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1. Introduction

Stroke is the third most common cause of death in Hungary and Europe, coming only

after heart disease and cancer. Much of the primary danmagiee acute phase of

ischemic stroke may prove irreversible despite prompt intervention, yet the management

of secondary pathophysiological processes is more feasible and of fundamental

importance to improve the prospect of successful recovery.

The neurtogical deficit caused by stroke, thus, obviously depends upon the severity

and nature of the initial injury, but also upon secondary and progressive deleterious
events, such as spreading depolarizaf®id). Research o®D considerably accelerated

in the last fifteen yearsdue to the highly significant observation that spontane&3ins

occur consistently and repeatedly in the injured human brain, and contribute to lesion

progressionThis justifies research efforts to understand the pathophysiologicabfrole

SD in ischemic brain injury.

In 1944, A.P. Leaalescribecthat direct electrical stimulus of cerebral cortex causes

transitional suppression of spontaneous cortical acteegn as transient depression of
the electrocorticogram (ECod)]. Using a series of electrodes positioned at increasing

distances from the site of electrical stimulatitre phenomenowasdetected firsat the

recording site nearedthe stimulus, and spread with63mm/min to themore distant

electrodes The recovery of artical activity started within seconds close to the site of

electrical stimulation and appeared with a similar delay at subsequent ele(Higd4s.

Based on thee observationghe phenomenowasnamedasii s pr eadi n g
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Figure 1:

Leaobs

illustration of spreading
depression. The traces
correspond to
electrocorticogram channels,
the signals acquired #ie
surface of the brain of a
rabbit. The time elapsed aftel
electric stimulation is
displayed at the bottom of
each panel. The inset (F)
shows the position of the
electrodes: s, stimulationj 1
7, recording electrodes paire:
as indicated in (A).
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Subsequenelectrophysiological studiethat recordeddirect current (DC)potential
demonstratedthat suppression dhe ECoG coincided witha nearcomplete sustained

depolarization o# critical population of cortical neuroSig. 2).

Figure 2:
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This feature of the eventsas served to unify the terminology and define propagating
depolarization event$n intad, ischemic or anoxic tissu@p spreading depolarizati¢?,
3] The depolarizationis caused by thdéreakdown of ion equilibriunacross neuronal
membrane$4] during the depolarization phase of SD, there is an intense effluX tf K
the extracellular space, parallel witbnsiderable influx of Na[5, 6]. As SD propagates
across the cortex, considerable osmotic changes follow the ionic redistribution, which
manifess in swelling of neurons and dendritic spings, 8]. Due to sustained
depolarization, neuronal membrane chanpetslucingaction potential arénactivaed,;
therefore additional stimuli cannot evoke action potentialhis forms the basis of
electrical silencendicative of SDon ECoG signaJl]. The complex mechanisof SD
propagation arstill a target of investigatiorinstead of relying on synaptic connections
conveying depolarization to sites distant to neuronal cell bodies, SD propagates to
adjacent neuron populations, possibly dieect gap junctios[9] Also, themass release
of excitatory neurotransmitt eammobstwicdeid as gl ut
(GABA) might serve volume transmissi¢é, 10].

1.1Regional cerebral blood flow response to spreading depolarizatien

neurovascular coupling

Since restoration of transmembrane poterditér SDrelies on ATRdependent ion
pumps the obvious metaolic demand requires rapid increases in oxygen and glucose
delivery, which is mediated by neurovascular coupling. Neurovascular coupling is a vital
feedforward control mechanism, which adjusts local cerebral blood flow (CBF) to the
energy requirements oéctivated neurongll]. The resulting functional hyperemia

increases the delivery of oxygen and essential nutrients, affords effective washout of
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wasteproducts, and maintains an optimal homeostatic balance in the local neural
microenvironment. Neurovascular coupling is based on an orchestrated, tightly controlled
intercellular communication between activated neural elements such as neurons and
astrocyts, and vascular compartments including endothelial cells, pericytes and smooth
muscle cells. The cellular mechanisms underlying neurovascular coupling are multiple: in
addition to the neuronal production of the vasodilator nitric oxide) (€], the role of
astrocytes in neurovascular coupling is becoming increasiolgigrer Astrocytesi
embracing the synaptic cleft and having multiple endfggtosedto microvascular
smooth muscle cell$ are ideally situated to functioas relay cells in neurovascular
communication. Recent discoveries provided strong evidence that astrocytes can control
local cerebral blood flow through €adependent production and release of metabolites

of arachidonic acid (e.g. epoxygenak®ived epmyeicosatrienoic acids, and
cyclooxygenaselerived prostaglanding)Ll3]. SDs are coupled with typical changes in
local CBF. In the rat and most probably in humarthe physiological pattern of the SD
associated CBF response includes four sequential componentsn (iitial, brief
hypoperfusion; (i) a marked, transient peak hyperemia; (iii) a less obvious late
hyperemia; and (iv) a sustained hypoperfusion also known as spreading oligemia or post
SD oligemi§l4]. The duration and magnitude of these four elements in the CBF response
is variable, wih the peak hyperemic component being the most conspicUdues.
pronounced hyperemiaften exceed400% with respecto baseline and outlasts SD for
minutes[15]. After peakhyperemia CBF stabilize bdow baseline level and persisis
oligemic valuedor 30-60 min. The different phases of the SBlated CBF response are
mediated bya combination of extracellular ionic, neurotransmitter, and metabolic
changes[14]. These include the increase of interstitial Ktaying below 20 mM
vasodilator, rising above 20 mM vasoconstrictor), variation in the release of nitric oxide
or prostaglandins, or the possible modulation of adenosine recefifs These
interactions are rather complex and must depend on the metabolic status of the tissue,
therefore the discrimination of individual factors remains a challenge.

1.2 Patophysiological impact of spreadig depolarization

For decades, SQvas speculated tadevelop only under experimental conditions,
because no clinical evidence supported the occurrence of SD in the human brain.
Although Leao specifically linked SD to migraine aura and cerebral ischiifiathe



technical developments of diagnostic tools enabled the detection of SD in patients only
decadedater. First, the introduction of PET revealed the CBF response to SD in patients
of migraine with aurg15]. In 2002, a groundbreaking study positioning surface ECoG
strips on the adex of postoperative neurosurgical patients demonstrated that SDs occur
and propagate in thmjured human neocortex17]. This revealing finding initiated a
subsequent line of influential studies to investigate the pathophysiological relevance of
SD in patients of magnant stroke, subarachnoid hemorrhage and traumatic brain injury
(cf. www.cosbid.ord17-23]).

SDs havelong been suspected to aggravate ischemic injarparticular, SDs have
been considered to recruit electrically silent but viable penumbra tissue into the non
viable core regiofi therebyexpanding the injury24-26]. This notion was supported by
the coincidence of SD evolution and infarct maturation demonstrated by a linear
correlation between the total number or cumulative duration of resdquSDs and the
infarct volume after middle cerebral artery occlusion (MCAO) in rg®¥, 28] In
subarachnoid hemorrhage patients, delayed ischemic neurological deficit corresponded
with a sequence of recurrent S29]. After traumatic brain injury, SDs of long duration
and frequent recurrence in temporal clusters, in association with isoelectricity of the
ECoG or periodic epileptiform discharges predicted unfavorable outf@2e3] The
relationship between SD occurrence and injury progression appears caoaakebKGl
induced SDs invading the penumbra from remote sites increased infarct volumes in
experimental strok24, 29]

Under ischemic conditionsspontaneous SDs occur within minutes. Howevie,
duration of depolarization may vary greatly, dependent on the metabolic status of the
tissue. Therestoration of transmembrane potential i.e. repolarizascachieved by the
ATP consuming sodium pump (Na/K ATPase). If oxygen and nutrient supply is
undisturbed the depolarization is shamansientand repolarization is complete within a
minute[30]. In case a mismatch between energy demand and supply evolves (i.e. due to
perfusion deficit), the efficacy of the sodium pump will decrease tduthe restricted
availability of ATP, and repolarization will be delayed, coincident with a persibtant
reversible depression of cortical activity20, 25] This is typical of theischemic
penumbrd31]. Finally, severe shortage of oxygen and energy substaatgoccursafter
cardiac arest or in the coreegionof focal ischemiampedes reporlarization, and leads to
terminal depolarization. The ability of neurons to repolarize indicates viability, while

terminal depolarization is a clear sign of neuronal death. Taken together, therdofati
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depolarization can be indicative of the metabolic crisis, and is attributed a predictive
value as to injury outconi8&, 30, 32]

The mechanisms behind the injurious potential of SD are still being investigated. At
present, tb deficiency of the Sissociated CBF response is accepted to mediate
neurodegeneration becausethe insufficient CBF response sustains the state of
depolarization and delays repolarization by depriving the tissue at risk of essential

nutrients required tonaintain ionic balance across neuronal cell membrdde82]

Physiological Various types of CBF responses to SD

CBF response during ischemia

to SD
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Figure 3: Overview of various conceptual cerebral blood flow (CBF) responses to spreading depolal
(SD) in the intact cerebral cortex (A), and during ischemid)BSolid, black lines depict theoretical CE
responses based on our observations. Dotted linganels BF indicate the physiological CBF response
SD, for comparison with those under ischemia. Gray lines and shaded areas stand for ideal SD

deflection upwards): short transient in paneldDAintermediate in panel E, and terminal in dake
Baseline CBF (100%) is given as a horizontal [B4].

In contrast tothe hyperemic response related to SD in healthy tissuaired
neurovascular coupling under ischemic conditions inslseeere vasoconstriction, and
leads to marked, prolonged hypoperfusiovhich spreads together with SDn the
ischemic brain the CBFesponse to SD may undergo a gradual transformation to uncover
ruling vasoconstrictive elementBig. 3). The most important parameter in the spectrum
from normal hyperemic responses to inverse responses is the growing presence and
increasing duration of #initial hypoperfusiof20, 33}

The perfusion deficiin the ischemic tissue is aggravatedspyeading ischemiahich
worsenghe mismatch between energy demand supply in the tissue, markedly delays
the recovery from SD, and shifts prolonged SD to terminal depolarizf8kjn The
normal hemodynamic response to SD is achieved by a fine balance between constrictive
and dilator vasoregulatp mechanisms [14]. Under physiolgical condition,

vasoconstrictiorcaused byincreased extracellulak+ concentrationis surmounted by



vasodilatioormediated bylecreased tissue pH and NO relef@®& 37] Ischemia alters the
baseline tone of arteries: shortly after the occlusion of a cerebral vessel, atamodil
evolves in order to maintain CBF against decreasing perfusion pressure. This leads to
maximal vasodilation and exhausts microvascular reserve cap@atys after the
primary injury, vasospasm may develop, which is implicated in delayed ceisaltramia

after subarachnoid hemorrhal@8]. Against these general cerebrovasculaangesSD-
coupled vasoconstriction may prevail, because counteracting vasodilators that would
normally balance out vasoconstriction are not available. As suedm NOavailability is
decreasedfor example NOis scavenged byemoglobin),together with arelevated
concentration of extracellular'Kthe net vasodilator effect cannot overcomé iKduced
vasoconstriction [39]. Moreover, increased basal extracellular” Koncentration
contributes to increased calcium fQastorage in astrocytes andscular smooth muscle,

and during depolarizatiomassiveCa* release enhance vasoconstrictié@]. The result

is a vicious cycle: ischemia favors the initiation of recurrent spreading depolarizations
some of which are coupled with spreading ischemia. Such events will deepen the
perfusion deficitin a stepwise fashigrwhich will give rise to further depolarization
eventg41, 42] Finally prolonged depolarization with spreading ischemia extends cortical

necrosis, and enlarges the ischemic {48 44]

1.3Assessmentof ischemia induced spreading depolarization rad neurovascular

coupling

The characterizatiorof SD waves traditionally relies on the recording of extracellular
DC potential from the cerebral cortex, which is an accurate and suitable approach, but
lacks spatiotemporal resolutio@ur group hasleveloped and validated a method for
direct, live imaging of K-inducedSD in a rat closed cranial window preparation, using a
voltagesensitive (VS) dyd45]. VS dyes ee chemicals that bind to cellular membranes
and whose fluorescence increases with reduced cellular transmembrane ppgtéhtial
Our group haslemonstrated that the S&¥sociated changes of VS dye fluorescence with
time are equivalent to the electrical signature of SD (i.e. DC potential Bt5it) The
two-dimensional spatial resolution feature of VS dye imaging is uniquely approfwriate
monitor thesite of initiation of SDs and their subsequent route of propagatishich
cannot be predicted ithe ischemic cortex. Another advantage of thegingaapproach is
that, onceSD elicitation has been identified on relevant captured images, small areas of



interest can be selected, and used as probes to extract the kinetics of changes in VS dye
fluores@nce within the whole image sequence. This quantitative feature ottiveciee

(i.e. determination 08D kinetics at any chosen cortical location within the field of view)

is highly pertinent for our objectives, given that we will deal with events edicib

regions subjected to various levels of ischemia severity, and where individual ischemia
intensity may evolve with the maturation and progression of the lesion.

Next, the VS dye methodas extendethy coupling it to laser speckle contrast (LSC)
blood flow imaging [47]. LSC imaging provides information on the velocdly blood
cells, and thereby data on relative blood flow changes. This is now a well validated
approach for the imaging of local CBF changes with high temporal and spatial resolution
[48]. The VS dye/ LSC imaging combination has the capability to provide datthaets
are perfectly matched, in both space and time, for the two varidbjegself, LSC
imaging enables thanonitoiing of the evolution and degree of ischemaad following
the CBF dynamics at various cortical sites after ischemia onset. In assowidhidBD
imaging (i.e. VS dye method), LS€an identify the potentially severely affected and
spared cortical regions, and correl&P features with local ischemia severity and its
evolution.

Finally, the multimodal imaging approach has been completechéyabhalysis of
intrinsic optical signals (I0S)J49]. IOS evoked with 540 to 55@m green light
illumination allows the estimation of local edral blood volume (CBV): decreasing
green IOS intensity (i.e., decreasing intensity of reflected lighaicieptedo correlate
with increasing CBVFinally, I0S under 620 to 640nm red light illumination is indicative
of the oxygen saturation of hemogiob decreasing red I0S intensity represent
decreasing hemoglobin saturation; in case hemoglobin is totally desaturated, red 10S
intensity changes follow that of CBM9].

The rat MCAO model for stroke is a widely used method to study the pathogenesis of
focal brain infarcts[50]. Moreover, SDs are readily generated after MCAO, which
renders the model suitabfer the investigation of ischemiaduced SD[51]. As an
alternative to MCAO, the microspheraduced,multifocal stroke model in rats has been
utilized to mimic theformation of snall, permanent cerebral emboli and multipl&arct
areag52, 53] Such a multifocal stroke model appears tarimee suitabléo capture SD
elicitation sitesin the parietal cortexf the rat. The model is relevant for small embolic
infarcts inpatients, complications with cardiac or pulmonary arteriovesbusis (e.g.,

cerebral emboli), andossibly multiinfarct dementidVhether SDs occur imicrosphere
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induced, multifocalstroke inthe rat brain has not been shown, but recurrent SDs were
sucessfully evoked in the microembolized mouse bfaéj.

SDs are generallgonsidered to be initiated at sharply demarcated ischemic border
zones in focal ischemia. However, it remains unclear whether depolarizations may also
occur in norterminal global ischemia, i.e. conditions in which no distinct ischemic core
and penumbra cabe delineated, and thereby no marked heterogeneous ischemia be
anticipated. The investigation of depolarizations in global ischemia may be relevant to
human conditions such as hypovolemic shock, cardiac arrest or complex cardiac surgery,

which involve arisk of reduced CBF and related poor neurologic outcome.

2. Aims

Because the insufficiency of the CBF response to SD has been suspected to mediate
SD-related injury, our major goal was to identiyarious types of hemodynamic
responseso SD with relation to the severity of cerebral ischenaiadto determinea
possible association between depolarization types and associated hemodynamic
responseskFurther objectives included the characterizatanspecific conditions that
favor SD eligtation and propagation and of patterns of SD propagation over cortical

areas with various serity of ischemia

3. Materials and methods

All animal procedures were approved by the Ethical Committee for Animal Care of the
University of Szeged adhering to timmal regulation (guidel i nes of t he Sci
Committee of Animal Experimentation of the Hungarian Academy of Sciences, updated
Law and Regulations on Animal Protection (40/2013. (Il. 14.) of Hungary), following the
EU Directive 2010/63/EU.

Inhalation aesthesia was performed on adult male Spridawley rats with 1.82.0%
halothane in NO:O, (2:1). Breathing was spontaneous throughout surgical preparation
and subsequent data acquisition. Body temperataskept between 37:137.4C using
a heating padeedbackcontrolledby a rectal probe. To avoid overproduction of airway

mucus, rats were pretreated with 0.05 ml atropine intramuscularly.



3.1. Surgical procedures

3.1.1. Preparations for the induction of incomplete global forebrain ischemia

Rats =13 300450 g) were anaesthetizedhe left femoral vein and artery were
cannulated for the monitoring of mean arterial pressure (MAR] Jatter indution of
hypovolemic hypotensiorMidline cervical incision was mad® expose the common
carotid arterieCCA). The vessels were gently separated from their sheaths and vagal
nerves. Surgical sutures were loosely looped around the common carotid dderies
permanent bilateral occlusion (2VO) during image acquisitiime ends of surgical
threads were guided out tlugh smalllateral incisions in the skin above the common

carotid arteries, and the midline wound was closed.
3.1.2. Preparations for the induction of microembolic stroke

Rats(n=13 300450 g) were anaesthetizethe right femoral artery was cannuldte
for the nonitoring of MAP. \entralcervical incision was made in the midline of the neck
to expose the right CCA'he vesselvasseparatedrom theadjecent tissue. The external
and internatarotid arterie¢ECA, ICA) werealso liberatedThe ECA and the CCAwere
ligatedproximally. A polyethylenetube (1.0mm OD x 30cmrtravenous Cannula, Sims
Portex Smith Indrustries, Hythe, Kent, England) was inserted into the right CCA and was
advanced gently into thECA until it reached the base of the skull. The cathetas w

securedo thevessel with surgical sutureBhe midline wound was closed
3.1.3. Closed cranial window preparation

In both moded, afterthe surgical steps abovanimals were placed in a stereotactic
framein the prone position. Aranial window (approximately 4 x 4 mm) was prepared at
the center of the right parietal bohg carefully thinning the bone with a higiprecision
electrical drill (Technobox 810, BieAir Dental SA, Bienne, Switzerland). A doughnut
shape ring ofmethylmehacrylate resin GC Unifast TRAD, GC EurapGC EEG
Hungary, Hungaryyas built around the craniotomy, incorporating a perfusion inlet and
outlet the inletconnected to a peridtee pump.The chamber was filled with artificial
cerebrospinal fluid (aCSHFIM concentrations: 126.6 NaCl, 3 KCI, 1.5 Cg@l.2 MgCb,

24.5 NaHCQ@, 6.7 urea, 3.7 glucose, bubbled with 95% and 5% CQ to achieve a

constant pH of 7.45), and the dura carefully dissected before sealing the cranial window
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with a glass coversligluedwith a twocomponengl ue ( UHU GmbH & Co,

Germany)to the dental cement ringnless otherwise specifiethe closedchambemwas

continuously perfuskwi t h a CSF at aThe paessare in the csedcaniahi n .

window was kept neathe physiologic intracranial pressure sgcuringthe end of the

perfusion outletat 13#0c m above the ani mal sé6 head
3.2.Experimental protocol

In each experiment, théS dye was dissolved in aCSF and circulated over the exposed
cortex ( 8 0 G120 min to Jsatufate the @iical surface within the cranial
window. Surplus dye was washed out overd80min with aCSFKig. 4). Subsequently,

dataacquisition was initiated and a-b@in baseline was acquired in both models.

blood withdrawal—> 1M KCl i.v/halotane

VO ~ 40 mmHg MAP overdose
A

A 90-120 | 3040 /A 10 15 15 10 b
! T . T A T !
Ff:é;ﬁ]zg V}’:égg?t rbas?linel ' ischtlamia biologi(:alze:ro

B 90-120 | 3040 /A 10 [7 60 10 b

t
microsphere injection halotane overdose

Figure 4: Timelines of experimental protocols for the two cerebral ischemia models (incomplete glok
forebrain ischemia model in (A) and meembolic stroke model in (B)). Duration of distinct periods is
given in minutes.

3.2.1. Incomplete global forebrain ischemia moel

2VO was produced by pulling and fixing the surgical thread looped around the
common carotid arteries at both sides. The successful induction of 2VO was confirmed by
an increase in MAP due to baroreceptor reflex. Cerebral ischemia was enhanced 10 min
later by hypovolemic hypotension, produced by the gradual withdrawal of blood via
either the femoral venous or aré catheters, until MR decreased to 40 mmHg, then
stabilized between 385 mmHg by mobilizing reserve blood. Each experiment was
terminated @ min later by either induction of sudden cardiac arrest (i.v. injection of 0.5
ml of 1M KCI), or halothane overdose. Recording was pursued 10 min after the induction

of cardiac arrestHg. 4).
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3.2.2. Microembolic stroke model

Multifocal ischemia was induced binjecting 4553 um diameter microspheres
(UVPMS-BY2 4553um, Cospheric, Santa Barbara, CA) suspended in 0,02% tween 20
solution (2000 particles/ 0.6 ml vehicle) via the ICA cannule, at a rate of 300ul/min.
Optical signals were continuously captured forrBh after ischemia induction. Each
experiment was terminated by halothane overdose, and 10 min biological zero was

recorded after cardiac arré€big. 4).
3.3Multi -modal imaging

A multi-modal imaging systejrdesigned previously in our laboratgds, 49} was
applied to reveal Sbrelated changes in transmembrane potential #edcoupled

hemodynamic response in the cortical area under $kigy5).

Figure 5: Schematic drawing of the setup use
for mutiple illumination and image capture in
these experiments. The cranial window was
illuminated in a stroboscopic mode by three

Red reflectance
Green reflectance ____
LSC imaging i
(Pial arteriolar diameter)

~--=» VS dye
fluorescence

] Two CCD -- Emission

distinct light sources: (i) A red LED (ii) a greer

cameras @ = == filter for high-power LED operated with a baidss
VS dye filter centered on the isosbestic poof
hemoglobin; and (iii) a laser diode (Sanyo
~ Stereo- LEDs with DL7140-201S; 70 mW; 736 nm emission
Ll axciteitior: fiftises wavelength) driven by a power supply (ITC50:
2=540 nm Thorlabs Ltd., Cambridge, UK) set to deliver &
Fluorescence,ﬁ A=630 nm 100-mA current. The alternating fluorescent ar
Reflected light reflected light passed through
///// L ; stereomicroscope on which 2 CCD cameras
7 | frock were mounted. Camera 1, equipped with a b
| 2=736 nm . , equippead with a ba
- [ ] pass filter (676740 nm), acquired only VS dye

fluorescence sequences, while Camera 2
recorded LSC images and IOS under red and
green illumination (final magnificatioaf
images?3 3.15).

At carefully selected illumination and strict timimg triggeringimage capturdgFig.
6), optical signas (i.e. variations in light emittance and reflectance) related to changes in
membrane potential and hemodynamic variabilesre visualized with a good

spatiotemporal resolution.
3.3.1. Imaging of cellular membrane potential changes

To detect membrane potential chagge VS dye (RH-1838, Optical Imaging Ltd.,
Rehovot, Israel ) that binds to cell membranes, and whose fluorescence inergases

reduced cellular membrane potenf{ib] was usedTo capture VS fluorescence images,
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the cortical surface waiuminated with a flashing red highower light emitting diode

(LED; 625 nm peak wavelength; SI0807_A, Mightex Systems, Pleasanton, CA) fitted

with a 620640 nm excitation filter (3RD62640, Omega Optical Inc., Brattleboro, VT).

Images were captureditv a monochrome CClamera.e. Camerdl (100 ms exposure

each second; maxi mum resolution of 10247110
Gr °benzel | equipfedwitma BRD 670740 nm emission bandps s yl ter
(Omega Optical Inc) attached te@reomicroscopé-igs. 5, 6).

3.3.2. Imaging of cerebral blood flow changes

Cerebral blood flow BF) was monitord at the exposed cortewith laser speckle
contrast (LSC) imagingThe cortex was intermittently illuminated with a laser diode
(Sanyo DL714€01S;70 mW,; 736 nm emission wavelengtihe raw laser speckle
images were captured by a second CCD camera, identical to that used for VS dye
imaging, and attached to the same stereomicroscope by using a 1:1 binoculantvédeo
beam splitter(Figs. 5, 6). CBF maps were calculatedith ImagePro-Plus software

(Media Cybernetics UK, Marlow, UKjyom the obtained raw speckle imagés].

A IMAGE (:::APTURE B
Computer 1 ICamera1|§§[Camera2] Computer 2
lﬁ e PR - - Laserdiode RedLED  GreenLED
Mightex | IPP | Camera Camera (736 nm)  (620-640 nm)  (540-550 nm)
software Link Board ink Board LSC imagil ‘
ki oo TILTig. i TTLTrg reflectance lllumination —— — — off
- i - Red 20msec 100 msec 100 msec on
I Timing computer reflectance U — =
| (ASYST)
. = Camera 1 of
TTL Trig TTL Trig exposure 100 msec
P On
Camera 2
ex OSUfe TT m T T Off
ntcolier: Contsolier: p 20 msec 10msec 100 msec H 0
11 1 u u | n
[ e
ILLUMINATION

Figure 6: Diagram of the setup (A) and triggering (B) used for multiple illumination and image capti
these experimentsSynchronization of the illumination/image capture was achievadbye o6 Ti m
computer (A).

3.3.3. Imaging changes in cerebral blood volume anddmoglobinsaturation

To reveal information about cerebral blood volume (CBV) and hemoglobin (Hb)
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deoxygenationin the observed area, intrinsic optical signals (I@&)e capturedwith
Camera2. CBV in the cortex was assessed using 10S evak&d0 to 550hm green light
illumination (100 msec illumination and 100msec exposure) decreasing green 10S
intensity (i.e., decreasing intensity of reflected light) was expected to cerneltt
increasing CBV. In addition, changes in extracellular volume associated with SD were
expected to contribute to variations in green I0OS signal interiBity. 7) [45, 55]
Hemoglobin deoxygenation was recorded with the help of 10S wWi{eto 640nm red

light illumination (100 msec illumination, 10 msec exposure) decreasing red 10S
intensity represented decreasing Hb saturation; in case Hb was totally desaturated, red

IOS intensity changes followed that of CBV.

Reflectance Fluorescence
(620-640 nm) (670-740 nm)
60 110 Laser speckle
contrast imaging
~ . 50 (736 nm)
c Q
§2 %
3 40
Q¢ 530
TG0
L& 220
0% £
=297
O -+ 10 = Oxy-Hb
Deoxy-Hb
i e—
500 550 700 750

Wavelength (nm)

Figure 7: Specifications of the different illuminations used in the experiments (green and red LEC

di ode) , of the VS dye fluorescence emissi 0o-n
Hb and deoxyHb. Values for deoxyHb and oxyHb molar extinction coefficients were taken fror
http://omlc.ogi.edu/spectra/haemoglobin (i.

Med. Res. Council Labs, Holly Hill, London; and N. Kollias, Wellman Laboratories, Harvard Me
School,Bostn 6) . The pl ot -saidaeosyHbtabsarb 54850 nrh grezx light equall
(isosbestic point), therefore green I0OS is expected to primarily indicate changes in local CB
decreasing intensity of reflected light indicates CBV increase).

3.3.4. Pial arteriolar diameter

Pial arteriolar diameter was measured on selected arteriolar segments (average baseline
di amet er in thd bddrpiete global forebrain ischemeodel Measurements
were carried out on green ISO images, at a resolution of 10Q24xfixels. After
background normalization, a dedicated software (ImagePro Plus macro) calculated
arteriolar diameter in each image of a sequence, based on automatic edge detection

between dark and light areas (dark areasel, light are@ackground tiss).
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3.4Protocol for image analysis

Local changes in VS dye fluorescence, CBF and IOS at red and green illumination
with time were determined by positioning
in the incomplete global forebrain ischemraodel, 6x6 inthe microembolic stroke
mode) on the image sequences in such a way that visible blood vessels were .avoided
The position of AOI was random for general data assessment, and carefully selected when
the focus of an Shr distinct SD evolutiorwas analyzed (microembolic stroke model)

The average gray level within an AOI was measured in individual frames constituting
each image sequence, and plotted against the corresponding time of data acquisition.
Once assembled, these data provided the gmoreling kinetic of changes in fluorescence

intensity, CBF and 10S throughout the recording period.
3.5Histology in microsphere model

To confirm ischemic lesion ewation, 7 male Spragu®awley rats (360 to 430 Q)
were anesthetizedvith 1.5% to 2.0%isoflurane in NO:O; (2:1) 24 hous after
microsphere embolispand decapitatedBrains prepared for slicingiere rinsedn ice-
cold 0..M phosphatéuffered saline, andvere sectioned in the coronal plangith
microtome bladesn a rodent brain matrixBrain slices (2mm thick)were incubated in
2,3,5triphenyltetrazolium chloride (TTC) in OM phosphatébuffered saline for 20 min
at room temperature, thatored in 4% paraformaldehyde. Because TTC staining may not
be sensitive enough to detect microinfarctse TTGCstained sections werdatter
embedded in paraffin s e c t i onrheckl slicespstaitedwith hematoxilyyn/eosine
(HE), and examined with optical microsgopSections were digitally recorded with
microscope slide scanner (Zeiss Mirax MididgliScanner, Carl Zeiss Microimaging
GmbH, Jena, Germany).

14

s el



4. Results
4.1Changes in the acquired variables with ischemia induction

4.1.1. Global forebrain ischemia

After 2VO onset, baseline MARB$ 4 mmHg) suddenly dropped ™ 0 NmmHg and
then immediately increased 100 7 Wm®Hg, which is considered to Iiee sign of intact
baroreceptor reflex. MAP theper si st ed at a higher l evel
initiation of hypovolemic hypotension. With gradualood withdrawal, MAP reduck
progressively t hen per si st e detaminatibddithe experthefigi nt i |
8)

CBF varied in a similar fashion and with a minimal latency with respect to MAP.
Following a brief perfusion drop immediately after 2VO onge6(N 5 CBF)increaed
parallel with MAP and persisted at around 78%, then reduced with blood withdrawal
( 3 9 N &nd &ejtled on near this val(fég. 8).

Variable
120 - b o o T

S - MAPB (mmHg) Time in the course of ischemia ‘

8 MAP CBF (%) arteriolar
< 100 1 I s oM (mmHg) Y diameter
=
) o (m)

. =
O ¢ Baseline 8824 100.0 80=5
z Drop early after 2VO onset T0=4%* 65=5%¢ 60=7
B Maximum baroreceptor response 1076*# 78=54¢ 77=6
@ _—
S 40 Start of blood withdrawal 91=4 782744 72:6*
End of blood withdrawal T3 39a5e G0=4*
20 T T L T T
@ (b)) @ (e (f) ) 9 min after completion of blood 40=4%* 48=8%# 6154

withdrawal

Events in the course of experiments (code)

Figure 8 Changes in systemic caridovascular and cerebrovascular conditions over the courst
experimentalprotocol. Events in the course of experiments: (a) baseline, (b) early after 2VO on:
max. baroreceptor response, (d) start of blood withdrawal (e) end of blood withdrawal (f) 9 min a
completion of blood withdrawal (g) immediately before éacdarrest. Grey column represents the pel
during which ischemia induced depolarisation occurred (ie. $8h)le shows changes in mean arte|
pressure (MAP), cerebral blood flow (CBF), and the diameter of selected pial arterioles. Di
expressed sa meail S E M. Significant changes over tim
(ANOVA) with repeated measurements. (**P<0.01 and *P<0.05 given as levels of confic
Abbreviations: 2VO: bilateral common carotid artery occlusiofvg@sel occlusion), 3 perkinfarct
depolarization.
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Transient drop of pial arteriolar diamet#rselected vesselsas detected due to 2VO

onset ; from a baseline of 80N5 Omand arteric

subsequently dilated to 77K6 Om. At the
remained at FigBound 60 Om (

A sudden negative shift in VS dye signal intensity developed with 2VO onset in all
experiments 4 . 6 Ngl%, &= 13. In 7 cases, gjht elevation in VS dye signal
developed immediately after the negative shift and an additional drop of VS dye
fluorescence intensity was detected at the initiation of hypovolemic hypotension (
3, 90dG.. 6

Green | OS suddenl ygl%) immnediatalys after 2\ O7angeid NO . 7
accordance with the marked reduction of CBF. A similar positive shift in green 10S
occurred inthe courseofh e devel opment of hypog®) emic

Red 10S dropped with 2VO onset5(. 8 6 B§l), &d also with the initiation of
hypovolemic hypotension4 , 5 8 ditg).. 9

4.1.2. Multifocal ischemia

Embolisation (i.e. ischemia induction) was considered successful, if the presence of
microsphere could be confirmed in pial arterioles revealed by the cranial windo
Successful ischemia induction was also confirmed by following microsphere capture in
videos acquired at green light illuminatiqifig. 9 A-B) and by monitoring CBF.
Immediately aftemicrosphere infusionCBF dropped distal to the olusion in selected
pial arterioles. This is demonstrateddyepresentative caseFigure 9 C1-C3.

CBF in the cortical parenchyma revealed by the cranial window showed a
heterogenous reductiofi@. 10). As Figure 10 demonstrates, CBF dropped below 50%
in 8% of the corticharea; was maintained between%®W about ~ 61% of the cortex,
and stayed above 90% in around 30% of the visualized area.

After the termination of the experimental protocol, brains were removed, and
fluorescent images covering the entire dorsal brairfaser were obtained at UV
illumination. These images revealed that microspheres blocked pial arterioles on the
ipsilateral hemisphere randomly, and at multiple sites of the observed~ayealj. This

was expected to cause multifocal ischemia.
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Figure 9: Representative images and graphs illustrate the reduction in blood flow in the pial arl
after microsphere captur e. -55 inm)tllumination. (KeAnsomy G
the parietal cortex revealed by the cranial windBed arrows indicate microspheres in pial arterio
Picture (B.1 was taken before microsphere administrdtioad flow is undisturbed in a pial arterio
(white arrow). Picture (B.2) was taken 2.5 min after microsphere administration. Microsphenmedvwed
=45 to 56 Om) blocks bl ood f |- wseleated pidi arterisle wit
captured microspheres. Blood flow detected in selected area of interest i.e. AOI (small circles), pl
the vessels proximal (Pv1) and distgh2) to the obstruction. The direction of blood flow is shown
white arrows. C3, Traces were obtained by laser speckle contrast analysis (LSC), and seje:
kinetics of blood flow change in the selected AOI. The time of microsphere capture isdnvaitk
vertical arrow. Proximal to the obstruction (Pvl AOI) blood flow remained constant. Distal t
blockade (Pv2 AOI) blood flow dropped (100% to 40%) and persisted at a low level.

In order to confirm that microembolisation did cause brain infarctTTC stained
brain slices prepared 24 h after ischemia induction were investidapate 12 Al
shows a focal lesion in the cortex (pointed at by arrow, n=2) wHiderre 12 A2
demonstrates more diffuse cortical infarctions (n=3) in the ipsilatertdxcdschemia
related lesions were not detected in 2 rats. In these two cases, probably microsphere
infusion failed to reach the brain, instead, microspheres were possibly drained into the

pterygopalatinal artery.
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4.2 Characterization of spreading depolarizations and associated hemodynam

responses

4.2.1. Global forebrain ischemia

Experiments fell into 3 categories based on whether depolarization was €
successfully, and if so, during which phase of the experimgmatedures SLC
appeared; (i) depolarization did not evolve during the period of recording (n=4
depolarization emerged at a time during blood withdrawal carried out to en
forebrain ischemia by hypovolemic hypotension (n=3) and (iii) depolasizaitcurred
after forebrain ischemia had been completed by hypovolemic hypotension (n=
SD emerged under 2VO alone, or during the 10 min between 2VO and
withdrawal. Average time to SD appearance with respect to the initiatio
hypovolemichypp ensi on was 4. 6N0. 8 min.

SDs entered and propagated as a single wave front across the cranial \
without attenuation, originating from a cortical area that fell out of the field of
(Fig. 13. A single SD was detected in each experiment, whichded the crania
window predominantly from the frordateral corner of the observed area ¢
progressed to cauedunedial direction (n=8 of 9 experiment), in one case, propagi
was retrograde (i.e caudateral frontemedial). Average propagation ratesva 2 .

mm/min.

Area within the field of
view (%)

CBF range (%)
2.62+2.2
5.63+4.1
10.57+6.2
14.6745.3
17.62+2.2
18.21+4.2
13.7245.7

16.948.0 A3

Figure 10: Whole field analysis of CBF after ischemia induction. Panel A1 and A2: vascule
macroscopic anatomy of cortical area wit hi5h
nm). Colored flow maps next to photamographs in Aland A2: cortical blood flow relying on las
speckle contrast (LSC) analysis,; fats#dored CBF maps reveal the heterogeneity of ischeetéed
CBF reduction. Note the uneven color distributidhanel A3 shows the average ratio of stefarea of
defined perfusion ranges (meanNSD n=7)
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Based on the kinetics of the wave front and recovery of transmembrane potential, three
SD types were establishefid. 14):

Persistent/terminal SDs (n=4): sudden, profound depolarization, without reaufvery
transmembrane potential during the observation period, similar to anoxic depolarization
(AD), typical of the ischemic core, or depolarization seen after cardiac arrest in the rat
[49]. CBF decrease was sustained in these dagey 1 1 .nZdN5 . 1 %,

- Intermediate/prolonged SD waves (n=3): sudden depolarization, and delayed recovery

of transmembrane potential (depolarization was longer thamn} [32], coupled with
transient CBF reduction (by 17.4N5.2, n=3)
- Transient SD waves (n=2): transient depolarization, with immediate recovery of
transmembrane potential, but longerdarati ( 37 N13s) ¢ o mpsehensicd t o
cortex (1416 s)[25]. This SD type was typically associated with no flow response i.e.

CBF stabiized at the pr@vent level.

Figure 11 Microsphere infused rat brain under 365nr
UV light (i.e. the excitation wavelength of fluorescent
microspheres; emission: yellow/green light). Horizoni
dash line represents the longitudinal fissure, vertical
dashed line depicts the level of Bregma. Rectangle o
the right parietal hemisphere represents the position
the cranial window. Green spots pointed at by arrows
are microspheres, captured in arterioles. Note the
uneven dispersion of microspheres ondbsical
surface. Note, that microspheres occur only in the
ipsilateral hemisphere.

IOS changes occurred simultaneously with SD waves. The intensity of both red and green
IOS was suddenly increased with transient and intermediate SD occurFémca4( B

C). Recovery of red and green IOS was incomplete but simultaneous with repolarization
for these SD typesH(g. 14 B-C). In contrast, I0S intensity remained elevated (i.e. no
partial recovery) with persistent SOSd. 14 A).

4.2.2. Multifocal ischemia

In total, 31 SDs were recorded in 7 experiments. All the observed SDs appeared to be
related to ischemia, since they occurred after the induction of multifocal ischemia. The
number of SDs during the period of observation (i.e., 1 hour) ranged from 2 w@ii2 e
per experiment. The foci of five SDs were seen within the cortical area revealed by the

cranial window; all the other SDs invaded the area from a distant origin.
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4.2.2.1Focal events and associated hemodynamic changes

Foci of five SDs were identified withitme cranial window in four different rats: in one
rat, two SD foci were seen (first and fourth SDs). All the other depolarization waves
originated from further cortical areaBhe VS dye signal extracted at the proper SD focus
indicated three different Slypes similar to those observed in the global forebrain
ischemia model above short, transient SD (n=3), intermediate SD (n=1) and persistent SD
(n=1). Intermediate and persistent waves converted to short transient waves and
propagated in radial manner torther cortical regions. Propagation rate reduced from
6. 5N4 mm (focus) to 3.9N1.6 mm/FRguel5 ~1mm t o

Figure 12 Histological
assessment of brain infarction
24h after microsphere infusion.
A: blue rectangle on right
parietal hemisphere of the rat
brain shows the position of the
cranial window. Red line
represents the plane of 2,3,5
triphenyltetrazolium chloride
(TTC)-stained coronal brain
sections. A1A2: brain slices
after TTC staining, arrow is
pointing at focal (Al and
extensive (A2) cortical ischemic
lesions. A3A4:
Hematoxylin/eosin staining
reveals cortical microinfarcts.

- 200pm Br-3.14

The CBF signal taken at carefully selected AOIs positioned at the SD focus and at
increasing distances from the focus indicated a gradualecsion of the SEassociated
CBF response as SD propagated. Local CBF measured shortly before SD evolution was
the lowest at the focus of the latter SD and increased with the distance; in a particular
case, CBF was as high as 8SD6focOsNuitl respdottdd mm aw
56. 9N9% at t Hig. 1 ©.ApteerSD foaus, elassic(hyperemic response
failed to evolve; either minor hyperemia (n=2), or no flow response (n=3) were detected
with depolarization events, irrespective of the typehsf SD. The magnitude of SD
related hyperemia increased with the distance from the SD féays16 D). Cerebral

blood flow returned to the pi®D level after the passage of the hyperemic response
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Figure 13 Representative image sequences, and kinefichanges in the four variables under stu
recorded during the progression of SD. In this particular experiment, depolarization was intern
membrane potential was restored after 13 min and, the SD was associated with hypoemic flow r
Pictues A, B, C, & D show the cortical region under study at the various illuminations, with in
taken shortly after tissue loading with the VS dye. Panelf\B.lepresert voltage sensitive (VS) dy:
fluorescence intensity i.e. membrane potential chang¢hi$ncase, the SD wave invaded the cral
window from a frontelateral direction (A2) and propagated to caudedial direction (A3A5). Panels
B1-B5 display laser speckle contrast (LSC) images of cerebral blood flow (AB&darker the area th
lower the blood flow. Quantitative analysis of the SD associated CBF variation showed prolonge
reduction. Panels CC5 demonstrate alterations of the red intrinsic optical signal (RD, hemog
deoxygenation). The green intrinsic optical signal (GR, cateblood volume; DAD5) suggestec
persistent reduction of cerebral blood volume.

4.2.2.2Features of propagating spreading depolarizations and the associated

cerebral blood flow response

The majority of the detected SDs displayed short, transient changes of membrane
potential (i.e. VS dye signal), and invaded the area from a distant origin. Most of the SD
waves originated from the frontiibntolateral site (n=19), 5 SD events originateahf
lateral edge of the window, and 2 SD waves travelled from the caudal direction.
Propagation rate varied between 1. 8The o 6.
site of SD entry to the cranial window was not conserved within individual experiments;
in addition, propagating SDs were interspersed with SDs emerging in the cranial window,
implying multifocal SD origin in the ischemia model used.

Several SDs gradually extinguished over their course of propagation through the
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observed area. In these ca¥eBF was relatively homogeneous within the field of view

at the time of SD elicitation (75.3%N12. 5 %w
hyperemic CBF response was coupled with SD w
Peak hyperemia was the highe$8(@%) at the site where the wave front entered the

visualized area, and became gradually less pronounced as the wave advanced over the
cortex fFig. 17). At the most distant sampling site with respect to SD entry to the cranial

window, the VS dye signatud SD did not indicate any shift in membrane potential, and

the associated CBF signal showed no variation, either. The changes in green and red I0S
evolved parallel with the shifts in VS dye fluorescence and CBF: theelaizd decrease

in green and red I® (increase in CBV and Hb desaturation, respectively) became

gradually smaller over the course of SD propagation.
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Figure 14: Different types of depolarization waves and associated hemodynamic resg
Simultaneous kinetic of changes in voltage seresifvVS) dye fluorescence (i.e. membrane poter
change), red intrinsic optical signal (I0S), green IOS, cerebral blood flow (CBF), and diamete
selected pial arteriole during SD recorded in three representative experiments. Panel A: irre\
negative shift in membrane potential (i.e. persistent SD), coupled with a marked reduction in CBF
decrease of arteriolar caliber. Panel B: Prolonged SD with hypovolemic flow response. CBF reco
pre-event level parallel with repolarization. Par& transient, negative shift in membrane poten
followed by the recovery of resting membrane potential. The SD was accompanied by a slow
increase in local CBF.

In 2 experiments, it was clearly seen in videos that several SDs curved arathest pat
of the cortex as they propagated. Terminal depolarization was not detected in the regions
avoided by SDs during image acquisition. In these particular experiments, CBF in the

cortex estimated right before SD elicitation showed areas of higher and Values
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ranging between 40% and 100% of baseline. In the representative example given in
Figure 18, the incoming SD invaded the cranial window from a frontolateral direction,
and curved around regions showing the lowest CBI©% of baseline, deep blue king.

180C).

Kinetics of SD related I0OS changes are representdelgare 19. Hyperemic CBF
response to SI3 was typically accompanied by a decrease in green IOS as the sign of
increase in CBV (increasing amount of hemoglobin absorbs more green light). The
maximal reduction of green 10S coincided with the peak of the CBF response to SD. Red
IOS changes related to SD appeared to be biphasic; the following phases were
established: (i) an early increase in signal intensity (Hb saturation) coincident with the
initial phase of CBF elevation, (ii) a latter, sharp decrease in red 10S below baseline (Hb
desaturation), the start of which preceding the peak of hyperemia. Based on the
dominance of either of the two phases, the following types of red 10S signatures were
defined: Type 1 dominant initial phase (n=big. 19 A); Type 2 equal magnitude of both
phases (n=7)Hig. 19 B); Type 3 dominant later phase (n=1E)g. 19 O. In the single
case when hypoperfusion rather than hyperemia evolved with SD, red IOS showed a

monophasic, marked reduction (i.e. Hb desaturation) (Typ&419 D).

5. Discussion

Ischemiainduced SD waves in hypoxischemic brain injury contribute to the
extension of tissue damage and predict worse neurological ouf2@8, 32] Because
of their welldefined pathological impact, SDs are extensively stushquhtients off17,
20, 56] malignant hemispheric stroke, subarachnoid hemorrhage and traumatic brain
injury. Still, monitoring SD evolution in the acute phase of ischemia in patiemtst is
feasible due to the delay between injury onset, admission to hospital, and surgical
alleviation of symptoms. Furthermore, SD monitoring can only be conducted in
conditions requiring craniotomy. These limitations, and the complexity of the
phenomenon tdl requires appropriate animal models and sophisticated methods to
provide a comprehensive picture about the evolution of depolarization waves and
neurovascular coupling in cerebral ischemia.

In our experiments, we characterized the evolution, propagatiad kinetics of
spontaneous depolarization waves and the coupled hemodynamic variables in the

ischemic rat cerebral cortex. Further we identified ischemic perfusion patterns that favor
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SD occurrence. Finally, we recognized various types of neurovasmulpling with SD

in global forebrain and multifocal cerebral ischemia. Going beyond classic one point
electrophysiological measurements and perfusion monitoring (such as DC potential
recording combined with Laser Doppler flowmetry, frequently used in dnstnake
models), our multimodal imaging technique enabled the simultaneous detection and
visualization of ischemiaand SDrelated changes in transmembrane potential and the
coupled hemodynamic response (i.e. local cerebral blood flow, blood volume,

hemodobin saturation) in a cortical area at high spatiotemporal resoltéjn

Figurel5: Representative image sequences in the fariables under study, recorded during |
initiation and propagation of a spreading depolarization (SD) event originating in the cranial wi
The blue rectangle on the rat brain in the upper left hand corner depicts the position and siz
cranialwindow. Focus of an SD event is represented with dotted circle in B,C and D. Para&
represent VS dye fluorescence intensity: SD focus appears as a light grey spot in A1, and SD pr
radially (i.e. to the left of subsequent images). PanelB®&1Laser specle contrast (LSC) images
cerebral blood flow (CBF). Panels @9, SDrelated variations in green intrinsic optical signal (IC
represent alteration of cerebral blood volume (CBV);-¥, SDassociated changes in red IC
indicating the levieof hemoglobin saturation synchronously with SD.
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