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Abstract

Familial hemiplegic migraine type 2 (FHM2) is associated with inherited point-mutations in the Na,K-ATPase o2 isoform,
including G30IR mutation. We hypothesized that this mutation affects specific aspects of vascular function, and thus
compared cerebral and systemic arteries from heterozygote mice bearing the G30IR mutation (Atpla2™~3°'R) with
wild type (WT). Middle cerebral (MCA) and mesenteric small artery (MSA) function was compared in an isometric
myograph. Cerebral blood flow was assessed with Laser speckle analysis. Intracellular Ca’" and membrane potential
were measured simultaneously. Protein expression was semi-quantified by immunohistochemistry. Protein phosphoryl-
ation was analysed by Western blot. MSA from Atpla2™~%3°'R and WT showed similar contractile responses. The
Atpla2 ™ ~3'R MCA constricted stronger to U466 19, endothelin and potassium compared to WT. This was associated
with an increased depolarization, although the Ca”>" change was smaller than in WT. The enhanced constriction of
Atpla2+/ ~G30IR MCA was associated with increased cSrc activation, stronger sensitization to [Ca*"]; and increased
MYPT | phosphorylation. These differences were abolished by cSrc inhibition. A'cpla2+/7(33°IR mice had reduced resting
blood flow through MCA in comparison with WT mice. FHM2-associated mutation leads to elevated contractility of
MCA due to sensitization of the contractile machinery to Ca®", which is mediated via Na,K-ATPase/Src-kinase/MYPT |
signalling.
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Although this response is often biphasic and highly
variable,® recent studies of FHM2 patients with pro-
longed aura suggested initial multifocal hypoperfusion
in the affected hemisphere.®’ This initial hypoperfusion
is followed by hyperperfusion and is in line with the
reports on cerebral blood flow changes during migraine
attack over the last ~30 years.® The mechanism by
which spreading depression leads to changes in cerebral
blood flow is not fully understood.

A broad spectrum of functional abnormalities of the
Na,K-ATPase o2 isoform have been identified for more
than 80 FHM2-associated mutations.? These mutations
lead to changes in the enzymes properties, and may
cause haploinsufficiency.!> In contrast to the ubiqui-
tously expressed a1 isoform that serves a housekeeping
role for Na™/K™ homeostasis, the o2 isoform is
characterized by a tissue-specific expression and is sug-
gested to be involved in a number of signalling path-
ways.” In the brain, the a2 isoform is mostly expressed
in glia and the vasculature. Since glia is an important
modulator of neuronal activity, attention was previ-
ously given to glia in studies of the mechanisms
important in FHM2 with limited interest in vascular
(dys)function.*'°

Importantly, the vascular Na,K-ATPase o2 isoform
has been suggested to control [Ca’"]; signalling by
forming a signalosome with other Ca** transport pro-
teins such as the Na,Ca-exchanger (NCX).!' In accord-
ance with this model, potentiation of [Ca*"]; signalling
upon o2 isoform inhibition is suggested to be respon-
sible for the pro-contractile action of ouabain in the
vasculature.'> However, another Na,K-ATPase inhibi-
tor, digoxin does not potentiate vascular contrac-
tion,'*"'* suggesting that the Na,K-ATPase-dependent
modulation of arterial contractility cannot be limited to
a direct effect on ion homeostasis.”!> The Na,K-
ATPase has previously been shown to initiate several
signalling pathways including cSrc kinase signaling.'®
This is supported by Y418 phosphorylation-dependent
activation of c¢Src kinase upon ouabain applica-
tion,'®2? although the mechanism for this cSrc activa-
tion is debated.> > Of note, acute application of
ouabain can activate a cSrc-dependent pathway in rat
mesenteric arteries, and modulate intercellular commu-
nication in the vascular wall.>® Chronic ouabain treat-
ment also activates cSrc in rat mesenteric arteries.'*
Src kinase family signalling plays an important role
in cerebrovascular myogenic contraction®” >° and vaso-
spasm,®” although a detailed mechanistic understand-
ing is lacking.

Mice bearing one of the mutations found in FHM?2
patients, i.e. G30IR,*' were recently generated and
their behavioural and neuronal properties character-
ized.* Homozygous knock-in mutant mice die after
birth, while heterozygous mice (Atpla2®/~C30IR)

demonstrate FHM2-relevant disease traits, including
mood depression, stress-induced anhedonia, obsessive-
compulsive disorder and increased acoustic startle
response.? Moreover, electrocorticographic recordings
in vivo showed that regeneration after induction of cor-
tical spreading depression was significantly reduced in
brains from Atpla2™/ =R mjce, suggesting that the
spontaneous activity is more likely affected in these
mice than the evoked activity.*?

In the current study, it is hypothesized that these
Atpla2™/~G3R mice have abnormal cerebrovascular
function, affecting cerebral blood flow. The Atpla2™
~G30IR mice were found to have increased vascular con-
tractility specific for cerebral compared to systemic
mesenteric  arteries. Accordingly, resting cerebral
blood flow was reduced in these mice. This hypercon-
tractility is suggested to be a factor behind the mech-
anism of aura-associated regional hypoperfusion in the
brain, linked to the significance of cSrc-dependent sen-
sitization of vascular smooth muscle cells to Ca**.

Methods

A detailed ‘Methods’ is available in the Supplementary
Information file.

All experiments conformed to guidelines from the
European Convention for the Protection of
Vertebrate Animals used for Experimental and other
Scientific Purposes and were approved by and con-
ducted with permission from the Animal Experiments
Inspectorate of the Danish Ministry of Environment
and Food. Animal experiments were reported in
accordance with the ARRIVE (Animal Research:
Reporting in Vivo Experiments) guidelines (www.
nc3rs.org.uk/arrive-guidelines).

Atp1a2 =R mice

The Atpla2™/~S3!R mice were generated by introduc-
tion of the G301R mutation in A¢pla2 gene, as described
previously.*> Homozygote pups died immediately after
birth, resembling the lethal phenotype previously
reported for other genetic disturbances in the Atpla2
gene.">*3 Heterozygous Atpla2t/ =R (3 =82) and
wild type (WT) (n=86) mice ~12-16 weeks old were
used in the current study. A previous study found
some sex-coupled differences in behavioural tests.>
However, in the current study, an equal number of
males and females were used, as no sex-coupled differ-
ence was seen, and data from male and females were
pooled in the final analyses. Notably, the lack of sex
difference suggests that female sex hormone/s may
have a modulatory action on migraine prevalence via
neuronal/astrocytic signalling® rather than via a vascu-
lar wall effect. Middle cerebral arteries and mesenteric
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small arteries from littermate Atpla2™/~S¥™R and WT
mice were used.

Quantitative polymerase chain reaction

The quantitative polymerase chain reaction (qPCR)
was carried out using Tagman probe (FAM) technol-
ogy. Gene expression (the total Atpla2 expression or
expression of WT Atpla?2 allele only) was normalized to
reference gene (Gapdh) and presented as a ACt value.
Comparison of gene expression was derived from sub-
traction of averaged WT ACt in the experiment from
ACt value in the analysed probe (either WT or
Atpla2 /=GRy - producing AACt. Relative gene
expression was calculated as 2 44¢,

Semi-quantification of cSrc and
MYPT phosphorylation

Arterial segments were fixed, lysated and used for
Western ~ blotting as  previously  described.?
Membranes for identification of proteins were cut at
approximately 100kDa, 50kDa and 35kDa, and the
upper segment used for MYPT detection (expected
band ~ 130 kDa), middle segment for cSrc detection
(expected band ~65kDa), and the lower segment for
the reference protein thioredoxin 2 detection (expected
band ~ 12kDa). The membranes were incubated with
primary antibodies overnight at +4°C and then with
horseradish-peroxidase-conjugated secondary antibody
(1:2000; Dako, Denmark) for 1.5h. Bound antibodies
were detected by an enhanced chemiluminescence kit
(ECL, Amersham, UK).

Proteins (MYPT or cSrc) were semi-quantified by
measuring band intensities using Image] software
(NIH, USA). Protein phosphorylation was semi-
quantified as a ratio between phospho-protein and
total protein. The average measurements from WT
group under resting conditions (i.e. in the absence of
drugs) were set to 100% to compare the effects of drug
interventions detected from the same gel. The total cSrc
and MYPT protein expression were individually nor-
malized to the corresponding band intensity of thiore-
doxin 2 from the same load, and semi-quantified by
setting normalized intensity measured for WT group
to 100%.

Whole-mount staining of arterial segments

The brain and mesentery were removed from perfusion-
fixed mice®® and arteries dissected out. Tissues were
incubated at room temperature for 2h in blocking
buffer (1% BSA and 0.2% Triton in PBS), further
washed and incubated overnight with primary antibody
in blocking buffer at 4°C, washed again and incubated

in secondary antibody in 0.1% Triton in PBS for 2h at
room temperature. Tissue was subsequently mounted in
anti-fade mounting media; with the media of select
preparations also containing 0.002% propidium
iodide to clarify cell layer patency. Tissue was imaged
with uniform confocal settings. Controls involved pep-
tide block of primary antibody in a 1:10 (v/v) excess of
the immunizing peptide; and secondary only was used
as a ‘zero’ setting.

Isometric force measurement of isolated arteries

Mice were sacrificed by cervical dislocation, and the
brain and mesentery dissected into ice-cold physio-
logical salt solution. Arteries were cleaned of connect-
ive tissue and mounted in a wire myograph (Danish
Myo Technology A/S, Denmark) for isometric force
measurements as previously described.”® The study
was performed on endothelium intact arteries, unless
otherwise stated.

Simultaneous measurements of isometric force
and [Ca*™];

Ratiometric [Ca>"]; measurements using fura 2-acetox-
ymethyl ester were obtained simultaneously with force
measurements in a myograph as described elswhere.*>
It has been previously shown that this loading protocol
enables measurements of smooth muscle [Ca*"]; with
negligible contribution from endothelial cells.*
[Ca®™], was expressed as the ratio of fluorescence
during excitation at 340 nm and 380 nm.

Simultaneous measurements of isometric force
and membrane potential

Smooth muscle membrane potential in the intact vas-
cular wall was measured in arteries mounted in an iso-
metric myograph (Danish Myo Technology A/S,
Denmark) as previously described.’” Membrane poten-
tial was averaged over a 1 min recording, at least 1 min
after U46619 application.

Morphometric measurements

Arteries were mounted in a wire myograph and mor-
phometric measurements performed using a light
microscope (40x water immersion lens) as previously
described.*®** Measurements were obtained at three
different points on either side of the vessel.

Isobaric tone of isolated cerebral arteries

A segment of middle cerebral artery was dissected and
cannulated using glass micro cannulas and mounted in
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a pressure myograph (111P, DMT), as previously
described.®> The pressure-step protocol was repeated
for arteries under control conditions in PSS and after
15min incubation in Ca®*-free PSS in the presence of
30 uM papaverine and 10 pM Y27632. The outer diam-
eters obtained under these conditions were considered
active (AD) and passive diameters (PD), respectively.
The degree of tone at each pressure level was quantified
as [1 — (AD/PD)].

Laser speckle analysis

Laser speckle (LS) imaging experiments were per-
formed in order to assess resting blood flow in cerebral
arteries in vivo (Figure 1(a) and Supplemental
Figure 1(a)). A segmentation algorithm***! was applied
to extract diameter and corresponding speckle contrast
values for selected arteries (Supplemental Figure 1(b)).
These values were then averaged over the vessel seg-
ment and used to estimate volumetric blood flow
dynamics (blood flow index).

pNaKtide peptide

The pNaKtide peptide*> (HD Biosciences, China) is
composed of 20 amino acids from the N-domain of
the Na,K-ATPase and a leader peptide sequence of
13 amino acids that allows cell membrane
penetration. Prior studies have shown that it is effective
in Dblocking the Na,K-ATPase-dependent cSrc
activation 222204244

Data analyses

Microsoft Excel and GraphPad Prism software (v.5.02)
were used for graphing and statistical analysis. Data are
summarized as the mean value4+SEM of the sample
group. Concentration-response curves were fitted to
experimental data using four-parameter, non-linear
regression curve fitting. From these curves, pD, (-log
to the concentration required to produce a half-
maximal response), the Hill slope and maximal response
were derived and compared using an extra sum-of-
squares F test to assess the overall significance for a

-
(5]
o

100

50

Diameter, um <

o

WT  Atp1a2"/®301R

<104
a5

1000 pm

o
2

o

n

o

Blood flow index
'S

WT  Atp1a2"/C30R

Figure 1. Atpla2t/=S3°'R mice have reduced resting blood flow through branches of middle cerebral artery, in comparison with
WT. Whole-brain averaged Laser Speckle intensity image showing cerebral blood vessels (a). White arrows identify branches of middle
cerebral artery (Supplemental Figure |(a)) that were used for Laser Speckle analyses. Analyses did not found any significant changes in
arterial diameter (b; n = 6-7), while blood flow index (an estimate volumetric blood flow dynamics) was significantly reduced in

Atpla2™~%0"R mice in comparison with WT (C; *P < 0.05).
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regression model.**¢ Area under the concentration-
response curve (AUC) was calculated based on trapez-
oidal rule. Significant differences between means were
determined by either one-way or two-way ANOVA,
where appropriate, followed by Bonferroni correction
for multiple comparison or by Student ¢-test. A prob-
ability (P) level of <0.05 was considered significant.

Results

Mice bearing G30IR mutation have reduced
brain perfusion

Estimation of diameter and blood flow in branches of
middle cerebral artery in vivo (Supplemental
Figure 1(a)) in anaesthetized mice demonstrated signifi-
cantly reduced resting blood flow in Atpla2™/~G30IR
mice in comparison with WT, although no significant
difference in diameter was seen (Figure 1).

G30IR mutation modifies expression of the
Na,K-ATPase in the vascular wall

The total amount of the o, isoform Na,K-ATPase
mRNA in middle cerebral artery isolated from the
Atpla2t/=G3IR mice was similar to that from WT
(Figure 2(a)). However, when primers amplifying only
the WT allele were used, cerebral artery from the
Atpla2t/=G3R mice had ~50% of mRNA tran-
scripted from the WT allele (Figure 2(b)).

Consistent with previous reports on FHM?2-associated
atr-isoform haploinsufficiency,” we found an ~50% reduc-
tion in o, isoform protein in cerebral arteries from the
Atpla2t/=GOR  mice in  comparison with WT
(Figure 2(c) and (d)). This reduction was seen in both
endothelial and smooth muscle cells. The o; isoform
Na,K-ATPase (Figure 2(e) and (f)) and the NCX
(Supplemental Figure 2) were also significantly reduced
in cerebral arteries from the Atpla2*/ =R mice.

Middle cerebral arteries from Atpla2t'~%*°'R mice
demonstrated stronger agonist-induced constriction
and depolarization in comparison with WT

Middle cerebral arteries from Atpla2™ =S¥ R mice

mounted in isometric myograph had larger lumen
diameter (P <0.026) than arteries from WT;
175+ 5um (n=233) in comparison 161 £4 um (n=41),
respectively. Media thickness and media-to-lumen ratio
were also increased in arteries from Atpla2™/~C30IR
mice in comparison to WT (Supplemental Figure 3).
Pressurized arteries from Atpla2™/~9*'R mice had
increased diameter in Ca*"-free solution
(Supplemental Figure 4(a)). In the presence of Ca’",
pressurized cerebral arteries developed myogenic tone,

which was similar in arteries from WT and Atpla2™
~G30IR mice (Supplemental Figure 4(a) and (b)).

The thromboxane A, agonist, U46619, constricted
and depolarized mouse middle cerebral arteries
(Figure 3). This constriction was significantly poten-
tiated in arteries from Atpla2t/ =R mjce compared
with WT (Figure 3(a)). Since endothelium-dependent
relaxation of the two groups were similar
(Supplemental Figure 4(c)), and contractile responses
of cerebral arteries from the Atpla2™ =R mijce
remained stronger than WT after removal of the endo-
thelium (Suppl. Fig. 4D), the differences in the con-
tractile responses are unlikely to be due to changes in
endothelial function. The rest of the study was per-
formed with endothelium intact arteries.

When wall tension and membrane potential were mea-
sured simultaneously (Figure 3(c)), no difference between
the groups was observed under resting conditions (Figure
3(d) and (e)). However, in the presence of 0.3 uM
U46619, a stronger constriction of cerebral arteries
from Atpla2/~S3R (Figure 3(d)) was associated with
larger smooth muscle depolarization (Figure 3(e)).

The enhanced constriction of Atpla2*/~¢3%'R
cerebral arteries is associated with increased
sensitization to [Ca*'];

To test whether the increased depolarization of the
arteries from Atpla2®/ =R are associated with ele-
vated Ca”" influx, [Ca"]; was measured simultaneously
with wall tension (Figure 4). No significant difference in
the resting [Ca’']; between the groups was seen.
Surprisingly, the increased vasoconstriction of the
arteries from Atpla2™ %R (Figure 4(a)) was asso-
ciated with a smaller increase in [Ca?"]; in comparison
with arteries from WT (Figure 4(b)). This relation
between wall tension and [Ca®"]; suggests an increased
sensitization of contractile machinery to Ca*". Indeed,
when wall tension is plotted as a function of [Ca®'];
(Figure 4(c)), arteries from Atpla2™ =R demon-
strated a steeper slope, i.e. an increased sensitization
to [Ca*]..

Interestingly, in the presence of 0.3uM U46619
arteries from Atpla2™~9R mice experienced a
reduced [Ca®"]; increase despite a larger membrane
depolarization (Figure 4(d)). This suggests that arteries
from Atpla2™/~93R mice have reduced voltage-
dependent Ca*" influx in compared to WT.

An increased Ca*" sensitization of middle cerebral

arteries from Atpla2*'~3°'R mice is not agonist-

specific

To test whether the observed Ca®" sensitization was
specific for U46619 induced constriction, we stimulated
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Figure 2. The o, isoform Na,K-ATPase haploinsufficiency of middle cerebral arteries from Atpla2™~%3°'® mice. Quantitative PCR
results showed an unchanged expression of total Atpla2 mRNA (n=#6) in comparison with WT (n=28) (a). In arteries from the
Atpla2™~S39"R mice, approximately a half of the a; isoform mRNA is from the WT allele and the rest is from the mutated G30I1R
allele, as it is shown with primers amplifying only the WT allele (b; n=6-8). Whole-mount staining indicated the presence of o,
isoform protein in both endothelial cells and smooth muscles (c; representative images). Semi-quantitative fluorescence demonstrated
a reduction of the o, isoform in middle cerebral arteries from the Atpla2™~%**'® mice in comparison with WT (d; n=5). The
isoform Na,K-ATPase is reduced in endothelial cells from the Atpla2™~3*'® mice in comparison with WT (e, representative images;
and f, averaged results; n=>5). In inserts, ‘+peptide’ indicates a control experiment where primary antibody was blocked with an
excess of the immunizing peptide. 2° only’ shows staining with secondary antibody only that was used as a ‘zero’ setting. * and **¥,
P <0.05 and 0.001 vs. WT (one-way ANOVA).
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Figure 3. Middle cerebral but not small mesenteric arteries from

2+/—G30I R

Atpla mice had increased agonist-induced constriction

and depolarization in comparison with WT. Concentration-response curves to U46619 of middle cerebral arteries (a) from Atpla2 ™

—G30IR
(

n=7) and WT mice (n=09). F test indicated a significant difference between experimental groups (***, P < 0.05). No

difference in U466 |9-induced constriction was seen between mesenteric small arteries from Atpla2™~%3°'® and WT mice (b; n=6).
A representative simultaneous recording of wall tension and membrane potential in WT middle cerebral artery stimulated with
U46619 (c). Wall tension (d) and membrane potentials (e) under resting conditions and after 0.3 pM U46619 stimulation of middle
cerebral arteries from Atpla2™~%3'® (n=6) and WT mice (n=8). The experimental protocol is similar to data shown in c. ¥,

P < 0.05, comparison between Atpla2*%*°'® and WT groups; +++, P <0.001, the effect of U46619 (two-way ANOVA).

middle cerebral arteries with endothelin (Figure 5(a) to
(c)). Arteries from Atpla2™/ =GR mice constricted to
endothelin stronger than those from WT (Figure 5(a)).
However, endothelin-induced [Ca**']; increase was not
significantly different between arteries from WT and
Atpla2t/ =GR mice (Figure 5(b)). The slope of wall
tension as a function of [Ca®']; was not significantly
different between the groups, although there was a
tendency for increased Ca’'-sensitivity in cerebral
arteries from Atpla2™/ =R mice (Figure 5(c);
P=0.13).

Arteries from Atpla2™/~ mice constricted also
to a greater extent to K -induced depolarization (in the
presence of 1 uM phentolamine) than WT (Figure 5(d)),

G301R

but this was associated with an attenuated [Ca®'];
increase (Figure 5(e)). This led to a steeper slope of
[Ca®t]; — wall tension relation for cerebral arteries
from Atpla2t/ =S¥ mice in comparison with WT,
suggesting increased Ca’"-sensitization (Figure 5(f)).

Contractile responses of cerebral arteries from
Atpa2'=%3%'R and WT mice became similar in the
presence of ouabain, but not digoxin

Constriction of middle cerebral arteries from the two
groups of mice was compared before and after pre-
treatment with Na,K-ATPase inhibitors, digoxin and
ouabain (Supplemental Figure 5). Digoxin (10 pM)
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Figure 4. Potentiated constriction to U46619 of middle cerebral arteries from Atpla2™~3°'® mice is associated with smaller
changes in [Ca®"]; suggesting higher sensitivity to Ca>". U46619 concentration-dependent vasoconstriction (a) of middle cerebral
arteries from Atpla2™/~3"® mice (n=6) was significantly (¥, P < 0.01; F test) potentiated in comparison with WT (n=>5).

However, changes of [Ca®']; (b) were less pronounced (¥, P < 0.01; F test) in arteries from Atpla
(n=5). Arteries from Atpla2™~%3°'R mice had a steeper relation between [Ca
linear regression analysis) in comparison with WT (c; re-plotted data from a and b). The relation between [Ca

21/=G30IR () — 6) compared to WT

and wall tension (**, P < 0.01 for slopes based on
2], and membrane

2+]i

potential (d; re-plotted data from Figures 2(d) and 3(b)) suggested a lesser [Ca®']; rise in arteries from Atpla2™/~3'R despite the

larger depolarization.

potentiated slightly (P =0.059) contractile response of
arteries from WT, but this was without any effect
(P=0.483) in arteries from Atpla®"/~G3R mjce
(Supplemental Figure 5(a)). The difference in contract-
ile responses between the groups (i.e. a stronger con-
striction in arteries from Atpla®™/=S3R compared
to WT) was not affected by digoxin (Supplemental
Figure 5(a)). Ouabain (10 uM) potentiated cerebral
artery constriction from both groups (Supplemental
Figure 5(b)), while 0.1uM (n=06) and 1uM (n=10)
ouabain was without significant effect (data not
shown). In the presence of 10 uM ouabain, no differ-
ence in the constriction of cerebral arteries from

Atpla®™/ =GR and WT mice was seen (Supplemental
Figure 5(b)).

Inhibition of cSrc kinase abolished the difference in
contractile responses of cerebral arteries from the
Atp1a2™'~%3"R and wild type mice

Pre-incubation of cerebral arteries with 3 uM PP2 abol-
ished the difference in contractile responses between the
groups (Figure 6(a)). PP2 suppressed constriction of
cerebral arteries and there was a tendency for a larger
effect of PP2 inhibition on the arteries from Atpla2™
~G30IR ‘mice in comparison with WT (Figure 6(a)).
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Figure 5. Increased Ca®" sensitization of middle cerebral arteries from Atpla2™'~%3*'R mice is independent of vasoconstrictor

type. Constriction of WT (n=5) and Atpla2*/ =GR (n=

expressed as a ratio of Fura-2 fluorescence at 340 and 380 nm (b). The relation between [Ca

6) arteries to endothelin (a) and simultaneous recordings of [Ca

2+]i

2*]; and wall tension at different

concentrations of endothelin (c; data re-plotted from a and b). Constriction (d) and simultaneous changes in [Ca>™]; () in response to
K*-induced depolarization. Changes in relation between [Ca”]i and wall tension in response to K*-induced depolarization (f). ** and

** jndicates P < 0.0l and 0.001; n =5-6.

This was associated with reduced [Ca®']; changes,
which were similar between the groups in the presence
of PP2 (Figure 6(b)). Consistent with this, the relation-
ship between wall tension and [Ca”*]; was not different
between cerebral arteries from Atpla2®™/~C¥R and
WT mice in the presence of PP2 (Figure 6(c)).
pNaKtide (2uM) also suppressed contraction and
abolished the difference in contractile responses
between the groups (Figure 6(d)). The effect of
pNaKtide on wall tension was significantly larger for
cerebral arteries from Atpla2™~%*'R mice in compari-
son with arteries from WT, but this was associated with
similar suppression of [Ca®']; changes (Figure 6(c)).
Under control conditions [Ca®"];, changes were larger
in cerebral arteries from WT than in Atpla2t/~G30IR
(Figure 4(b)), but this difference was abolished in
the presence of pNaKtide (Figure 6(e)). The relation-
ship between [Ca®']; and wall tension in the presence
of pNaKtide was similar for cerebral arteries from
Atpla2t/ =GR and WT mice, suggesting a similar

level of sensitization for Ca®>" under these conditions
(Figure 7(f)).

Enhanced phosphorylation of cSrc and MYPT in
middle cerebral arteries from Atpla2t'~¢3'R
compared to WT mice

Despite a slightly reduced total expression of cSrc
kinase in middle cerebral arteries from Atpla2™
~G30IR mice (Figure 7(b)), no significant difference in
phosphorylated cSrc was found between -cerebral
arteries from Atpla2™/=93R and WT mice under rest-
ing conditions (Figure 7(c)). When cerebral arteries
were stimulated with U46619, the phosphorylation of
cSrc was significantly increased and this increase was
stronger in arteries from Atpla2t/=%3R than in WT
mice. Moreover, pNaKtide significantly suppressed
cSrc phosphorylation induced by U46619 (Figure 7(c)).

The expression of myosin phosphatase targeting
protein 1 (MYPT) was similar between cerebral arteries
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from Atpla2™~9"R and WT mice (Figure 7(d)), as showed similar agonist-induced constriction

well as MYPT1 phosphorylation under resting condi-
tions (Figure 7(d)). U46619 induced MYPT1 phosphor-
ylation, which was significantly larger in arteries from
Atpla2™/ =GR compared to WT mice (Figure 7(d)).
This difference in U46619-induced MYPT1 phosphor-
ylation was abolished by pNaKtide.

Contractile responses of mesenteric small arteries
did not differ between Atpla2*'~3%'R and
WT mice

In contrast to middle cerebral arteries, mesenteric
arteries from the Atpla2™ %R and WT mice

(Figure 3(b)). Ouabain significantly potentiated con-
striction of both groups (Supplemental Figure 6(a)
and (b)). In the presence of ouabain, there was no sig-
nificant difference in constriction of mesenteric arteries
from the Atpla2™ =R and WT mice.

Mesenteric arteries from the Atpla2™/~ and
WT mice constricted in a similar manner to different
contractile  agonists, e¢.g. noradrenaline (NA;
Supplemental Figure 7(a)) and U46619 (Supplemental
Figure 7(b)). Incubation with pNaKtide was without
any significant effect on contractile response of
arteries from Atpla2™~9R. however, it suppressed
the constriction of arteries from WT mice

G301R
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Figure 7. Semi-quantitative analyses of expression and phosphorylation of cSrc kinase and MYPT| proteins in middle cerebral
arteries from Atpla2™~%**'"® and WT mice. Representative WT Western blot where MYPT | and cSrc expression and phosphor-
ylation were studied (a). Thioredoxin 2 (Trx2) was used as loading control. Total cSrc kinase expression (normalized to Trx2 band
density) was reduced in cerebral arteries from Atpla2t/~%3°'R compared to WT mice (b; n=6-9). Averaged results suggest an
increased cSrc phosphorylation (calculated as a ratio between phosphorylated and total cSrc, and normalised to averaged values for
WT under resting conditions) in arteries from Atpla2™'~3°'R mice compared to WT after U46619 (10~> M) stimulation (C; n=5-
I'1). Incubation with pNaKtide (2 M) abolished this difference. Expression of total MYPT| (normalized to Trx2 band density) was not
different between the groups (n =4-12; d, representative Western blot; e, averaged data). U46619 significantly increased MYPT |
phosphorylation at Thr850 (n =4-12; f) (calculated as a ratio of phosphorylated and total MYPT |, and normalised to averaged values
for WT under resting conditions). This potentiation is stronger in cerebral arteries from Atpla2™/~3°'® than WT. In the presence of
pNaKtide this potentiation was abolished, and there was no difference between arteries from Atp| a2/ G30IR 4 d W, *, % gnd sk
P <0.05,<0.0l and <0.001 (two-way ANOVA).
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(Supplemental Figure 7). This difference in the effects of
pNaKtide between the groups was not due to endothe-
lial function, since it was similarly affected by
pNaKtide in both groups, i.e. pNaKtide was without
any effect on relaxation to 3uM ACh (Supplemental
Figure 7(c)) and suppressed relaxation to 0.1 mM
ACh (Supplemental Figure 7(d)).

In contrast to cerebral arteries (Figure 2), whole-
mount immunostaining of mesenteric arteries demon-
strated an elevation of both o, and o, isoforms of the
Na,K-ATPase in the Atpla2t/ =R mice in compari-
son with WT (Supplemental Figure 8(a) to (d)).
However, the expression of NCX in mesenteric arteries
from the Atpla2™ SR mijce was reduced
(Supplemental Figure 8(e) to (f)), similar to cerebral
arteries (Supplemental Figure 2).

No difference in total ¢Src and its phosphorylation
levels was found between the Atpla2*/~S31R and WT
mice (Supplemental Figure 9(a) to (c)). Stimulation
with  NA increased cSrc phosphorylation in
both groups without any difference between them
(Supplemental  Figure 9(c)). Incubation  with
pNaKtide suppressed cSrc phosphorylation.

Total MYPT1 expression and baseline MYPTI1
phosphorylation were also the same in mesenteric
arteries from the Atpla2™ %R and WT mice
(Supplemental Figure 9(a), (d) and (e)). NA elevated
MYPTI1 phosphorylation, and this increase was the
same for both Atpla2™ =R and WT mice.
Incubation with pNaKtide reduced NA-induced
MYPTI1 phosphorylation in mesenteric arteries from
both groups (Supplemental Figure 9(d) and (e)).

Discussion

Mutation of the Na,K-ATPase o2 isoform causes
FHM2 in humans. In this study, increased middle cere-
bral artery contractility in mice with a mutation in the
Na,K-ATPase a2 isoform was found. This was found
to be associated with complex changes in excitation-
contraction coupling. These changes can be summar-
ized (Supplemental Figure 10) as cerebral artery
smooth muscle cells from the Atpla2t/~3R mjce
being depolarized more to agonist stimulation, with
this being paradoxically associated with a lesser
increase in [Ca®']; compared to WT. Furthermore,
the reduced [Ca®']; increase was unexpectedly asso-
ciated with an increased force development. These find-
ings suggest that an activation of c¢Src kinase may be
the mechanistic link, which can explain the complex
changes in the excitation-contraction coupling
(Supplemental Figure 10). A second important finding
of this study is that the increased contractility may be
confined to the cerebral, over systemic mesenteric
arteries.

FHM?2 is characterized with perfusion abnormalities
in the brain

Biphasic changes in cerebral blood flow during a
migraine attack in FHM?2 patients are established.®*’
Although it is highly variable between reports,*’*® an
initial hypoperfusion (i.e. vasoconstriction) in the
affected hemisphere is linked to spreading depolariza-
tion of neural tissue and followed by hyperperfu-
sion.** Vasoconstriction has been hypothesized to be
a consequence of abnormal neuronal excitation,®>°
although it might also be a result of increased concen-
tration of contractile factors in the circulation.’' >
Thus, plasma thromboxane A, is known to be elevated
in migraine patients.’’ Moreover, interical plasma con-
centration of endothelin-1, and especially its ictal con-
centration at the beginning of attack, is also known to
be elevated in migraine with aura.’>>

How spreading depression leads to cerebral artery
constriction is unknown. It has been hypothesized
that an abnormally high accumulation of [K™], and/
or other metabolites, neuromediators, or hyperactiva-
tion of perivascular innervation could contribute to
regional vasoconstriction in the brain.” Data from the
present study suggest that cerebral artery smooth
muscle cells with the FHM?2-associated mutation have
increased sensitivity to [Ca*>"];. Thus, stimuli, which are
usually subthreshold for a normal subject, might lead
to regional cerebral vasoconstriction and hypoperfu-
sion in FHM?2 patients, and in this mouse model.
This also implies that changes in perfusion might at
least be partly independent of altered neuronal activity,
to originate within the vascular wall. Consistent with
this, we found that the Atpla2™ 'R mice have
reduced perfusion through middle cerebral arteries
under resting condition. We did not find any significant
difference in arterial diameter in vivo. This suggests a
possible elevation of downstream resistance of micro-
vessels exposed to circulatory and perivascular vaso-
active factors in vivo.

Atp a2~ mouse model for vascular
haploinsufficiency of the Na,K-ATPase a2 isoform

Previously, attention was given to abnormal function of
the mutated Na,K-ATPase a2 isoform in glial cells in
FHM2.>>* However, it is also suggested that the
FHM2 disecase phenotype cannot be explained by
impaired astrocytic function alone, as the o2 isoform
constitutes a relatively minor component (~20%) of
the total astrocytic Na,K-ATPase,” and even less
(~10%) in terms of activity.”® An ~50% reduction in
the Na,K-ATPase a2 isoform in all brain regions of the
Atpla2™~93R mice has been reported.** This is con-
sistent with other reports on haploinsufficiency of the
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FHM?2-associated mutations.>*>” The present study
also found a reduction of a2 Na,K-ATPase protein
expression in middle cerebral arteries from Atpla2™/
~G30IR mice of ~50%. The present and other find-
ings*>>**7 are not in agreement with another report
where no significant reduction of the Na,K-ATPase
a2 isoform was found in Atpla2™/ =R mouse hippo-
campus.”® The reason for this discrepancy is unknown,
but may represent variability within the brain, to reflect
the current data comparison of cerebral and systemic
(mesenteric) vascular beds.

Surprisingly, an increased o2 Na,K-ATPase expres-
sion in mesenteric arteries from the Atpla2t/~C30IR
mice was found. This suggests that a2 isoform matur-
ation, transport, insertion and / or degradation are con-
trolled differently in cerebral and mesenteric arteries.
Since the present study is unable to discriminate
between mutated and WT proteins, we do not know
how much of the mutated protein is expressed, and
what the functional consequence of this is in these
arteries. However, based on similar contractile
responses, we suggest that the functional contribution
of the o2 isoform may be unchanged in mesenteric
arteries from Atp1212+/_G301R mice. It is unknown
which factor(s) are responsible for the differences in
the expression profile of these two vascular beds, but
notably, the G301R mutant was previously shown to be
expressed differently in different cell types, e.g. the
G301R mutant was normally expressed in oocytes,””
but not in neurons®> and oocytes®® in other studies,
alluding to differences in endothelial and smooth
muscle phenotype and function between different
arteries and states.®

The G30IR mutation is associated with changes
in the expression of membrane transporters

The present study found that expression of the al iso-
form was also suppressed in cerebral arteries from
Atpla2t/=G3R mice. This is in contrast to previous
reports where the expression of other isoforms of the
Na,K-ATPase was not affected by changes in the
expression of the o2 isoform.’*>* The reason for this
is unclear, but an increase of cSrc activation, discussed
below, could potentially contribute to changes in the
smooth muscle phenotype and the expression profile.®!
The present study also found a reduction of NCX
expression, which is consistent with suppression of the
NCX after siRNA-induced downregulation of the o2
isoform in rat mesenteric arteries.’> Accordingly,
chronic ouabain treatment upregulated Na,K-ATPase
o2 isoform expression in rat mesenteric artery smooth
muscle cells, and this was associated with increased
NCX expression.®? Collectively, this suggests that
expression of the Na,K-ATPase o2 isoform and the

NCX is closely linked and might be associated with
smooth muscle cell phenotype and vascular remodelling
of cerebral arteries, per the present data.

It has been suggested that the Na,K-ATPase modu-
lates expression of other proteins via the cSrc kinase
pathway.'* In the present study, changes in cSrc
kinase expression and activation in cerebral arteries of
Atpla2™/=G3IR mjce were found. The mechanism for
cSrc-dependent transcriptional regulation is unclear.
Notably, tyrosine phosphorylation of STATs (signal
transducers and activators of transcription) has been
shown to trigger their activation and translocation to
the nucleus where it can subsequently upregulate
nuclear factor of activated T-cells (NFAT) expres-
sion.®® The calcineurin/NFAT pathway can modulate
expression of Ca’" transport proteins including the
NCX.** It is however unclear whether changes in
NCX expression in the present study are dependent
on cSrc kinase activation or mediated via altered
Ca’" homeostasis. Further work with chronic inhib-
ition of NFAT and cSrc kinase is necessary to test
these possibilities.

Expression changes in cerebral arteries of
Atp a2t =%3%R mice are associated with
an increased arterial contractility due to
sensitization to Ca**

The increased contractility of cerebral arteries cannot
simply be explained by reduced pumping activity of the
Na,K-ATPase o2 isoform, or by the secondarily
reduced NCX. Expression changes and pharmaco-
logical manipulation of the Na,K-ATPase o2 isoform
can affect vascular tone via modulation of [Ca®'];
through an interaction of the Na,K-ATPase with the
NCX.?!? In this scenario, suppression of Na,K-ATPase
ion pumping activity was suggested to suppress
the Na'-dependent net Ca”" extrusion leading to
increased [Ca®']; and potentiation of vasoconstric-
tion.*>° This is not consistent with the present results,
where increased contraction of cerebral arteries of
Atpla2™/~G3R mice is associated with reduced
[Ca’*];. Previous studies reported that reduced expres-
sion of the NCX leads to reduced net Ca®* influx and
suppressed arterial contraction.’®®” Consistently, the
present work detected a reduction in the NCX to be
associated with a smaller increase of [Ca’']. It has
been suggested that the reduced [Ca®']; is a result of
functional suppression of the voltage-gated Ca®" influx,
consequent to the reduced NCX activity.®” The present
observation of reduced net Ca®* influx in response to
K "-induced depolarization and reduced net Ca*" influx
in spite of stronger depolarization supports this
proposal.®®¢7
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Reduced [Ca®']; changes can also be achieved by
hyperactivation of the plasma membrane Ca’"
ATPase, which has been shown to be activated by the
Src kinase family in neurons.®® The effect of cSrc kinase
can also be mediated via membrane potential due to
phosphorylation and inhibition of the voltage-gated
and Ca”"-activated K* channels.®” Accordingly, the
present data show a stronger agonist-induced depolar-
ization of cerebral artery smooth muscles in
Atpla2™/=G3IR than in WT.

The difference in contractility between
Atpla2™=9MR 4nd WT mice cannot be explained by
changes in Ca®" transport proteins, since in mesenteric
arteries, the present data found a reduced NCX expres-
sion, which was not associated with any significant
change in agonist-induced contraction. This suggests
limited significance of the NCX for agonist-induced
contraction of smooth muscles, at least in mesenteric
arteries, although some importance of cerebral artery
[Ca®*]; homeostasis cannot be excluded. Reversal
potential for the NCX in vascular smooth muscle
cells is approximately —30mV;”® i.e. near the maximal
depolarization level in response to maximal agonist
stimulation. This suggests that the NCX cannot be
the major contributor for Ca®" influx during agonist
stimulation and therefore the reduction in its expression
did not affect contraction of mesenteric small arteries
and cannot explain lower [Ca®"]; changes in cerebral
arteries from the Atpla2/ =S¥ R mice.

Stronger contractile responses of cerebral arteries
from Atpla2™/ =R mice may result from the
increased media-to-lumen ratio found described
herein. However, per below, the ‘normalizing’ effect
of acute maximal activation of cSrc as well as inhibition
of cSrc does not support this suggestion. The mechan-
ism/s underlying cerebral artery remodelling in the pre-
sent study is unclear, but may be due to changes in
hemodynamic parameters, and/or to a cSrc-dependent
phenotypic switch in smooth muscle cell signalling.

Elevated cSrc-dependent signalling is responsible for
increased Ca®" sensitivity

The Na,K-ATPase has been suggested to form a mem-
brane microdomain with several proteins involved in
intracellular ~ signalling, including Src kinase."
Ouabain binding to the Na,K-ATPase has been
shown to activate c¢Src kinase via autophosphorylation
at Y418.22242%7! There are two views on how the activ-
ity of cSrc kinase is modulated by the Na,K-ATPase.
One suggestion is that cSrc kinase interacts physically
with the Na,K-ATPase.'®2"7 This view contrasts with
the suggestion that changes in ATP consumption by the
Na,K-ATPase play a key role for ¢cSrc autophosphor-
ylation.”® ?> The current study is consistent with an

interaction  between  c¢Src  kinase and  the
Na,K-ATPase, but cannot distinguish between the
two possibilities. Previous reports suggested the import-
ance of either ol or o2 Na,K-ATPase for cSrc-
dependent signaling.’*** In the current study, it is not
possible to distinguish between these options since the
expression of both isoforms was suppressed in the cere-
bral arteries of Atpla2™/ =GR mice.

The present data suggest that potentiation of cere-
bral vasoconstriction is mediated by elevated cSrc
kinase activation via the sensitization of the contractile
machinery to [Ca®"];. The contribution of cSrc kinase
to Ca’*-sensitization was suggested to be mediated via
Rho kinase translocation and subsequent MYPTI
phosphorylation in studies of rat pulmonary arteries,”
aorta,” and mouse mesenteric arteries.”>
Pharmacological analyses suggest that agonist-stimu-
lated cSrc kinase activation and contribution to the
arterial contraction is upstream to Rho kinase activa-
tion.”* The mechanism important for this interaction is
unknown, but leukaemia-associated RhoGEF, which is
expressed in smooth muscle’® and which can enhance
RhoA, is known to be activated by tyrosine phosphor-
ylation.”” Moreover, ouabain was suggested to consti-
tutively activate Rho kinase via a caspase-dependent
cleavage pathway.”® Accordingly, the present results
suggest that elevated cSrc kinase activation in the
Atpla2™~93FMR mice increases the Ca’*-sensitivity of
cerebral arteries via MYPT1 phosphorylation. The role
of Na,K-ATPase-cSrc-MYPT]1 signalling was also sup-
ported by the effects of tyrosine kinase inhibition. The
present work used two non-related inhibitors, a con-
ventional cSrc kinase inhibitor, PP2 and a peptide
that inhibits the Na,K-ATPase-dependent cSrc activa-
tion,”**** and both suppressed the contraction of
cerebral arteries and partially antagonized MYPTI
phosphorylation. These findings argue against remodel-
ling as a major contributor to elevated cerebrovascular
contractility in Atpla2™ =R mice.

The present work found that although the expres-
sion of total cSrc protein was slightly reduced in
cerebral arteries from the Atpla2t/~9%!R mjce, phos-
phorylated cSrc in the arteries from Atpla2™/~G30IR
mice was not significantly different under resting con-
ditions and significantly increased upon agonist stimu-
lation in comparison with WT. This supports the
hypothesis that the reduction in Na,K-ATPase permits
autophosphorylation of cSrc kinase.!” The observed
reduction in total cSrc expression in cerebral arteries
of Atpla2™/ =S¥ R mice could be a result of compen-
satory downregulation when a significant part of the
Na,K-ATPase was lost. Consistent with this, no differ-
ence in resting tone, [Ca®"]; and membrane potential
was seen in vitro. Agonist stimulation further activated
cSrc kinase and this was significantly potentiated in
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cerebral arteries of the Atpla2™ =S¥ mice; albeit
probably due to reduced ‘buffering’ by the Na,K-
ATPase. If the level of cSrc activation inversely correl-
ates with the availability of the Na,K-ATPase, two pre-
dictions can be made. When the Na,K-ATPase is
blocked with ouabain in arteries from the two groups
of mice, no difference in contraction should be seen,
and when cSrc kinase activity is blocked by PP2 or
pNaKtide, no difference in contraction should be
seen. Both predictions were confirmed in this study,
supporting the hypothesis that elevated contractility
of cerebral arteries in Atpla2™~93'R mice is mediated
by higher activation of cSrc kinase.

In the present study, digoxin did not activate cSrc
signalling in smooth muscles'*and nor did it abolish
the difference in contraction of cerebral arteries.
Notably, a tendency for digoxin to potentiate contrac-
tion of cerebral arteries from WT, but not Atpla2™/
~G30IR mice, suggests that inhibition of the Na,K-
ATPase can affect arterial contraction in a mechanism
other than that involving the cSrc activation pathway.
This is possibly mediated via the NCX-dependent
increase in [Ca”*];,>>% which cannot explain the differ-
ence between contractile responses cerebral arteries of
Atpla2™/ =S¥ R and WT mice. Importantly, the differ-
ence in contractile responses between the groups was
observed at agonist concentrations where [Ca®'];
reached sub-maximal levels. This suggest that the pro-
posed cSrc-dependent Ca>" sensitization has a potentiat-
ing action on [Ca”"]; initiated constriction, and is of
primary importance in association with vasoconstrictor
stimulation, such as at the first stage of a migraine attack.

Limitations

Although FHM? is a relatively rare form of migraine,'
further insight into its pathology will contribute to a
broader understanding of migraine in general. The
increased Ca’" sensitivity of cerebral arteries from
mutated mice likely contributes to the aura-associated
initial hypoperfusion. This cannot be generalized to all
forms of migraine since FHM2 is the only migraine
subtype known to be associated with mutations in the
a2 isoform Na,K-ATPase. However, the principle can
also be applied to other types of migraine where cere-
brovascular hypercontractility associated with neuronal
excitation may be elicited by other pathways.

This study has used an animal model, and it will be
important to translate the findings to patients. It is also
unclear whether aura-associated hypoperfusion can be
elicited in mice, although we have seen some reduction
in resting cerebral blood perfusion. Finally, the mech-
anisms responsible for regional specific translational
modulation/s of the Na,K-ATPase o isoform, NCX
and cSrc kinase remain to be elicited.

Conclusion

This study suggests a novel mechanism for hypoperfu-
sion of the brain, which is an initial phase in the
migraine attack of FHM2. The proposed mechanism
suggests that the o2 isoform dependent regulation of
cSre kinase explains the Ca*"-sensitization of the con-
tractile machinery in smooth muscle cells of cerebral
arteries. The present work suggests that this signalling
pathway has significant importance for cerebral artery
contractility, but is of lesser significance for extra-cere-
bral systemic vessels.
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