why epilepsy and HM do not occur together in most cases in patients
with hemiplegic migraines.

3.6. ATP1A2, CSD and Transient Motor Impairment

Optogenetically triggered CSD results in the transient and unilateral inhibition of
motor function and prolonged reduction in spontaneously active behavior in freely moving
mice [36]. Recent animal experiments found that mice with conditional α2-Na, K ATPase,
knockout display episodic paralysis, which is related to spontaneous CSD. The experiment
also found that the loss of α2-Na, K ATPase, led to an increase in serine and glycine in the
brain, and a diet free of serine and glycine can rescue the transient motor impairment [37].
Since D-serine is a synaptic NMDA receptor co-agonist, the increase in serine and its related
molecules may lead to cortical overexcitation via increased glutamatergic transmissions [38],
which may explain this possibility.

4. Conclusions

In conclusion, we attempted to use CSD and ATP1A2 gene mutations to explain the
symptoms of our patients, including complex auras, headaches, hemiplegia, epilepsy, etc.
Interestingly, contrary to the previous view that CSD can trigger epileptic seizures, CSD
is now considered to be an anti-epileptic mechanism; in particular, CSD is more likely to
occur when the power density in the δ frequency range increases. Moreover, a previous
literature review found that the EEG of HM patients mostly showed diffuse slow wave
activity on the contralateral side of hemiplegia, and this seems to explain why HM and
seizures are mostly independent. In the future, attempts should be made to metabolically
explain why increases in serine and glycine in the brain can trigger the transient motor
impairment and to explain how CSD plays a role in anti-seizure behavior.
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