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Abstract

Background: Cortical spreading depression is thought to be the underlying mechanism of migraine aura. In 2006, three
relatives having the point mutation E700K in ATP/A2 exon |5 were diagnosed with familial hemiplegic migraine 2
characterized by complicated forms of aura. Here, we generated a transgenic mouse model having the human E700K
mutation in the Atp/a2 orthologous gene.

Obijective: To investigate the characteristics of cortical spreading depression in a mouse model with E700K mutation in
the Atpla2.

Methods: Cortical spreading depression was induced by applying stepwise increases of KC| concentration or electrical
stimulation intensity to C57BL/6)-Tg(Atpla2*E700K)915IKwk mice (Tg, both sexes) and corresponding wild-type
animals. Under urethane anesthesia, the responsiveness and threshold to cortical spreading depression were examined
and the distribution of c-Fos expression, a neuronal activity marker, was immunohistochemically determined.
Results: Overall, Tg mice showed significantly faster propagation velocity (p <0.01) and longer full-width-at-half-
maximum (p < 0.01) than wild-type animals, representing a slower recovery from direct current potential deflection.
The cortical spreading depression threshold tended to be lower in Tg, especially in females. c-Fos-positive cells were
significantly enhanced in the ipsilateral somatosensory cortex, piriform cortex, amygdala and striatum (each p < 0.05 vs.
contralateral side). Numbers of c-Fos positive cells were significantly higher in the ipsilateral amygdala of Tg, as com-
pared with wild-type animals (p < 0.01).

Conclusion: The effect of cortical spreading depression may be greater in E700K transgenic mice than that in wild-type
animals, while the threshold for cortical spreading depression shows little change. Higher c-Fos expression in the
amygdala may indicate alterations of the limbic system in Tg, suggesting an enhanced linkage between cortical spreading
depression and amygdala connectivity in familial hemiplegic migraine 2 patients.
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Introduction

One-third of migraine headache patients experience aura
with transient focal neurological abnormalities such as
visual or sensory deficits (1). The pathophysiological
mechanism underlying migraine aura is thought to be
cortical spreading depolarization/depression (CSD)
(2,3), which is a wave of massive depolarization of neu-
rons and glial cells (4). It is postulated that meningeal
inflammation and trigeminal sensitization induced by
CSD may be responsible for the development of
migraine headaches (5).

Migraine is a multifactorial episodic brain disorder
with a hereditary background (6,7). For most multifac-
torial diseases, examination of rare monogenic forms
showing at least some of the usual clinical features can
be helpful to understand the molecular and cellular
mechanisms involved. Monogenic autosomal domi-
nantly inherited subtypes of migraine are known as
familial hemiplegic migraine (FHM), characterized by
complicated forms of migraine aura, including motor
weakness, and at least one first- or second-degree rela-
tive with migraine aura including motor weakness (8).
So far, three subtypes of FHM, termed FHM1-3, have
been identified, each caused by distinctive mutations in
a specific gene (9-11). In FHM?2, a mutation in the
ATPIA2 gene, which codes the a2 subunit of Na™,
K "-ATPase expressed in astrocytes, may be related to
reduced Na®/K™ pumping function, resulting in
impaired K* clearance and/or glutamate reuptake,
which may induce depolarization of adjacent neurons
and reduce the activation threshold (12,13).

Animal models with genetic mutations have been
used to gain insight into the pathophysiology of
FHM. Mouse models of FHM2 harboring the
WS887R or G301R mutation in the A7pla2 gene exhibit
increased susceptibility to CSD (14,15). Higher SD sus-
ceptibility was also observed in acute brain slices from
o2 heterozygous mice (16). Cell cultures and patch-
clamp recordings showed reduced rates of glutamate
and KT clearance by cortical astrocytes and reduced
density of GLT-1la glutamate transporters in perisy-
naptic astrocytic processes, which may enhance the sen-
sibility to CSD in FHM2 (17,18). Spontaneous
“plumes” of glutamate signaling in FHM2 may be a
new mechanism not only for migraine, but also poten-
tially other disorders in which SD occurs (19).

We previously demonstrated a low threshold
and high propagation velocity for CSD in two
Atpla2-defective heterozygous mouse strains (20),
Atpla2™ "k (C-KO) (21) and Atpla2™K "¢ (N-KO)
(22), in which the site of deletion is different. We found
a difference in susceptibility between C-KO and N-KO
mice. We speculate that the phenotype difference

between them depends upon the residual gene function,
such as dominant negative effect.

The single base change E700K mutation in ATP1A2
exon 15, which replaces glutamic acid for lysine, was
segregated in three affected Italian individuals from
one family in 2006 (23). The mutation may affect a
highly conserved residue among Na™/K™ and H" /K™
pumps, and produces charge difference in the intracel-
lular loop, which contains important regulatory
domains for the ion transport system (23). It is also
possible that the mutation may hinder the correct bio-
synthesis of Nat K "-ATPase, which could account for
the neurological disorder in FHM2. The E700K-
mutated FHM?2 patients showed a stereotypic pattern
of migrainous headache and other neurological symp-
toms including long-lasting hemisensory and hemipa-
retic attacks, blurred vision, and speech disturbance
during aura episodes (23).

To investigate how a single amino acid substitution
affects neurological function in vivo, we examined
the threshold for CSD and the characteristics of CSD
elicitation in E700K transgenic mice (Tg) and their
wild-type littermates (WT). Moreover, the distribution
of c-Fos expression, as a marker of neuronal excitation,
after CSD induction was immunohistochemically
determined to examine the regions caused by CSD.

Materials and methods

Animals

All experiments were performed with the approval
(No0.09058) of the Animal Ethics Committee of Keio
University (Tokyo, Japan) in accordance with the uni-
versity’s guidelines and the ARRIVE guidelines
(animal research: reporting in vivo experiments) for
the care and use of laboratory animals. Data were
obtained from 9- to 11-week-old male and female
heterozygous CS57BL/6J-Tg(Atpla2*E700K)9151Kwk
mice (Tg; male n=24, female n=28) and their wild-
type littermates (WT; male n= 32, female n=28). All
the mice were housed in dedicated temperature- and
humidity-controlled rooms (23.0+1.0°C, 55+7%)
with food and tap water ad libitum.

Generation of E700K transgenic mice

We constructed BAC harboring the point mutation
E700K in the Atpla2 locus by using a Counter-
selection BAC modification kit (Gene Bridges GmbH,
Heidelberg, Germany). Detailed methods including the
sequences of primers used are described in Table 1.
Briefly, the Atpla2 fragment having the E700K
(A2098G) mutation was prepared by site-specific muta-
genesis. The mutated BAC DNA was used for
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Table I. Primers used in the construction of EZ00K mutant mice.

Primer

name Product Position ~ Sequence Alternate name
PIF r-K cassette Forward CAggatccTCAGAAGAACTCGTCAAGAAGGCGATAG rpsL-neoF-EcoRl
P2R r-K cassette Reverse CAgaattcGGCCTGGTGATGATGGCGGGATC rpsL-neoR-BamHI
P3F Left arm Forward GGCGGCCGCtctagaCTGTGTCACCTTGGAAACATCTTGCAG a2-700LF-Xbal
P4R Left arm Reverse CTTCTGAggatccTgCTCTGACACCCTTCCACAATGATAAGC a2-700LR-BamHlI
P5F Right arm Forward CCAGGCCgaattcTgGCTTATCATTGTGGAAGGGTGTCAGAG a2-700RF-EcoRl
P6R Right arm Reverse ~ GGGAACAAAAGCTGggtaccGAGGTTCTGAGGGCATCAGGGAG a2-700RR-Kpnl
P7R Mutagenesis Reverse GAGGTCCGGGCAAAGACAATCTCCGTGTGGTCCCTcAaGATCTC  a2-E700KLR2
P8F Mutagenesis Forward TTTGCCCGGACCTCCCCTCAGCAGAAGCTTATCATTGTGaAAGG  a2-E700KRF2

generation of E700K transgenic mice (24). (Figure 1(a),
(b), see Supplemental Material 1 for details).

Identification of estrous cycle of the female mice

We previously reported that the threshold for CSD is
significantly lower during diestrus in C57BL/6J female
mice (25). Therefore, the natural estrous cycle of all
female mice was determined for at least five consecutive
days (once a day), as previously described. Briefly, vag-
inal mucous membrane cells were stained with Giemsa
stain solution and the ratio of nucleated epithelial cells,
cornified squamous epithelial cells and leukocytes was
evaluated each day. Experiments were done when the
estrous stage was determined as proestrus, estrus or
metestrus, but not diestrus (Figure 2).

Electrophysiological examination

The procedures were previously described in detail (20)
and are summarized in Figure 3. Briefly, mice were
anesthetized with urethane (1.1g/kg body weight,
intraperitoneally) and the body temperature was
maintained with a thermally regulated heating pad
(BWT-100; Bioresearch Center Co. Ltd., Nagoya,
Japan). Each mouse was fixed in a head-holder appa-
ratus  (SG-4N, Narishige Scientific Instrument
Laboratory, Tokyo, Japan) and artificially respirated
through an intratracheal catheter with a small animal
ventilator (SAR-830/AP, CWE Inc., Ardmore, PA,
USA). The end-tidal CO, level was maintained
around 4% by adjusting the ventilation volume and
rate using a CO, analyzer (microCapStar, CWE Inc.).
Systemic arterial blood pressure (SABP) and heart rate
(HR) were recorded with a non-invasive blood pressure
monitor (MK-2000ST, Muromachi Kikai Co. Ltd.,
Tokyo, Japan) through the tail.

The Ag/AgCl electrodes (tip diameter =200 pum,
EEG-5002Ag; Bioresearch Center Co. Ltd.) were
fixed on the dura at the parietal cortex (2mm lateral
and 2 mm caudal to the bregma) and the frontal cortex

(2mm lateral and 2mm rostral to the bregma).
Reference electrodes (EER-5004Ag; Bioresearch
Center Co. Ltd.) were subcutaneously placed on the
back. Direct current (DC) potential was amplified at
1-100 Hz and digitized at 1 kHz with a differential
headstage and differential extracellular amplifier
(Model 4002 and EXI1; Dagan Co., Minneapolis,
MN, USA). Regional cerebral blood flow (rCBF) was
monitored with a laser Doppler flowmetry (LDF, ALF
21R; Advance Co. Ltd., Tokyo, Japan) on the skull at
the coordinates of 4 mm lateral and 2 mm posterior to
the bregma.

Evaluation of CSD threshold

A small hole was made on the occipital cortex (2 mm
lateral and Smm posterior to the bregma) for KCI
application. The dura was carefully slightly incised
using a 30-gauge needle. When there had been no
CSD episode for at least 30 min and all parameters
had been stable for at least 10 min, we dropped a 5pl
aliquot of 0.025 M KClI into the hole. This was fol-
lowed by further aliquots with stepwise increases of
KCI concentration by 0.025 M at S-minute intervals
until CSD was induced (Figure 3(b)).

The CSD threshold was also determined by electri-
cal stimulation as a distinct but complementary
method. Electrical stimulation was applied through a
unipolar electrode (tip diameter 500 um and inner
stainless electrode diameter 200 pm; EKC-2005S-1902,
Bioresearch Center Co., Ltd.) placed on the occipital
cortical surface with a constant-current stimulus isola-
tor (A385, World Precision Instruments Inc., FL,
USA) at 4-minute intervals, and the charge was
increased stepwise, varying both the current intensity
and frequency. The pulse duration was set to 10 msec
and the maximum pulse rate was set to 30 Hz. At 1 mA
current, pulses of 50, 100, 200, 300, and 400 msec were
applied, followed by 2 mA current of 300, 400, and 500
msec, then 3 mA for 400 msec, and 4 mA for 400, 500,
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Figure I. Generation of E700K transgenic mice. (a) Targeting strategy for mutating the Na™,K*-ATPase o2 subunit gene (Atp/a2).
(b) Construction of E700K transgenic mouse (see Supplemental Material | for details).
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Figure 2. An estrous cycle, based on cytological findings of the vaginal fluid, consists of four distinct stages: (a) proestrus stage, (b)
estrus stage, (c) metestrus stage, (d) diestrus stage. The condition on the day of experiment is shown on the right.
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Figure 3. Schematic illustration of this study. (a) Schematic representation of the electrophysiological recording. Diagram showing
craniotomy for the placement of DC electrodes, the laser Doppler flowmetry probe, and KCl application site. (b) Representative example
of DC potential, EEG and rCBF recordings demonstrating the overall protocol. KCI was applied in stepwise-increasing concentrations at
the arrowheads, and the whole brain was extracted for immunohistochemical examination at 2 hours after CSD induction.

and 1000 msec. The applied intensity is shown in
microcoulombs (LC) by current (mA) x time (pulse
duration x repetition numbers, msec). The stimulation
protocol was terminated when a CSD occurred. If CSD
did not occur, the threshold was assumed as the highest
charge assigned (26).

The concentration of KCl or the applied intensity of
electrical stimulation at which CSD first occurred,
demonstrating a distinct DC potential deflection, typi-
cal fluctuation of rCBF and propagation to the distal
portion, was considered as the CSD threshold. The
same procedure was then repeated, starting from
a lower concentration/intensity than the previous
threshold, and the average value of the two trials
was calculated and taken as the threshold for the indi-
vidual mouse.

Immunohistochemistry and quantification

After the evaluation of the threshold, three CSDs
were additionally induced with 0.3 M KClI, and then
the hole was washed with physiological saline to stop
CSD induction. At 2 hours, after five episodes of CSD
in total, mice were transcardially perfused with 4%
paraformaldehyde (PFA)/phosphate-buffered saline
(PBS) and their brains were dissected and further
fixed with 4% PFA/PBS overnight followed by cyto-
protection (30% w/v sucrose in PBS). Whole brains
were embedded in optimal cutting temperature

compound, frozen in liquid nitrogen, cut into
30 um-thick coronal sections, and mounted on
silane-coated glass slides.

We conducted enhanced immunohistochemistry
using anti-c-Fos antibody (1:2000, Ab-5, Oncogene
Research Products, MA, USA, or ABE457, Merck
KGaA, Darmstadt, Germany) as the first antibody,
fluorescent conjugated anti-rabbit antibody (1:2000,
Thermo Fisher Scientific, MA, USA) as the second-
ary antibody, and alkaline phosphatase (AP)-conju-
gated anti-fluorescent antibody (1:2000, Roche
Diagnostics, Basel, Switzerland) as the third anti-
body. Signals were detected with NBT/BCIP
(Roche Diagnostics) as the chromogen. Blue-
stained c-Fos-immunoreactive nuclei were regarded
as c-Fos-positive cells. Anatomical positions were
detected relative to the bregma using Paxinos and
Franklin’s atlas of the mouse brain (27). The follow-
ing brain regions were counted and results were cal-
culated as the average of two consecutive sections:
The somatosensory cortex, 0.5mm square region
around the bregma —0.70 mm; the striatum, 1 mm
square region around the bregma 0.70 mm; the piri-
form cortex, 500 pum length around the bregma
—0.7mm; the amygdala, 1mm square region
around the bregma —1.6mm. Counting was per-
formed at the same position on the ipsilateral and
contralateral sides of each brain.



Cephalalgia 0(0)

Data analysis

We evaluated CSD profiles as previously reported (20).
The time difference and distance between the proximal
and distal recording electrodes were used to calculate
propagation velocity. Maximum decrease of DC poten-
tial and full-width-at-half-maximum (FWHM) were
obtained from the distal electrode, because the basal
level at proximal electrodes may be influenced by K™
infiltration. We averaged the DC potential and rCBF
every 5 sec using the time point when the value fell
below the pre-KCl average minus twice the standard
deviation (SD) as the criterion time. Initial decrease of
rCBF and subsequent increase were determined from
the first CSD, because subsequent CSDs showed only
an increase. The electroencephalogram (EEG) was
evaluated from the DC potential signal by digital filter-
ing with a 5-20 Hz bandpass, and the root-mean-
square value was calculated every 60 sec after the first
CSD. DC potential and rCBF were averaged every 5
sec, and EEG was obtained every 1 min, presented rel-
ative to the pre-CSD level, and temporally averaged
using the time point when the DC potential began to
decrease as the criterion time.

Data are presented as mean + SD. The results of each
treatment in the Tg group and WT group were com-
pared using a two-tailed Student’s t-test after confirming
normal distributions according to the Kolmogorov-
Smirnov test. The results of c-Fos expression in the tis-
sues on the operated and contralateral sides were com-
pared using a paired t-test. A p value<0.05 was
considered statistically significant. All tests were per-
formed with SPSS 23 (IBM, Armonk, NY).

Results

CSD responsiveness

The animals’ body weights and physiological parame-
ters including HR and SABP showed no significant
difference between the Tg and WT (Table 2). A CSD
occurred following dura incision in 64% (9/14) of Tg
and 33% (7/21) of WT among males, and in 56%

(9/16) of Tg and 41% (7/17) of WT among females.
The incidence of CSD occurrence was slightly higher
in Tg mice of both sexes. The CSD threshold tended to
be lower in Tg than in WT, especially in the female, but
not significantly different (female, p=0.248; male,
p=0.778) (Figure 4(a)). Propagation velocity in Tg
was significantly faster than in WT (females,
p=0.018; males, p=0.021) (Figure 4(b)) and the dif-
ference was larger in females (females, 1.04 mm/min;
males, 0.68 mm/min).

Figure 5(a) shows the temporal average of DC poten-
tial deflection. Tg showed a significantly larger maxi-
mum decrease of DC potential than WT in females
(p=0.016), though not in males (p =0.990) (Figure 5
(b)). Meanwhile, FWHM was significantly longer in
Tg than in WT among female mice (p =0.004), though
not in males (p =0.155) (Figure 5(c)).

EEG was immediately suppressed after first CSD
passage, then gradually recovered (Figure 6(a)). The
maximum suppression of EEG was similar in Tg and
WT (females, p =0.954; males, p =0.937) (Figure 6(b)).

Similar trends of electrophysiological change were
determined in the case of electrical stimulation. The
CSD threshold tended to be lower in Tg than in WT,
but no significant difference was observed (females,
p=0.450; males, p=0.730) (Figure 7(a)). Tg showed
a faster propagation velocity than WT in males
(females, p=0.197; males, p=0.027) (Figure 7(b)),
while the maximum decrease of DC potential was sim-
ilar in the two strains (females, p=0.584; males,
p=0.181) (Figure 7(c)). Meanwhile, FWHM was sig-
nificantly longer in Tg in both females and males
(females, p < 0.01; males, p=0.010) (Figure 7(d)).

Effects on rCBF

During passage of the first CSD wave, characteristic
rCBF changes were observed: An initial decrease, sub-
sequent increase and long-lasting decrease (Figure 8
(a)). The initial decrease of rCBF was similar between
the genotypes in both male and female mice (females,
p=0.203; males, p=0.649), whereas the subsequent
increase was significantly larger in Tg male mice

Table 2. Physiological parameters before/after CSD induction by KCI.

Before CSD After CSD
Body weight SABP HR SABP HR
Group (8 n (mmHg) (bpm) (mmHg) (bpm)
Male-Tg 260+ 1.5 14 76 + 19 587 +65 82+ 17 575452
Male-WT 26.1 +1.2 21 78 +9 558 +57 81410 502 +51
Female-Tg 21.34+42 16 6818 659 +32 72+ 10 637 +£47
Female-WT 21.5+1.3 17 71+9 648 + 52 71+8 619+29

SABP: systemic arterial blood pressure; HR: heart rate.
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Figure 4. Properties of CSD induction. (a) CSD threshold defined as the minimum potassium concentration required to evoke CSD.
(b) Propagation velocity calculated from the time difference and distance between the proximal and distal DC recording electrodes.
Black columns show transgenic mice (Tg) and gray columns show wild-type mice (WT); filled columns show females, and hatched

columns show males. The error bars show standard deviations. p-values between Tg and WT were evaluated with a two-tailed t-test
and asterisks (¥) indicate statistically significant differences (p < 0.05).

NS: not significant.
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(females, p=0.151; males, p=0.034) (Figure 8(b)).
Post-CSD oligemia, represented as basal level before
subsequent CSD and transient increase during
subsequent CSD, were almost the same; namely, the
CSD-induced CBF changes seem to be comparable
(Figure 8(c)). Similar results were obtained in the elec-
trical stimulation test. The initial decrease of rCBF was
similar between the genotypes in both male and female
mice (female, p =0.444; male, p =0.154) (Figure 7(¢)),
whereas the subsequent increase was significantly larger
in the Tg male mice (females, p=0.231; males,
p=0.025) (Figure 7(f)).

Distribution of c-Fos expression

c-Fos expression is a validated marker of neuronal activ-
ity. We found that c-Fos-positive cells were widespread
regions of the ipsilateral side after unilateral cluster epi-
sodes of CSD (Supplemental Figure 1 and Supplemental
Material 2). Not only the somatosensory cortex, but also
essential elements of the limbic system such as the amyg-
dala and piriform cortex, showed robustly enhanced c-
Fos expression, and a small increase was observed in the
basal ganglia (striatum) (Figure 9(a), (b)). Expression of
c-Fos in the somatosensory and piriform cortex was
equally enhanced in the ipsilateral side in Tg and WT
(Figure 9(c)). The enhancement of c-Fos expression in
Tg was slightly higher in striatum (females, p=0.07;
males, p=0.37), and significantly higher in amygdala
(females, p=0.001; males, p =0.001) (Figure 9(c)).

Discussion

Here we report the first experimental results on CSD
in mice carrying the E700K mutation in the Atpla2
gene. The mutation of Glu 700, located in the phos-
phorylation (P) domain, may affect the salt bridge with
lysine 35, resulting in unstable interactions with the
actuator (A) domain. The disruption of domain inter-
actions could be a pathogenic mechanism of Na™ K-
ATPase dysfunction in migraine (28). Various missense
mutations in recombinant Na, K-ATPase protein
expressed in Sf9 insect cells show heterogeneous affinity
for Na® or K and ATPase activity (28). In kinetic
studies of various point-mutated and wild-type
ATPases expressed in COS-1 cells, E700K mutation
was not found to interfere with the phosphorylation
from ATP, which is known as a critical process for
extracellular K™ clearance (29). This characteristic
may be relevant to our finding that the threshold of
CSD occurrence was not affected in our transgenic
mice.

It is reported that the reduced CSD threshold in
Atpla2 gene-modified mice is due to not only impaired
K™ clearance by astrocytes, but also reduced glutamate
removal from the synaptic cleft, as shown in astrocytes
from heterozygous W887R/4+ FHM2-knockin mice
(17). Reduced function of astrocytes may cause epilep-
tic discharge (14,30). However, in contrast to previous-
ly identified FHM2 pedigrees, none of E700K-positive
patients reported showed symptom of epileptic seizures
(23). Wash-out function of E700K mutant from
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astrocytes may not be drastically reduced compared to
other mutants, considered from the kinetic study (29).

Once CSD was induced, both female and male
Tg mice showed higher velocity of CSD propagation.

This could be due to impaired clearance of K* and
glutamate by astrocytes consequent to loss-of-
function of the pump, resulting in facilitation of CSD
spreading by extensive K and glutamate efflux, which
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NS: not significant.

would depolarize adjacent neurons and glia. Some
reports have found increased velocity of CSD propa-
gation together with enhanced susceptibility to CSD
(14,15,20,31), but the threshold for CSD elicitation
was not significantly different in this study. The
nature of the relationship is unclear, but the excitability
of neurons and glial cells might not always be linked
with cellular activity, including ion exchange.

Greater changes of DC potential deflection and
delayed recovery from mass depolarization (shown as
elongation of FWHM) were seen in female Tg mice. It
is well known that migraine is more common in females
(32,33). Induction thresholds for CSD are approxi-
mately 50% lower in female mice than males (34). In
an animal model of FHMI1, female mice were more
susceptible to CSD than males, and the susceptibility
to CSD might be profoundly affected by sex hormones
(35). The results of our study demonstrated a slightly
larger difference between Tg and WT in female mice
for a low threshold of CSD, accelerated propagation,
delayed recovery and profound change of DC deflec-
tion than male mice. Although no sex-related difference

has been reported in other types of FHM2 model
mice (14,15), female mice of the present strain may be
sensitive to CSD. This phenomenon could be attributed
to inherent differences in pain perception and process-
ing of the different genders.

The neuronal suppression (manifested as EEG suppres-
sion) and cortical vasoreactivity (manifested as the tem-
poral change and the maximum ratio of rCBF) associated
with CSD showed no significant difference between Tg
and WT, in accordance with our previous work (20).

The role of CBF in migraine patients remains contro-
versial. Vasodilation of pial and/or meningeal arteries
may be associated with pain (36), but the timings of
the vasodilation and headache may not necessary corre-
late (37). Prolonged aura symptoms were frequently
associated with hyperperfusion and middle cerebral
artery vasodilation in a FHM2 patient (38). Little differ-
ence in the rCBF response to CSD was found in Apla2
heterozygous KO mice in our previous study (20).
Interestingly, greater subsequent hyperperfusion, but
not initial hypoperfusion, was found in male Tg mice,
suggesting that vasodilation might affect pain sensation.
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indicate a statistically significant difference (p < 0.01).

In the present experiments, c-Fos-positive cells
were seen in several regions of the ipsilateral hemi-
sphere, including the somatosensory cortex, basal gan-
glia (striatum) and limbic system (piriform cortex
and amygdala), after CSD. This appears to reflect
CSD spread into wide cortical and subcortical struc-
tures, as already reported in the rat in vitro (39) and
mice in vivo (40). Migraine patients show significantly
higher blood oxygen level-dependent (BOLD) signal
intensities in specific areas including the piriform
cortex and limbic structures (amygdala and hippocam-
pus), and higher activity in specific regions including
the amygdala and insular cortex in response to olfac-
tory stimulation during migraine attack (41). CSD
propagation is affected by the large extracellular
space and great abundance of myelin (42). The extra-
cellular K and glutamate elevation can permeate thin-
ner bundles of myelinate fibers to reignite the process

on the other side of the white matter barrier, whereas
highly myelinated white matter blocks CSD crossing,
therefore only a part of the CSDs might propagate to
subcortical structures. Thus, CSD may spread into the
deep subcortical tissues of highly susceptible FHM?2
patients, such as E700K carriers, and reverberate with
cortical and gray matter nuclei. This could result in a
severe and prolonged clinical state, including hemiple-
gia, and coma. In a study of R192Q mutant mice
(FHM1), 20-30% of CSDs propagated into the stria-
tum in WT mice, while over 70% did so in transgenic
mice (40); such propagation may be associated with the
prolonged hemiplegia and/or seizure phenotype in
migraine with aura.

E700K transgenic mice also showed a stronger ipsi-
lateral c-Fos upregulation in the amygdala than WT, in
contrast to the previously examined N-KO and C-KO
mice (Supplemental Figure 2). The amygdala may play
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an important role in migraine. c-Fos expression was
reported in the amygdala, together with behavioral
responses consistent with amygdala activation, after a
single episode of CSD in freely moving rats (43).
Electrophysiological measurement demonstrated that
more than 75% of CSD waves could propagate
through the temporal cortex and penetrate to the
amygdala in rat slices (39). As a part of the limbic
system, the amygdala has functionally essential inter-
actions with these structures and receives highly proc-
essed information from the cortex to motor systems,
autonomic systems, endocrine systems and other
limbic areas associated with emotion, motivation,
learning and memory disorders. Clinical studies have
shown a lower fractional plasma volume in the left
amygdala in migraineurs (44), and the amygdala dis-
plays a structural plasticity linked to both headache
frequency and the clinical outcome of migraine (45),
suggesting that altered functional connectivity of the
amygdala and neurolimbic pain network contributes

to the pathogenesis of episodic and chronic migraine
(46). Furthermore, hyperexcitation and degeneration
of the amygdala/piriform cortex in the embryo of
homozygotes and enhanced fear/anxiety behaviors in
adult heterozygotes were reported in Atpla2-deficient
mice (21), suggesting that these limbic systems may
be abnormal in some FHM?2 model mice. Therefore,
we speculate that higher activity in the amygdala due
to the propagation of CSD may play an important role
in the neurological symptoms during migraine attacks,
as indicated by a case report that emotional stress
could trigger migraine attack in a patient harboring
E700K mutation (23).

In conclusion, the neuro-electrophysiological in vivo
evidence for responsiveness to CSD in the present
E700K transgenic mice suggests that this mouse
model mimics human symptoms, at least in part, and
might be useful to study the neuropathology underly-
ing migraine disorders.

Article highlights

(coding Nat K"-ATPase o2 subunit).

more c-Fos positive cells than that in WT.

e We report the first experimental results on CSD in mice harboring E700K mutation in the Atpla2 gene

e E700K transgenic mice exhibit faster propagation velocity and a longer full-width-at-half-maximum, and
Tg mice, especially females, tend to have a lower threshold for CSD initiation, compared to wild-type mice.

e (CSD-induced changes in regional cerebral blood flow are comparable in Tg and WT mice.

e c-Fos-positive cells are markedly increased in the CSD ipsilateral side of the somatosensory cortex, piri-
form cortex, and amygdala, and slightly increased in striatum. The ipsilateral amygdala in Tg contains
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