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Abstract

Background: Spreading depolarizations (SDs) are waves neuronal and glial mass-de-
polarization that occur spontaneously after brain injury and are associated with detri-
mental effects in ischemic stroke and subarachnoid hemorrhage. In clinical and experi-
mental intracerebral hemorrhage (ICH), SDs are observed. However, triggers for SD in
ICH are poorly understood. In a mouse model, we investigated spatiotemporal character-
istics and causes of SD occurrence in acute and subacute stages of ICH. We focused on
ischemia, mechanical tissue distortion, and blood constituents or blood breakdown prod-

ucts as potential triggers.

Methods: After cannulating the femoral artery to track systemic physiology, ICH was in-
duced by cortical injection of bacterial collagenase VII-S. Immediately, 8h, 24h, or 48h
after injection, intrinsic optical signals, laser speckle flowmetry (LSF), and electrocorti-
cography were recorded for 240 min to follow hematoma expansion, cortical blood flow
changes, and SD occurrence over time. Subgroups of animals were assigned to normo-
baric hyperoxia or induced hypertension in the early stages of ICH. In another subset of
animals, focal cortical ischemia was induced instead of ICH using the distal Middle Cer-
ebral Artery occlusion model (dMCAO). Brains were collected at the end of the experiment

for tissue analysis.

Results: During acute stages of ICH (0—4h), 45% of mice developed SDs, that often
occurred in couplets and invariably emerged from the hematoma. SD frequency observed
in primary hemorrhagic lesions was three-fold lower than in size-matched ischemic corti-
cal infarcts. Arguing against blood constituents or breakdown products as a trigger for SD
in ICH, hematoma size did not correlate with SD occurrence. Further, SDs were only
detected 29 to 221 min after ICH induction, whereas not a single SD was recorded at later
time points, 8-52h after ICH induction. Likely excluding ischemia as a potential trigger,
perihematomal perfusion monitored using LSF did not predict SD occurrence. In line with
this, normobaric hyperoxia, known to decrease SD frequency by 60% in focal ischemic
brains, did not reduce SD occurrence. Instead, SDs always arose during phases of rapid
hemorrhage growth, which was doubled immediately preceding an SD, compared with

the peak growth recorded in animals that did not develop any SD. Inducing hypertension



in a separate cohort of mice yielded severely accelerated hemorrhage growth and in-
creased SD frequency by four-fold compared with normotensive controls.

Conclusion: Our data provide novel mechanistic insights into the origins of SDs in ICH.
They suggest that spontaneous SDs are caused by the mechanical tissue distortion of
rapidly growing hematomas, with ischemia and blood constituents or breakdown products

not contributing to a relevant extent.

Zusammenfassung

Hintergrund: Spreading depolarizations (SDs) sind Wellen neuronaler und glialer Mas-
sen-Depolarisation, die spontan nach Hirnverletzungen auftreten und mit schadlichen Ef-
fekten bei ischamischen Schlaganfallen und Subarachnoidalblutungen in Verbindung ge-
bracht werden. Sie kdnnen im Rahmen klinischer und experimenteller intrazerebraler Blu-
tungen (ICH) beobachtet werden. lhre Ausldser hier sind jedoch unbekannt.

In einem Mausmodell analysierten wir das Auftreten und die Ursachen von SDs in akuten
und subakuten ICH-Stadien und untersuchten Ischamie, mechanische Gewebsverdran-

gung und Blutbestandteile oder -abbauprodukte als mdgliche Ausldser.

Methodik: Nach Kanllierung der Femoralarterie zur Uberwachung der systemischen
Physiologie wurde durch kortikale Injektion von bakterieller Kollagenase VII-S eine ICH
induziert. Unmittelbar, 8h, 24h, oder 48h nach der Injektion wurden intrinsische optische
Signale, Laser-Speckle-Flussmessung (LSF) und Elektrokortikographie 240 min lang auf-
gezeichnet, um die Ausdehnung der Blutung, Veranderungen des kortikalen Blutflusses
und das Auftreten von SDs im Zeitverlauf zu beurteilen. Untergruppen von Tieren wurden
im Fruhstadium der ICH einer normobaren Hyperoxie oder einer induzierten Hyperten-
sion unterzogen. In einer anderen Subgruppe wurde anstelle der ICH mit Hilfe des
dMCAo0 Modells eine fokale Ischamie induziert. Am Ende der Experimente wurden die

Gehirne zur Gewebsanalyse entnommen.



Ergebnisse: In der akuten Phase der ICH (0-4h) entwickelten 45 % der Mause SDs, die
oft in Paaren auftraten und ausnahmslos von der Blutung ausgingen. Primar hamorrha-
gische kortikale Lasionen zeigten eine, im Vergleich zu gleich grof3en kortikalen ischami-
schen Infarkten, um das dreifach reduzierte SD-Frequenz.

SDs traten lediglich 29 bis 221min nach ICH-Induktion auf, nicht jedoch spater, 8-52h
nach ICH-Induktion, und korrelierten in ihrem Auftreten nicht mit der BlutungsgrofRRe, was
gegen Blutbestandteile oder Abbauprodukte als Ausloser der SDs sprach. Weiterhin
konnte der peri-hamatomale Blutfluss das Erscheinen von SDs nicht vorhersagen und
auch normobare Hyperoxie, die das Vorkommen von SDs in fokal ischamischen Gehir-
nen um 60 % reduziert, beeinflusste die SD-Frequenz nicht. Dies machte eine fokale
Ischamie als Ausloser der SDs ebenso unwahrscheinlich. Im Gegensatz dazu zeigte sich,
dass SDs immer in Phasen starken Blutungswachstums auftraten, das unmittelbar vor
dem Erscheinen einer SD doppelt so hoch war wie das maximale Blutungswachstum in
Tieren, die keine SDs entwickelten. Verglichen mit normotensiven Tieren fuhrte induzierte
Hypertension zu einem stark beschleunigtem Blutungswachstum und einer Vervierfa-

chung der SD-Frequenz.

Zusammenfassung: Unsere Daten liefern neue pathophysiologische Erkenntnisse zur
Entstehung von SDs bei ICH. Sie legen nahe, dass SDs durch mechanischen Druck
schnell wachsender Blutungen ausgeldst werden, wahrend Ischamie und Blutbestand-

teile, oder -abbauprodukte das Auftreten von SDs nicht relevant beeinflussen.



1 Introduction

1.1 Mechanisms of intracerebral hemorrhage

Intracerebral hemorrhage (ICH) accounts for 7-28% of worldwide strokes’# and has par-
ticularly high incidence rates in lower- and middle-income countries, especially in Oce-
ania, Central, East, and Southeast Asia®. It is a devastating type of acute brain injury with
a case fatality of up to 50% after one month and more than 70% after five years® that did
not change in the recent past? 58. Amongst all neurological diseases, ICH holds one of
the largest burdens of disability-adjusted life years?, as up to 80% of surviving patients
fail to regain pre-morbid levels of functional independence® '°.

Characterized by bleeding from a ruptured cerebral vessel, often into ganglionic, lobar,
cerebellar, and pontine brain parenchyma'’, the majority of spontaneous ICH originates
from primary pathoetiologies. These include hypertension (~65%)'% 12, and cerebral am-
yloid angiopathy (CAA)'°, a disease of small arteries and arterioles in which deposition of
B-Amyloid or other amyloid proteins damages the vessel wall'3. Fewer cases can be at-
tributed to secondary causes, which include brain tumors, aneurysms, arteriovenous mal-
formations, and hemorrhagic conversion of ischemic stroke '4 15, Moreover, a third etio-
logic group of up to 20% of ICH cases has recently evolved that occurs in the context of
pharmacologically induced coagulopathy'®. This third group likely emerged due to in-
creased use of antithrombotic medication and might explain unchanged ICH incidence in
high-income countries within the last decades despite improved hypertension manage-

ment'”.

Upon initial vessel rupture an injury cascade is triggered that can be divided into primary
and secondary injury. The primary injury occurs immediately after ICH onset within the
first days and is caused by the mass effect of the hematoma, hematoma expansion, in-
creased intracranial pressure, and the impact of hydrocephalus' 5. Causing local phys-
ical disruption of brain tissue, mechanisms of primary injury can lead to midline shift and
herniation, resulting in more widespread mechanical injury'. Nevertheless, a reduction
of cerebral blood flow (CBF) due to vessel rupture and the mass effect of the hematoma

does not result in ischemic conditions, at least in larger amounts of brain tissue'®24. The
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secondary injury develops several days to weeks after the initial bleeding event via down-
stream pathways. It is related to inflammation, oxidative stress, iron- and blood-related

toxicity, as well as perihematomal edema formation'# 15,

Further knowledge on ICH’s complex injury mechanisms seems crucial in order to im-
prove clinical outcomes as there is still not a single pharmacological treatment that has

been shown to improve neurological outcomes or survival after ICH5 25 26,

1.2 Mechanisms of spreading depolarization

Spreading depolarization (SD) is a wave of sudden intense neuronal and glial mass-de-
polarization that propagates slowly with a speed of approximately 2-8 mm/min in the gray
matter of the brain?’-?°, First described by Aristides Ledo in 1944, it has been observed
in insects®!, fish32, and reptiles33, as well as in the brain of mammals like the lissence-
phalic mouse?® 34, the gyrencephalic swine3®>3’, and humans®-4, Therefore, SD is con-
sidered a species-independent neurologic phenomenon involved in fundamental pro-

cesses of brain physiology.

To best capture the nature of SD, electrophysiologic, metabolic, and hemodynamic fea-
tures have to be considered, amongst others. During an SD, first, yet unidentified large
conductance, non-selective cation channels open and cause an almost complete break-
down of ion gradients with a pronounced rise of extracellular K* and intracellular Na* and
Ca?* concentrations?® 4°, Large-scale shifts in concentrations of a multitude of neurotrans-
mitters, metabolites, and small molecules, including glutamate?’, are also observed. Fur-
ther, neuronal swelling and dendritic blebbing occur as water follows the altered osmotic
gradients®°.

While the described changes last up to a minute, markedly increased K* and glutamate
concentrations in the extracellular space are then thought to diffuse to adjacent neurons
and might contribute to triggering the same depolarization and associated ion shifts re-
sulting in a wave-like spread of depolarization in adjacent brain tissue independent of
vascular terretories®'- 2. Importantly, this propagation of SD is limited to brain structures
with high neuronal and synaptic density, i.e., gray matter, because the pronounced ele-
vation in K* and glutamate concentrations is considered requisite for wave spread. How-

ever, SD propagation's exact mechanisms still need to be fully understood®.
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In grey matter structures, the depolarization itself and the massive metabolic shifts ac-
companying an SD trigger a complex multiphasic vasomotor reaction that differs between
various species3. Briefly, a simplified prototypical hemodynamic response consisting of
four phases can be depicted34. First, a phase of transient hypoperfusion or vasocon-
striction is observed during tissue depolarization. This is immediately followed by a sec-
ond hyperemic phase that lasts a couple of minutes while repolarization takes place. After
a variable late increase in CBF lasting for a few minutes, a prolonged oligemia is induced

that can last for more than an hour34.

The almost total loss of membrane potential during an SD results in the suppression of
action potentials and synaptic activity for approximately one minute, which is depicted in
a depression of the electrocorticogram (ECoG) first described by Aristides Ledo in 19440,
lonic and water shifts further generate an SD-specific extracellular negative slow potential
shift (DC shift)>3 that can be used to monitor SDs experimentally. Based on the charac-
teristic electrophysiologic footprint, in clinical and experimental settings, single SDs, but
also couplets of two consecutive SDs or clusters of multiple SDs, can be observed.

To spark an SD, a minimum critical amount of brain tissue, approximately 1 mm3, has to
be depolarized simultaneously®® by specific triggers that can be divided into two main
groups. The first group contains triggers that depolarize neurons by Na* or Ca?*-channel
activation, like ictal epileptic events or K*. The second group includes conditions like hy-
poglycemia, hypoxia, and ischemia that trigger SD depolarizing neurons indirectly by so-
dium, potassium-adenosine triphosphatase (Na*K*-ATPase) activity reduction?’. Me-
chanical stimulation or trauma is known to trigger SD, too. In fact, SD occurs not only
after trauma but in various experimental models of brain injury. Research in mouse mod-
els has shown that in focal cerebral ischemia, recurrent SDs are triggered when resting
state supply-demand mismatch in ischemic penumbra is temporarily aggravated by re-
duced supply or increased demand, for example, due to functional activation®. In sub-
arachnoid hemorrhage (SAH), SDs may be triggered due to secondary cerebral ischemia
or mechanical pressure effect®® 7. Moreover, whether constituents or breakdown prod-
ucts of focally accumulated blood cause SDs, has been discussed controversially, partic-
ularly in the context of SAH%-58, As mentioned above, the blood constituent and excitatory
amino acid glutamate is believed to at least contribute to triggering the SD wave spread.
Further, the synergistic effects of blood breakdown products K*, a highly potent trigger for
SD%, and the nitric oxide (NO) scavenger Hemoglobin (Hb) have been a center of this
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discussion®8:59.60_ Thijs is because a decline in NO results in a distinct reduction of the K*
threshold that has to be reached to trigger SD%".

1.3 Spreading depolarizations in intracerebral hemorrhage

Historically, the need for invasive electrophysiological monitoring in the form of subdural
or intracortical recordings has made SD a clinically under-investigated phenomenon in
neurological disease. Just about 20 years ago, SDs were first documented in the context
of brain injury in humans?6. Due to tremendous efforts of the Co-Operative Studies on
Brain Injury Depolarizations (COSBID) network and others, 80 years after the initial de-
scription of SDs by Le&o?, it is now known that SDs occur for hours and sometimes days
after brain injury in more than 50% of patients suffering from traumatic brain injury*® 41,
70-80% with subarachnoid hemorrhage?® 3° and almost every patient with malignant hem-
ispheric ischemic stroke*® 62, First monitored in a patient after spontaneous ICH in 2002
by Strong et al.*®, over the past two decades, multiple studies have confirmed the exist-
ence of SD in patients suffering from ICH, as well*%- 42 4446 Following initial studies with
relatively low numbers of patients, often in mixed cohorts of various brain injuries, Helbok
et al. recently detected SDs in 18 out of 27 ICH patients*2. Of note, in none of the existing
studies, recordings were started earlier than multiple hours after ICH onset limiting the
findings to subacute phases of ICH in which peak SD incidence was reported on day two

after ictus?2.

Despite the striking evidence of SD occurrence in the majority of patients suffering from
ICH, only a few studies have investigated SD in experimental ICH35-37, These three stud-
ies focused on the complex spatial and temporal characteristics of SD occurrence and
propagation in the gyrencephalic swine brain. They detected SD as early as 17 minutes®6,
38 minutes®®, or 105 minutes®” after hemorrhage induction, while further SDs could be
observed for multiple hours in imaging periods of up to 19h35-37_ Albeit in a relatively in-
vasive setting, as craniotomy had to be performed to place subdural electrodes for elec-
trophysiologic recordings, these studies demonstrated SD occurrence in both acute and
subacute phases of ICH and arguably paved the path for further research examining SD
in ICH. Yet, for almost ten years, SD has not been investigated in experimental models
of ICH.
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1.4 Objectives

Considering the various neurophysiologic alterations associated with SD, it seems es-
sential to notice that the metabolic and hemodynamic response to SD does not deal dam-
age to otherwise healthy tissue. In fact, the reversible neurologic symptoms characteristic
of migraine aura are widely believed to reflect spreading depolarization propagating the
brain?®. However, under metabolically compromised conditions, SD can have deleterious
consequences. In the context of reduced cerebral perfusion pressure, for example, an
inverse hemodynamic response can be observed, which is dominated by profound vaso-
constriction, further worsening supply-demand-mismatch in tissue already at risk for irre-
versible neuronal injury?® 2% 34 Moreover, SD can disrupt the blood-brain barrier (BBB)
by upregulating matrix metalloproteinase-9% and has further been proven to activate in-
flammatory cascades®8. Thus, SD is considered a mechanism for acute and subacute

injury progression of ischemic stroke?8: 5562, 69,70 gnd SAH#7. 59, 60, 71-75,

Detected in a majority of patients, SD plays a highly underappreciated role in the patho-
physiology of ICH, considering the widely suggested deleterious role of SD in other brain
injuries. Nevertheless, to date, the mechanisms underlying SD occurrence in ICH are
poorly understood. Interestingly, multiple common triggers for SD in other brain injuries
could evoke SD in ICH, too. Those triggers include anoxic or ischemic failure of Na*,K*-
ATPase potentially resulting from vessel rupture or tissue distortion, exposure to blood
constituents, or breakdown products resulting from extravasated blood or mechanical tis-

sue distortion caused by the growing hematoma.

Here, we undertook a comprehensive investigation of spatial and temporal characteristics
of SD occurrence in a minimally invasive mouse model of acute and subacute ICH and

examined potential mechanisms triggering SDs.

The research questions and hypotheses addressed in the following sections are:

1. What are the spatial and temporal characteristics of SD occurrence in acute or
subacute phases of cortical hemorrhage in the mouse?

2. What triggers SD in acute or subacute phases of cortical hemorrhage in the
mouse?
a) Blood constituents or breakdown products trigger SD in cortical hemorrhage.
b) Focal ischemia triggers SD in cortical hemorrhage.
c) Mechanical tissue distortion triggers SD in cortical hemorrhage.
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2 Methods

2.1 Experimental animals

Experimental procedures were approved by the Massachusetts General Hospital Institu-
tional Animal Care and Use Committees following the NIH Guide for Use and Care of
Laboratory Animals. A total of 89 male and 13 female CD1 mice (3.7 £ 2.1 months; 36.8
+ 5.5 grams; Charles River Laboratories, Wilmington, MA, USA) were housed in groups
of up to 5 animals at a 12-hour light/dark cycle (light exposure from 7 a.m. to 7 p.m.).
Room temperature was set to approximately 25 °C with an air humidity of 45-65%. Mice

were allowed food and tap water ad libitum.

In control groups, no sex-related differences could be observed. Therefore, data from

male and female animals were pooled.

2.2 General surgical preparation

Mice were anesthetized using isoflurane (2.5% induction, 1 —1.25% maintenance) in 70%
N2 and 30% Oz throughout the experiment and allowed to breathe spontaneously. Body
temperature was monitored via a rectal probe and kept at 37 + 0.3 °C using a heating pad
(TC-1000 Temperature Controller, CWE, Ardmore, PA, USA). To measure parameters of
systemic physiology, first, the left femoral artery was catheterized. Blood pressure (BP)
and heart rate were then tracked continuously via an arterial cannula connected to a 0.9%
NaCl-filled tube that transmitted the blood pressure wave to a transducer (PowerLab;
ADInstruments, Colorado Springs, MO, USA). Blood samples of 25 ul were taken from
the arterial tube 120 min and 240 min after hemorrhage induction to measure arterial pH,

paCOz2, and paOs..

After femoral artery cannulation, animals were placed in a stereotactic frame for surgical
preparation. Local anesthetic (Lidocaine gel 2%) was applied onto the scalp and the skull
exposed by incising the scalp over the midline. Connective tissue was carefully removed.
To prevent the skull from drying and maintain skull translucency, mineral oil was repeat-

edly applied every 30 minutes for the remainder of the experiment. Baseline images were
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recorded for laser speckle flowmetry (LSF) to monitor CBF, and intrinsic optical signal
(10S), to detect SDs, as explained in detail later.

Under saline cooling, two boreholes were drilled over the right hemisphere of the brain to
monitor SDs by characteristic changes of extracellular steady potential recordings at a
distant frontal side (1.5 mm anterior and 0.5 mm lateral to the bregma) or induce a strictly
cortical hemorrhage (2 mm posterior and 3 mm lateral from bregma)’®. Thereafter, ani-
mals were allowed to stabilize for 20 min. A glass capillary microelectrode (tip diameter
~10 pm) was then connected to a differential amplifier (EX1; Dagan Corporation, Minne-
apolis, MN, USA), along with an analog to digital converter (PowerLab; ADInstruments,
Colorado Springs, CO, USA), filled with 0.9% NaCl and slowly inserted 300 um deep into
the cortex through the anterior borehole. The absence of SDs during drilling and electrode
insertion was confirmed via LSF and |IOS imaging. After general surgical preparation,

cortical hemorrhage was induced. The experimental setup is shown in Figure 1A.

2.3 Cortical hemorrhage model and hemorrhage induction

In our study, we aimed to induce an ICH strictly limited to the cortex. Even though SD not
only occurs in cortical brain tissue but also in other gray matter structures like the striatum
upon injury’’, only a cortical hemorrhage allowed for the imaging we intended using I0S

and LSF coupled to electrophysiologic measurements.

A tailor-made protocol was developed in which the depth and area of injection, as well as
the amount and dilution of bacterial collagenase VII-S, were adjusted from the existing
mouse model of striatal ICH induced by collagenase VII-S. In the striatal ICH model bac-
terial collagenase is injected to break down the basal lamina of multiple various vessels,
yielding spontaneous hemorrhage?® 78. Experimental ICH induction by collagenase VII-S
is thought to convincingly mimic clinical ICH, especially due to its spontaneous hemor-
rhage’® 7°. It has been one of the most widely used models of experimental ICH since its
introduction in the 90s8° due to its simplicity, consistency, and dose-dependent hemor-

rhage volume’®.

First, the optimal injection parameters were investigated in pilot experiments. The depth
of injection was set to 0.5 mm, equidistant from the cortical surface and the corpus callo-

sum, to allow the hemorrhage to grow to the surface and into depth. Similarly, the injection
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Figure 1. Experimental Design A. Experimental setup including the femoral artery catheter to
monitor systemic physiology, the camera for intrinsic optical signal imaging (IO0S), a second cam-
era and near-infrared laser diode for laser speckle flowmetry (LSF), and a glass capillary microe-
lectrode to monitor electrophysiology. The horizontal line shows the experimental timeline. Start-
ing Oh, 8h, 24h, or 48h after collagenase injection, electrophysiology (ECoG, DC), arterial blood
pressure (BP), 10S, and LSF were continuously recorded for 4h. Representative electrophysio-
logical (DC, ECoG) and BP tracings and I0S and LSF images, obtained through the intact skull,
are shown. A typical slow negative extracellular potential shift of the SD wave is seen on the DC
tracing recorded by the microelectrode (E) visible on the IOS image, along with the intracerebral
hemorrhage (ICH) around the collagenase injection site. LSF image shows CBF changes relative
to baseline (%) as indicated in the color bar. The field of view is similar to I0S. 1-mm coronal
sections were prepared at the end of the recordings to calculate ICH volume. B. Hemorrhage
volume measured using coronal sections correlated with hemoglobin (Hb) content measured later
in tissue homogenates (Spearman r=0.60, p<0.001; left panel). C. The dorsal area of ICH prior to
sacrifice (as seen in I0S) showed a tight correlation with the ICH volume calculated post-mortem
(Spearman r=0.92, p<0.001; right panel). Each dot represents a single animal.

This figure and its legend were modified from the original publication Fischer P., Sugimoto K., Chung D.Y., Tamim I., Morais
A., Takizawa T., Qin T., Gomez C. A., Schlunk F., Endres M., Yaseen M. A., Sakadzic S., Ayata C. Rapid hematoma growth
triggers spreading depolarizations in experimental intracortical hemorrhage. J Cereb Blood Flow Metab. 2021;41(6):1264-76.
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point was set to 2 mm posterior and 3 mm lateral to bregma over the parietal cortex to
allow for even hemorrhage propagation rostrocaudally and mediolaterally. Testing vol-
umes of 0.2 yl and 0.4 ul (n=4), a volume of 0,2 ul of diluted collagenase VII-S was found
to allow for constant injection speed using a manual injection pump while not causing
backflow along the injection needle. Dilutions ranging from 0.1 - 0.8 1U/pl bacterial colla-
genase VII-S (n=8) were tested to induce various sizes of hemorrhage and concentrations
of 0.2-0.6 1U/pl chosen for the experimental protocol yielding visible hemorrhage not ex-

ceeding the diameter of the mouse cortex (approximately 1 mm).

Based on the pilot experiments, in the final study, a 10 pl syringe connected with an in-
jection needle (34 gauge, Small Hub RN Needle, point style 4, Hamilton Company, Reno,
NV, USA) was filled with bacterial collagenase VII-S diluted in 0.9% NaCl (Sigma Aldrich,
St. Louis, MO, USA) and attached to a manual injection pump. After recording baseline
images for I0S- and LSF-imaging and establishing the electrophysiological recordings,
the needle was then stereotactically lowered into the cortex via the posterior borehole to
a depth of 0.5 mm from the cortical surface, and 0.2 pl of bacterial collagenase VII-S (0.2
— 0.6 1U/ul) were injected at a rate of 0.67 pl/min’®. To prevent any backflow after injection,
the needle was left in place for 5 min before it was carefully removed. Fresh collagenase

VII-S was purchased every two to three months to prevent alterations in enzyme activity.

2.4 Imaging

IOS and LSF images were acquired simultaneously with electrophysiological recordings
for 240 min after hemorrhage induction to investigate ICH growth, SD occurrence, and
changes in CBF (Fig.1A).

2.4.1 Real time hematoma imaging and intrinsic optical signal

A USB camera (MU300, AmScope, Irvine, CA, USA), set up over the head of the animal,
was used to image the cortical surface and track the hematoma distinctly visible through
the intact skull during the 240-min recording. Images were taken every 4 sec, and hem-
orrhage volume and growth were calculated every 10 min, as described in detail later.

The green light channel of the same images was further utilized to detect SD via charac-
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teristic I0S changes, as described in detail by the group elsewhere?’. Briefly, using soft-
ware included with the USB camera, time-lapse images taken every 4 sec were saved as
jpeg files and imported into MATLAB using a script. After that, difference images of two
consecutive images were generated for real-time and post hoc analysis. Based on the
characteristic morphology of the spreading wavefront, SDs were then detected, and the
area of their origin was determined using the difference images.

2.4.2 Laser speckle flowmetry

To investigate the spatiotemporal changes of CBF during cortical hemorrhage, LSF was
employed. Methodology for LSF has been extensively described previously’® 82 8,
Briefly, a near-infrared laser diode (785 nm) with a penetration depth of approximately
500 um was used to illuminate the exposed skull surface diffusely, and a CCD camera
(CoolSnap cf, 1392 x 1040 pixels; Photometrics, Tucson, AZ) was set up above the ani-
mal’'s head’®. To compute CBF, bundles of ten consecutive raw speckle images, aver-
aged to refine the signal-to-noise ratio, were recorded at 15 Hz and processed by using
a sliding grid of 7x7 pixels to compute images of speckle contrast, a measure of speckle
visibility that is associated with the velocity of scattering particles. Subsequently, speckle
contrast images were transformed to images of correlation time values that express the
decay time of the light intensity autocorrelation function and are linearly and inversely
proportional to the mean blood velocity®*. To monitor relative CBF changes during the
experiment, the ratio of baseline correlation time values, taken prior to collagenase injec-
tion, to subsequent values was calculated every 3.5s generating laser speckle perfusion

images’® shown in Figure 1.

To analyze perihematomal CBF, a specific cortical region of interest (ROI) was defined
for each animal that did develop a spontaneous SD originating from the hemorrhage at
any time of the experiment or animals which did not develop any SD. In animals that did
develop at least one SD, in each animal, a circular ROI (0.8 mm diameter; Fig.5A) was
set over the cortical area, where the first spontaneous SD in that animal originated from.
In animals that did not develop any SD, a ring ROI (0.8 mm-thick; Fig.5A) was set at the
mean distance of all SD origins to the center of ICH to analyze CBF in an equivalent
perimeter of ICH"8. A total of 6 animals were excluded from CBF analysis because insuf-

ficient skull translucence prohibited precise CBF calculation using LSF.
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2.5 Experimental protocols

The timeline of the basic experimental protocol of acute ICH (n=48) in which no interven-
tions were carried out during the 4h monitoring period is displayed in Figure 1A. This
protocol was modified in five subgroups of animals, as described in the following. In all
subgroups, at the end of each experiment, a cotton ball soaked in 1M KCI was briefly and
carefully placed on the cortex via a borehole to trigger and detect an SD confirming the

integrity of the electrophysiological recording.

2.5.1 Subacute phases of cortical hemorrhage

Subacute phases of cortical hemorrhage (8-52h) were investigated in a separate cohort
of n=9 animals. To reduce morbidity during the survival period, the femoral artery was not
cannulated prior to hemorrhage induction in these animals. Instead, after ICH was in-
duced by collagenase VII-S injection, the scalp was carefully sutured, and local analgesic
(Lidocaine gel 2%) was applied. Mice were then returned to their home cage to recover
from anesthesia. 8h, 24h, or 48h after hemorrhage induction, mice were re-anesthetized,

the femoral artery catheterized, and animals imaged for 240 min as described before.

2.5.2 Normobaric hyperoxia

Normobaric hyperoxia (NBO) was induced in a subgroup of animals (n=8) after general
surgical preparation and hemorrhage induction. Oz fraction in inspiration air was in-
creased to 100% 15 min after collagenase injection. Animals then received 100% Oz in
inspiration air for the remaining 225 min of the experiment and were imaged for the entire
240 min as described above, along with their controls that received regular inspiration

gases (n=8).

2.5.3 Induced Hypertension

After regular surgical preparation and collagenase injection, at the onset of hematoma
growth phase (46 £ 14 min after collagenase injection), hypertension was induced in a
subgroup of animals (n=10) by an intraperitoneal injection of the a1-adrenergic agonist
phenylephrine (10 mg/kg body weight). While imaging was conducted as described
above, the hypertensive effect of phenylephrine only lasted for a limited time. Therefore,
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animals were sacrificed, either 30 min after phenylephrine injection, whenever no SD was
triggered, or 30 min after the last observed SD, whenever SDs were triggered.

2.5.4 Focal Cerebral Ischemia

To compare the propensity of primary cortical ICH and primary focal ischemic lesions to trig-
ger SDs, instead of cortical hemorrhage, focal cortical ischemia was induced in a sub-
group of mice (n=6) by distal Middle Cerebral Artery occlusion (dAMCA0) as described

previously®?.

Briefly, mice were positioned in a stereotactic frame after general surgical preparation.
The temporalis muscle was then dissected and removed. Next, under 0.9% NaCl-cooling,
a borehole was drilled in the temporal bone overlying the distal Middle Cerebral Artery
(MCA) right above the zygomatic arch. Finally, a microvascular clip was used to occlude
the distal MCA while keeping the dura intact. The middle cerebral artery then remained
occluded for the entire duration of the experiment while monitoring for SDs was done,
equivalent to mice, in which cortical hemorrhage had been induced. After 240 min of focal
cerebral ischemia, the microvascular clip was removed to check for reperfusion. Immedi-

ately after, animals were sacrificed.

2.5.5 Intracortical Glutamate and Aspartate injections

Instead of collagenase, after general surgical preparation, in a subset of animals, the
excitatory amino acid glutamate was injected directly into the cortex at the identical loca-
tion used for collagenase injection. Glutamate was injected with or without the excitatory
amino acid aspartate. Glutamate and aspartate concentrations of fresh plasma (45uM
glutamate and 5uM aspartate in 0.9% NaCl, n=6) and further increased glutamate con-
centrations alone (50uM glutamate in 0.9% NaCl, n=5; 100uM glutamate in 0.9% NaCl,
n=5) were investigated. To mimic acute bleeding in our ICH model, we set the injection
rate to the average peak ICH growth detected in animals that developed SDs in our ICH
model (0,2ul/ min). We then continued injection for 20 min, the longest period we ob-
served such an ICH growth rate. Animals were imaged for a total of 30 min, as described

above. The femoral artery was not cannulated in this subgroup.
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2.6 Lesion volume

2.6.1 Final hemorrhage volume

To flush intravascular blood out of the brain, mice were transcardially perfused with 30 ml
of phosphate-buffered saline (PBS) under deep isoflurane anesthesia (5%) at the end of
the experiment. Brains were then collected and cut into 1 mm coronal sections using an
ice-cooled mouse brain matrix and razor blades. Sections were immediately photo-
graphed under standardized conditions and the hemorrhage area on each section man-
ually outlined, measured, and integrated along the anteroposterior axis to calculate hem-
orrhage volume. To confirm the integrity of our measurement, later Hb content was meas-
ured in homogenized tissue samples of each animal’s entirety of sections using a well-
established photometric Hb assay that has been described in detail previously®. In short,
each brain was placed in a glass tube with 3 ml of PBS, manually homogenized, and
erythrocytic membranes lysed by ultrasound application for 1 min. After 30 min of centrif-
ugation (13000 rpm, 4 °C), 250yl of supernatant was added to 1000pul of Drabkins rea-
gent, and absorption rates determined at 540 nm using a photometer. Ultimately, Hb con-

centrations were calculated based on a standard curve of fresh mouse blood.

The final hemorrhage volume calculated from coronal sections correlated with the Hb
content measured later in tissue homogenates (Spearman r=0.60, p<0.001; Fig.1B).
Thus, only values calculated by outlining the hemorrhage on brain sections were used for

the analysis.

2.6.2 Hemorrhage volume and growth during the experiment

The area of ICH overlaying the cortical surface prior to sacrifice (measured through the
intact skull during the imaging period) and the ICH volume calculated post-mortem in
brain sections showed a tight and linear correlation (Spearman r=0.91 p<0.001; Fig.1C).
This allowed us to use the hemorrhage area visible on the cortical surface to calculate

hemorrhage volume at each time of the experiment in single animals.

To do so, hemorrhage volume was measured post-mortem in each animal and divided
by the superficial hemorrhage area imaged at the end of the experiment resulting in a
volume/area quotient. Subsequently, the superficial hemorrhage area at any desired time
of the experiment was multiplied by the calculated quotient to compute the hemorrhage

volume at that time.
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2.6.3 Final ischemic lesion volume

Equivalent to mice with cortical hemorrhage, animals receiving dMCAo were transcardi-
ally perfused with 30 ml of PBS under deep isoflurane anesthesia (5%) at the end of the
experiment. Brains were collected and snap frozen in -40 °C cold isopentane. Using a
Cryostat, brains were then cut into 20 um sections, which were analyzed by hematoxylin
and eosin staining every 1 mme®8, Infarcts were manually outlined on each section, meas-
ured, and integrated along the anteroposterior axis to compute infarct volume. Only direct

infarct volumes were calculated due to relatively small infarcts in the dMCAo model.

2.7 Rigor and statistical analysis

Whenever applicable, an investigator not involved in the study randomly assigned mice
to the intervention- or control group after surgical preparation and hemorrhage induction.
Blinding was not possible for IOS-image analysis, while SDs were clearly noticeable dur-
ing real-time imaging. As SDs were identifiable during LSF imaging, too, CBF calculation
was carried out using an automated Matlab script. Hemorrhage volume was calculated

by a blinded investigator.

Data are reported in accordance with the ARRIVE guidelines and expressed as mean
standard deviation in text or whisker (full range) and box (interquartile range) plots (hori-
zontal line, median; +, mean) in figures. They were analyzed statistically using
GraphPad/Prism 8 (GraphPad Software, San Diego, CA, USA). Data were tested for nor-
mality using the Shapiro—Wilk test. Further statistical tests, exact p-values, and sample
sizes are indicated for each dataset in the text or the figure legends. P<0.05 was consid-
ered statistically significant. In the absence of prior experience, sample size in ICH ex-
periments was chosen empirically to detect a 33% difference between means and a pre-
sumed standard deviation of 25% of the mean (a=0.05, b=0.10). Nine animals were ex-
cluded from the analysis due to surgical failure. One animal did not survive until subacute

imaging phase.
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3 Results

3.1 Spatiotemporal characteristics of spreading depolarization occurrence

3.1.1 Acute and subacute phases of cortical hemorrhage

In the acute phase of cortical hemorrhage, hematomas visibly emerged on the cortical
surface approximately 20 min after collagenase VII-S injection and further expanded at a
growth rate of 0.1 — 5.1 mm3/min. Slowing down after 120-180 min, hematoma expansion

usually approached a plateau at the end of the 240-min recording (Fig. 2A).

17 of the 38 mice (45%) imaged during the acute phase of cortical hemorrhage developed
one or multiple SDs that were verified by the characteristic extracellular slow negative
potential shift (Fig. 2A). A total of 34 SDs could be observed, which without exception,
originated from the region of hemorrhage and spread throughout the entire ipsilateral

hemisphere (Supplemental Movie 2).

SDs were detected 29-221 min after collagenase injection, with the majority occurring in
the first 120 min of imaging, sometimes in couplets 8-19 min apart (Fig. 2C). The 20 SDs
occurring in couplets were observed in earlier phases of hematoma formation, compared
to 14 single SDs that occurred at later phases of acute hemorrhage (76 + 27 vs. 120 + 72
min after collagenase injection, respectively; p=0.04; Welch’s t-test; Fig. 2C).

In contrast to the acute phase of hematoma formation, no further hematoma growth was
observed at subacute stages 8-12h, 24-28h, or 48-52h after ICH induction. Likewise, not
a single SD was detected in the subacute phase (n=9; p=0.01 vs. early stage; y?-test;
Fig. 2D) despite equal hemorrhage volumes at the end of acute and subacute stages (9.6
+ 7.1 vs. 9.3 £ 5.9 mm3, respectively; n=38 and n=9; p=0.99; Mann-Whitney test; Fig.
2D).

Three sham-operated mice that received vehicle injection (0.9% NaCl) did not develop

ICH during 4h of imaging (data not shown).

With no SDs occurring in subacute phases of cortical ICH in our mouse model, in subse-
quent experiments, we only investigated the acute phase of hematoma formation (0-4h

after collagenase injection).
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Figure 2. Spreading depolarization occurrence during acute and subacute stages of corti-
cal hemorrhage. A. Representative intrinsic optical signal (I0S) images (every 30 min), continu-
ous electrophysiological recordings (ECoG and DC), and a coronal brain section at the end of the
experiment from an animal in the early stage of intracerebral hemorrhage (ICH) (0—4h). The left
graphic shows the field of view for IOS images. The animal developed a large hematoma within
90 min. One SD emerged during this rapid growth phase, and another during a second faster
growth phase later in the experiment (blue arrowheads). B. Representative data from an animal
studied at a later stage (48-52 h) of ICH. No change in hematoma size can be seen over time.
Despite the large hematoma, no SD occurred. C. Time of SD occurrence during the early stage
of ICH in animals that developed at least one SD. Each line represents one animal. Empty circles
represent single SDs, and filled circles represent SDs that occurred in couplets. Most SDs oc-
cured between 30 and 120 min after collagenase injection. SD couplets occurred in earlier phases
of acute hemorrhage than single SDs. D. SD frequency and ICH volume is shown for early and
late stages. Despite nearly identical hematoma volumes (p=0.99; Mann-Whitney test), no SD
was recorded during the late stages of ICH (p=0.020 vs. early stage; Mann—Whitney test).

This figure and its legend were modified from the original publication Fischer P., Sugimoto K., Chung D.Y., Tamim I., Morais
A., Takizawa T., Qin T., Gomez C. A., Schlunk F., Endres M., Yaseen M. A., Sakadzic S., Ayata C. Rapid hematoma growth
triggers spreading depolarizations in experimental intracortical hemorrhage. J Cereb Blood Flow Metab. 2021;41(6):1264-76.
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3.1.2 Acute phases of cortical hemorrhage and focal ischemic infarcts

While our data confirmed acute cortical hemorrhage to trigger SDs in the lissencephalic
mouse brain, the overall SD frequency detected seemed to be lower than previously ob-
served in focal cerebral ischemia in mice®® 6% 8789 To directly compare the propensity of pri-
mary cortical ICH and primary focal ischemic lesions to trigger SDs, we Induced focal is-
chemic lesions in the cortices of a separate group of mice (n=6) by dMCAo and followed SD
occurrence for 4h per identical protocol as in collagenase injected animals. In 5 of 6 mice

developing at least one SD, a total of 26 SDs was detected (Fig. 3A), which always originated
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Figure 3. Propensity of primary cortical hemorrhage and primary focal ischemic infarcts
to develop spreading depolarization. A. SD occurrence in primary focal ischemic infarcts
caused by distal Middle Cerebral Artery occlusion (dAMCAo, top) and primary hemorrhagic lesions
(ICH, bottom). Each line represents one animal. Red circles represent SDs in ischemic lesions,
and blue circles represent SDs that occurred in cortical hemorrhage. Five of six animals showed
at least two SDs after dMCAo, while 17 of 27 animals developed at least one SD during ICH.
Similar to cortical hemorrhage, most SDs in focal ischemic brains occurred during the first 2h of
imaging. B. Representative focal ischemic lesion on H&E- stained coronal brain section 4h after
dMCAo (top, red arrows) and representative cortical hemorrhage on 1-mm coronal brain section
4h after collagenase injection (bottom). Both ischemic and hemorrhagic lesions are located in
nearly identical regions of the cortex. C. Despite identical lesion volume (left panel), ischemic
lesions increased SD frequency more than threefold compared with hemorrhagic lesions
(p=0.039, Mann—Whitney test; right panel). 27 of the 38 cortical hemorrhage animals with hema-
toma volumes matching the infarct volumes were used for this comparison.

This figure and its legend were modified from the original publication Fischer P., Sugimoto K., Chung D.Y., Tamim I., Morais
A., Takizawa T., Qin T., Gomez C. A., Schlunk F., Endres M., Yaseen M. A., Sakadzic S., Ayata C. Rapid hematoma growth
triggers spreading depolarizations in experimental intracortical hemorrhage. J Cereb Blood Flow Metab. 2021;41(6):1264-76.
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from the ischemic lesion site and propagated throughout the ipsilateral hemisphere. As ob-
served in ICH, most SDs occurred within the first 2h of the recording. However, compared
with cortical hemorrhages matching in location and size (12.4 £ 5.2 vs. 12.7 £ 6.2 mm3,
respectively; n=6 and n=27; p=0.94; Mann-Whitney test; Fig. 3C), ischemic lesions resulted
in more than 3-fold higher SD frequencies (1.1 £ 1.0 vs. 0.3 £ 0.3 SDs/h, respectively; n=6
and n=27; p=0.04; Mann-Whitney test, Fig. 3C).

3.2 Mechanisms triggering spreading depolarization in cortical hemorrhage

3.2.1 Blood constituents and blood breakdown products

To analyze blood constituents and blood breakdown products as potential triggers for SD
in cortical hemorrhage, we dichotomized mice imaged during the acute stage of ICH
based on SD occurrence and first analyzed ICH volumes at the end of the 4h recording.
Final hematoma volumes measured after the 240-min recording were larger in animals
developing SDs than in animals not developing any SD (15.2 + 6.1 vs. 5.0 £ 4.0 mm?,
respectively; n=17 and n=21; p<0.001; Mann-Whitney test; Fig. 4B). As reported above,
however, first SDs usually occurred early in the experiment, 69 + 32 min after hemorrhage
induction, when ICH volume was still relatively small. Therefore, we plotted hematoma
volume over time in animals that developed at least one SD during 240 min of recording
and animals that did not (Fig. 4A and 4B) and further analyzed hematoma volume at the
time when the first SD was observed in each animal. At this time of first SD occurrence,
ICH volume was almost identical to the final ICH volume in animals that did not develop
any SD (5.6 £ 2.8 vs. 5.0 £ 4.0 mm?, respectively; n=17 and n=21; p=0.59; Mann-Whitney
test; Fig. 4B), which argued that the amount of cortical hemorrhage itself did not correlate

with SD occurrence.

While this was in line with our previous data from subacute stages of ICH where no SDs
were observed despite large hemorrhage volume, to confirm our finding, we directly ex-
posed the cortex to plasma constituents glutamate and aspartate that have been sug-
gested to trigger SDs upon blood extravasation. Intracortical injection of 0.9% NaCl with
50uM glutamate (n=5), 100uM glutamate (n=5), or 45uM glutamate and 5uM aspartate

(n=6) did not result in a single SD in any of the studied mice (data not shown).
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Figure 4. Hemorrhage volume and spreading depolarization occurrence. A. Representative
intrinsic optical signal (I0S) images (every 30 min), continuous electrophysiological recordings
(ECoG and DC), and the coronal brain section at the end of the experiment from an animal that
did develop a spreading depolarization (SD (+)) and an animal that did not develop any (SD(-)) in
the early stage of intracerebral hemorrhage (ICH). The left graphic shows the field of view for IOS
images. In the first animal, an SD couplet occurred early in the experiment when the hematoma
was still relatively small (top). The second animal did not develop any SD despite a large hema-
toma at the end of the experiment (bottom) B. ICH volume shown as a function of time in animals
with SD (SD (+)) and without SD (SD(-)). Each line represents one animal. Filled circles mark the
first SD. Unfilled circles mark subsequent SDs. ICH volumes at the time of first SD and the end
of the experiment are shown as whisker-box plots to the right of each time course graph. ICH
volumes at time of first SD (filled red whisker-box plot) were almost identical to final ICH volumes
in animals that never developed an SD (empty blue whisker-box plot; p=0.59; Mann-Whitney test),
while only final ICH volumes (empty red whisker-box plot) were larger in animals that did develop
SDs compared to animals that did not (p<0.001; Mann-Whitney test).

This figure and its legend were modified from the original publication Fischer P., Sugimoto K., Chung D.Y., Tamim |., Morais
A., Takizawa T., Qin T., Gomez C. A., Schlunk F., Endres M., Yaseen M. A., Sakadzic S., Ayata C. Rapid hematoma growth
triggers spreading depolarizations in experimental intracortical hemorrhage. J Cereb Blood Flow Metab. 2021;41(6):1264-76.
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3.2.2 Focal cortical ischemia

To test for ischemia as a possible trigger of SD in cortical ICH, we measured CBF around
the hematoma by placing an ROI (0.8 mm diameter) at the point of SD origin in each
mouse that developed at least one SD and compared this to CBF in an equivalent cortical
region in mice that did not develop any SD (0.8 mm-thick ring ROI; Fig.5A). The CBF
measured immediately before SD onset at the origin of SD (61.5 £ 16.0%) was signifi-
cantly increased compared to the minimum CBF detected during the 240 min recording
in both animals that developed SDs and animals that did not (41.9 + 6.8 % and 47.6 £ 9.5
%, respectively; n=15 and n=17; p<0.001 and p=0.003; one-way ANOVA followed by
Tukey’s multiple comparisons; Fig. 5B), which argued against ischemia as a trigger of SD
in our model. In fact, in our experiments, CBF around the hematoma never fell to levels
known to trigger anoxic SDs (<30% of baseline). The lowest CBF values were usually
recorded at the beginning of the experiment after the injection needle insertion, which
invariably caused an SD accompanied by post-SD oligemia (Fig. 4A).

To further exclude ischemia to trigger SD, in a separate experiment, we induced NBO
that is known to suppress anoxic SDs® and compared SD occurrence to a control group
receiving regular inspiration gases (n=8 each). Elevating the oxygen fraction of inspired
air to 100% O2 15 min after hemorrhage induction increased arterial paO2 by almost 4-
fold (468 * 36 vs. 126 £ 10 mmHg, respectively; p<0.001; Mann-Whitney test; data not
shown), while pH, paCOz2, and blood pressure remained unchanged (data not shown).
Nevertheless, NBO did not affect the final hematoma volume (16.2 + 6.2 vs. 13.7 £ 5.7
mm?3, respectively; n=8 each; p=0.51; unpaired t-test; data not shown) and peak hemor-
rhage growth rate observed during the 4h monitoring period compared to controls (2.7 £
1.4 vs. 2.4 + 1.2 mm?/10 min, respectively; n=8 each; p=0.55; Mann-Whitney test; data
not shown). Likewise, the lowest CBF detected during the recording (44.0 £ 5.8 vs. 44.5
1 7.3 % of baseline CBF, respectively; n=8 each; p=0.88; unpaired t-test; data not shown)
and CBF immediately preceding the SD (568.3 + 21.4 vs.56.6 + 8.9 % of baseline CBF,
respectively; n=6 and n=5, respectively; p=0.46; Mann-Whitney test; data not shown) did
not differ in animals receiving regular inspiration gases or NBO. In line with these findings,
SD frequency remained unchanged compared to controls (0.3 £ 0.3 vs. 0.3 £ 0.3 SDs/h,
respectively; n=8 each; p=0.83; unpaired t-test; data not shown). These data further ar-

gued against ischemia triggering SDs in our hemorrhage model.
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Figure 5. Cerebral blood flow and spreading depolarization occurrence. A. Representative
continuous electrophysiological recordings (ECoG and DC) and continuous recording of relative
cerebral blood flow (CBF) acquired through intact skull using laser speckle flowmetry (LSF) in an
animal that did develop a spreading depolarization (SD (+), top) and an animal that did not de-
velop an SD (SD(-), bottom) in the early stage of intracerebral hemorrhage (ICH). The inset shows
field of view for LSF images along with the region of interest (ROI, green shaded) for CBF calcu-
lation and a representative LSF image. In animals that developed an SD, a circular ROI (0.8 mm
diameter) was placed at the point of SD origin to analyze CBF changes in that ROI throughout
the recording. In animals that did not develop any SD, a ring ROI (0.8 mm-thick) was placed at
the average distance of all SD origins to the center of ICH to analyze CBF in an equivalent pe-
rimeter of ICH. CBF decreased to approximately 40-50% of baseline after the initial SD caused
by needle insertion for collagenase injection (0 min) in both animals, typical for post-SD oligemia
in mice. In the first animal, a spontaneous SD (1%t SD, red arrowhead) occurred approximately
100 min after collagenase injection (top), when CBF was only mildly reduced at its origin, as seen
in LSF image and CBF recording (dark red arrow). The lowest CBF was recorded during initial
post-SD oligemia (min CBF, light red arrow). The second animal did not develop any SD (bottom).
Again, the lowest CBF was recorded during initial post-SD oligemia, as seen in the LSF image
and CBF recording (blue arrow). B. Minimum CBF is shown for animals that did not develop any
SD during the recording. Minimum CBF as well as CBF at the onset of first spontaneous SD is
shown for animals that developed an SD. Average CBF at time and place of SD origin was sig-
nificantly higher than the minimum CBF levels recorded in both animals that did and animals that
did not develop any SD (p<0.001 and p=0.003 vs. 1%t SD; one-way ANOVA followed by Tukey’s
multiple comparisons test).

This figure and its legend were modified from the original publication Fischer P., Sugimoto K., Chung D.Y., Tamim |., Morais
A., Takizawa T., Qin T., Gomez C. A., Schlunk F., Endres M., Yaseen M. A., Sakadzic S., Ayata C. Rapid hematoma growth
triggers spreading depolarizations in experimental intracortical hemorrhage. J Cereb Blood Flow Metab. 2021;41(6):1264-76.
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3.2.3 Hematoma growth and mechanical tissue distortion

Observing the evolving hematoma over time in the subset of animals that developed an
SD, we noticed that hematoma growth usually seemed to accelerate before an SD was
triggered during pronounced hemorrhage growth (Supplemental Movie 2). In contrast, no
such growth dynamic seemed to exist in mice that did not develop any SD at the equiva-
lent time of the experiment (Supplemental Movie 1), i.e., the median time when the first
SD occurred after collagenase injection (t1stso = 65 min). Therefore, we calculated ICH
growth immediately preceding SDs and compared this to the growth at t1st sp in mice that
did not develop any SD, as well as to the peak hemorrhage growth at any time during the
4h recording in those animals. ICH growth during the 10 min preceding an SD was twice
as high as the peak growth rate (1.8 £ 1.2 vs. 0.9 + 0.7 mm?3/10 min, respectively; n=17
and n=21; p=0.014; Mann—-Whitney test; Fig.6B) and more than three times higher than
the growth rate at t1stsp (1.8 £ 1.2 vs. 0.5 £ 0.7 mm?3/10 min, respectively; n=17 and n=21;
p<0.001; Mann—-Whitney test; Fig.6B) in animals that did not develop any SD. These data
argued in favor of mechanical tissue distortion caused by the growing hematoma being

associated with SD occurrence in acute cortical hemorrhage.

To further investigate mechanical tissue distortion as a potential trigger of SD in cortical
hemorrhage, hypertension was pharmacologically induced in a subset of animals (n=10)
to accelerate hematoma growth. Intraperitoneal phenylephrine injected at the onset of the
ICH growth phase elevated baseline arterial blood pressure by 70% within 10 min (72 £
9 vs. 122 + 12 mmHg, respectively; n=10 each; p<0.001; paired t-test; data not shown).
However, it did not significantly alter CBF around the hematoma (69.8 + 23.7 vs. 78.9 £
37.1 % of baseline CBF; p=0.22; paired t-test; data not shown) or systemic physiologic
parameters (data not shown) compared to normotensive controls. Increased BP acceler-
ated hematoma growth so that final hemorrhage volumes usually reached after 240 min
under normotensive conditions were reached within 40 min after phenylephrine injection
(9.6 £ 7.1 vs. 8.8 + 5.2 mm3, respectively; n=38 and n=10; p=0.915; Mann-Whitney test;
data not shown). Peak ICH growth rate was increased nearly threefold in hypertensive
animals compared with normotensive controls (4.6 + 3.1 vs. 1.7 £ 1.3 mm3/10 min;
p=0.003, Mann-Whitney test; data not shown), SD frequency even 4 times higher (0.8
1.2 vs. 0.2 £ 0.3 SDs/h, respectively; p=0.05; Mann—Whitney test; data not shown).

In contrast to this severe increase in overall SD frequency, however, only 60% of hyper-

tensive animals developed SDs, which was not significantly higher than in the
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Figure 6. Hemorrhage growth rate and spreading depolarization occurrence. A. Repre-
sentative intrinsic optical signal (I0S) images (every 10 min) with corresponding calculated hem-
orrhage volume (ICH volume), as well as continuous electrophysiological recordings (ECoG and
DC) shown before and after the 15t SD in animals that developed one (SD (+), top), and the aver-
age of first SD time points (t1st sp) in animals that did not develop any SD (SD (-), bottom). Left
graphic shows the field of view for IOS images. In the first animal, hematoma growth (slope of the
volume curve, calculated by Aichvoume / Atime) accelerated severely after initial slow growth until a
SD was triggered at peak growth rate. At an equivalent time of the experiment in the second
animal, hematoma growth was slow throughout the recording and no SD was triggered (bottom)
B. ICH growth per 10-min intervals is shown before and after the first SD (top) or tistsp (bottom).
ICH growth increased and peaked right before an SD (top), while no such dynamic was observed
in animals not developing any SD (bottom). ICH growth during the 10 minutes immediately pre-
ceding the first SD was significantly higher than growth at an equivalent time point, as well as the
peak growth at any time, in animals that did not develop an SD (p<0.001 or p=0.014, respectively,
Mann—-Whitney test).

This figure and its legend were modified from the original publication Fischer P., Sugimoto K., Chung D.Y., Tamim I., Morais
A., Takizawa T., Qin T., Gomez C. A., Schlunk F., Endres M., Yaseen M. A., Sakadzic S., Ayata C. Rapid hematoma growth
triggers spreading depolarizations in experimental intracortical hemorrhage. J Cereb Blood Flow Metab. 2021;41(6):1264-76.

normotensive controls (45%; p=0.390; y2-test; data not shown). Dichotomizing the hyper-
tensive animals based on SD occurrence, we found ICH growth rates immediately pre-
ceding an SD to be more than three times higher than peak growth rates in animals that

did not develop an SD (6.5 + 2.3 vs. 1.8 + 1.1 mm?3/10 min, respectively; n=6 and n=4;
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p=0.003; Welch'’s t-test; data not shown) indicating that under hypertensive conditions,
fast hematoma growth was requisite for SD occurrence, too. Or in other words, that SD

was only triggered when hypertension successfully accelerated hematoma growth.

Finally, using a multiple linear regression model to analyze the entire cohort of animals
monitored in the acute phase of hemorrhage (independent variables: peak ICH growth
rate, final ICH volume, lowest CBF; dependent variable: SD frequency; n=48), we found
SD frequency to be correlated with peak ICH growth rate (3=0.100, p=0.046) but not the
final ICH volume (B=0.014, p=0.35) or lowest CBF reached during the 240-min recording
(p=-0.002, p=0.89).
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4 Discussion

4.1 Conclusion

In the presented study, we modified the existing mouse model of striatal ICH, induced by
collagenase VII-S injection, to create a strictly cortical ICH. Our tailor-made cortical hem-
orrhage model allowed for a multimodal minimally invasive monitoring approach using
electrophysiological tools, LSF-, and I0S imaging which enabled us to simultaneously

monitor hemorrhage growth and cerebral blood flow along with SD occurrence.

We present a comprehensive investigation of SD’s natural history and show SDs origi-
nating from the hematoma to occur in almost half of mice during acute stages of ICH (0-
4h). SD frequencies observed in ICH are found to be three-fold lower than those observed

in cortical ischemic infarcts.

Shedding new light on the mechanisms triggering SD in ICH, we show that SD does not
appear in subacute stages of ICH (8-52h). Comparing animals that do and animals that
do not develop spontaneous SDs, we prove SD occurrence to not depend on hematoma
size or perihematomal perfusion. Moreover, we show that plasma concentrations of glu-
tamate and aspartate directly injected into the cortex do not trigger SDs. Likewise, we
demonstrate that normobaric hyperoxia does not affect SD frequency.

Instead, we observe SDs to occur during phases of rapid hematoma growth. In a separate
cohort, we accelerate hematoma growth via induced hypertension and yield a four-fold
increase in SD frequency. Ultimately, we show SD occurrence to be correlated with peak
ICH growth but not final ICH volume or lowest CBF recorded using a multiple linear re-

gression analysis of the entity of animals monitored in the acute phase of ICH.

4.2 Spatiotemporal characteristics of spreading depolarization occurrence

Our data provide evidence that spontaneous SDs occur in a mouse model of acute but
not subacute cortical ICH. Using a minimally invasive monitoring approach, we show that
temporal characteristics of SD occurrence in acute cortical ICH in the mouse closely
match those reported in two relatively small cohorts of acute ICH induced by collagenase

injection in the gyrencephalic swine3> %6, Here SDs occur as early as 17 or 38 min after
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hemorrhage induction and decrease in frequency within the first hours of the recording?.
Demonstrating SD to originate from the hematoma boundaries, which has likewise been
reported in swine3%-37, we confirm SD to be a species-independent phenomenon in acute
ICH that follows similar spatial and temporal characteristics in large animals gyrence-

phalic brain and the lissencephalic mouse brain.

To contextualize the findings from our ICH model, we compare them with another brain
injury, ischemic stroke, in which temporal and spatial characteristics of SD occurrence
have been extensively studied in murine models®® 6% 87 To do so, we use a standardized
model under identical experimental conditions for both ischemic and hemorrhagic stroke.
We investigate the propensity of focal ischemia and primary cortical hemorrhage matched
for size and location to trigger SDs and find focal ischemic lesions to be a more potent
trigger for SD than primary ICH. Recorded SD frequencies in our focal ischemic model
go in line with previous studies reporting similar SD frequencies in experimental focal
ischemia®> ©°. Finally, we prove that SD frequency in primary ICH drastically increases
under hypertensive conditions, the most common primary pathoetiology of clinical ICH'2.

Here, SD frequencies similar to those seen in focal ischemic brains®® %0 are observed.

In stark contrast to acute stages, we do not detect a single SD at subacute stages of ICH
(8-52h after hemorrhage onset), albeit two studies of experimental ICH in the swine have
shown SD to occur multiple hours after hemorrhage induction3% 37, Lacking data on time
course of hematoma formation and possible SD triggers in the existing studies of porcine
ICH prohibit in depth analysis of the conflicting results of the presented data and porcine
studies. However, some differences in the used experimental protocols can be carefully
considered. First, in the porcine study that used the collagenase model, heparin was
added to injected collagenase?®, while in our study collagenase was solely dissolved in
NaCl. This cortical injection of heparin might have prolonged the phase of hematoma
formation. Second, in the same study, even in porcine control cohorts only injected with
saline or no substance at all, SDs were observed in the absence of ICH for multiple hours
after needle insertion, suggesting a mechanism triggering SD that was not necessarily
related to ICH. In our experimental setup, sham controls injected with saline did not
develop a single SD. Last, the recording of SD in both experimental swine studies re-
quired subdural electrode placement established via a craniotomy3%-37, resulting in an ex-
perimental setup that was more invasive than our cautious experimental approach and

might have influenced SD occurrence.
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4.3 Mechanisms triggering spreading depolarization in cortical hemorrhage

4.3.1 Blood constituents and blood breakdown products

To date, neither blood constituents nor blood breakdown products have been investigated
as potential SD triggers in experimental ICH. As blood inarguably extravasates during
ICH, we hypothesized blood constituents like glutamate or breakdown products like K*
and Hb to trigger SD in our model of cortical ICH. Yet, our data strongly argue against SD

occurrence in cortical ICH being related to blood constituents or breakdown products.

First, we investigate blood constituents as potential SD triggers. Following hematoma
expansion during the 240-min recording, we note that the hemorrhage volume immedi-
ately preceding an SD is not larger than the final hemorrhage volume in animals not de-
veloping any SD and therefore does not predict SD occurrence. A multiple linear regres-
sion analysis of all animals imaged during acute ICH (0-4h) confirms this finding. It shows
that final hemorrhage volume does not correlate with SD frequency, which would have
been expected if blood constituents triggered SD. Our data are in line with a recent study
that showed fresh blood applied onto the pial surface to not trigger SD in rodents®¢ and
another previous study investigating porcine cortical ICH, in which autologous arterial
blood injection into the right frontal lobe resulted in SDs in only one of eight animals mon-
itored during the first 4h of the recording®’. However, we aim to strengthen our finding by
injecting plasma concentrations of glutamate or even higher concentrations with and with-
out aspartate directly into the cortex. Showing that these, even when injected at rates
closely mimicking peak hemorrhage growth, do not trigger SD either, we exclude the ex-
citatory amino acid glutamate as a trigger for SD in our ICH model and confirm previous

studies that have shown topical application of up to 20000 yM glutamate® 9* or intracor-

tical iontophoresis using 500000 uM glutamate®? to not trigger SD.

Second, we analyze blood breakdown products as possible SD triggers in ICH. Whether
blood breakdown products can cause SD has been investigated for over four decades®®
60,93 hut remains controversial, especially in the context of SAH%-58, Despite large hema-
tomas in animals imaged in subacute stages, in our experiments, not a single SD is ob-
served later than 4h after hemorrhage onset when hemorrhage growth has reached a
plateau. If blood breakdown products triggered SD in ICH, they should have done so
mainly in subacute stages of our model, when arguably hemolysis, which develops over
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hours to days, is present’! 949 Notably, this absence of SD in subacute stages of cere-
bral hemorrhage has also been observed in a mouse model of SAH%. Here pial applica-
tion of fresh blood without prior in vitro hemolysis did not trigger a single SD in a cohort
of mice observed for 72h% while, in stark contrast to this, blood hemolyzed prior to appli-
cation did trigger SD%. This is particularly of interest as it was shown more than 20 years
ago that in the subarachnoid space, synergistic effects of K* and Hb can cause spreading
ischemia in the rat when applied in concentrations of in vitro hemolyzed blood®® €9, In this
context, Hb acts as a NO scavenger reducing NO availability, which results in a pro-
nounced reduction of the K* threshold to trigger SD%"- ¢, While K* and Hb concentrations
in ex vivo hemolyzed blood trigger SD%: 5% 60, our data thus add to the evidence that blood
breakdown product concentrations do not reach levels high enough to trigger SD during
in vivo hemolysis, at least in the lissencephalic mouse brain. Importantly, if blood break-
down products of in vivo hemolysis triggered SD, they should have done so especially in
our ICH model because ICH provides an enclosed room where breakdown products like
K* and Hb could accumulate. In contrast, murine SAH models provide no such room so

that the injected blood and its breakdown products likely dissipate quickly.

Limiting the precision of our purely intracortical ICH model, in some cases, hematomas
seemed to leak into the subarachnoid space, allegedly along the track of the removed
needle used for collagenase application. Yet, this subarachnoid leakage was more fre-
quently observed at later stages of acute hemorrhage, where only few SDs occurred, and
most common in subacute stages, where no SDs were observed. Therefore, subarach-
noid blood likely did not trigger the observed SDs, although we did not directly measure
it.

4.3.2 Focal cortical ischemia

SDs occur in nearly all ischemic strokes, both clinically*?: 4348 62 and experimentally>®: 6°.
87 They are triggered when transiently reduced supply (i.e., ischemia or hypoxia) or in-
creased demand worsen supply-demand mismatch in the ischemic penumbra®®. In SAH,
intracranial pressure spikes*? and the mass effect of blood clots®” have been suggested
to worsen supply-demand-mismatch by altering tissue perfusion and thereby triggering
SDs. We hypothesized vessel rupture'? or perihematomal tissue distortion®® to yield is-

chemic conditions in ICH sufficient to trigger SD.
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Using various experimental approaches, we collect convincing evidence that focal cortical
ischemia or increased metabolic demand resulting in worsened supply-demand mismatch
do not trigger SDs in our ICH model. First, we use high-resolution laser speckle flowmetry
to show that CBF never drops to levels known to trigger anoxic depolarization (< 30 % of
baseline CBF). We then prove CBF immediately preceding SD occurrence to be signifi-
cantly and about a third higher than the lowest CBF recorded in both animals that do and
animals that do not develop any SD. If regional hypoperfusion resulting in ischemia or
hypoxia would have caused the observed SDs, the opposite, reduced CBF at SD occur-
rence, would have been expected. Using an ROI with a diameter of 0.8 mm for CBF
measurements, we clearly should have detected any regional hypoperfusion large
enough to trigger SD as the minimum tissue amount of depolarization needed to trigger
an SD in the murine brain is thought to be approximately 1 mm3 %4, Importantly, we do not
observe any interference between LSF signal and blood overlaying the cortical surface
unless the blood forms a thick clot. Having that said, a decrease of LSF signal by blood

would cause artificially low CBF values and would therefore not confound our conclusion.

In a different experimental approach, we show NBO, known to decrease SD frequency
exclusively in focal ischemic brains by up to 60%2, not to influence SD occurrence in
cortical ICH. Because we do not measure tissue oxygenation or intracranial pressure di-
rectly and as LSF may miss tissue perfusion microheterogeneity within the ROI, we use
this second approach to strengthen our finding and exclude relevant supply-demand-mis-
match that could have triggered SD. Moreover, we prove induced hypertension to dis-
tinctly increase SD frequency without altering CBF compared to normotensive controls.
Again, this argues against ischemia or hypoxia triggering SD in our ICH model, as induced

hypertension has been shown not to affect SD occurrence in focal ischemia®°.

4.3.3 Mechanical tissue distortion

Mechanical stimulation is a well-known trigger for SD and the mass effect of the expand-
ing hematoma is an elementary primary injury mechanism in ICH' '5_ It can cause local
physical disruption of tissue, more widespread mechanical injury due to midline shift and
herniation', and even shear local arterioles causing secondary hemorrhage™'. In our
study, we hypothesized mechanical tissue distortion caused by the mass effect of the

growing hematoma to trigger SD.
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While we do not measure peri-hematomal pressure directly because this would be inva-
sive and might affect SD occurrence, overall, we provide various indirect evidence for
mechanical tissue distortion to trigger SD in our ICH model using rapid hematoma growth
as a surrogate parameter. First, we observe SDs in acute stages of ICH to emerge from
the vicinity of the hematoma during phases of rapid growth, while no SDs are detected in
later phases where hematoma volume has already reached a plateau and does not grow
further. Second, we prove hemorrhage growth to accelerate and peak right before an SD
is triggered. Finally, we show hemorrhage growth immediately preceding an SD to be

twice as high as maximal growth values recorded in animals not developing any SD.

In a separate cohort, we then pharmacologically increase BP by a phenylephrine injection
to account for hypertension as the most common pathoetiology of clinical ICH'® 12, We
show induced hypertension to accelerate hemorrhage growth and increase SD frequency
distinctly despite equally large hematomas in normotensive controls. Further confirming
our data, equivalent to normotensive animals, again SD is only triggered in hypertensive
animals that show severe hemorrhage growth prior to SD occurrence. We finally show
that SD occurrence correlates with peak ICH growth but not final ICH volume or lowest
CBF recorded in a multiple linear regression model of normotensive and hypertensive
animals investigated during acute ICH.

Aware of our indirect approach that uses hemorrhage growth as a surrogate parameter,
we justify the conclusion of mechanical pressure triggering SD by convincingly excluding
other possible SD triggers that could result from rapid hematoma growth, namely ische-
mia, blood constituents, or breakdown products. In the conceptional design of our study,
we decided the benefits of our minimally invasive multimodal imaging approach to out-
weigh missing direct measurements of perihematomal pressure or any blood constitu-
ents. Of course, this limits the implications of our study as we cannot exclude that a yet
unidentified blood constituent caused SDs in our ICH model. This unknown constituent
could be present only during rapid hematoma growth and dissipate quickly to directly
trigger SDs in our ICH model or at least act synergistically with mechanical tissue distor-
tion to trigger SD, as recently discussed for various triggers in the context of SAH%". How-
ever, as mentioned before, even direct injection of 3ml of autologous arterial blood into
the right frontal lobe in swine only resulted in SDs in one of eight animals within the first

4h after blood injection®’, which argues against such an unknown trigger.
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Finally, we could not predict where and when an SD was triggered in our model. There-
fore, it would have been nearly impossible to conduct measurements at the exact point
of SD occurrence, even if we decided to leave our minimally invasive monitoring approach
using micro-dialysis, for example. Importantly, the injected collagenase VII-S itself does
not trigger SD, as SDs occur with a latency of more than 25 minutes, and not a single SD
is triggered during collagenase VII-S injection.

4.4 Implications for clinical translation

In humans, SD has predominantly been investigated in subacute deep lobar and basal
ganglia ICH cases. Here, various studies have shown SDs to occur in about two-thirds of
patients with large ICH and to peak 1-2 days after ictus*? 424446 Despite evidence of SD
in subacute clinical ICH*?: 42 4446 we do not detect any SDs in subacute stages (8-52h)
of cortical ICH in our mouse model, as discussed above. Therefore, it could be speculated
that in subacute stages of human ICH, mechanisms trigger SD that do not exist in our
cortical ICH model or at least do not contribute relevantly. Interestingly, in both a study of
27 patients*? and a case report*4, an association of SD occurrence with perihematomal
edema progression was observed, which might have been absent in our model due to
relatively small purely cortical hematomas. Perihematomal edema typically evolves rela-
tively slowly, hours to days after hemorrhage onset'%%-1%4 and therefore should have been
peaking in subacute, not acute, stages of our ICH model where SDs typically occurred.
These conflicting findings might limit translational implications of our data for subacute
clinical ICH. However, the external validity of existing clinical findings must be considered
carefully for cases of spontaneous ICH without any intervention, too. This is because, in
all the investigated patients to date, craniotomy or craniectomy had previously been per-
formed for hematoma evacuation while only in the event of surgery by medical indication
subdural electrode strips were placed to record electrocorticography??: 424446 These in-
vasive interventions might have influenced SD occurrence and stand in contrast to our

mouse model, in which we aimed for a minimally invasive monitoring approach.

Unlike in subacute ICH, SD has not been investigated in acute ICH in a clinical setting
because craniotomy or craniectomy for hematoma evacuation was needed to place intra-
cranial recording electrodes in the existing clinical studies and therefore prohibited mon-

itoring during acute ICH?0.42.44-46_Thus, we do not know whether SD occurs in acute ICH
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in humans, although SD occurrence during acute porcine cortical ICH is well documented
in the experimental setting3%-?". In this context, one might argue that the experimental
collagenase model, which is thought to disrupt multiple vessel types, including the capil-
lary bed4.25 78-80,105,106 ‘mjight not precisely represent clinical ICH which is usually caused
by the rupture of a single arteriole initially. Yet, in our ICH model, hematoma growth often
shows sudden surges superimposed on a steady but slower pace of expansion, which
likely is triggered by arterial rupture rather than capillary oozing. Finally, the source of the
bleeding does not affect our conclusions. In summary, it therefore does not seem far-
fetched that the mass effect of a growing hemorrhage, large enough to trigger midline
shift, could trigger mechanical SDs in the human brain, too.

Interestingly, in patients suffering from CAA, a common primary etiology of ICH, transient
focal neurologic episodes can be observed that often show clinical features similar to
migraine aura'%’- 1% These typically short and completely reversible focal sensory or mo-
tor symptoms often show a spreading pattern propagating to adjacent body parts congru-
ent with cortical somatotopy'%”- 198, which is considered almost pathognomonic for SD'3.
As such, the frequently observed transient focal neurologic episodes in CAA might at

least partially indicate SD caused by the mass effect of growing microbleeds.

4.5 Future perspectives

In conclusion, our data suggest SD is a neurophysiological phenomenon in ICH that fol-
lows similar temporal and spatial characteristics throughout different species. It implicates
mechanical tissue distortion to trigger SD in murine cortical ICH, with other hypothesized
triggers like blood constituents and breakdown products or focal ischemia not contributing
to a significant extent.

Only further clinical research will prove whether mechanical pressure can trigger SD in
patients suffering from acute ICH, too. In fact, a novel monitoring approach has recently
been used to monitor SDs through the intact skull in humans'® and might allow for early
noninvasive SD monitoring in patients with acute ICH in the near future. In addition, ex-
perimental studies might show whether SD is just an epiphenomenon or plays a role in

the complex pathophysiology of ICH.
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