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2. Abstract

The Na*/K*-ATPase is the single greatest energy consumer of brain cells and
accounts for at least 50% of ATP consumption under resting conditions. When Na*/K*-
ATPase function is compromised, a neuropathophysiological phenomenon is triggered,
known as spreading depolarization (SD). SD is characterized by massive, unparalleled
redistribution of ions across cell membranes and widespread, sustained depolarization
that propagates as a wave through the gray matter of the central nervous system. SD has
been shown to occur abundantly in humans in acute, life threatening medical conditions
and it is widely accepted as the cellular mechanism underlying migraine aura. Mutations
in ATP1A2, the gene that encodes the a2 isoform of the Na*/K*-ATPase are associated
with the occurrence of a severe subtype of migraine with aura: familial hemiplegic
migraine type 2 (FHM2). This association suggests a role of the a2 isoform in SD. Despite
research on FHM2 knock-in mouse models, the roles in SD of the other two a isoforms
that are expressed in the mammalian brain are largely unknown. In my thesis |
investigated the role of all three brain-expressed a isoforms employing three distinct
knock-out mouse lines. Combining genetic isoform ablation of Na*/K*-ATPase a1
(ubiquitous), a2 (astrocytic) and a3 (neuronal) with pharmacological inhibition we
compared the resulting SD phenotypes under similar conditions in the acute brain slice
preparation and in vivo. We found that only a2-deficient mice displayed increased SD
susceptibility in acute brain slices. Intriguingly, this susceptibility effect was dependent on
high baseline [K*]o in the bathing medium and was abolished under normal [K*]o in brain
slices and in vivo. Furthermore, we found that the extracellular K* clearance upon intense
neuronal stimulation was surprisingly well compensated in a2 deficient mice. In vivo, we
found indications that the Na*/K*-ATPase a2 isoform is implicated in modulation of the
vascular tone which was evidenced by a pronounced post-SD hypoemic response that
was not reproduced in a1- or a3-deficient mice. By contrast, deficiency of a3 resulted in
increased resistance against electrically-induced SD in vivo whereas a1 deficiency did
not affect the SD phenotype. These data support a pivotal role of the a2 isoform in SD
that is not replicated by a1 or a3 and that suggests specialized function through functional
coupling to secondary active transporters. The observed vascular effect is particularly
important in the context of migraine and stroke and warrants further research to unravel

its mechanistic basis.



3. Abstract (German)

Mehr als 50% des ATP-Bedarfs unter Normalbedingungen sind auf die Na*/K*-
ATPase zurlckzufuhren und machen diese damit zum groten Einzel-
Energieverbraucher von Zellen im Gehirn. Bei Beeintrachtigung der normalen Na*/K*-
ATPase-Funktion kann es im Gehirn zur Ausbildung von sog. Spreading Depolarizations
(SD) kommen. Diese Massen-Depolarisationswellen sind gekennzeichnet durch eine
aulBergewodhnlich ausgepragte Verschiebung von lonen Uber die Nervenzellmembran
und gehen mit einer starken, anhaltenden Depolarisation einher, welche sich wellenartig
in der grauen Substanz ausbreitet. SDs werden regelhaft in vielen akuten
Krankheitsbildern des Gehirns angetroffen und gelten allgemein als der zugrunde
liegende Mechanismus der Migrane-Aura. Mutationen in ATP1A2, dem humanen Gen,
das fur die a2-Isoform der Na*/K*-ATPase kodiert, wurden bei Patienten gefunden, die
an einer schweren Form der Migrane mit Aura leiden, der familaren hemiplegischen
Migrane Typ 2 (FHM2). Diese Verbindung weist auf eine mogliche Rolle der a2-Isoform
in der Entwicklung von SD hin. Trotz Bemuhungen die Funktion der a2-lIsoform in
Knockin-Mausmodellen zu erforschen, ist nur wenig tber die Rolle der anderen beiden
a-lsoformen bekannt, die im Gehirn exprimiert werden. In der vorliegenden Arbeit habe
ich die Rolle dieser drei Na*/K*-ATPase a-Isoformen mittels dreier verschiedener
Knockout-Mauslinien untersucht. Dafur haben wir unter gleichbleibenden Bedingungen
die genetische Reduktion von a1 (ubiquitar), a2 (astrozytar) und a3 (neuronal) mit
pharmakologischer Hemmung kombiniert und die resultierenden SD-Phanotypen
miteinander verglichen. Wir konnten zeigen, dass einzig die Reduktion der a2-Isoform zu
einer Erhdhung der Empfanglichkeit fur SD fuhrte. Interessanterweise war dieser Effekt
abhangig von einer erhdohten extrazellularen K*-Konzentration [K*]o und verschwand
unter normalen Bedingungen. Daruber hinaus fanden wir heraus, dass die Fahigkeit zur
extrazellularen K*-Pufferung wahrend intensiver neuronaler Stimulation in o2-
heterozygoten Mausen nahezu unberuhrt blieb. Wir fanden auch Hinweise flr eine
Modulierung des zerebralen Gefaf3tonus durch die Na*/K*-ATPase-a2-Isoform, die in
einer verstarkten Ausbildung der Post-SD-Hypoperfusion resultierte und in a1- sowie a3-
Heterozygoten nicht nachweisbar war. Im Gegensatz dazu konnten wir nachweisen, dass
a3-haploinsuffiziente Tiere eine erhdhte Widerstandsfahigkeit gegenuber elektrisch
ausgeldster SD aufwiesen, Tiere mit einem Mangel an al-Isoform jedoch keinerlei
Veranderungen des SD-Phanotyps zeigten. Die vorliegenden Ergebnisse sprechen flr



eine zentrale Rolle der a2-Isoform in der Modulation von SD-Empfanglichkeit und der
assoziierten Blutflussregulation. Diese Spezifitat ist am ehesten auf die funktionelle
Kopplung mit sekundar aktiven Transportern zuruckzufuhren. Insbesondere der
beobachtete Blutfluss-Effekt ist im Hinblick auf die Krankheitsbilder Migrane und
Schlaganfall von Bedeutung und rechtfertigt eine weitere Abklarung zugrundeliegender

Mechanismen.



4. Synopsis

4.1 Introduction

General Introduction

Spreading depolarization (SD) is increasingly recognized as integral part of the
neuropathophysiological spectrum of responses observed in acute medical conditions of
the human brain." SDs are frequently encountered in the course of ischemic stroke, global
ischemia, intracerebral hemorrhage, traumatic brain injury, and subarachnoid
hemorrhage (SAH) by means of advanced neuromonitoring in neurocritical care.?
Moreover, SD is widely accepted as the underlying mechanism of migraine aura.? In
metabolically compromised brain tissue, SDs are associated with neuronal death 4 and
have been associated with a worsening of the outcome in stroke models, such as the
enlargement of the infarction volume.> A striking, inverse vascular response, termed
spreading ischemia (SI),% 7 accompanies SD under specific pathological conditions and
has been shown to cause widespread cortical infarcts in patients with SAH.2 The
association of SD occurrence with poor clinical outcome and the frequent severe disability
and loss of independence in survivors has put SD in the limelight of clinical and basic
research. While SD has started as a mere artifact in electrophysiology experiments in the
last century,® it has become the subject of extensive basic and clinical research in recent
years. However, despite considerable research efforts, it remains unclear whether and
how to target SDs therapeutically and under which conditions the outcome of patients can
be improved. Furthermore, owing to the complexity of the interplay of neuronal, astrocytic
and vascular cells during SD, basic mechanisms are not yet well understood. In this work
we aimed at elucidating the role of the Na*/K*-ATPase in SD, an electrogenic
transmembrane ATPase, that is essential for cell survival and neuronal excitability and

that plays a fundamental role in the cellular mechanisms of SD.™°

Mechanisms of Spreading Depolarization

On the cellular level, SD is characterized by massive, unparalleled redistribution of
ions across cell membranes that causes widespread, sustained neuronal depolarization
and propagates as a wave through the gray matter of the central nervous system at a
rate of ~2-9 mm/min."® Restoration of ion concentration gradients in the wake of SD
requires energy-dependent ion translocation across cell membranes that is primarily

driven by the Na'/K*-ATPase. The Na*/K*-ATPase (sodium-potassium adenosine



triphosphatase, sodium pump) is an essential molecular transporter that accounts for the
majority of the energy consumption in the mammalian central nervous system.' While
the pump’s energy expenditure is already unmatched under normal conditions, during
and following the breakdown of the ionic concentration gradients during SD, increased
Na*/K*-ATPase activity entails even greater demand for ATP.'2 This surge in activity is
evidenced by a decrease of the available tissue oxygen, aggravating the supply-demand
mismatch.'® Conversely, when the tissue falls short of oxygen and oxidizable substrate,
such as under ischemic conditions, decreased ATP formation slows Na*/K*-ATPase
turnover and results in protracted re-establishment of ion concentration gradients and
membrane repolarization during SD. Accordingly, a gradient of different degrees of
depolarization can be observed in stroke that corresponds to the level of metabolic

compromise of the tissue surrounding the ischemic core." 14

The Na*/K*-ATPase and Spreading Depolarization

Pharmacological Na*/K*-ATPase inhibition using cardiac glycosides, such as
ouabain, is known to increase the susceptibility to SD and to trigger full-blown SDs at
higher concentrations.'® Interestingly, a specific Na*/K*-ATPase a isoform has been
implicated in an autosomal dominant variant of migraine with aura: Missense mutations
in ATP1A2, the gene encoding for the a2 isoform of the Na*/K*-ATPase, have been
identified in patients suffering from familial hemiplegic migraine type 2 (FHM2).'® Since
SD is believed to be the cellular mechanism underlying migraine aura, animal models of
familial hemiplegic migraine have been investigated with regard to their propensity to
produce SDs. Indeed, knock-in mouse models of familial hemiplegic migraine type 1
(FHM1) and FHM2 have been demonstrated with elevated SD susceptibility, thereby
strengthening the causal link between SD and migraine.'” '® Despite this association, the
connection of SD and the pain component of migraine remains controversial."
Regardless of the research related to familial hemiplegic migraine with the primary focus
on a2 knock-in mouse models, only little is known about the role of the other two a
isoforms of the Na*/K*-ATPase expressed in the brain. On the basis of the intimate
involvement of the Na*/K*-ATPase in the process of SD, this work aimed at elucidating

the role of the three distinct Na*/K*-ATPase a isoforms in SD: a1, a2 and a3.

The Na*/K*-ATPase is an integral membrane protein that transports three sodium
(Na*) ions in exchange for two potassium ions (K*) across the plasma membrane during



each cycle of ATP hydrolysis, thereby generating the electrochemical gradient that is
essential for neuronal excitability. Moreover, this gradient is vital for the operation of
secondary active transporters that mediate the uptake of ions, neurotransmitters and
nutrients and that are responsible for regulating cell volume and pH.2%: 2! The Na*/K*-
ATPase is an oligomer that consists of stoichiometric amounts of a and B subunits.
Whereas these two subunits are essential, the association with a third auxiliary protein,
termed gamma subunit (FXYD protein), is optional. The Na*/K*-ATPase belongs to the
family of the P-type ATPases that change their conformation upon phosphorylation by
ATP. It is the a isoform that catalyzes ATP hydrolysis to ADP and binds, occludes and
transports Na* and K* across the plasma membrane.?? 23 The smaller, highly glycosylated
B isoform has been shown to modulate the pump’s affinity to Na* and K* 24 and is involved

in correct protein folding and transport of the a isoform to the cell membrane.?®

Na*/K*-ATPase a Isoforms

In the mammalian brain, Na*/K*-ATPase a isoforms are expressed in three different
isoforms, that vary in their expression depending on cell type and developmental stage.
Cell-specific expression, different affinities towards cardiac glycosides, heterogeneous
expression patterns in the cellular membranes of neurons and astrocytes (punctate vs.
homogeneous distribution), colocalization with different secondary active transporters,
and the association of distinct isoforms with human monogenetic disorders suggest
distinct functions of the three a isoforms.?° In the adult mammalian brain, the a2 isoform
is predominantly expressed in astrocytes. Its spatial and functional association with the
plasmalemmal sodium-calcium exchanger (NCX) is believed to be the basis of the
positive inotropic action of cardiac glycosides, such as digoxin, on cardiomyocytes.?6 A
conceptually similar functional coupling of the a2 isoform with secondary active
transporters has been proposed to drive calcium transporters and presynaptically-
released glutamate reuptake into astrocytes.?’-2° Interestingly, a switch of the cellular
expression during early development shifts a2 expression from neuronal to primarily
astrocytic. It has been proposed that predominant neuronal expression at the time of birth
is the reason for absence of spontaneous breathing rhythm in brainstem respiratory
neurons of homozygous a2-deficient mice.?° The a3 isoform is exclusively expressed in
neurons in the adult brain. Mutations in ATP1A3, the gene encoding for the a3 subunit,
have been identified in patients suffering from rapid-onset dystonia parkinsonism
(RODP), alternating hemiplegia of the childhood (AHC), and in patients with the CAPOS



syndrome (cerebellar ataxia, areflexia, pes cavus, optic atrophy, sensorineural hearing
loss). Similar to the a2 isoform, it is expressed in clusters in the cell membrane suggesting
a role in fueling secondary active transporters for which it creates local concentrations
gradients of Na* and K* in membrane microdomains. The a1 isoform is expressed in all
cell types and is assumed to serve as the housekeeping isoform. Its expression pattern
differs from the a2 and a3 isoform in that it is evenly distributed over the cell membrane
as opposed to the punctate pattern observed in the other isoforms. In rodents, the affinity
of the endogenous ligand ouabain is ~1000-fold lower for a1 compared to a2 and a3 and
as a result, ouabain (g-strophanthin), a compound belonging to the family of the
cardenolides, allows for separation of the a2/3 component from the a1 portion of the
overall Na*/K*-ATPase activity.?° One of the important roles of the Na*/K*-ATPase in the
brain is the clearance of activity-evoked [K*]o transients for which the astrocytic isoform
(a2) has been proposed to be the most suited due to its unique kinetic properties. In
particular a subunit combination of the a2 and B2 isoform that displays a relatively low
Na* affinity as well as a steep membrane voltage dependence, seems to be geared for

removal of activity-induced rises of [K*]o.2*

Research Questions

This work aimed to address the following main questions:

1. How does a2 deficiency affect the SD phenotype?

2. Does a knock-out model of full a2 haploinsufficiency replicate findings in FHM2 knock-
in mouse models of a high SD susceptibility phenotype?

3. Is a potential a2 effect specific for this isoform or can it be reproduced by genetic
reduction of the other two brain-expressed isoforms (a1 or a3)?

4. Is a potentially increased SD susceptibility effect mediated by compromised [K*]o
clearance?

5. Which of the three brain-expressed Na*/K*-ATPase a isoforms mediates the known
facilitating effect of the cardiac glycoside ouabain on SD?

6. Does a isoform deficiency affect the vascular response during SD?

Experimental approach

In the past, the lack of selectivity of the pharmacological approach of utilizing cardiac
glycosides precluded an assessment of the individual contribution of the a2 and a3

isoform owing to their similar affinity to the inhibitors. In this work, we have used three



lines of genetically engineered knock-out mice, each heterozygous for one of the three
Na*/K*-ATPase a isoforms expressed in the brain. Heterozygous mice were used
because homozygosity for each of the three isoforms results in embryonic (a1) or
neonatal (02, a3) lethality. In addition, we have combined measurements in acute brain
slices with and without ouabain to compare pharmacological and genetic reduction of the
Na*/K*-ATPase activity. In order to distinguish neuronal or astroglial effects from vascular
effects, we compared measurements in the acute brain slice preparation to in-vivo

recordings under two different anesthetic regimens.

4.2 Methods

K*-selective microelectrodes

To assess changes in field potential and [K*]o in acute brain slices and in vivo, we
employed K*-sensitive/reference microelectrodes that we positioned ~100 um below the
tissue surface.3! The pipettes were pulled from double-barreled (theta) glass using a
custom-made vertical pipette puller or a Flaming/Brown micropipette puller (P-97, Sutter
Instrument) and the tips were broken to ~7.5 um diameter. The reference barrel was filled
with 154 mM NacCl solution whereas the ion-selective side was repeatedly treated with
5% trimethyl-1 chlorosilane in 95% CCls to ensure adhesion of the potassium ion
exchanger resin, which was sucked into the very tip of the microelectrode. Both barrels
were equipped with Ag/AgCIl wires (200 um diameter) and were connected to the
difference amplifier headstage. Only electrodes that yielded a potential shift of 59+1 mV
for a 10-fold concentration change (3, 30 mM K*) at ~25 °C were accepted for
measurement. [K*]o was calculated using a modified Nernst equation:32 log1o([ION]a) = E
/ (s * v) + log1o([ION]r), with E: recorded potential; s: electrode slope obtained at
calibration; v: valence of the measured ion; [ION]:: extracellular ion concentration at rest;

[ION]Ja: ion concentration at activation.

Intrinsic Optical Signals (I0S)

SD propagation speed and extent of spread in acute brain slices were assessed
using light transmittance changes of the tissue.®! In the interface-type of recording
chamber, SD is associated with a long-lasting decrease in light transmittance that
correlates well with the change of other variables, such as the prominent negativity of the

extracellular DC-shift, the surge of [K*]o and the precipitous decline in [Na*] and [Ca?*]. It

10



is therefore a simple way to assess spatio-temporal features of SD propagation, since it
does not require any treatment (fluorescent dye, etc.). To this end, slices rested on 0.4
pm culture plate inserts and were illuminated continuously from below using a cold light
source. The changes in light transmittance (AKA intrinsic optical signal, 10S) were
recorded with a microscope-mounted CCD camera. We defined the IOS as AT = ((T1- To)
/ To) * 100 to obtain the normalized light transmittance change from baseline in percent,
where T1 and To are transmitted light intensity of a region of interest in the field of view at
the time point of interest and 30 s before SD onset, respectively. Single frames were
acquired at a rate of 5 Hz and stored for off-line analysis. The speed of SDs was
calculated by dividing the propagated distance as indicated by the SD wavefront by the
elapsed time. The propagated area was calculated from the two-dimensional projection
of the cumulative extent of SD spread indicated by pixels that exceeded 3% from

baseline.

Assessment of [K*]o clearance

To evaluate [K*]o clearance after intense neuronal stimulation in a2-deficient and
wild-type mice, stimulus trains of increasing intensity were applied to the Schaffer
collateral pathway in the CA3 subfield of the hippocampus of horizontal acute brain slices
with preserved hippocampal circuitry.3’ To ensure similar stimulation efficacy in all
experiments, stimulation intensities were adjusted to yield 25, 50, 75, and 100% of the
maximal population spike amplitudes. Stimulus trains (20 Hz, 10 s duration, 100 us single
pulse length) were applied through bipolar stimulation electrodes (platinum wire, 25 pm
diameter, 100 ym tip separation). We recorded stimulus-induced changes in [K*]o,
orthodromic excitatory postsynaptic potentials in stratum radiatum and population spikes
in stratum pyramidale using ion-selective/reference microelectrodes. We defined rise time
as time elapsed from the start of the stimulus train to 1-1/e of the [K*]o amplitude. The
decay time was defined as time elapsed from termination of the stimulus train until [K*]o

decay to 1/e of its maximal amplitude.

Na*/K*-ATPase activity assay

To determine actual Na*/K*-ATPase activity in the brains of a isoform knockout mice
and their wild-type littermates, we performed a real-time coupled enzyme essay under
temperature-controlled conditions.?'- 33 In the enzyme assay, formation of adenosine

diphosphate (ADP) by ATPases is coupled to nicotinamide adenine dinucleotide (NADH)

11



oxidation in the presence of excess pyruvatekinase (PK), lactatedehydrogenase (LDH),

and phosphoenolpyruvate (PEP):33

ATPase
A ATP ——— ADP + P,
PK
B. ADP + phosphoenophyruvate ———— pyruvate + ATP
LDH
C. Pyruvate + NADH + H¥ ——— lactate + NAD*

Sumof Ato C Phosphoenolpyruvate + NADH + H* ——— lactate + NAD* + P;

The rate of steady-state ATP hydrolysis is proportional to NADH absorbance
decrease, measured spectrophotometrically at 340 nm in the presence and absence of
two different concentrations of ouabain. The ATPase activity was calculated from the
slope of the linear absorption decrease, the NADH millimolar extinction coefficient, the

volume of the reaction mixture, and the total amount of protein in the reaction mixture 33;

. slope (ODU/h) volume (ml)
ATPase activity (umol B /mg-h) = . -
(ODU - ml) protein (mg)
6.22
(umol)

Na*/K*-ATPase activity corresponds to the portion of total ATPase activity that is
suppressible by ouabain. Based on the ~1000-fold lower affinity of the a1 isoform
compared to a2 and a3, it is possible to distinguish between both fractions of the Na*/K*-
ATPase activity by adding 10 mM or 10 ym to the reaction mixture. A standard
homogenate was prepared from forebrains of C57BL/6J mice and was run with all
measurements, mainly to correct for temperature effects. Brains of a2 and a3 knock-out
mice and their wild-type littermates were quickly removed and transferred into
carbogenated (5% CO2 and 95% O2), ice-cold ACSF. The ACSF contained (in mmol/L)
129 NaCl, 3 KClI, 1.8 MgSO4, 1.6 CaClz, 1.25 NaH2PO4, 21 NaHCOs, and 10 glucose (pH
7.4). Forebrains were transferred immediately in liquid nitrogen, omitting the cerebellum.
The brain tissue was homogenized in 10 ml solution per 1 g wet weight containing 0.25
M sucrose, 1.25 mM EGTA, and 10 mM Tris, pH 7.0, at 25 °C, using eight strokes in a
precooled PTFE-glass Potter-Elvehjem homogenizer. The brain homogenate was then
centrifuged at 750 g for 5 minutes (4 °C). We performed analysis of Na*/K*-ATPase
activity on the supernatant without further dilution. Stock solutions of reaction buffer (with

10 uM, 10 mM or without ouabain), auxiliary enzymes and substrates were prepared in

12



advance. The final reaction mixture contained 125 mM Tris buffer, 1 mM EGTA, 120 mM
NaCl, 12.5 mM KCI, 5 mM NaNs, 5 mM MgCl2, 5 mM ATP, 2.5 mM phosphoenolpyruvate,
0.5 mM NADH and 15 units each of LDH (type Xl) and PK (type lll). Brain homogenate
samples, auxiliary enzymes and substrates were added to the reaction buffer stock
solutions omitting only ATP. The mixture was preincubated 5 min at 37 °C in the reading
compartment of a temperature controlled multiwell plate reader. To initiate the reaction
10 pl of ATP-Na2 solution was added to each well using a reagent injector to assure a
constant temperature of 37 °C from the beginning of the reaction. A standard was run
simultaneously with the samples. Protein concentration was determined with Bradford

Reagent and bovine serum albumin as a standard.

Elevated baseline [K*]o threshold for SD induction

The SD threshold was determined by raising the potassium concentration in the
ACSF ([K*]acsF) of coronal brain slices in steps of 2.5 mM at 30-min intervals, starting
from 10 mM.3' The high [K*]o solution was made by an equimolar replacement of KCI for
NaCl. Field potential and threshold [K*]lo were recorded by placing an ion-
sensitive/reference microelectrode (ISME) in neocortical layer 2/3 in a dorsal position and
a second ISME ventral of the rhinal fissure. A different slice from the same animal served
to assess pharmacological inhibition by adding 5 yM ouabain to the ACSF. SD threshold
was defined as the [K*]o at the time point of the first SD occurrence measured by two
ISMEs. The duration of SD’s negative direct current (DC) shift was assessed at 25% of
the maximum DC shift amplitude. SD latency was defined as the time elapsed between
the high [K*]o wash-in until the onset of the first SD.

Microinjection protocol

To assess the SD threshold under normal [K*]o in acute brain slices, SD was triggered
focally by injecting small amounts of 1 M KCI solution into the neocortex of transverse
brain slices from a2*KO84 and a2** mice.3! Micropipettes were pulled from borosilicate
glass capillaries and the tip was broken back to a diameter of ~7.0-7.5 um. KCl-filled
pipettes were connected to a pressure ejection system which was adjusted to produce a
pressure output of 1 bar. The tip of the pipette was inserted into the tissue to yield a depth
of ~100 um. Pressure pulses of exponentially increasing duration (20, 40, 75, 140, 250,
430, 680, 1000 ms) were applied at 120 s intervals until SD was triggered. Two recording

13



electrodes were placed in neocortical layer 2/3 ~1.5 mm medial and dorsal from the

injection site.

SD threshold and rCBF in vivo (isoflurane anesthesia)

Mice were anesthetized with isoflurane during the surgical procedure and the
experiment.®! The isoflurane concentration was 4% during anesthesia induction, 2%
during the surgical procedure and then adjusted to yield a burst-suppression pattern
employing the ECoG recording of spontaneous activity during the SD induction protocol
and the recording (1.2%-1.6% isoflurane in 30 ml/min N20 and 15 ml/min Oz2). The mice
were placed in a stereotaxic frame, a midline incision was made in the scalp, and the
eyes were covered with ointment containing 5% dexpanthenol to reduce drying of the
eyes. Two holes were drilled over the right hemisphere, one for the stimulation electrode
(diameter 1.3 mm, posterior 2.6 mm, lateral 1.5 mm from bregma) and another smaller
one for recoding of the epidural ECoG (diameter 0.5 mm, anterior 1 mm, lateral 2 mm
from bregma). The stimulation site on the intact dura was covered with a thin film of
mineral oil to reduce tissue drying. Regional cerebral perfusion of both hemispheres was
monitored during preparation and recording using laser speckle contrast analysis
(LASCA) imaging. The near infrared (785 nm) laser allowed for assessment of perfusion
(imaging area: 1.3 x 1.1 cm, sampling rate: 0.5 Hz, spatial resolution: 20 uym, averaged
frames per image: 8) through the intact mouse skull and permitted the detection of
premature SDs during the preparation phase. Animals with accidentally initiated SDs
were excluded from the analysis. SD was induced electrically by applying biphasic pulses
of 200 ms (x100 ms) duration with exponentially increasing intensities (20, 30, 40, 50, 60,
80, 100, 150, 200, 260, 340, 450, 600, 800,1000 mA) at 5-min intervals until SD was
triggered. The SD threshold was defined as the smallest electrical charge (electric current
[A] * time [s]) necessary to trigger SD. A mains-operated stimulus isolator was employed
to ensure a consistent compliance voltage of 100 V. Animals were killed after the

experiment by decapitation under 6% isoflurane.

Data analysis and statistical inference

In-vivo experiments with urethane/a-chloralose anesthesia were randomized and
blinded (randomization script in R).3" In-vivo experiments with isoflurane as well as brain
slice experiments were not blinded. To minimize the effects of subjective bias during

analysis, experimental datasets were processed in batches without emphasis on a single

14



experiment or group and whenever possible, custom scripts (Python, MATLAB™, R) were
used to iterate over all files in a data folder. In-vivo experiments using LASCA were only
accepted when premature SDs were absent during preparation, as evidenced by similar
perfusion levels of both hemispheres and the typical multiphasic rCBF response of the
first SD.34 The experimental unit for all descriptive statistics and statistical testing was the
single animal, not a brain slice or an event. When several brain slices from the same
animal were analyzed, the mean of the measurements was calculated. Two groups were
compared using the Mann-Whitney U test. A significance level of P<0.05 was considered

statistically significant.

4.3 Results

Genetic a2 isoform reduction increases SD susceptibility under high [K*]lo baseline in
acute brain slices

In order to quantify SD susceptibility in a model of full a2 haploinsufficiency, we
employed a protocol of stepwise increasing baseline [K*]o in the bathing medium (ACSF)
of acute brain slices from a2*X%84 mice until SD was triggered. We found a significantly
lower threshold [K*]o to trigger SD in a*’°4 mice under elevated baseline [K*]o compared
to o*’* (wild-type control) mice which was also reflected in a reduction of the latency to
SD initiation. Interestingly, the observed threshold and latency effects were of similar
magnitude as pharmacological inhibition of the a2/3 portion of the Na*/K*-ATPase with 5
umol/L ouabain (threshold/latency: a2*KO84 .12 7%/-22.2%; ouabain, -16.4%/-22.6%).
Lowering of the SD threshold conforms to published data from FHM2 knock-in mouse

studies that reported increased SD susceptibility in acute brain slices and in vivo.'" 28

Deficiency of the Na*/K*-ATPase a1 or a3 isoform does not impact SD susceptibility
under elevated baseline [K*]

One of the central questions of this study was whether a high SD susceptibility
phenotype is specific for a deficiency of the Na*/K*-ATPase a2 isoform or, alternatively,
whether genetic reduction of the other two brain-expressed a isoforms affects the SD
threshold in a similar manner. To address this question, we exposed acute brain slices
from a1- and a3-deficient mice to the same high baseline [K*] protocol that was used for
acute brain slices from the a2 knock-out mice. In short, we found no effect of genetic a1

or a3 reduction on SD susceptibility in acute brain slices, indicated by similar threshold
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[K*] and latencies until SD induction. These observations suggest a distinct role of the a2
isoform in modulating SD susceptibility that is not replicated by the other two brain-

expressed isoforms.

The clearance of extracelluar K* during intense neuronal activation is not altered
significantly in a2*K°E4 mice

To further investigate the underlying mechanistical basis of the increased SD
susceptibility in a2*®CE4 mice under high baseline [K*]o, we assessed measures of
extracellular K* clearance after intense neuronal simulation. In transverse acute brain
slices, we stimulated axons forming the Schaffer collateral pathway in the CA3 subfield
of the hippocampus and recorded field excitatory postsynaptic potentials, population
spikes and changes in [K*]o CA1. We found no impairment of extracellular K* clearance
as assessed by the rise time, decay time and peak amplitude of the associated [K*]o
surges. Furthermore, undershoots of [K*]o, that have been attributed to post-stimulation
Na*/K*-ATPase activation, did not differ significantly between a2*KC4 and a2** mice.
These results demonstrate that deficiency of the Na*/K*-ATPase a2 isoform in a2*/KOE4
mice does not affect K* clearance after intense neuronal activation under normal [K*]o (3

mmol/L).

Under physiological [K*1o, a2*'KOE4 mice display similar resistance against SD compared
to wild-type

To assess the effect of genetic a2 reduction on SD susceptibility under physiological

[K*]o of 3 mmol/L as opposed to exposure to elevated baseline [K*]o as in the first set of
experiments, we induced SD in acute brain slices focally, employing a microinjection
protocol. We determined the SD threshold by injecting highly concentrated KCI solution
(2 mol/L) into the tissue, stepwise increasing the duration until SD was triggered. In stark
contrast to the protocol of increasing baseline [K*]o under normal [K*]o, a2*/KO&4 mice
displayed a similar susceptibility to SD compared to their wild-type littermates in the acute
brain slice preparation. Furthermore, neither SD speed nor SD extent of spread,
calculated from the SD-associated light transmission changes, were significantly different
between a2*KOE4 and a2**. Interestingly, we could identify significantly different SD
speeds between a dorsal and ventral component of the mouse cortex. This was a
consistent observation across all three tested mouse lines and varying slicing planes
(transverse, coronal). Unlike a2 deficiency, pharmacological Na*/K*-ATPase inhibition by
bath application of ouabain (5 pmol/L) drastically increased SD speed and enlarged the
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projected area of SD spread. These results point towards key differences of the knock-
out mouse model of full a2 haploinsufficiency used in this study compared with FHM2

knock-in mouse models.

Effects of Na*/K*-ATPase a isoform deficiency studied in vivo under urethane/a-
chloralose and isoflurane anesthesia

In order to examine the SD threshold effects in the intact organism with preserved
neuronal connectivity and in presence of functional vasculature, we performed in-vivo
experiments in a1*/KOE1S  q2+KOE4 “3+/KOI4 gnd the respective wild-type littermates. The
first set of experiments was done using intraperitoneally-injected urethane/a-chloralose
to achieve general anesthesia. In a second set of experiments, we employed isoflurane
anesthesia and focused in particular on cerebral perfusion. To this end we started LASCA
imaging at the time of the preparation of the stimulation site and the ECoG electrode in
order to identify premature SDs. Confirming our previous results in acute brain slices
under normal [K*]o (3 mmol/L), a2*XOE4 mice displayed a similar SD susceptibility under
both anesthetic regimen when compared to a2** mice. Similarly, deficiency of the a1
isoform (a1*XCE15 mice) did not have an effect on SD threshold or SD speed. By contrast,
a3*KO4 mice displayed increased resistance to electrical SD induction under urethane/a-

chloralose.

Depression of spontaneous activity following SD in a2- and a3-deficient mice

Depression of spontaneous activity, that is associated with SD in electrically active
gray matter, is known as spreading depression. In order to quantify the degree of
depression during SD, we determined the EEG suppression in the frequency band that
was most affected by SD (1-4 Hz). Interestingly, we found the root mean square (RMS)
amplitude to be significantly reduced in both a2*KO&4 and a3*KO* mice compared to their
wild-type littermates. This unexpected finding indicates that deficiency of both a2 and a3
isoforms impairs the ability to recover from spreading depression compared to their wild-

type littermates.

Marked hypoperfusion in a2*€°E4 mice under urethane/a-chloralose anesthesia

Mice have been reported to display a unique rCBF response to SD which is
characterized by a long-lasting hypoperfusion that begins in the wake of the “first” SD.34
To assess a possible role of Na*/K*-ATPase a isoforms in the blood flow response we

monitored the hemodynamic response during SDs using laser Doppler flowmetry (LDF)
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and, in a later set of experiments, LASCA imaging. Whereas the blood flow response was
comparable to wild-type mice in a1*KOE15 gnd a3+KO14 mice, a2*KOE4 mice showed an over
30% more pronounced hypoperfusion compared to their wild-type littermates. This effect
was evident in both the initial hypoperfusion dip as well as in the long-lasting oligemia
following SD. These findings suggest a specific role of the a2 isoform of the Na*/K*-

ATPase in regulating cerebral vasculature.

4.4 Discussion

The unique SD phenotypes observed in mouse models of this study indicate distinct
roles for the three different brain-expressed Na*/K*-ATPase a isoforms in SD. Despite
their identical fundamental function, i.e. the transport of Na* into the cell in exchange for
K* at the expense of ATP, a2 and a3 appear to exert highly specialized functions which
are most likely attributable to their functional coupling to secondary-active transporters,
which they fuel by providing the electrochemical gradient in spatially restricted membrane
sites (microdomains). This contrasts with the a1 isoform, which did not affect the SD

phenotype and is commonly considered to provide predominantly housekeeping roles.

Here, we report that only deficiency of the a2 isoform in a2*KCE4mijce results in
increased SD susceptibility in the acute brain slice preparation. At first glance, this result
is in line with observations from a FHM2 knock-in mouse model that displayed higher SD
susceptibility in vivo and in acute brain slices.'”-28 By contrast, the threshold effect in brain
slices of a2*KOE4 mjce disappeared under normal [K*]o (3 mmol/L). This observation raises
questions about the underlying mechanistic basis of the high SD susceptibility phenotype
that has been reported as a consequence of point mutations in ATP1A2. According to the
current understanding, FHM2 mutations that produce an exchange of a single amino acid
in the a2 isoform protein result in functional haploinsufficiency. By contrast, the knock-out
mice that were employed in our study have been reported to express no mutated a2
isoform protein.?® Even if expression would occur, the translated product would lack ~90%
of the original protein and would therefore be deficient of its most essential functional
elements, such as the nucleotide-binding (N), the phosphorylation (P), and the actuator
(A) domain. Thus a2*XOE4 mice would be expected to serve as a model of full a2
haploinsufficiency. It is therefore surprising to find a relatively mild SD phenotype in

02+KOE4 mice compared to a well described FHM2 mouse model, such as a2*/W887R 17,28
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Interestingly, two other knock-out mouse models of a2 display different degrees of
functional impairment as a consequence of either N- or C-terminal deletions.3® This
phenotypic heterogeneity between FHM2 knock-in mouse models and different Na*/K*-
ATPase a2 isoform knock-out mouse models might, beside differences in the
experimental approach, reflect the diverse functional consequences of over 80 human
disease-linked FHM2 mutations.?®> Further research is required to elucidate the

mechanisms underlying phenotypic differences in models of a2 haploinsufficiency.

By comparing genetic with pharmacological Na*/K*-ATPase activity reduction, we
found evidence that the specific, high affinity inhibitor of the Na*/K*-ATPase, ouabain,
which is also synthesized in the human body acting as an endogenous hormone, exerts
its SD threshold effects via the a2 isoform. This is supported by the fact, that ouabain
application, in a concentration necessary to inhibit the a2/3 portion of the Na*/K*-ATPase,
in brain slices of a2*%C&4 mice, did not significantly affect the SD threshold. By contrast,
pharmacological Na*/K*-ATPase inhibition significantly lowered the SD threshold in
a1*KOE1S gnd a3+KO1 indicating its action through the unaffected a2 isoform. Based on
the potential of endogenous ouabain to regulate Na*/K*-ATPase activity in the human
body, it seems an attractive research goal to further investigate possible roles in

regulation of cerebral vascular tone and SD susceptibility.

The observed augmented vascular effect of a2 deficiency in the wake of SD in
a2+KOE4 mice agrees with a recent study that reports enhanced contractility in middle
cerebral artery (MCA) of a2*/G301R knock-in mice.3® This observation is particularly
interesting, since migraine itself is an independent risk factor for stroke and FHM1 mouse
studies have reported increased infarct sizes and SD propagation into subcortical
structures.3” 38 Mechanistically, the pronounced post-SD oligemia could be mediated by
abnormal intracellular Ca?* handling in either astrocytes or vascular smooth muscle cells
(VSMCs), which both abundantly express the Na*/K*-ATPase a2 isoform. Increased Ca?*
release from intracellular stores and colocalization of the plasmalemmal Na*/Ca?* (NCX)
exchanger with the a2 isoform have been demonstrated in various studies. Advancing
the understanding about the hemodynamic response during SD is highly relevant for the
above-mentioned clinical context in addition to situations in which an inversion of the

normal hemodynamic response is observed, such as during SAH.8
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Conditions of high baseline [K*]o, such as we utilized to challenge the Na*/K*-ATPase
in acute brain slices of a2+X°E4 mice, appear appropriate for modeling of clinically relevant
scenarios, such as SAH, where lysis of accumulated blood cells results in the release of
K* and hemoglobin into the subarachnoid space. Incidentally, SAH is associated with
spreading ischemia, an inverse hemodynamic response to SD that causes widespread
laminar infarcts.3® Furthermore, high baseline [K*]o has been demonstrated to induce a
decline in Na*/K*-ATPase activity in rodent experiments.*’ In our experiments, an
elevated baseline [K*]o challenge revealed the inherent SD phenotype, thereby sharing
conceptual similarities with the episodic nature of migraine in FHM2 patients where
attacks depend on a combination of genetic predisposition and challenging environmental

factors.

Understanding of the underlying mechanisms of SD is essential for the development
of strategies that help improve the outcome of patients that suffer from potentially life-
threatening conditions of the brain, such as traumatic brain injury, intracerebral
spontaneous hematoma, aneurysmal SAH and stroke or cardiac arrest that are more

often than not associated with the abundant occurrence of SDs.
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4.5 List of abbreviations

ACSF, artificial cerebrospinal fluid; ADP, adenosine diphosphate; a1*KOE15 heterozygous
ATP1A1 knock-out; a2*/XOF4  heterozygous ATP1A2 knockout; a3*KO1 heterozygous
ATP1A3 knockout; AHC, alternating hemiplegia of the childhood; ATP, adenosine
triphosphate; Ca?*, calcium; CAPOS, cerebellar ataxia, areflexia, pes cavus, optic
atrophy, and sensorineural hearing loss syndrome; DC, direct current; ECoG,
electrocorticography; EEG, electroencephalogram; FHM1, familial hemiplegic migraine
type 1; FHMZ2, familial hemiplegic migraine type 2; GLAST, glutamate aspartate
transporter; GLT-1, glutamate transporter 1; ISME, ion-sensitive microelectrode; 10S,
intrinsic optical signal; K*, potassium; [K*]acsr, K" concentration of the artificial
cerebrospinal fluid; [K*]o, extracellular K* concentration; LASCA, laser speckle contrast
analysis; LDF, laser Doppler flowmetry; LDH, lactate dehydrogenase; LT, light
transmittance; MCA, middle cerebral artery; Na*, sodium; NADH, nicotinamide adenine
dinucleotide; NMDAR, N-methyl-D-aspartate receptor; NCX, plasmalemmal Na*/Ca?*-
exchanger; NO, nitric oxide; NOS, nitric oxide synthase; ODU, optical density units; pCOz,
partial pressure of carbon dioxide; PEP, phosphoenolpyruvate; Pi, inorganic phosphate;
PK, pyruvate kinase; rCBF, regional cerebral blood flow; RMS, root mean square; RODP,
rapid-onset dystonia parkinsonism; SAH, subarachnoid hemorrhage; SD, spreading
depolarization; Sl, spreading ischemia; VSMC, vascular smooth muscle cell; WT, wild-

type littermate.
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Beitrag im Einzelnen: Organisation der Zucht und Durchfihrung der Genotypisierung (PCR,
Projektleitung Gentechnik) von a1*/KOE15 — g2+KOE4 — g3+KOM. Etablierung und Durchfiihrung des
spektrophotometrischen Na*/K*-ATPase-Assays unter temperaturkontrollierten Bedingungen (a2+/KOE4
a3+Ko1). Anfertigen der ionenselektiven Mikroelektroden fiir samtliche Messungen in akuten Hirnschnitten
und in vivo; Experimente in akuten Hirnschnitten (a1+/KOE15 q2+/KOE4 ' ¢3+/KOK) mjt und ohne Ouabain: High-
[K*lo-Protokoll [Abb. 1, 2], Stimulus-induzierte [K*]o-Anstiege [Abb. 3], fokale Mikroinjektion zur SD-
Schwellenbestimmung [Abb. 4]; Experimente in vivo (a1*/KOE15 q2+KOE4 ¢3+KOM): Schwellenbestimmungen
unter Isofluran-Anasthesie und regionale Blutflussanderungen mittels LASCA-Imaging [Abb. 5, 6];
Koordination, Supervision inkl. Verblindung der Experimente unter a-Chloralose/Urethan [Abb. 5, 6];
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elektrophysiologischen und Bilddaten in MATLAB™, Python, R (Aufnahme von [0OS-Zeitreihen;
automatisierte Berechnung der Kenngrof3en bei Stimulus-induzierten [K*]o-Anstiegen; Berechnung von SD-
Geschwindigkeit und -Flache in Hirnschnitten, SD-assoziierte EEG-Depression mit Fourier-Transformation
[Abb. 5i-j], rCBF-Berechnung [Abb. 6], standardmaRige Ausgabe der I0S-Anderung in Hirnschnitten mittels
substituierenden Pseudofarben [Abb. 1a, 5d]); Auswertung und Interpretation der Daten, Schreiben des
Manuskripts, Erstellen samtlicher Abbildungen (Abb. 1-6), Revidieren des Manuskripts entsprechend der
Vorgaben des Reviewers.
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Abstract

Compromised Na™/K*-ATPase function is associated with the occurrence of spreading depolarization (SD). Mutations in
ATPIA2, the gene encoding the a2 isoform of the Na*/K*-ATPase, were identified in patients with familial hemiplegic
migraine type 2 (FHM2), a Mendelian model disease for SD. This suggests a distinct role for the o2 isoform in modulating
SD susceptibility and raises questions about underlying mechanisms including the roles of other Na*/K"-ATPase o
isoforms. Here, we investigated the effects of genetic ablation and pharmacological inhibition of al, a2, and a3 on
SD using heterozygous knock-out mice. We found that only a2 heterozygous mice displayed higher SD susceptibility
when challenged with prolonged extracellular high potassium concentration ([K*],), a pronounced post SD oligemia and
higher SD speed in-vivo. By contrast, under physiological [K*],, a2 heterozygous mice showed similar SD susceptibility
compared to wild-type littermates. Deficiency of a3 resulted in increased resistance against electrically induced SD in-
vivo, whereas a| deficiency did not affect SD. The results support important roles of the o2 isoform in SD. Moreover,
they suggest that specific experimental conditions can be necessary to reveal an inherent SD phenotype by driving a
(meta-) stable system into decompensation, reminiscent of the episodic nature of SDs in various diseases.

Keywords
Spreading depolarization, spreading depression, Na,K-ATPase, familial hemiplegic migraine, knock-out mouse model
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The Nat/K*-ATPase generates the steep transmem-
brane gradients of the two principal ions, Na®™ and K™, ! i
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glycosides such as ouabain, is known to trigger SD under
normoxic conditions® and SD under anoxia/ischemia is
assumed to result from failure of the Na*/K*-ATPase
due to lack of ATP.*’ Three distinct o isoforms of the
Na™/K*-ATPase are expressed in the brain by individual
genes in a developmentally regulated and cell-type specific
manner: ol, a2, and «3.%° Na*t/K"-ATPase o isoforms
vary in their kinetic properties and in their affinity to
Na™, K", ATP and ouabain.'” The ol isoform can be
found on most cell types and is considered to be the
housekeeping enzyme. In the adult brain, the o2 isoform
is expressed predominantly on astrocytes, whereas the o3
isoform is expressed exclusively on neurons.®!!
Experimental data suggest that the o2 isoform exerts spe-
cific functions through coupling to secondary active
transporters and functional interaction in spatially
restricted microdomains'>!® and has been reported to
co-localize with glutamate reuptake transporters.'®!’
Association of mutations in the a2 and o3 isoform with
neurological disorders suggests isoform-specific functions.
Whereas mutations in the gene encoding the o2 isoform
have been identified in patients with FHM2, a severe
Mendelian form of migraine with aura,'® mutations in
ATPIA3, the gene coding for the o3 subunit, are linked
to rapid-onset dystonia parkinsonism (RODP)," alter-
nating hemiplegia of the childhood (AHC)**2! and cere-
bellar ataxia, areflexia, pes cavus, optic atrophy, and
sensorineural hearing loss (CAPOS) syndrome.*

Two FHM2 knock-in mouse models (o2*/V887R 52+/
G30IRy have been reported to exhibit a high SD suscep-
tibility phenotype®*** and both have been shown to have
impaired astrocytic glutamate clearance.>**> However, it
is unknown how other Na™/K*-ATPase o isoforms, in
particular the neuronal isoform, modulate the SD pro-
cess and how their role in SD compares to a2. A similar
affinity of cardiac glycosides to o2 and o3 has precluded
a pharmacological approach to studying distinct iso-
forms’ function. To investigate the roles of the three
Nat/K+-ATPase o isoforms in SD, we employed mice
heterozygous for a null mutation in each of the isoform
genes.'*?® Because all three Na™ /K -ATPase o isoforms
are essential, homozygosity of the null mutation is
embryonically or neonatally lethal. By contrast, hetero-
zygous mice do not have an apparent phenotype and
breed normally. In acute brain slices and in-vivo experi-
ments, we investigated the effect of genetic and pharma-
cological reduction of Nat/KT-ATPase o isoform
activity on SD threshold, propagation and recovery.

Materials and methods
Animals

The reporting of animal experiments complies with the
ARRIVE Guidelines. All animal experiments were
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authorized by the animal welfare authorities in Berlin,
Germany: Berlin State Office for Health and Social
Affairs (LAGeSo), T0311/11 and GO152-11, and all
experimental procedures were conducted in accordance
with the Charité Animal Welfare Guidelines.

The effects of genetic reduction of Na*/K*-ATPase
o isoforms on SD were studied in o isoform-deficient
knock-out mice (n=340) bearing a null mutation in
one allele of each of the murine orthologous genes:
ATP1AI1, ATP1A2, and ATP1A3. All three mouse
lines employed in this study were genetically engin-
eered, using techniques of targeted disruption and hom-
ologous recombination, at the University of Cincinnati,
Ohio, USA.!*?® Heterozygous animals did not display
an apparent clinical phenotype or histological brain
anomalies and were fertile. Nat/Kt-ATPase o iso-
form-deficient mice were backcrossed to (F>9) and
maintained on a C57BL/6J (Jackson Laboratory, Bar
Harbor, ME, USA) genetic background. Genotyping
was performed by PCR as previously described.'*?¢
Adult male mice, 12-18 weeks of age from each line
(al, a2, and a3 heterozygous and wild-type littermates)
were used. Animals were housed in groups (at least two
animals per cage) under a 12-h light—dark cycle with
food and tap water available ad libitum. Due to the
effect of sex hormones on migraine prevalence and
SD susceptibility,””*® only male mice were used in
this study. To compensate for possible differences in
genetic background or environmental factors, heterozy-
gous knock-out mice were only compared to their
wild-type littermates (WT).* For in-vivo experiments,
additional confirmatory genotyping was performed.

Na™/K*-ATPase « isoform-deficient mouse
line details

Mice deficient for the ol isoform (ol /KOE!S,

ATPIA1M/™ILing) hear 3 mutation in ATPIA1 that
results in removal of exons 15 through 18. Western
blot analysis of hippocampal whole tissue extracts
revealed a reduction of ~70% of the ol isoform with
no change in o2 and o3 isoform levels.'*?® Knock-out
mice for a2 (021/KOF4 ATPIA2H/™ILing) were gener-
ated by introducing a deletion in exon 4. Although no
transcript was detectable in cardiac homogenates,'*
expression of the protein would result in a truncation
of the protein after the first transmembrane domain.
Protein expression in hippocampal extracts showed a
reduction of a2 by ~50%, no change in al, and a3
with a ~25% lower expression compared to wild
types.”® Mice deficient for the o3 isoform (a3+/%O™H,
ATPIA3"/mILing) were generated by introducing a
point mutation in intron 4 in ATP1A3, causing aber-
rant mRNA processing that entails an unstable tran-
script and loss of expression. Hippocampal protein
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expression of o3 was shown to be reduced by ~60%, al
was increased by ~35%, and the o2 isoform was
unchanged compared to wild types.”®

Acute brain slice experiments

Animals (n = 128) were deeply anesthetized with isoflur-
ane and decapitated. The brain was quickly removed
from the skull and transferred into chilled (0-4°C)
carbogenated (5% CO, and 95% O,) artificial cerebro-
spinal fluid (ACSF). The ACSF contained (in mmol/L)
129 NaCl, 3 KCI, 1.8 MgSO,, 1.6 CaCl,, 1.25
NaH,PO,, 21 NaHCOj;, and 10 glucose (pH7.4).
Depending on the protocol, either coronal or transverse
acute brain slices with a thickness of 400 um were pre-
pared using a vibrating blade microtome (Vibroslice,
MA752, Campden Instruments, Loughborough,
Leics., England). Brain slices were transferred to an
interface-type recording chamber and perfused with
prewarmed (36°C) carbogenated ACSF in a humified
atmosphere of 95% 0,/5% CO,. Before starting the
recordings, the tissue was allowed to equilibrate for
~60 min.**>? Viability was assessed by stimulating at
the boundary of layer VI to the subjacent white matter
using a bipolar platinum stimulation electrode (diam-
eter 25 um, tip separation 100 um, single-pulse duration
100 us, intensity 5-10V) and recording field potentials
in neocortical layers II/III. In horizontal slices, stimu-
lation of the Schaffer collateral pathway in the hippo-
campus resulted in a population spike (PS) in stratum
pyramidale of the CA1 which was used instead. Slices
were accepted if stimulation resulted in a field potential
amplitude of at least 1.5mV. Recorded potential
changes were amplified (custom-built ISME amplifier),
field potentials were low-pass filtered at 3kHz and
sampled at 10kHz, ion-selective potentials were low-
pass filtered at 30 Hz and sampled at 100 Hz, displayed
on an oscilloscope, digitized (CED-1401, Spike2 soft-
ware; Cambridge Electronic Design Limited, Milton,
Cambridge, England), and stored for off-line analysis.
Electrical stimulation pulses were generated using a
programmable pulse generator (Master-8, AMPI
Instruments, Jerusalem, Israel) connected to a stimulus-
isolator (BSI-1, BAK Electronics, Umatilla, FL, USA).

In-vivo: Urethane/c-chloralose anesthesia

Heterozygous knock-out mice (n=73) were anesthe-
tized with intraperitoneal injection of urethane
(600mg/kg) and a-chloralose (50mg/kg) in 6ml/kg
saline. An open cranial window was prepared
(2.5 x 4.5mm) using a saline-cooled drill to access the
neocortex of the right hemisphere (posterior 3.3 mm to
anterior 1.2 mm from bregma). The dura was removed
and great care was taken to avoid triggering premature

SDs. ACSF was topically applied to the brain contain-
ing in mmol/L: 127.5 NaCl, 24.5 NaHCOs;, 6.7 urea, 3.7
glucose, 3 KCl, 1.5 CaCl,, and 1.2 MgCl,. The ACSF
was equilibrated with a gas mixture containing 6.6%
0,, 5.9% CO,, and 87.5% N,. A second small (diam-
eter ~1 mm, posterior 3.6mm, lateral 2.0 mm from
bregma) burr hole allowed for stimulation of the
cortex through the intact dura mater. Regional cerebral
blood flow (rCBF) was continuously monitored with
one laser-Doppler flow (LDF) probe (Periflux 4001,
Perimed, Jarfdlla, Sweden). The subdural direct cur-
rent-electrocorticography (DC-ECoG) (bandpass: 0—
45 Hz) was recorded using an Ag/AgCl microelectrode.
Changes in the extracellular K concentration ([K *],)
and the intracortical DC shift (bandpass 0-45 Hz) were
recorded in a cortical depth of 150 um using two
ISMEs, positioned at the opposing ends of the
window. A reference electrode (Ag/AgCl pellet) was
placed subcutaneously above the nose. Body tempera-
ture was maintained at 37°C using a heating pad
(Temperature Control FHC, Bowdoinham, ME,
USA). The level of anesthesia was assessed by monitor-
ing breathing rate and testing motor responses to foot-
pinching. Electrical stimuli of increasing intensity were
applied using a bipolar stimulation electrode (tip diam-
eter: 0.2mm, tip separation: 0.5mm, model: NE-200,
Rhodes Medical Instruments, Summerland, CA,
USA) connected to a battery-driven stimulus isolator
(BSI-1, BAK Electronics). The stimulation protocol
consisted of biphasic pulses of 100 ms (+50ms) dur-
ation with exponentially increasing intensities (20, 30,
40, 50, 60, 80, 100, 150, 200, 260, 340, 450, 600, 800,
1000 pA) at  S5-min intervals until SD  was
triggered.®> SD threshold was defined as the smallest
electrical charge (electric current [A]xtime [s]) neces-
sary to trigger an SD. Analog-to-digital conversion
was performed using a Power 1401 (Cambridge
Electronic Design). [K™],, voltage and rCBF changes
were continuously recorded using a personal computer
and Spike2 software (version 6, Cambridge Electronic
Design). Animals were killed after the experiment by
intravenous administration of KCI solution. SD speed
was calculated by dividing the distance between the
ISME tips by the latency between SD onset as recorded
by the occipital and rostral electrode.

Data anadlysis, visualization and statistical inference

Unless not stated otherwise, all data are given as
meanztstandard deviation. Boxplots show the median
and interquartile range (IQR). The whiskers extend to
the most extreme data point that is no more than
1.5 times IQR from the edge of the box. More extreme
data points (outliers) are shown as gray plus signs.
In addition, the arithmetic mean is included as a red

33



Reiffurth et al.

625

triangle. For clarity, time-series data or related data
points with error bars are given as meanztstandard
error of the mean (SEM). If desired, standard deviation
can be calculated as SEM*sqrt(n) using the sample size
given in the text. Assessment of data distribution and
statistical testing was performed using the scientific
Python stack®® and graphs were prepared using
Matplotlib.*

Supplementary materials and methods

Further information on data analysis and statistical infer-
ence, KT -sensitive microelectrodes, [K™], threshold for
SD induction, stimulus-induced [K™], increases, KCl
microinjection SD threshold, intrinsic optical signal
(IOS) recordings, in-vivo experiments under isoflurane
anesthesia, and Nat/K*-ATPase activity assay.

Results

Deficiency of the a2 isoform increases SD
susceptibility in acute brain slices when
exposed to high [K*], in the bathing medium

To obtain a measure of SD susceptibility in acute brain
slices, we raised [K']acsp in a stepwise fashion
in 30-min intervals until SD occurred (Figure 1(a) to
(c)). In most slices, SDs originated in the neocortex
and, in contrast to physiological [K™]acsk, SDs were
not confined to the cortex but frequently invaded the
hippocampus in coronal or the striatum in transverse
brain slices (Figure 1(a)). In slices from a2/%9F* mice,
SD was initiated at a significantly lower [K]acsr
(13.0£ 1.2mmol/L, n=18) compared to their wild-
type littermates (WT) (14.9+£1.7mmol/L, n=23;
P=0.001) (Figure 1(d)). The SD threshold reduction
was reflected in a significant shortening of the latency
to SD occurrence (oz2+/KOE4: 62.1+16.0min, n=18;
WT: 79.9 £21.6min, n=23; P=0.004) (Figure 1(e)).
These results indicate that a2 haploinsufficiency results
in increased SD susceptibility under elevated baseline
[K*],. In contrast to the threshold effect, peak [K™],
and [K™], undershoot were not significantly affected by
a2 deficiency (Figure 1(f) and (g)).

To compare the magnitude of the observed SD
effects of genetic o2 isoform reduction with the effect
of pharmacological Nat/K*-ATPase inhibition, we
co-applied 5 pmol/L ouabain with the high [K*] bath-
ing medium of WT brain slices. In this concentration,
ouabain blocks most of the «2/3 portion of the
Nat/K*-ATPase activity.>*® The pharmacological
effect on SD latency (02 T/KOB% _22 2%, ouabain: -
22.6%) and SD threshold reduction was of similar magni-
tude compared to genetic o2 isoform reduction observed in
o2 KO mice (a2 /KO —12.7%, ouabain: —16.4%).
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To investigate the contribution of the astrocytic (a2)
and the neuronal («3) isoform to the effect of ouabain
inhibition, we added 5pumol/L ouabain to the high
[K*]acse of brain slices from o2-deficient mice.
Although adding ouabain to the bathing medium of
02 %O prain slices further lowered (4.7%) the thresh-
old [K*]acsr and further reduced the SD latency by
12.7% in a2*/%OF* compared to WT, these effects
were considerably smaller compared to the effect of
ouabain in WT slices and did not reach statistical sig-
nificance (Figure 1(d) and (e)). These results suggest
that the facilitating effect of ouabain on SD is mediated
via the astrocytic isoform. If the neuronal isoform
would be involved, the ouabain effect would be
expected to add significantly to the effect of genetic
o2 reduction in 02*/%OF* mice. Instead, the size of the
ouabain effect was reduced in a2-deficient mice, which
is consistent with the reduced ouabain receptor avail-
ability. Interestingly, only pharmacological Nat/K*-
ATPase inhibition using 5 umol/L ouabain significantly
prolonged SD duration and reduced DC amplitude,
whereas genetic a2 reduction did not have these effects
(Figure 1(h) and (i)).

Despite the effect of genetic o2 reduction on SD
threshold and latency, SD speed was similar in 2"/
KOE4 mice compared to WT (22™/%9F%: 9.2 £2.0mm/
min, n=16; WT: 8.8+ 1.5mm/min, n=21; P=0.29)
under high [K*], (Figure 1(j)). Because [K 1], elevation
exerts a strong effect on SD speed (high [K]acsE:
317% of control in 3mM [K*],), a significant speed
difference is presumably negated by the lower threshold
[K*], in o27/%9F* mice; 5uM ouabain did not have a
facilitating effect on SD speed under high [K*], either
(ouabain: 8.3+1.1, n=21; control: 8.8+ 1.5, n=21,
P=0.34).

Deficiency of other Na™ /K™ -ATPase o isoforms does
not affect SD susceptibility under elevated baseline
[K*], in brain slices

Next, we sought to determine whether the observed SD
threshold [K ], effect in 02 /*OF* mice was specific to a
genetic reduction of this particular isoform or whether
the effect could be mimicked by deficiency of the other
Na*/K*"-ATPase isoforms expressed in the brain: ol
and o3. To this end, we tested the high [K*]scsE proto-
col with ol /KOS and 3789 mice and compared
the results to their wild-type littermates (WT).
Whereas lower [K acsr triggered SD in o2 7/KOE4
mice, we did not find a significant difference between
the threshold [K]acsk in o37/%°™ (103.7+14.3% of
WT, npe=13, nwr=14; P=0.5) or 1™/~ (94.24+9.9%
of WT, ny =6, nwr=8; P=0.48) compared to WT
(Figure 2(a)). These observations were confirmed by
the absence of differences in latency to SD initiation
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Figure 1. Nat/K*-ATPase o2 deficiency increases SD susceptibility in acute brain slices. (a—b) SD speed and invaded area were
imaged using light transmission changes (IOS). In the interface-type recording chamber, SD is characterized by a short increase (blue),
followed by a long-lasting decrease of the IOS (red). Elevated baseline [K*], induced SD in the neocortex (nc) and frequently in the
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Figure 2. SD threshold reduction is specific to deficiency of the a2 isoform in acute brain slices. (a) Only o2 deficiency or
pharmacological inhibition with 5 1M ouabain significantly reduced SD threshold [K*],, whereas a| and o3 deficiency did not sig-
nificantly affect threshold [K*], as measured by ISMEs. (b) SD latency: a2*"“°%* segregate from the high into the low threshold group
together with ouabain, indicated by the significantly shorter time until SD occurrence (below the red dashed line). (c) Peak [K*],
during SD was significantly lower in ol OB mice, (d) The duration of the accompanying DC shift was longer only under ouabain
exposure, whereas o isoform deficiency had no effect. (e) The DC amplitude was reduced in 237 °** and in presence of 5uM
ouabain. Sample sizes: 02 ¥+ 0 = 17-23; a3 O 43T, n=10-14; ol TCE'S/ o1 T, n=6-8. *P < 0.05.

3+/KOl4 | +/KOEIS

in o and o compared to WT (Figure acute brain slices (Figure 3(a) to (c)). Stimulus trains

2(b)). These results indicate that the observed SD facili-
tation under high [K*], is specific for a reduction of the
o2 isoform and suggest that the effect is not primarily
dependent on bulk Na* and K transport capacity.

Extracellular K* clearance during intense
neuronal stimulation is not altered significantly
in a2 % mice

Because of the effect of a2 deficiency on the SD thresh-
old in conditions of high [K*], challenge, we wanted to
test whether impaired extracellular K* clearance was
causal to the observed threshold differences. To this
end, we analyzed stimulus-induced [K*], surges

of increasing intensity lasting 10s, consisting of 200
pulses at a frequency of 20 Hz, were applied to the
Schaffer collateral pathway in the hippocampal CAl
subfield of transverse brain slices (Figure 3(a)) of
02 7/KOE4 and WT. Of note, even under supramaximal
stimulation (150%), in none of the a2™X°F* glices SD
was triggered.

During neuronal activation, K" is released into the
extracellular space. The [K*], undershoot following
neuronal stimulation is believed to be predominantly
attributable to Na®™/K*-ATPase activity, stimulated
by elevated intracellular sodium concentration
([Na']) following intense neuronal firing. Because
faster K* clearance mechanisms, such as passive diffu-

during and following intense neuronal stimulation in  sion and spatial buffering, have redistributed K+ away

Figure |. Continued

hippocampus (hipp) but not in the brainstem. (c) Stepwise increased baseline [K*], allowed for threshold assessment using ISMEs.
(d) SD occurred at lower [K™acsr in 027“°%* compared to WT. Co-application of 5 1M ouabain did not significantly add to the o2
deficiency effect on threshold [K™]acsr indicating ouabain action via the astrocytic and not the neuronal isoform. (e) SD latency was
shorter in 02 ™% compared to WT mice confirming the lower [K™], threshold in a2-deficient mice. (f-g) Genetic o2 reduction did
not affect [K™], peak and [K*], undershoot following SD. (h—i) Only pharmacological inhibition of the a2/3 portion of the Na*/K*-
ATPase prolonged SD duration and decreased the DC amplitude irrespective of the genetic background. (j) SD speed was high under
elevated [K*]acsr Without additional effects of genetic or pharmacological o2 reduction. (k) I0S amplitude was not affected signifi-
cantly by genetic or pharmacological o2 reduction. Sample sizes: 0275 n=16-19; 02™'*, n=21-23. *p < 0.05.
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Figure 3. [K'], clearance is not significantly impaired in a2-deficient mice. (a) A stimulus train (10s, 20 Hz) was applied to the
hippocampal Schaffer collateral pathway (Schaff) in the CA3 of transverse brain slices. stim: bipolar stimulation electrode location; rad:
stratum radiatum; pyr: stratum pyramidale; EC: entorhinal cortex; DG: dentate gyrus. (b) [K*], surges and (c) [K*], undershoots
were recorded in str. pyramidale and radiatum in CAl using ISMEs. (d) The [K™], undershoot amplitude showed a tendency to be less
pronounced at 100% stimulation intensity although the difference did not reach statistical significance (22" —0.31+0.03, n=19;
WT: —0.3840.04, n=13; P=0.13). (e-g) o2 deficiency did not significantly alter the [K*], response to intense neuronal stimulation.
Data are presented as mean=+SEM.
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from the location of its release, [K ], is decreasing from
its baseline level and forms a noticeable undershoot.?’
The [K '], undershoot amplitude increased with higher
stimulation strength and at 100% stimulation intensity,
the amplitude appeared to be slightly lower in o2 ™/XOE4
animals compared to WT, although the difference did
not reach statistical significance (Figure 3(d)).

To test whether the o2 isoform is involved in limiting
local K™ accumulation in response to neuronal stimu-
lation, we analyzed [K*], rise time and peak [K*],. To
assess extracellular K* clearance, we analyzed the [K™],
decay time.”>*® We did not find significant differences
in [K™], rise time, decay time, and peak [K™], ampli-
tude between 27X and WT (Figure 3(e) to (g)).
The lack of an effect in acute brain slices corresponds
to similar activity of Nat/K"-ATPase «2/3 fraction
measured in brain homogenates of o2 and WT
(Supplementary Figure 1 and Table 1).

The data indicate that the extracellular K* clearance
during intense neuronal stimulation is not significantly
compromised in a2*°E* mice in normal ACSF. This
observation is in agreement with data from o2™*/¢301R
mice in a similar protocol® but contrasts with the find-
ings in slices of a2/ W87R mijce, that displayed a higher
time constant of the [K™], decay following the stimula-
tion train compared to WT.?

In contrast to high [K*],, SD threshold and speed
are not affected in «2“°** mice under physiologi-
cal [K*],

Published FHM mouse models exhibit a high SD sus-
ceptibility phenotype characterized by a low SD thresh-
old and increased SD speed®>**** as well facilitated
corticostriatal SD propagation.?’

To assess the SD threshold without globally affecting
[K*],, we injected increasing amounts of KCI (1M)
focally into the cortical tissue until SD was triggered
under normal [K*], (3mM) (Figure 4(a) and (b)). In
contrast to the higher SD susceptibility under elevated
baseline [K]acsy, the focal induction duration and
thus the injected K+ volume were similar in o2™/XOE4
mice compared to WT under physiological [K*],
(Figure 4(c)). We calculated the SD speed using the
SD-associated light transmittance (LT) changes (IOS)
in the dorsal and the ventral portion of the propagation
path (Figure 4(d)). Although we found significantly
higher SD speed in the dorsal compared to ventral por-
tion of the cortex (dorsal: 3.24+0.7, n=9; ventral:
24404, n=9; P=0.01) (Figure 4(e)), SD speed was
not different between o2™/XOE* and WT (a2/KOF4
2.6+0.5mm/min, »n=9; WT: 2.8+0.5mm/min;
P =0.86) (Figure 4(f)). We also analyzed the extent of
SD spread as the projected area of the IOS change on
the brain slice surface and did not find an effect of o2
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deficiency (a2™/%€F* 33+13mm? n=10; WT:
3.9+ 1.3mm?%* P=0.38) (Figure 4(g)). Whereas o iso-
form deficiency in general did not have an effect on SD
speed and extent of SD spread, 5 uM ouabain increased
SD speed significantly and resulted in larger extent of
SD spread in brain slices (Figure 4(g) and (h)).

The data indicate that o2 deficiency is well compen-
sated under normal [K*],, in contrast to prolonged
exposure to elevated baseline [K™],. The observation
of similar SD susceptibility under normal [K ], is unex-
pected and differs from studies using brain slices of
FHM 1% and FHM2% knock-in mice. Both studies
reported a lower SD threshold and higher SD speed
albeit using a submerged system and not an interface
recording chamber as employed in this study. However,
the absence of an effect on SD speed has been reported
in another study comparing FHM2 knock-in mice
(027/G3IRy with WT in-vivo,>* indicating possible
functional differences between distinct FHM2
missense mutations. Despite the aforementioned differ-
ences in the recording chamber setup, we expect
the brain slice speed measurement approach to be sen-
sitive enough to detect the reported speed differences,
since application of 5 uM ouabain resulted in a massive
speed increase (Figure 4(h)). Furthermore, the measure-
ment uncovered a significant difference between the
dorsal and the ventral portion of the mouse cortex
which was consistent throughout all mouse lines.
Additionally, the dorso-ventral SD speed gradient was
also evident as a section-dependence of SD speed in
transverse slices (data not shown).

SD susceptibility in-vivo

To test the SD threshold in-vivo, we induced SD elec-
trically in the right hemisphere of urethane/a-chloralose
anesthetized Nat/K-ATPase o isoform-deficient mice.
Biphasic stimuli of increasing strength were applied
through a bipolar stimulation electrode until SD was
recorded by an intracortical microelectrode in the open
cranial window (Figure 5(a)). Because of a possible
impact on the SD threshold and a drastically different
rCBF response of a secondary SD,*' we assessed the
typical multiphasic rCBF response of the mouse using
LDF (Figure 5(b)). To test SD susceptibility under dif-
ferent anesthesia and to precisely check for potential
induction of premature SDs during the preparation
phase, we induced SDs electrically in animals anesthe-
tized with isoflurane in a second set of experiments.
LASCA imaging was employed to map cerebral perfu-
sion levels through the intact skull bone of both hemi-
spheres (Figure 5(c) and (d), Supplementary Figure 2).

Confirming the brain slice experiments in normal
ACSF of this study, a2-deficient mice did not display
a reduction in the threshold electric charge to induce
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Figure 4. SD speed is not affected by a2-deficiency in acute brain slices. (a—b) SD was induced focally in acute coronal brain slices
under physiological ACSF by microinjecting an increasing volume of |M KCl into the tissue. NC: neocortex; hipp: hippocampus; CPu:
caudate putamen (c) The necessary injected IM KCI volume to evoke SD was similar in a2 and 02" mice under normal

[K]acse (027%C% n =9, 02/": n = 6). (d) SD speed and area were calculated from the dorsal (“d”) and ventral (“b”) portion relative
to injection point (dashed circle) in coronal brain slices. () SD propagated with markedly higher speed in the dorsal compared to the
ventral portion of the cortex as measured from the injection site. (f) SD speed was not different between o2 F OB and WT (mean of
dorsal and ventral speeds) under normal [K*]acse Data were obtained from 9 a2™"%* (39 SDs, 27 slices) and 9 02" (37 SDs, 25
slices) mice. (g) The projected area of SD spread on the slice surface tended to be larger (P =0.07) only in ouabain-treated slices with

no effect in a2“* mice. (h) Ouabain application increased SD speed drastically (77.3 £ 35.2%, P < 0.00001), whereas genetic o
isoform deficiency had no effect on SD speed. Sample sizes for speed and area calculations: a2 762+, n=9; o3 HCM) 3/,
n=9-16; ol 715/ o1+ n=8; ouabain, n=7. *P < 0.05.

SD in-vivo. In fact, the threshold charge tended towards of the a3 isoform, the SD threshold charge was signifi-
higher threshold charges in 02™/®9F* mice, although cantly higher compared to WT (a3+/%°™: 51.8 428.3 uC,
the difference did not reach statistical significance n=9, WT:24.0+14.9uC,n=11, P=0.04). No effect of
(a2 T/KOE4 58 1 +£38.5uC, n=10, WT: 33.4+£243uC, o isoform deficiency on SD threshold was observed in
n=12, P=0.15) (Figure 5(c)). In mice deficient ol™/®OE!S compared to WT (al /KOEIS: 26,54 16.7 nC,
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Figure 5. Na'/K'-ATPase o isoform deficiency and anesthesia differentially affect SD threshold and speed. (a-b) Urethane/a-
chloralose protocol with open cranial window preparation and experimental setting. LDF: laser Doppler flowmetry probe; LASCA:
laser speckle contrast analysis imaging area; ref: reference electrode; ECoG: electrocorticography electrode; perf: ACSF perfusion;
stim: site of electrical stimulation; ECoG: epidurally placed electrode (c—d) Isoflurane protocol with LASCA imaging through the intact
mouse skull. () In agreement with acute brain slice experiments under normal [K™7],, a2*"*°%* mice do not display a lower SD
threshold. Mice deficient for the a3 isoform required a higher threshold charge to trigger SD. Y-axis shows electric charge in micro
Coulomb of logarithmically transformed data. (f) In 02™"“°%* mice, SD speed showed a tendency towards higher values, whereas the
speed tended to be lower in 037" animals. Both observations did not reach statistical significance. (g—h) o isoform deficiency had
no effect on SD threshold and speed under isoflurane anesthesia. (i) Depression of spontaneous activity following SD was more
pronounced in heterozygous knock-out mice of all lines (a1, a2, a3) compared to their wild-type littermates. Differences reached
statistical significance (P < 0.05) in a2-het and a3-het animals (22: P=0.04, o3: P=0.03). (j) Example of spontaneous activity
depression with subsequent recovery. EEG suppression was calculated as RMS amplitude reduction of the bandpass-filtered (14 Hz).
RMS: root mean square. V,: extracellularly recorded voltage.

ECoG depression following SD is pronounced

n=10, WT: 29.0 £26.5puC, n=10, P=0.91). SD speed in «2- and a3-deficient mice

trended towards higher values in o2-deficient mice,
although this difference did not reach statistical signifi-
cance at the 5% level (02™°F* 5.0+ 1.2mm/min,
n=9; WT: 424+12mm/min, n=13; P=0.07)
(Figure 5(f)). In contrast to o2-deficient mice, o3+/KO™
mice displayed a lower SD speed, although the difference
did not reach statistical significance (237/%°™: 3.440.8,
n=9; WT: 40+0.7, n=8; P=0.07). Changes in DC
and [K "], during SD did not differ significantly between

In eclectrically active tissue, SD causes spreading
depression of spontancous neuronal activity. To com-
pare ECoG depression between o isoform-deficient
mice and WT, we calculated the initial reduction
of the root mean square (RMS) amplitude of the band-
pass-filtered (1-4 Hz) ECoG following SD. The ECoG
depression was more pronounced in o2 isoform-
deficient mice (2*/%CE* 30.4+15.5%, n=10; WT:

o isoform deficient mice and WT (Supplementary
Figure 3). No significant differences were observed in
SD threshold and speed comparing ol*/KOE!S
02 /KOE4 “and o37/KOM to WT when using isoflurane
anesthesia (Figure 5(g) and (h)).
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42.2410.0%, n=9; P=0.045) and &37%°™ mice
(037/KOM: 250+7.4%, n=8; WT: 34.3+10.7%,
n=13; P=0.033) compared to WT. ECoG suppression
was not significantly different in o1 7/%E!S compared
to WT (P=0.4) (Figure 5(i) and (j)).
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The result of a pronounced initial reduction of spon-
taneous activity with largely normal recovery in o2-
deficient mice is in agreement with data from another
o2 knock-out mouse model.** In this study, only 02"/
KOE2 mice displayed a difference in the ECoG suppres-
sion, whereas the effect was not observed in o2X©OE!
mice*? indicating different degrees of functional impair-
ment following N- and C-terminal deletions in the
knock-out mice. A slowed recovery of the spreading
depression as assessed by the spontaneous activity in
the ECoG has also been reported in a knock-in
mouse model of FHM2,** whereas evoked potentials
recovered in a similar fashion to wild-type animals in
the same study and in two FHM1 mouse models.?’

Pronounced post SD oligemia in «2-deficient mice
under urethane/a-chloralose anesthesia

Under physiological conditions, the cerebral hemo-
dynamic response to SD is characterized by a consid-
erable hyperemia followed by a post-SD oligemia in
most species, such as humans and rats.** The rCBF
response in mice differs drastically from other studied
species*! (Figure 6(a)). Typical for the vasomotor
response in mice is a pronounced fast initial hypoperfu-
sion that is temporally correlated with the DC shift, a
short-lasting rCBF recovery, followed by a pronounced
oligemic phase that can last up to an hour (Figure 6(b)
to (d), Supplementary Figure 4).

rCBF was measured using an LDF probe centered
between two ISMEs in the open cranial window of «
isoform deficient mice and WT. In o2-deficient mice,
the hypoemic response to SD was significantly more
pronounced compared to WT. Both the initial short
hypoperfusion (02*/%9E*: 443+ 13.9%, n=10; 02/ *:
66.8+21.3%, n=11; p=0.01) and the long-lasting
hypoemia, as measured 10 min after the short, transient
recovery (a27/XOF4 535420.1%, n=9; 2™/
78.44+19.1%, n=11; p=0.009), decreased by over
30% in 027/®9F* mice compared to WT (Figure 6(c)
and (f)). No significant differences in the post SD per-
fusion were apparent in o375 and o1™/KOES com-
pared to WT. The pronounced hypoemia in o2 /KOE4
mice suggests a specific role of the a2 isoform in regu-
lation of the diameter of cerebral vasculature.

Discussion

Increased SD susceptibility in brain slices is specific
for 2 haploinsufficiency

In this study, we show that the genetic reduction of the
three different Na™/K*-ATPase o isoforms expressed in
the mammalian brain results in distinct SD phenotypes.
Only 02/%9F4 mijce displayed a lower SD threshold in

acute brain slices. In principle, this result is in agree-
ment with studies in FHM2 mouse models and sup-
ports evidence that o2 haploinsufficiency results in
increased SD susceptibility.z‘z’25 However, the thresh-
old effect in 02™/®9E* mice was only present in acute
brain slices when the tissue was exposed to elevated
baseline [K™], for an extended period of time. Under
normal conditions, the SD threshold was similar to WT
in acute brain slices and in-vivo. These findings present
a notable difference in the SD phenotype when com-
pared to data from one of the two published FHM2
knock-in mouse lines (a2™/WVE7R)2325 and a recent
knock-out mouse study,42 where an effect on SD
threshold was demonstrated under normal [K*],.

Moreover, in normal ACSF, extracellular K* clear-
ance during and following intense neuronal stimulation
was not significantly compromised in o2™/X°F* mice.
Although this observation is consistent with data
from 02*/S3%R mice in a similar protocol,® it contrasts
with the findings in slices of o2 ™/W*'R mice, that dis-
played a higher time constant of the [K™], decay fol-
lowing the stimulation train compared to WT.?°

The in-vivo recordings support the findings in
acute brain slices from o2*/X°E4 mice. Using two sep-
arate experimental paradigms with either urethane/
o-chloralose or isoflurane anesthesia, we found no
reduction in the electric charge to trigger SD in
o2 /KOE4 mijce compared to WT. However, although
isoflurane has been employed successfully in SD stu-
dies*** including electrical SD induction,?® the results
have to be interpreted with caution, since isoflurane
inhibits N-methyl-D-aspartate (NMDA) receptors*®
and has been reported to suppress SD.*7>°

The differences between the mild SD phenotype of
02 /®OF4 mice and published FHM mouse models may
be attributable to differences in the genetic modifica-
tions of the murine ATP1A2 in knock-out and
knock-in mice. Whereas FHM?2 mouse models bear
missense mutations resulting in the substitution of
only a single amino acid,*>** expression of the null
allele in a2*/%°F* mice would lead to an o2 isoform
truncated after the first transmembrane domain that
would lack approximately 90% of the original pro-
tein.'* In consequence, the protein would be deficient
of essential functional elements, such as the nucleotide-
binding (N), the phosphorylation (P), and the actuator
(A) domain, which is expected to result in full
haploinsufficiency.>'>

It seems unlikely that the milder SD phenotype of
02 ROE4 mice is caused by compensatory overexpres-
sion of ol and/or o3, as semi-quantification of protein
and RNA expression has been demonstrated to be at
normal levels for o1 and even showed a ~25% reduc-
tion in the a3 isoform.*® Moreover, since o1-deficiency
was not associated with increased SD susceptibility and
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Figure 6. Pronounced hypoperfusion in a2-deficient mice in the wake of SD under urethane/a-chloralose anesthesia. (a) LASCA
imaging in the isoflurane protocol: The first image shows cortical perfusion imaged through the intact mouse skull. Starting from the
second image, difference images show the propagating hypoperfusion that characterizes SD in the mouse cortex of the right hemi-
sphere. Regional CBF over time was analyzed and SD speed was calculated. The dashed circle marks the burr hole with the exposed
dura mater. Time from SD onset is given in [m:ss] in the lower right. ECoG: electrocorticography, stim: stimulation electrode. (b—d)
SD evoked a multiphasic rCBF response in mice denoted A, B, C on the time axis. A: short hyperemia, B: short-lasting hypoemia, C:
hyperemia, followed by a long-lasting hypoemia (after C). Data points are given with respect to 5-min baseline rCBF (=100%) prior to
SD onset as mean£SEM. (e~f) In a2"“°%* mice, the rCBF following SD showed a pronounced hypoemia in the wake of SD compared
to WT during the initial hypoperfusion (marked “B”) and during the long-lasting hypoemia following the short rCBF recovery (marked
“C”). By contrast, deficiency of ol and a3 did not affect post-SD rCBF.
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a37/KOM mice were more resistant against electrical SD

induction in-vivo, interpretation of a possible compen-
satory overexpression would not be straightforward.

Phenotypic variability can also be observed
between other mouse models of Na™/KT-ATPase o2
haploinsufficiency. For example, Unekawa et al.*?
reported higher SD susceptibility in knock-out mice
with the N-terminal deletion targeting exon 2
(a2 7/XOE2) compared to animals carrying a C-terminal
deletion in exon 21 (a27/%9F2!) Heterogeneous results
have also been reported for FHM2 knock-in mice. In
contrast to o2t/W8R mice 2325 2 T/GIIR e dis-
played a similar SD speed compared to WT>* and did
not exhibit a significantly affected [K '], clearance.®

It seems plausible that differences in experimental
approaches contribute to the observed variability of
the SD phenotype between different genetically engin-
eered mouse models of a2 deficiency. For example,
in this study, we encountered profound SD phenotype
differences in the a3™/%°™ group when using two dif-
ferent experimental approaches in-vivo. The experi-
mental paradigms differed primarily in anesthesia and
preparation to gain access to the mouse neocortex for
SD induction and recording (open cranial window and
ACSF perfusion vs. small burr holes with intact dura
mater). Varying anesthetic regimen and SD induction
methods have been employed by the other mouse model
studies referred to in this article. In the first published
FHM-2 mouse model study, Leo et al.>* used urethane
to anesthetize 02™/"V*R knock-in mice and induced
SD electrically.*® By contrast, in the other published
FHM-2 mouse model (a27/93°R) " Bottger et al.?*
used a-chloralose as the main anesthetic and induced
SD by injecting potassium acetate into the neocortical
tissue. Yet another approach was used by Unekawa
et al.,*> who investigated SD susceptibility in two dis-
tinct 2 knock-out mice using urethane anesthesia and
triggering SD by applying increasing concentrations of
KCI solution to the brain surface.

Apart from differences in experimental conditions,
the observed phenotypic variability in FHM2 mouse
models may reflect the remarkably diverse functional
abnormalities described as a consequence of over 80
human disease-linked FHM2 mutations.>

Lack of a single allele of the a2 isoform gene seems
to be well compensated in metabolically intact in
contrast to stressed tissue

Physiological neuronal activity results in local [K™],
transients of only 0.2-0.4mM above baseline.”*>*
During vigorous electrical stimulation, [K™], locally
rises up to the so-called ceiling level of ~12mM.>*¢
During SD, [K*], rapidly increases to a level of
~50mM.”" In addition to astrocyte-mediated spatial

buffering,”® % the o2 isoform is ideally suited to

oppose such acute rises in [K ], because of its low affin-
ity, which allows the enzyme to rapidly adapt its
turnover over a large range of [K™],.°"%% In parallel,
o2 activity increases in response to the membrane depo-
larizing effect of rising [K'].,%*** particularly when
associated with the p2 subunit.>* Further, the maximal
catalytic turnover (V.x) of the a2 isoform is several
fold higher than that of the o3 isoform for
example. 16566

The o2 isoform is also ideally located to counteract
acute rises in extracellular glutamate which typically
accompany rises in [K1],. In adult somatosensory
cortex of rodents, the a2 enzyme almost completely
co-localizes with the astrocytic glutamate transporters
GLT-1 (SLC1A2) and GLAST (SLC1A3). Analysis at
the ultrastructural level evidenced that this complex
preferentially occurs in astrocytic processes around
asymmetric glutamatergic synaptic junctions, but not
around GABAergic terminals.'® The o2 isoform is
thus assumed to be responsible for the buildup of
Na® and K* gradients necessary for the glutamate
uptake in this subcellular microdomain. Impaired o2
function should hence increase the susceptibility to
SD based on the notion that SD is a reaction/diffusion
mechanism in which neurons release neuroactive sub-
stances such as K or glutamate. These are assumed to
diffuse to adjacent neurons where they trigger a self-
propagating regenerative process.’” "°  Accordingly,
impaired glutamate reuptake was reported in FHM?2
knock-in mouse models.?**>

An intriguing interpretation of our results is that the
lack of one o2 allele is very well compensated under
normal conditions and only becomes apparent in con-
ditions of challenge. Prolonged exposure to elevated
[K™], appears to be such a stressor. This interpretation
is, in a broader sense, in agreement with data from a
behavioral study of FHM2 knock-in mice (02™/¢3!R)
that described stress-induced abnormalities when com-
pared with WT.?* Notably, however, elevated baseline
[K*], represents a more extreme and in fact highly
pathological stressor, which occurs for example
during focal ischemia or after brain hemorrhage.
Whereas hemolysis is the source of K* in brain hemor-
rhage,”" ischemia causes activation of Ca”*-activated
K™ channels, resulting in a rise of baseline [K™],,
long before the ATP shortage slows the Na®/K*-
ATPases and SD occurs associated with further rapid
rise of [K1],.”*"

Because expression of the a2 isoform is reduced by
about ~50% in o27/®OF* mice,?° it is conceivable that
the reduced gene dosage is unmasked only in conditions
where transport capacity is exhausted and adaptation
would require upregulation. Regulation of the intrinsic
Na®t/K'T-ATPase activity depends on substrate
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concentration (K, Na*, ATP), interaction with FXYD
proteins and covalent modification, such as glutathiony-
lation and phosphorylation.*®™  Further activity
increase requires the insertion of additional Na®/K*-
ATPase enzymes into the plasma membrane through
mobilization from endosomal pools,”*”> which might
consequently unmask a reduced protein expression.

An additional mechanism could potentially aggra-
vate o2 isoform deficiency under conditions of high
[K*], load and promote decompensation of its homeo-
static function: Previous studies have demonstrated
a decrease of the ouabain-suppressible a2/a3 portion
of the total Nat/K*-ATPase activity in response to
elevated baseline [K*],. It has been suggested that
this reduction did not result from loss of high-energy
phosphate levels or modifications in protein or mRNA
expression but from modifications of specific active
sites, trapping the enzyme in an inactive phosphory-
lated state.”®

Pronounced post-SD oligemia in «2-deficient mice

Mice deficient of the o2 isoform showed pronounced
post-SD hypoemic responses. This could result from
abnormal Ca>" handling leading to enhanced vasocon-
striction in the wake of SD. A multitude of studies
have pointed to a distinct role of the o2 isoform in
controlling local Ca®" concentration and thereby mod-
ulating the release from intracellular Ca”*" stores.”’
Functional coupling of the o2 isoform with the
Nat/Ca?*-exchanger (NCX)”® was proposed as the
mechanism by which the local Ca*" concentration
increases and in consequence the concentration in the
endoplasmic/sarcoplasmic reticulum.” In the brain,
the o2 isoform is highly expressed in glial and vascular
smooth muscle cells (VSMCs) and the observed vaso-
constrictive effect could be mediated by augmented
intracellular Ca®" transients in either cell type. In
VSMCs and astrocytes, ouabain has been found to
induce intracellular Ca®' increases.'*'> Augmented
Ca’" transients in astrocytic endfeet were reported to
cause constriction in arterioles.*® The pronounced
hypoemic rCBF response in o2*/%F* mice is in agree-
ment with data from a27/9*'® mice that have been
described to exhibit enhanced contractility of cerebral
arteries.®! This study identified higher Ca®* sensitivity
as opposed to increased Ca®" release as the cause of
enhanced contractility. The effect was reversible by c¢Src
inhibition. In addition, the resting blood flow in the

middle cerebral artery was reduced in a27/3%'R mice.

Higher SD resistance of «3-deficient mice in-vivo

Despite significant Na™/K*-ATPase reduction in whole
brain homogenates, a3+ mice were more resistant
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against electrically induced SD in-vivo under urethane/
a-chloralose anesthesia compared to WT and displayed
a lower SD speed. In a behavioral study, a3 7/%°™ mice
were shown to have a ~40% lower hippocampal
NMDA receptor NR1 isoform expression compared
to WT and more pronounced learning deficits com-
pared to a2-deficient mice.?® One possible explanation
of the decreased NMDA receptor expression is that
chronic overexcitability during development may
result in compensatory NMDA downregulation to
reduce excitotoxic damage to neurons. Reduced glu-
tamate receptor availability could explain the dimin-
ished efficiency of electrical SD induction since the
induction process is likely to depend on glutamate
release.

Conclusion

In summary, the data demonstrate distinct SD pheno-
types as a consequence of genetic disruption or
pharmacological inhibition of the three Na®/K*-
ATPase o isoforms expressed in the brain. Both, the
astrocytic and neuronal isoform differentially affect
the SD phenotype in heterozygous knock-out mice,
whereas lack of one allele of a1, the ubiquitous isoform,
had no significant effect on SD-associated features.
The dependence on additional external factors to
reveal the SD phenotype in a2™/®°E4 mice presents a
mechanism that may model the episodic nature of
migraine aura, where attacks depend on a combination
of genetically determined susceptibility and challenging
environmental conditions.®? In addition, the presented
features of the different Nat/K*T-ATPase o isoforms
are important for conditions during which the SD con-
tinuum is now increasingly recorded while the patient is
on the neurocritical care unit, such as traumatic brain
injury, intracerebral spontaneous hematoma, aneurys-
mal subarachnoid hemorrhage, malignant hemispheric
stroke or cardiac arrest."** Better understanding of the
different isoforms could inform the development of
novel therapeutic strategies in all these conditions.
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