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Vascular Response to Spreading Depolarization
Predicts Stroke Outcome

Nadine Felizitas Binder, PhD; Chaim Gliick, PhD; William Middleham®, MSc; Michael Alasoadura‘®, MSc;
Nikolete Pranculeviciute®, MSc; Matthias Tasso Wyss(, MD, PhD; Julien Chuquet®®, PhD; Bruno Weber, PhD;
Susanne Wegener(, MD*; Mohamad EI Amki‘®, PhD*

BACKGROUND: Cortical spreading depolarization (CSD) is a massive neuro-glial depolarization wave, which propagates across
the cerebral cortex. In stroke, CSD is a necessary and ubiquitous mechanism for the development of neuronal lesions that
initiates in the ischemic core and propagates through the penumbra extending the tissue injury. Although CSD propagation
induces dramatic changes in cerebral blood flow, the vascular responses in different ischemic regions and their consequences
on reperfusion and recovery remain to be defined.

METHODS: Ischemia was performed using the thrombin model of stroke and reperfusion was induced by r-tPA (recombinant tissue-type
plasminogen activator) administration in mice. We used in vivo electrophysiology and laser speckle contrast imaging simultaneously
to assess both electrophysiological and hemodynamic characteristics of CSD after ischemia onset. Neurological deficits were
assessed on day 1, 3, and 7. Furthermore, infarct sizes were quantified using 2,3,5-triphenyltetrazolium chloride on day 7.

RESULTS: After ischemia, CSDs were evidenced by the characteristic propagating DC shift extending far beyond the ischemic
area. On the vascular level, we observed 2 types of responses: some mice showed spreading hyperemia confined to the
penumbra area (penumbral spreading hyperemia) while other showed spreading hyperemia propagating in the full hemisphere
(full hemisphere spreading hyperemia). Penumbral spreading hyperemia was associated with severe stroke-induced damage,
while full hemisphere spreading hyperemia indicated beneficial infarct outcome and potential viability of the infarct core. In all
animals, thrombolysis with r-tPA modified the shape of the vascular response to CSD and reduced lesion volume.

CONCLUSIONS: Our results show that different types of spreading hyperemia occur spontaneously after the onset of ischemia.
Depending on their shape and distribution, they predict severity of injury and outcome. Furthermore, our data show that
modulating the hemodynamic response to CSD may be a promising therapeutic strategy to attenuate stroke outcome.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.

Key Words: cortical spreading depolarization ® hemodynamics ® ischemic stroke B reperfusion B spreading hyperemia ® thrombin
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tial mass depolarization of neurons and glial cells;
subsequently followed by suppression of electri-
cal activity that propagate through the cortex.”” The
onset of persistent depolarization triggers the break-
down of ion homeostasis and development of cytotoxic
edema.*® In patients with ischemic stroke as well as in

COrtical spreading depolarization (CSDs) are an ini-

experimental models of stroke, CSDs define the isch-
emic core of an infarct and progress outward across the
penumbra area.” There are different patterns of depres-
sion (silencing) that may be associated with spreading
depolarization. Energy state and spontaneous activity
of the tissue determines both (1) the duration of the
spreading depolarization and (2) the depression pattern
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Nonstandard Abbreviations and Acronyms

CBF cerebral blood flow
CSD cortical spreading depolarization
DC direct current

FHSH full hemisphere spreading hyperemia

LSCI laser speckle contrast imaging

MCA middle cerebral artery

PSH penumbral spreading hyperemia

ROI regions of interest

r-tPA recombinant tissue-type plasminogen
activator

SH spreading hyperemia

that accompanies the depolarization. The 2 major types
of silencing of spontaneous activity which can co-occur
with spreading depolarization in stroke are nonspread-
ing depression and spreading depression of spontane-
ous activity.*®8

From a hemodynamic point of view, spreading depolar-
izations are associated with dramatic changes in cerebral
blood flow (CBF). CSDs evoke either transient hyper-
emia; or hypoperfusion (inverse hemodynamic response)
depending on the metabolic condition of the tissue and
the intactness of the neurovascular machinery® Indeed,
CSDs are typically accompanied by a transient spread-
ing hyperemia (SH) in normal tissue. SHs provide oxygen
and glucose to ischemic tissue, ultimately supporting the
restoration of ionic equilibrium.*® However, CSD propa-
gation in ischemic tissue can cause vasoconstriction
within the cortical microcirculation, leading to a transient
hypoperfusion and accentuation of damage.'® In rodents,
the spreading depolarization extreme in ischemic tissue
is characterized by prolonged depolarization durations, in
addition to a slow baseline variation termed the nega-
tive ultraslow potential.'" The more inverted the hemody-
namic responses to spreading depolarization, the more
critical the situation becomes for the tissue.'?'® In addi-
tion to the negative ultraslow potential and the spreading
depolarizations duration, studies in rodents have shown
that a high number of CSDs results in larger ischemic
brain lesions.28™1% CSDs are not only indicators of
severe brain injury, but they are the mechanism under-
lying the cytotoxic neuronal edema.”'"'® Furthermore,
in patients with malignant middle cerebral artery (MCA)
infarction, the prevalence of CSDs, assessed with subdu-
ral electrodes, can be higher than 75%, and patients with
more CSDs had an even more detrimental outcome.’
Importantly, even when recorded with a delay of several
days, spreading depolarization occurred spontaneously
with high frequency in stroke patients.”

Overall, the hemodynamic responses to CSD are het-
erogeneous, which brings up the question of their rela-
tion to the severity of tissue injury. Our goal was to study
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the propagation profiles of SHs in mice subjected to
ischemic stroke and reperfusion treatment by using wide
field laser speckle contrast imaging (LSCI). We present a
comprehensive analysis of the spatiotemporal propaga-
tion of SH postischemia, which we found to be strongly
dependent on stroke severity.

METHODS

The authors declare that upon request all supporting data are
available within the article and its Supplemental Material.

Ethics and Animals

All animal experiments were approved by the local veterinary
authorities in Zurich as well as the ethics committee for animal
research of Normandy and the French ministry of higher educa-
tion, research, and innovation. Experiments were conformed to
the guidelines of the Swiss Animal Protection Law, Veterinary
Office, Canton of Zurich (Act of Animal Protection December
16, 2005 and Animal Protection Ordinance April 23, 2008,
animal welfare assurance number ZH165/19 and ZH224/15)
and the European Community Council Directive 2010/63/UE
of September 22.2010 on the protection of animals used for
scientific purposes. Experiments were performed on both male
and female Balb/C mice (Charles Rivers, no.028), 10 to 12
weeks of age, weighting between 20 and 30 g. The mice were
housed under standard conditions including free access to
water and food as well as an inverted 12-hour light/dark cycle.
A total of 51 adult mice were used in this study.

Thrombin Stroke Model

For ischemic stroke induction, mice were anesthetized with
a mixture of fentanyl (0.05 mg/kg bodyweight; Sintenyl,
Sintetica), midazolam (5 mg/kg bodyweight; Dormicum,
Roche), and medetomidine (0.5 mg/kg bodyweight; Domitor,
Orion Pharma), which was injected intraperitoneally. During all
procedures, the core temperature of the animals was kept con-
stant at 37°C, using a homothermic blanket heating system
(Harvard Apparatus).

We induced stroke using the thrombin model as described
previously.2'?2 Briefly, a glass pipette was introduced into the
lumen of the MCA and 1 pL of thrombin (1Ul; HCT-0020,
Haematologic Technologies Inc) was injected to induce the for-
mation of a clot in situ (Figure 1).

Ischemia induction was considered to be stable when
CBF dropped to at least 50% of baseline level in MCA ter-
ritory?® and remained below 50% for at least 30 minutes.
Sham-operated mice underwent the same surgical proce-
dure without pipette insertion.

In Vivo Electrophysiology

Two small holes were drilled in the parietal bone, and the dura-
matter was incised with care to leave the cortex intact. Glass
electrodes were filled with artificial CSF containing the follow-
ing: 125 mmol/L NaCl, 2 mmol/L KCI, 1.3 mmol/L NaH2PO4,
26 mmol/L NaCO3, 10 mmol/L glucose, 2 mmol/L CaCl2,
and 1 mmol/L MgSO4. Just after MCA occlusion, the elec-
trodes were lowered into the cortex at a depth of 300 pym to
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Figure 1. Overview of experiments.

A, Timeline of experiments. Sensorimotor tests were performed before stroke and on day 1, 3, and 7 poststroke. Cerebral blood flow (CBF) was
recorded for 2 h after middle cerebral artery (MCA) occlusion by laser speckle contrast imaging (LSCI). Animals were euthanized after 7 days

and brains extracted and stained with 2,3,6-triphenyltetrazolium chloride (TTC). In the lower part, schematic view of thrombin injection into the
MCA-M2 segment. B, LSCI recordings in mice with ischemia. On the left: representative example of a single mouse, on the right: mean CBF
drop after MCA occlusion (n=18 mice). Lower part shows representative LSCI images of cortical perfusion before and after MCA occlusion. The
color bar indicates perfusion in arbitrary units (A.U.). C, In vivo electrophysiology and LSCI recordings in a mouse showing spreading depolarization
after ischemia. D, The amplitude of direct current (DC)-shift in the CSDs of the penumbra is higher than that of the core while the duration of the
waves is shorter (n=6 animals, *P<0.05; Mann—Whitney U test).
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perform direct current (DC) coupled recordings. One electrode
was placed in the core of the ischemic hemisphere, and the
other electrode was placed in the penumbra region. A refer-
ence Ag/AgCl electrode was inserted superficially in the
neck muscle. DC were amplified (DAMB0; World Precision
Instruments, Sarasota, FL), digitized at 20 kHz (Powerlab 8/35,
AD Instruments, Australia) and recorded during 2 hours. The
DC signals were analyzed with Labchart 8, (AD Instruments,
Australia) software following the recommendations of the
Co-Operative Study on Brain Injury Depolarizations group.2

In brief, the slow extracellular potential shifts of CSD
were assessed after the low pass filter was set at 5 Hz. The
DC-potential signals were amplified 100X (MultiClamp 700A,
Molecular Devices) and low-pass filtered at 5 Hz.

Laser Speckle Contrast Imaging

CBF was monitored using LSCI (FLPI, Moor Instruments,
United Kingdom). Two regions of interest (ROI, 256x250 pm)
were defined: the infarct core (ROI1) and the penumbra area
(ROI2) as shown in Figure 2A and 2B. The penumbra region
was defined as the area at risk surrounding the core, expanding
to lesion in absence of reperfusion and showing microvascular
alteration as described previously2' While the core region was
within the MCA territory, the penumbra area was in the water-
shed zone and ACA territory of the infarcted hemisphere. The
CBF drop in the core region (MCA territory) was defined as
<b0% of baseline as a threshold of cerebral ischemia, below
which there is a progressive reduction in protein synthesis,
which leads to an impaired neuronal activity and neurologi-
cal deficits in rodents.?'?® Therefore, this value was used as a
threshold for exclusion of ischemic animals in several ischemic
mouse models suggesting that these mice could have differ-
ences in severity of ischemia.?6%’

r-tPA Administration

Thirty minutes after induction of ischemia, thrombolysis was ini-
tiated via tail vein (200 pL, 1 mg/mL in 0.9% saline) of human
r-tPA (recombinant tissue-type plasminogen activator; 10 mg/
kg, Actilyse, Boehringer Ingelheim) according to previous stud-
ies.?"?2 Control groups received saline instead of r-tPA.

Behavioral Assessment

Sensorimotor function was assessed by an investigator
blinded to treatment before and after stroke on days 1, 3,
and 7. Neurological deficits were obtained using a composite
observational neurological score as well as the adhesive tape
removal test as described previously.?"*

The neurological score is a composite grading score. For
the adhesive tape removal test, 2 adhesive tape strips (rect-
angular 0.3x0.4 cm) were applied on both forepaws of each
animal. The time the mouse took to contact (sensory function)
and remove (motor function) the tapes on both paws were
recorded. Before stroke, animals were trained to remove both
adhesive tapes within 10 seconds.?8%°

Lesion Volume and Hemorrhage Assessment

Mice were euthanized by an overdose of pentobarbital (200
mg/kg, intraperitoneally). Brains were extracted and sliced into

Stroke. 2022;53:1386—-1395. DOI: 10.1161/STROKEAHA.121.038085
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1 mm thick coronal sections from 6.5 to 0.5 mm anterior to the
interaural line. To determine infarct volume, slices were placed
in 2% 2,3,5-triphenyltetrazolium chloride (catalog No. T8877,
Sigma-Aldrich, St Louis, MO) for 10 minutes at 37 °C. A blinded
investigator determined infarct areas using an image analysis
system (Image J version 1.41). To correct for brain swelling,
each infarct area was multiplied by the ratio of the surface of
the intact (contralateral) hemisphere to the infarcted (ipsilat-
eral) hemisphere at the same level. Total volume of damaged
tissue, expressed as cubic millimeters, was calculated by linear
integration of the corrected lesion areas.®® The presence of
hemorrhages was recorded by using 2,3,5-triphenyltetrazolium
chloride stained slices at the time of premature death or after
euthanasia at day 7.3

Statistical Analysis

Statistical analysis was performed using GraphPad Prism
(version 8.0; GraphPad Software La Jolla, CA). Results were
expressed as meanzSD. Significance (F<0.05) between 2
groups was calculated using unpaired Student ttest or paired ¢
test after Shapiro-Wilks tests of normality

RESULTS

Ischemia Elicits Different CSDs and SHs Within
the First Minutes

Thrombin injection led to a complete and rapid occlusion
of the MCA, which caused a drop of perfusion in the cor-
tical MCA territory to between 20% and 30% of baseline
in the core region (Figure 1A and 1B, Figure S1).

In a first experiment, we used in vivo electrophysiol-
ogy and laser speckle imaging simultaneously to assess
both electrophysiological and hemodynamic characteris-
tics of CSD after MCA occlusion (n=6 mice). In general,
CSD occurred spontaneously after stroke induction in
all animals. CSD amplitude (13.04£2.3 mV), and dura-
tion (measured as full-width half-maximum: 31.10+£5.2
s) were consistent with prior descriptions of CSDs
occurring during ischemia.®'®2 Analysis of the core and
penumbral recordings revealed a spreading depolariza-
tion occurring massively in the penumbra compared to
the core as evidenced by the characteristic propagating
DC-potential shift (Figure 1C and 1D). Notably, when
the DC trace showed a wave spreading dominantly in
the penumbra, the hemodynamic recording showed SH
response in the same region while a mild or no wave in
the core was associated to no SH in the hemodynamic
recording (Figures 1C and Video S1).

To understand the neurovascular responses to CSDs, we
extracted hemodynamic signals by monitoring blood flow
changes for 2 hours after MCA occlusion (Figure 2A and
9B). Therefore, in a second experiment, we identified SHs
by their typical LSCI features: a steep transient increase in
CBF followed by CBF recovery. SH occurred spontane-
ously after stroke induction in 12 out of 18 animals. Analy-
sis of the core and penumbra areas revealed 2 different
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Figure 2. Two patterns of spreading hyperemia (SH) in the thrombin model of stroke.

Cerebral blood flow (CBF) recordings from penumbral spreading hyperemia (PSH) and full hemisphere spreading hyperemia (FHSH) mice. CBF
was recorded in 2 different regions per animal: the core of the lesion (regions of interest [ROI1]) and the penumbra (ROI2). A, Schematic showing
the spreading of PSH in ROI1 and ROI2 and representative laser speckle contrast imaging (LSCI) during a CSD onset in a PSH animal illustrating
how SH wave propagates only through the penumbra (ROI2) after MCA occlusion. The color bar indicates perfusion in arbitrary units (A.U.). The
graph shows representative recording of CBF changes from a PSH mouse (color-coded) acquired at 1 frame per second. There are no onsets of
SHs that propagate in ROI1 while 6 onsets of SHs propagated in ROI2. B, Schematic showing the spreading of (Continued)

Stroke. 2022;53:1386-13956. DOI: 10.1161/STROKEAHA.121.038085
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patterns of SH. In 6 animals, SH spread only through the
penumbra area (Figure 2A and Video S1). In another 6,
SH invaded the full ipsilateral hemisphere (Figure 2B and
Video S1). In the last group of animals (n=6), we observed
no SHs at all during the 2 hours of CBF recording (Fig-
ure S2). Full hemisphere SHs were termed full hemisphere
spreading hyperemia (FHSHs) and penumbral SHs were
termed penumbral spreading hyperemia (PSHs).

Notably, only one SH propagation pattern was
observed in each of the affected animals. Furthermore,
upon MCA occlusion no initial CBF differences between
the 3 subgroups could be observed (Figure S1). Analysis
of the contralateral side revealed a constant CBF dur-
ing SH (Figure S3A). Additionally, in sham-operated mice
(n=3), no SH was detected (Figure S3B), confirming that
SH was indeed due to stroke.

FHSH and PSH Occur at Different Numbers,
Amplitude, and Duration

We then compared the numbers and shapes of SH waves
in ROI2 (penumbra area). We selected ROI2 because both
FHSH and PSH groups showed SH in that area. In the
FHSH group, the first SH occurred at a median of 3.7£1.5
minutes following MCA occlusion, while in the PSH group,
the first SH occurred at a median 6.7£3.9 minutes. In the
PSH group, the incidence of SHs was significantly higher
compared to FHSH animals (Figure 2D). Furthermore, the
duration of single PSHs were shorter than that of FHSHs
(5.1£0.5 minutes compared with 8.3+0.4 minutes; Fig-
ure 2D). The amplitude of the positive deflection of the SH
wave was considerably larger in the FHSH (41.441.3%)
compared with the PSH group (28.9+1.25%); Figure 2D).
In terms of hypoperfusion before SH onset, the extent of
the initial drop was larger in the PSH group (12.5+0.8%),
while there was almost no hypoperfusion in the FHSH
group (2.2+0.6%; Figure 2D).

FHSH Is Associated With Smaller Lesion Size
and Fewer Sensorimotor Deficits

After we found different patterns of SHs, we further
tested whether the type of SH indicated the extent of
tissue damage, hemorrhagic complications or functional
outcome. Indeed, we observed significantly smaller infarct
volumes in mice having FHSH (6.1£0.9 mm?3) compared
with animals with PSH (21.6+£2.8 mm?; Figure 3A). Nota-
bly, lesion volumes in no-SH mice were intermediate

Spreading Hyperemia Predicts Stroke Outcome

(11.1£091 mm?; Figure 3A). In line with these findings,
hemorrhagic transformation occurred less often in FHSH
animals (16.67%) and no-SH (33%) compared with PSH
(100%; Figure 3A). While 80% of the PSH animals died
during the 7 days of follow-up after stroke, there was no
mortality in the FHSH or in the no-SH group. Neurologi-
cal deficits were less severe in mice having FHSH, with
significantly lower scores in the composite observational
test on day 1 (10.3£0.61 compared with 8.8%0.48) and
day 3 (11£0.36 compared with 9.6+0.51; Figures 3B).
Furthermore, sensorimotor function assessed by the
sticky tape test was better in FHSH compared to PSH
mice (Figure 3C and 3D). In both tests, the no-SH group
showed intermediate performance. We observed that
higher amplitude and longer SH duration correlated with
smaller infarcts and vice versa in PSH mice (Figure 3F).

r-tPA Thrombolysis Decreases Lesion Volume
and Improved Neurological Outcome in Both
PSH and FHS

Thrombolysis with r-tPA has unequivocally been shown
to improve outcome in ischemic stroke.3*3* To investi-
gate if targeting the hemodynamic responses to CSD
impacts stroke outcome, mice were treated with r-tPA.
r-tPA was infused in 21 mice showing PSH, FHSH or no
SH. The occurrence of the PSH and FHSH throughout
r-tPA infusion for up to 2 hours after ischemia is pre-
sented in Figures 4A and 4B. Interestingly, r-tPA infu-
sion significantly modified the SH pattern in both PSH
and FHSH groups. Indeed, wave duration in FHSH and
PSH animals was reduced after r-tPA thrombolysis and
hypoperfusion amplitude was reduced in PSH mice. Fur-
thermore, we observed that r-tPA treatment, significantly
reduced lesion volume compared with saline controls in
both PSH and FHSH mice (Figure 4C and 4D). Overall
r-tPA improved stroke outcome independent of SH pat-
tern. Although, r-tPA did not significantly affect the hem-
orrhagic transformation and mortality rate, neurological
score and sticky tape performance improved in the r-tPA
treated mice in all groups (Figure 4C and 4D).

DISCUSSION

We here show that the severity of tissue damage upon
ischemia can be predicted by the type of hemodynamic
response to CSD. We provide a better understanding of
different SH propagation patterns after ischemia. Indeed,

Figure 2 Continued. FHSH in the core of lesion and the penumbra and representative LSCI recording during a CSD onset in a FHSH animall
illustrating how the SH wave propagates through the whole hemisphere after MCA occlusion. The color bar indicates perfusion in arbitrary

units (A.U.). The graph shows representative recordings of CBF changes in the ROls from a FHSH mouse acquired at 1 frame per second. In
the lower row, each black arrowheads indicate a singular SH. Note that there are 2 onsets of SH that propagate simultaneously in ROI1 and
ROI2. Also note that each black arrow represents a singular SH. C, Averaged recordings of the ROI1 and ROI2 in FHSH and PSH animals. D,
The number of SHs is lower in FHSH compared with PSH animals. The duration of SH waves is longer in the PSH group. The CBF response to
SHs is smaller in PSH animals. The CBF reduction before each SH wave is higher in the PSH animals (n=6 animals/group, *F<0.05; *F<0.01;

“*P<0.001; Mann-Whitney U test).
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Figure 3. Lesion volume and sensorimotor deficits in animals according to spreading hyperemia (SH) type.

A, Three representative 2,3 5-triphenyltetrazolium chloride (TTC)-stained brain sections showing lesions (pale) in each group. Bar graph depicting
infarct volumes from individual full hemisphere spreading hyperemia (FHSH), penumbral spreading hyperemia (PSH), and no-SH mice (n=6
animals/group). On the right, fraction of mice with intracerebral hemorrhage detected on TTC-stains after stroke in FHSH, PSH and no-SH
groups. B-D, Neurological score and sticky tape removal assessment in FHSH, PSH, and no-SH mice at days 1, 3, and 7 after stroke. E, Overall
survival rate in the 3 groups. F, Duration and amplitude of SHs correlated with lesion volumes. *P<0.05, *<0.01, 1-way Kruskal-Wallis ANOVA
with post hoc Dunn multiple-comparison correction to compare between groups. Data are mean®SD.

from the first minutes after MCA occlusion, the cortex
experienced spontaneous SH. When confined only to
penumbra areas, PSHs were associated with deleterious
effects and progressive tissue damage. On the contrary,
FHSHs were associated with a beneficial infarct out-
come and a potential viability of the infarct core. More-
over, independent of SH pattern, thrombolysis improved
stroke outcome, further reducing lesion volume and neu-
rological deficits. Interestingly, upon r-tPA thrombolysis,
the occurrence of SHs did not change, however, their
features such as duration of the wave and hypoperfusion
amplitude was significantly reduced. The difference in
outcome could not be explained by a more severe initial
drop of perfusion after ischemia. Therefore, the type of
SH informed early about prognosis as well as response
to thrombolysis. In this study, we report the existence
of beneficial SHs post ischemia. Furthermore, our data
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show that targeting the hemodynamic alterations due to
CSD is a promising strategy for stroke treatment.

We could demonstrate by simultaneously measur-
ing electrophysiological changes and hemodynamic
responses that the timing as well as the propagation of
SHs was generated by spreading depolarization.

One of the early features of stroke is the disruption of
neuronal activity resulting from the reduction of metabolic
supply® Increased electrical activity causes glutamate
evoked calcium influx in postsynaptic neurons, activating
the release of vasodilating factors, such as nitric oxide
and arachidonic acid metabolites, which increase local
CBF® When CSD occurs, the most typical hemodynamic
response is a propagating SH wave as a result of local
vasodilation. One unsolved question is whether the CBF
responses indicate expansion of the ischemic territory. To
address this question, we used real-time LSCI, a minimally

Stroke. 2022;53:1386-13956. DOI: 10.1161/STROKEAHA.121.038085
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Figure 4. Spreading hyperemia waves after ischemia and thrombolysis with r-tPA (recombinant tissue-type plasminogen activator).
A and B, Each line represents an animal/experiment and each arrow represents a singular spreading hyperemia (SH). Representative recording

pre- and post r-tPA for penumbral spreading hyperemia (PSH) and full hemisphere spreading hyperemia (FHSH) animals. r-tPA significantly reduced
duration of FHSHs and PSHs and the amplitude of hypoperfusions in PSH animals. C-E, Treatment with r-tPA attenuated the deleterious tissue and
neurological outcome associated with PSH, FHSH, and no SH mice (n=6-8 mice/group). Bar graphs representing lesion volume, hemorrhagic score
and survival rate in r-tPA compared with control treated PSH, FHSH, and no SH animals. Neurological score and sticky tape removal assessment in

FHSH, PSH, and no-SH mice at day 3 after r-tPA treatment compared with

invasive imaging tool to monitor CBF changes throughout
the whole cortex?' LSCI revealed that the pattern of SH
predicted the severity of stroke and response to treatment.
As previously described in the literature, the more affected
the tissue, the stronger the hypoperfusion response, and

Stroke. 2022;53:1386—-1395. DOI: 10.1161/STROKEAHA.121.038085

control (*R<0.05; **R<0.01; Mann—Whitney U test).

the more severe the loss of perfusion.®® Heterogeneity in
SH propagation may depend on differences in intrinsic
excitability across the ischemic tissue, or on neurovascular
decoupling. In animals with PSH, the core was not show-
ing any SH response, suggesting that either CSDs do not
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propagate because of severe neuronal damage or that the
hemodynamic and electrical responses are decoupled due
to severe vascular damage. PSHs began with a brief nega-
tive deflection of the CBF curve (hypoperfusion response),
resulting in expansion of the ischemic core, which is in line
with observations made in penumbral spreading depo-
larizations.® Strikingly, our data showed another pattern
of SH propagation across the infarct core in FHSH. The
demonstration of FHSH introduces the novel concept
of a SH that does not reflect lesion growth, but on the
contrary, tissue viability. We hypothesize that FHSHs are
a biological marker of a restorative vascular response that
indicates potential tissue recovery. This suggests that cor-
tical tissue in the infarct core is still at least partially viable,
because necrotic tissue would be unable to generate SH.
Such transient hyperemic flow patterns in the whole hemi-
sphere could be protective by alleviating tissue acidosis as
previously found in a model of focal ischemia due to brain
topical application of the vasoconstrictor endothelin-1.57
Indeed, the transient increase of whole hemisphere CBF
in the FHSH group may booster hemodynamic forces
evoking reperfusion. Interestingly, our hypothesis is sup-
ported by the fact that the no-SH group showed inter-
mediate effects in tissue injury and neurological outcome.
Compared with other stroke models, using predominantly
intraluminal MCA occlusion models,%83° the thromboem-
bolic stroke model did not induce inverted hemodynamic
responses to spreading depolarizations.

The area we defined as an ischemic penumbra corre-
sponds to the outer penumbra described in the continuum
of spreading depolarizations with 55% of residual CBF?®
Using intravital 2-photon microscopy, we have previously
shown that this region shows dynamic alteration on the
microvascular level.?! Today, it is widely accepted that the
discrimination between penumbra and core is challenging
and that there is considerable variability of CBF thresholds
to define these regions.”® These depend on the methods
used for flow determination, the different species, different
stroke models, the time of measurement after ischemia,
and whether occlusion was permanent or temporary. As
an alternative to this hemodynamic concept, additional
studies could include combined MR perfusion-weighted
imaging and MR diffusion-weighted imaging.

Current imaging biomarkers of stroke outcome have to
be related to reperfusion therapy, since this is the mainstay
of stroke treatment in the clinic.®4" We found that throm-
bolysis with r-tPA result in smaller lesion volumes and
less neurological deficits independent of SH pattern. We
focused on the hemodynamic response of CSDs, because
this provides the most accessible mean to study SH non-
invasively in the whole mouse brain. The observed SH pat-
terns could be a useful biomarker for stroke severity.

The acute phase after the onset of ischemia is a crucial
time window for treatment. Thrombolysis with r-tPA is not
always beneficial, and depending on time and individual
factors, the risk of hemorrhagic complications might be
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high.3%4142 There is an urgent need to develop reliable bio-
markers to help decision-making in patients with stroke.
Transient SHs are an example of early, dynamic blood flow
changes that could be adapted as clinical imaging read-
outs of stroke severity and treatment efficacy.

Furthermore, our observations could guide future
work aiming to determine how different kinds of CSD
and their hemodynamic response might affect outcomes
following stroke, and how this could be modified to the
benefit of patients with stroke.
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