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INTRODUCTION

The etiology of stroke and state-of-the-art treatment options

Sudden hemiplegia, one-sided numbness, facial asymmetry or speech difficulty are classic signs
of acute cerebrovascular events that demand immediate medical attention to prevent severe
consequences, including death. Stroke affects nearly 94 million people worldwide and remains
the second leading cause of death and the third leading cause of death and disability combined.
Although 84% of strokes are linked to modifiable risk factors, hypertension, excess weight,
poor diet, smoking and low physical activity due to modern lifestyles continue to drive risk.
Due to that, between 1990 and 2021, stroke incidence rose by 70%, and related deaths and
disability doubled. Today, almost 12 million new cases occur annually, with 7 million resulting
in death. Beyond the profound impact on families, global spending on stroke care reaches
890 billion USD each year and is expected to double by 2025', underscoring the urgent need

for continued stroke research.

Stroke is defined as an acute onset focal neurological deficit with no other explanation than a
disturbance in the cerebral circulation®. The brain is richly supplied with blood by the carotid
and vertebral systems, however, because of the constant high energy demand and the lack of
reserves, the abrupt cessation of blood flow in any of the brain arteries can have a devastating
effect’. Stroke can be divided into two major subtypes depending on the cause: hemorrhagic,
which account for approximately 13% of all stroke cases and ischemic being the majority in
87% of patients*. In hemorrhagic stroke, rupture of a cerebral blood vessel results in
extravasation of blood into the brain parenchyma or the subarachnoid space. Although less
frequent than ischemic events, 30-day mortality of cerebral bleeding may approach 50%,
underscoring its severity. Primary intracerebral hemorrhage (ICH) most commonly arises from
small-vessel pathology, particularly hypertensive microangiopathy or cerebral amyloid
angiopathy. Secondary ICH may occur due to structural abnormalities such as vascular
malformations or tumors, coagulopathies, or as hemorrhagic transformation of an ischemic
infarct®. Subarachnoid hemorrhage is of traumatic origin in approximately 15% of cases,
whereas the remaining non-traumatic cases—around 85%—are predominantly caused by

rupture of an intracranial aneurysm® 7.

Because acute ischemic stroke (AIS) accounts for the majority of stroke cases, it remains a
major focus of intensive research, including the present study. In the setting of AIS, blood flow

to a region of the brain is ceased because of the occlusion of the supplying artery (Fig. 1). There



are several classification systems that categorize the different origins of stroke, but they all
distinguish five major subtypes®!?. Large-artery atherosclerosis represents the first major
subtype, encompassing occlusion at the site of a stenotic plaque or distal embolization from
thrombus formation on a ruptured plaque. The second category, cardioembolism, typically an
embolus originating from left atrial appendage thrombi in patients with untreated atrial
fibrillation dislodges and blocks a cranial vessel. Occlusions of either atherosclerotic or
cardioembolic origin affecting the internal carotid artery (ICA), the proximal segments of the
posterior, middle, and anterior cerebral arteries (PCA, MCA, and ACA, respectively), as well
as the vertebral (VA) or basilar arteries (BA), are classified as large vessel occlusions (LVOs),
which account for up to 46% of AIS.!!. The third subtype comprises small-artery occlusions,
often referred to as lacunary stroke. Fourth category describes strokes of other determined,
miscellaneous etiologies, such as hematologic disorders, non-atherosclerotic vasculopathies or

hypercoagulable states, while the fifth subtype covers cases of undetermined etiology.
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Figure 1. Ischemic stroke is most commonly caused by the occlusion of an extra- or intracranial large vessel. A,
Major arteries supplying the brain. B, Acute ischemic stroke is caused by the occlusion of a cerebral artery by a
thrombus. Cerebral regions with compromised blood flow distal to the occlusion are marked as red area.
ACA: anterior cerebral artery, MCA: middle cerebral artery, PCA: posterior cerebral artery.

Figure was adapted and modified from Campbell et al., 2019.

In ischemic brain tissue, the cessation of blood flow results in depletion of oxygen and nutrients
essential for neurons and glial cells. This deficiency first causes the loss of Na"/K" ATPase

function therefore the loss of ability of the cells to maintain their membrane potential, leading
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to cell depolarization, which in turn triggers a series of pathological cascades that eventually
lead to cell death. The center of the ischemic injury is called the ischemic core, where the
profound decrease in cerebral blood flow (CBF) (<10 ml/100g tissue/min or 10%-25%) leads
to irreversible cellular damage'? (Fig. 2). It has been identified already in the 1970s, that the
initial clinical deficit observed in stroke patients is due to a hypoperfused, dynamically
changing area around the core region called the penumbra, with perfusion reduced to between
20-40 ml/100g/min (Fig. 2). In this area, cells are electrically silent but viable, and cells in this
area can still be rescued by timely restoration of blood supply. Because the penumbra
irreversibly evolves into the infarct core with increasing time spent in ischemia, reperfusion of

the tissue at risk as soon as possible is essential and represents the aim of all stroke therapies.
13,14
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Figure 2. Ischemic core expands over time at the expense of the penumbra. Figure was adapted and modified from
Gauberti et al., 2016'.

Intravenous thrombolysis with tissue plasminogen activator drug alteplase was approved by the
Food and Drug Administration (FDA) in the United States for the treatment of ischemic stroke
within a time window of 4.5 hours in 1996 and has been in the use ever since. Based on the
evidences of the EXTEND trial'®, the time window was extended to 9 hours in 2019 and most
recently in March 2025 tenecteplase became FDA approved making it the first approval of a
new stroke thrombolytic in nearly 30 years'’. Following intensive research and multiple clinical
trials beginning in the early 2000s, direct clot removal by mechanical thrombectomy within 6
hours of symptom onset became the standard of care in selected LVO cases in 2015'* (Fig. 3).
The DAWN and DEFUSE 3 trials provided evidence that certain patients may benefit from
mechanical thrombectomy for up to 24 hours from last known well'® !°. Moreover, studies
published in the last 3 years demonstrate that even patients with severe symptoms and large
infarct cores may achieve better outcomes when treated with thrombectomy, thereby further

expanding the pool of candidates for intervention'# 20-22,
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Although reperfusion therapies have advanced substantially, current stroke treatment remains
limited. Even after successful recanalization, delayed infarct progression can occur®, and in
some cases reperfusion may exacerbate the injury?* (Fig. 2&3) or no-reflow may follow the
technically successful intervention. Despite extensive investment in stroke research in the past
30 years, none of the over 1000 neuroprotective agents effective in preclinical studies have
translated into clinical benefit, highlighting a persistent “translational gap” between basic
science and clinical practice®> 26. Addressing this gap may require more rigorous evaluation of
experimental models besides the refinement of research questions in order to successfully

develop novel therapies.

e
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Figure 3. Infarct evolution and concomitant cerebral edema progresses despite successful endovascular
recanalization. A, In the native CT scan, early signs of ischemia are visible in the left insular and cortical regions,
supplied by the middle cerebral artery (MCA). B, In the angiographic scan, occlusion in the proximal segment of
the left MCA appears as a filling defect of the vessel (green arrow). Ci1, Left MCA occlusion is verified by Digital
Subtraction Angiography (green arrow). Caz, Following successful thrombectomy, the perfusion in the MCA and
its branches is restored. D, Despite complete and timely recanalization, the 24-hour control CT shows progression
of the infarct in the cortical and subcortical areas of the MCA territory. Subtle midline shift, compression of the
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left lateral ventricle and narrowing of surface liquor spaces are consequences of cerebral edema concomitant to
ischemic injury. Representative images are courtesy of the Department of Radiology, Albert Szent-Gydrgyi
Healthcare Centre, Szeged, Hungary.

Secondary pathophysiological mechanisms — spreading depolarization
While primary infarct size is essentially determined by the duration of ischemia and the

27,28

collateralization of the affected brain territory“” “°, secondary pathological mechanisms occur

shortly after this initial ischemic insult and promote lesion progression by transforming the

penumbra region into unsalvageable core?® .

Spreading depolarizations (SD) of the cerebral cortex are waves of near-complete
depolarization of neurons and glial cells that arise spontaneously and propagate at a speed of
2—-6 mm/min through the grey matter. Passage of SDs is followed by transient silencing of
neuronal activity. SDs impose a heavy metabolic load on neural tissue during their transit, as
they are the most energy-intensive neurophysiological phenomenon that can occur in the
cortex*!. During an SD, the neurons lose their resting membrane potential as the transmembrane
ion gradient nearly equilibrates due to a large amount of K" escaping into the extracellular
space, while Na" and Ca®' enter the cells driven by their concentration gradient’’. The
restoration of membrane potential exhausts the tissue’s energy reserves and deepens the
metabolic crisis, reducing the nervous tissue’s chances of survival with each passing SD.
Furthermore, the reorganization of ions results in a concomitant vascular response to the

depolarization wave and causes cellular swelling at the same time.

In 1944, Aristides A.P. Ledo discovered a transient decrease in cortical activity spreading in a
wave-like manner in the rabbit cerebral cortex. He observed a transient, marked reduction in
the amplitude of spontaneous oscillations in the electrocorticogram and named the phenomenon

‘spreading depression’*

. Despite the similarities, transient periinfarct depolarizations occurring
after ischemic brain injury, as well as terminal depolarization of neurons following severe
oxygen depletion, were thought to be completely different entities. However, numerous studies
to date have demonstrated that artificially induced spreading depolarization waves in
physiological tissue and peri-infarction depolarization are essentially different forms of the
same phenomenon’®!:**, According to the current view, the term SD thus refers to a continuum
ranging from transient SD in metabolically intact nervous tissue to terminal SD in severely
ischemic cortex (Fig. 4). Consistent with this concept, SDs appear in migraine auras as well as

in serious diseases leading to neurological deficits, such as subarachnoid hemorrhage, traumatic

brain injury, circulatory arrest, and the aforementioned ischemic stroke®>>’. Just like in animal



models, SDs can be detected and used as biomarkers of injury progression in critical care

patients following central nervous system (CNS) injury®.

Penumbra: 20-40 ml/100 g/min Core: <10 ml/100 g/min

YW —
—y

CBF

ik, e
Figure 4. Nature of the cerebral blood flow (CBF) response to spreading depolarizations (SD) depends on the
metabolic state of the ischemic cerebral tissue. Representative traces of direct current (DC) potential characteristic
to SD (blue traces) and accompanying CBF changes (red) display different morphology as a function of tissue
perfusion. Traces correspond to squares over the schematic drawing of ischemic rodent brain from left to right,
from penumbra towards core, respectively. Figure was adapted and modified from Hoffmann and Ayata, 2013.

In the case of ischemic stroke, SDs originate from the margin of the core and spread through
the penumbra, causing deleterious effects that endanger the survival of the tissue that is still
salvageable. The blood flow response associated with SD consists of different phases, which
may occur to varying degrees depending on the metabolic state of the nervous tissue*” *°. The
typical CBF response is characterized primarily by hyperemia, which is preceded by transient
hypoperfusion and followed by a prolonged period of oligemia. The excess nutrients arriving
with the increased blood flow promote the restoration of cell homeostasis and thus benefit the
tissue. However, the altered metabolic state of ischemic tissue promotes the deepening and
prolongation of initial hypoperfusion at the expense of hyperemia. In highly metabolically
challenged tissue, CBF response may consist only of vasoconstriction, termed spreading
ischemia’? (Fig. 4). Consequently, in the ischemic cerebral cortex with a lower baseline flow,
further reduction in CBF jeopardizes the survival of cells already in a critical state due to
ischemia and may contribute to the transformation of the penumbra region into the core

region*!. In case of a prolonged depolarization, harmful high intracellular Ca*" and Na"

concentrations and cytotoxic edema also persist for a longer period*?.
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As cells of the cerebral cortex depolarize, positive cations enter the intracellular space, pulling
water into the cell and creating cellular swelling called cytotoxic edema*. SDs are known to
cause cytotoxic edema and in turn, cytotoxic edema is proven to promote SD evolution®. This
reciprocal interaction creates a self-amplifying vicious cycle that triggers the cascade of edema

formation following ischemic stroke** 4.

Secondary pathophysiological mechanisms — edema formation

Cerebral edema and consequent brain swelling are complications arising from ischemic stroke,
which promote further tissue injury** (Fig. 3&5). Malignant cerebral edema (CE), describing
the detrimental swelling of brain tissue in the MCA territory with midline shift and possible
brain herniation, is a such consequence, evolving in 7-18% of the patients over two-three days.
Mortality of CE lies at 80-85% and is a prognostic factor of unfavorable outcome due to its
negative correlation with the probability of recovery*® 4’. The conventional interventions are
typically reactive rather than preventive and only fight against the late- and lethal complications
of CE*, Yet, no treatment focuses on the CE prevention in acute stroke. Since current clinical
guidelines lack routine anti-edema therapy'* 4%, there is a pressing need for proper medication
against CE in the acute phase of stroke. Therefore, detailed investigation of the exact

mechanism of edema formation is essential.

The evolution of cerebral edema can be divided into distinct phases based on the
pathomechanism. These phases appear in a specific order and then continue to occur in parallel

with each other**°!,

The first phase, cytotoxic edema occurs within minutes of an ischemic insult (Fig. 5) and is
triggered by an acute tissue deprivation of glucose and oxygen, as well as the appearance of
spreading depolarizations**» 3. Due to ATP depletion, the energy intensive transmembrane
pumps are not able to maintain transmembrane ion gradients. Therefore, osmolytes start to
move according to their electrochemical gradient, which is the driving force for large amounts
of extracellular Na" and CI" followed by water to enter the intracellular space. Although
depolarizations affect both cell types, neurons are devoid of water channels, hence cytotoxic
swelling affects mostly astrocytes that have four times higher water permeability due to water
channels®. Since water and solute translocation occurs solely between the intracellular space

and the extracellular interstitial fluid, there is no net growth in tissue volume.

The massive influx of Na™ ions into the cells depletes the interstitial fluid of its ion stock,

consequently the change in ion concentration creates a newly established driving force for Na*
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from the intravascular space into the brain parenchyma. Cl- and water follow as secondary
participants in order to maintain electrical and osmotic neutrality**>!. Since the driving force
in the phase is the movement of ions, it was termed ionic edema. Since in this phase, the blood-
brain barrier (BBB) is still intact, entry of water can only happen transcellularly through the
vascular endothelium, either by diffusion through the plasma membrane or through water
permeable channels, similar to the swelling of astrocytes. This phase of edema already results
in net volume growth, since excess water enters the brain parenchyma, but for that active blood
flow is required®?. In the acute setting of stroke, blood flow in the core region is, by definition,
severely reduced to levels approaching zero. Consequently, water entry occurs primarily in the
penumbral zone, where circulation is relatively preserved, and subsequently moves into the core
region by bulk flow.**. Another possibility is that the previously ischemic area becomes

reperfused, leading to water entry directly at the site of the ischemic core.

For many years it was believed that the exclusive source of water entering the brain interstitium
was the intravascular space. In the early 2010s a new paravascular way of effective solute
transportation in the cerebrospinal fluid (CSF) was described and named the glymphatic
system>* 3. Studies following the discovery proved that fluid from the Virchow-Robin space
enters the brain parenchyma earlier, than intravascular water does, emphasizing the role of CSF

flux in ionic edema formation®

. Convective flux of CSF along the vasculature is
physiologically maintained by breathing, arterial pulsatility and the constant water-buffering of
astrocytes. In the setting of ischemic stroke, the spontaneously appearing SDs cause dynamic
alterations in vascular diameter and consequently hydrostatic pressure in the paravascular
space. This pressure change pulls in more CSF from the intact regions into the injured brain

areas, presenting an additional mechanism of how SDs contribute to secondary lesion

progression and poor outcome following stroke*.

Brain swelling peaks 2-3 days following an ischemic insult (Fig. 5), which coincides with the
break-down of the BBB following the progressive alteration of the barrier’s permeability due
to edema and occasional reperfusion*>°!. Vasogenic edema formation is characterized by the
opening of paravascular pathways due to the failure of intercellular anchors and the degradation
of the basement membranes by enzymes activated in inflammatory cascades, like matrix
metalloproteases. An ultrafiltrate of blood containing macromolecules can enter the brain,
pulling in vast amounts of water dictated by pressure differences, creating space-occupying
edema. The final stage of endothelial dysfunction is a catastrophic breakdown of capillary

integrity, during which all components of the blood, including erythrocytes, leak into the brain
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parenchyma, causing hemorrhagic transformation**. This devastating complication occurs in up

to 30-40% of ischemic strokes.

Conventional, reactive anti-edema interventions mainly target vasogenic edema rather than
cytotoxic edema, despite evidence that cytotoxic edema is an early event following brain injury,
precedes vasogenic edema, and promotes its subsequent formation®> %%, To conquer this
obstacle, alternative, more targeted anti-edema therapies should be developed, which focus on

preventing edema formation in the early, namely cytotoxic phase.

AQP4 expressiork
cerebral edema

value
cytotoxic edema

1 !
first hours 1stday 2nd day 3 day

AlS onset

Figure 5. Cerebral edema formations occurs seconds after the onset of ischemia and progresses into vasogenic
edema over time, peaking 2-3 days following injury. At the same time, ischemia drives bi-phasic upregulation of
the water channel aquaporin-4 (AQP4) with an early peak that contributes to cytotoxic swelling, followed by a
later, sustained increase at 24-48 hours coinciding with vasogenic edema and edema resolution 37 38,

AQP4 - a target for edema regulation?

Astrocytes are one of the main cell types of the CNS, serving several functions in order to
maintain the well-regulated homeostasis for the ideal functioning of neurons. On the one hand,
they cover almost the entire cerebral vascular system with their endplates®', thereby not only
participating in the creation of the blood-brain barrier, but also creating the perivascular space
around the blood vessels®, which is essential for the glymphatic system> and is the location
for neurovascular coupling. Although astrocytes are single cells, they are coupled to each other
by gap junctions (GJ) to create a functional syncytium. GJs enable astrocytes to allow free ion
flow in accordance with the concentration gradient between cells, allowing effective uptake,
distribution and buffering of K*%°, neurotransmitters, several other solutes and importantly,

water.

Movement of water into astrocytes is facilitated through three different routes under

physiological conditions following transmembrane ionic gradient’’

. First is simple diffusion
through the lipid bilayer. Second are water permeable transporters that are constitutively
expressed on astrocytes, like NKCC1 and glutamate transporters EAAT1 and EAAT2. The most

important pathway is through dedicated water channels, namely aquaporin-4 (AQP4). Out of
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the three isotypes of the aquaporin family expressed in the central nervous system, AQP4 is
specific for astrocytes®'. AQP4 expression is especially prominent at astrocytic perivascular
end-feet (Fig. 6), where they are assembled into large multimeric complexes called orthogonal
arrays of intramembranous particles (OAPs)!, which cover almost 40% of glial end-feet>. The
channels mediate osmotically driven, bidirectional water movement between the bloodstream
or cerebrospinal fluid in perivascular spaces and the brain parenchyma®', and build the
anatomical basis for continuous flow in the glymphatic system>®. Furthermore, they are coupled

with potassium channels and therefore are key to K spatial buffering®.

AQP4 plays a central role in the development of cytotoxic edema, as demonstrated by studies
in AQP4 knockout mice, in which ischemia-induced brain swelling was reduced by
approximately 35% compared with wild-type controls®>. In the setting of stroke, AQP4
expression is upregulated in a biphasic manner, as the first phase develops one hour after the
onset of ischemia, followed by a second peak 48-72 hours later®* ® (Fig. 6). Besides the
enlarged pool of water channels, the sulfonylurea receptor 1 (SUR 1)-transient receptor potential
melastatin 4 (TRPM4)-AQP4 complex, which assembles only under pathological conditions,

has been identified as a major route of bulk water influx driving astrocyte swelling®® ¢7,

For these reasons, pharmacological modulation of AQP4 has emerged as a promising strategy
to limit brain edema formation by restricting pathological water influx. Direct pharmacological
blockade of AQP4, however, may be counterproductive due to the dual role the channels®,
AQP4 contributes not only to cytotoxic edema formation but also to edema resolution, therefore
the water flux through the channels can be deleterious during edema formation, but beneficial
during the resolution phase®®. Since permanently suspended AQP4 function delays water

resorption to cerebral vessel and exaggerates vasogenic edema®® 7

, as an alternative approach,
reversible modulation of AQP4 subcellular localization focused on the hyperacute phase of
injury, rather than pore blockade, has been proposed. This concept is supported by observations
showing that both AQP4 expression and its membrane distribution are altered in astrocytes
exposed to hypotonic stress and in the mouse cortex following acute brain injury’!: 72, In primary
cortical astrocyte cultures, exposure to hypotonic conditions or mechanical impact increased
the relocation of AQP4 from intracellular vesicles to the plasma membrane’" 2. Furthermore,
in the setting of AIS, AQP4 distribution becomes dysregulated, polarization to the end-feet is
lost and the channels are become distributed evenly around the plasmalemma’ (Fig. 6) - the

proteins of the dystrophin-associated protein complex (DAPC) anchoring AQP4 OAPs to the

astrocyte end feet are sensitive to ischemia and disassemble upon injury’*. AQP4
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mislocalization can persist for almost a month after injury®>. Therefore, inhibiting AQP4

translocation during the hyperacute phase of AIS may prove beneficial.

EDEMA EVOLUTION

.
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Figure 6. Edema evolution is linked to astrocyte swelling, AQP4 upregulation and dysregulated translocation to
the membrane. A, Under physiological conditions, AQP4 is polarized to the astrocyte end-feet. B, Following
ischemia, polarization of AQP4 is lost and a pool of over-expressed, mislocalized channels contribute to
cytotoxic swelling. The trafficking of AQP4 is dependent on calmodulin (CaM) function. Figure was adapted
and modified from Kitchen et al, 2020.

The translocation of AQP4 from intracellular vesicles to the plasma membrane has been
linked to increases in intracellular Ca®>" concentration and the activation of Ca?’-dependent
calmodulin (CaM)°® 7! (Fig. 6). CaM drives AQP4 translocation in both direct and indirect
manners’>, therefore plays a central role in the process. Besides compounds traditionally used

6 a new candidate drug was recently introduced”.

for the purpose of kinase inhibition’
Trifluoperazine (TFP) is a patented, FDA-approved antipsychotic and anxiolytic agent used in
clinical practice for the treatment of schizophrenia. The beneficial properties of the drug in
psychiatry are attributable to its antagonistic effect on D2 dopamine and ol-adrenergic
receptors, but it also has a known CaM inhibitory effect. Notably, AQP4 translocation to the
astrocytic membrane was inhibited by TFP°. Furthermore, TFP administration reduced edema
formation and improved functional outcomes in a rodent model of spinal cord injury” and in
the photothrombotic mouse model of stroke’’. Collectively, these findings suggest that
pharmacological inhibition of AQP4 translocation to the astrocyte surface may represent a
novel therapeutic approach for mitigating cerebral edema®’.

Secondary pathologies form a mutually reinforcing cascade in ischemic stroke. SDs drive
cytotoxic edema by triggering massive ionic influx and water entry into astrocytes - processes
facilitated by AQP4 water channels at their end-feet. The resulting swelling further promotes
SD generation, tightly coupling these secondary injury pathways and accelerating metabolic
failure in the penumbra. Through this SD-AQP4-edema feedback loop, SDs effectively act as

the central mechanism linking early cytotoxic edema to later stages of edema progression.
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HYPOTHESIS AND AIMS

Our group has shown that spreading depolarizations (SDs) cause cytotoxic astrocytic swelling,
which increases tissue susceptibility to subsequent SDs and contributes to astrocyte dysfunction
and injury progression?’. Because aquaporin-4 (AQP4) channels mediate the main route of
water entry during early ischemic injury, we aimed to influence AQP4 trafficking by targeting
its Ca?"-dependent regulatory pathway through calmodulin (CaM) inhibition. To achieve this,

the work was structured around the following objectives:

1. Characterization of astrocytic Ca** dynamics during spreading depolarizations (SDs).
Given that intracellular Ca** elevation is a key trigger for AQP4 trafficking, this objective
focused on defining the spatiotemporal profile of astrocytic Ca*" signals during SDs using

multiphoton microscopy.

2. Pharmacological suppression of Ca*-dependent signaling and evaluation of its
functional consequences. This objective used trifluoperazine (TFP) to inhibit calmodulin
(CaM) and evaluate how suppressing Ca*-dependent signaling affects SD susceptibility and
associated CBF responses. We then assessed TFP’s effects in a filament MCAO mouse model
on neurological outcomes, neurovascular coupling, and infarct features— including infarct

volume, edema, and blood-brain barrier integrity—using MRI and SPECT.

Finally, our pharmacological analyses revealed a paradoxical, non-linear relationship between
infarct volume and neurological deficit. This unexpected finding prompted the development of

a separate project, which became a third, supplementary aim of the thesis.

3. Characterization of the relationship between infarct volume and the corresponding
neurological deficit following MCAO in mice. Based on MRI-measured infarct volumes and
the evaluation of neurological deficits in mice, we analyzed the correlation between these two

parameters and confirmed their relationship.
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MATERIALS AND METHODS

Animals

Adult male C57BL/6 mice (Charles River Laboratories; 2—4.5 months old; weighing 26.83 +
3.91 g) from the husbandry facility of the Biological Research Centre, Szeged, Hungary, were
used in this study. All experimental procedures were conducted in strict accordance with the
guidelines of the National Food Chain Safety and Animal Health Directorate of Csongrad
County, Hungary (Ref. no. 11./1234/2025, XXXI1/4050/2020 and 1-74-23/2022), and the
Scientific Committee of Animal Experimentation of the Hungarian Academy of Sciences
(updated Law and Regulations on Animal Protection: 40/2013. (II. 14.) Gov. of Hungary),
following EU Directive 2010/63/EU on the protection of experimental animals. The study
adhered to established ethical guidelines, and the experiments are reported in compliance with
the ARRIVE guidelines’®. The animals were housed under controlled environmental conditions
(temperature: 23 °C; humidity: constant; light/dark cycle: 12 h/12 h, lights on at 7 a.m.).

Standard rodent chow and tap water were provided ad libitum.

Anesthesia during surgical procedures and data acquisition

Mice were anesthetized with isoflurane vaporized in a humidified gas mixture of O2:N2O (1:2),
with 4% isoflurane for induction and 0.5-1.5% for maintenance and allowed to breathe
spontaneously through a nose cone. The depth of anesthesia was assessed repeatedly by leg
pinching and the amount of anesthetic was adjusted accordingly. Body temperature was
maintained at 37°C by continuous monitoring using a rectal probe connected to a feedback-
controlled heating pad (CODA® Monitor, Kent Scientific Corporation, 1116 Litchfield Street,
Torrington, CT 06790, USA). The protocol was applied during all surgical procedures, unless

stated otherwise.

Surgical preparation for astrocyte Ca** imaging

Mice (n=6) were anesthetized with 1% Avertin (20 L/g, i.p.) and mounted on a stereotactic
frame incorporating a heating pad. A cranial window (d=3 mm) was prepared on the right
parietal bone, and the dura was retracted. For astrocyte intracellular calcium imaging, the
exposed brain surface was first loaded topically with a green, fluorescent calcium indicator Fluo
4-AM (45 M in aCSF, Thermo Fisher, Waltham, MA, USA) and incubated for 15 min.
Subsequently, to label astrocytes, the red fluorescent dye sulforhodamine 101 (SR101, 80 M in
artificial cerebrospinal fluid (aCSF), Thermo Fisher, Waltham, MA, USA), was applied

topically, and left on the brain surface for a further 15 min. A perceived limitation of our SR101
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labeling protocol may be the potential non-specific cellular uptake of the dye’®. We identified
cells selected for the analysis as astrocytes on the basis of their morphology (e.g., ramified
structure, endfoot processes embracing vessels) in the superficial layers of the cortex, which is
particularly rich in astrocytes due to the formation of the superficial glial limiting membrane.
Although the labeling of oligodendorcytes cannot be excluded, oligodendrocytes display round
somata, and the superficial layer of the cortex examined here has been known to be largely
devoid of oligodendrocytes®®. The predominant uptake of the dye by astrocytes, in contrast with
neurons, was also substantiated by the obvious, dark shadow of neuronal cell bodies in the
neuropil in the preparations. The craniotomy was then closed with a microscopic cover glass.
A second, smaller trepanation was drilled rostral to the first craniotomy, to be used for SD
elicitation. A glass capillary connected to a syringe pump (CMA/100, CMA/Microdialysis,
Solna, Sweden) was filled with 1 M KCl, and was fastened to the skull with acrylic dental

cement, with its tip positioned at the cortical surface within the rostral trepanation.

Multiphoton microscopy

Multiphoton excitation was performed at the 810 nm wavelength according to protocols
described previously®!. In vivo intracranial microscopy was performed with a FEMTO 3D Dual
microscope (Femtonics Ltd., Budapest, Hungary) using a 20X large working distance water
objective (XLUMPLFLN-20XW, Olympus, Tokyo, Japan) and MES software (v4.6.2336,
Femtonics, Budapest, Hungary). Two-photon excitation was performed with a Mai Tai HP Ti-
sapphire laser (RK TECH Ltd., Budapest, Hungary) at 810 nm, which was found optimal for
Fluo-4 AM excitation, and adequate for SR101. Emission was detected with gallium arsenide
phosphide photomultipliers, equipped with the appropriate color filters. Laser power was set to
10-40%, depending on the depth of imaging (0-300 um from the brain surface),
photomultiplier voltages were set to 70%. Final imaging depth in the somatosensory cortex was
55-85 um, where a z-stack with 5 um vertical steps was recorded at the area of interest for the
identification of astrocytes. Image sequences were taken of the desired cells at approximately
1 um/pixel spatial and 0.8-2.5 Hz temporal resolution. After acquiring baseline images, SD was
triggered repeatedly at intervals of 15-20 min in the rostral cranial window by the ejection of
1-3 uL 1 M KCI to the brain surface through the glass capillary. SD evolution was confirmed
by the occurrence of synchronous, propagating astrocytic calcium waves (Fluo 4-AM intensity

increase, green channel) and the associated changes in arteriole diameter.
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SD susceptibility testing

Mice (n=18) were anaesthetized according to the protocol detailed above. After topical
application of lidocaine (1%) to the ear canals, the animals' heads were mounted in a stereotactic
frame. Under local anesthesia (lidocaine 1%), an incision was made in the midline of the scalp,
and the skin was retracted laterally. Two open craniotomies were made over the parietal cortex:
a larger window was placed rostrally for recording, while a smaller one was drilled for SD
elicitation. The windows were continuously flushed with artificial cerebrospinal fluid (aCSF)
(composition of aCSF in mM concentrations: 126.6 NaCl, 3 KCl, 1.5 CaCl,, 1.2 MgCl,, 24.5
NaHCOs, 6.7 urea, 3.7 glucose bubbled with 95% O> and 5% CO; to maintain a constant pH of
7.4). A laser Doppler flow probe was positioned in the cranial window to measure local cerebral
blood flow. Two microcapillaries with Ag/AgCl electrodes were also placed in the cranial
window for local field potential (LFP) acquisition, filtered in direct current (DC) mode (<1 Hz),

with the reference electrode implanted under the skin of the animals' neck.

After recording a 10-min baseline, 20 puM TFP solution in aCSF was applied topically in both
the acquisition and elicitation windows in treated animals (n=8), while only the solvent was
applied in the control group (n=10). During the 20-minute incubation period and throughout

the elicitation of SDs, the solutions were renewed every 10 minutes.

SDs were elicited by topical application of 1M KCI in the caudal window, renewed every 15

minutes for the 120 minutes of data acquisition.

Modified filament middle cerebral artery occlusion (MCAO)

Mice (n=69) were anesthetized according to the protocol detailed above. To verify sufficient
reduction of cerebral blood flow (CBF) during MCAO, after a midline scalp incision and lateral
skin retraction on the left side, a laser Doppler probe was fixed to the parietal bone of the skull

over the cortical area supplied by the MCA.

To model ischemic stroke, transient intraluminal filament occlusion of the left middle cerebral
artery (MCAO) was performed according to a modified version of the Koizumi method®.
Modifications were made to allow complete reperfusion of all branches of the internal and
external carotid arteries. Following disinfection with pure ethanol and local anesthesia with 1%
lidocaine, a midline incision was made from the chin to the jugulum. Blunt dissection was used
to free the left common carotid artery, the carotid fork and the proximal segments of the internal
and external carotid arteries from the surrounding tissues, and the vagal nerve was gently

isolated. A fine silk thread (Fine Science Tools, USA) was looped around the external carotid
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artery, the thread was secured with arterial forceps and the vessel was pulled aside to transiently
stop blood flow. A microclip (Fine Science Tools, Inc. 4000 East 3rd Avenue, Suite 100 Foster
City, CA 94404-4824, USA) was placed on the common carotid artery. A small hole was
punctured in the common carotid artery distal to the microclip using a 30G curved-tip needle.
A silicone-coated 230 um microfilament (Doccol Corporation, 30 Eisenhower Drive, Sharon,
MA 02067-2427, USA) was then advanced through the incision and up the internal carotid
artery until it reached the origin of the middle cerebral artery, indicated by a sudden resistance.
Occlusion of the MCA was also confirmed by a drop in CBF to less than 20% of baseline, as
measured by the Doppler probe.

Ischemia was maintained for 60 minutes. Reperfusion was induced by retracting the filament,
then a small piece of gelatin sponge (Gelita Tampon, B. Braun Surgical, S.A., Carretera de
Terrassa, 121, 08191 Rubi, Spain) was placed over the wound on the common carotid artery
and the vessel was also compressed until bleeding ceased completely. The microclip was
removed 10 minutes after reperfusion and the external carotid artery was also recanalized. The
neck and scalp wounds were surgically sutured and disinfected with Betadine solution. The
mice were transferred to an incubator cage (30°C) until they regained full consciousness and

were then reunited with their original cage mates.

Post-operative care and management
During the 72-hour post-MCAO survival period, comprehensive postoperative care included
the provision of food, water, and nutritional supplements as recommended by Lourbopoulos et

al.%? and Pinto et al.3*

, as well as analgesia. Immediately after surgery, the non-steroidal anti-
inflammatory drug carprofen was administered subcutaneously (5 mg/kg) (Rycarfa, Tolnagro,
7100 Szekszard, Hungary) and repeated every 12 hours. For fluid and electrolyte
supplementation, 0.3 ml of 5% glucose solution (in 0.9% NaCl solution) and 0.3 ml of a 50-
50% mixture of Duphalyte (Zoetis Hungary Kft., Budapest) and physiological saline were given
subcutaneously twice daily. Ad libitum access to dry and soaked pellet food and DietGel®
Recovery (ClearH20, 85 Bradley Drive, Westbrook, ME 04092, USA) was provided,

complemented by per os siringe feeding of gelatinised pellet food.
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Figure 8. Experimental protocols for experiments including multimodal imaging (B) and whisker-pad stimulation
(A2 and C) following MCAO, SD susceptibility testing (A1 and D) and astrocyte imaging with multiphoton
microscopy (E) in the non-ischemic mouse cortex.

Pharmacological treatment

Trifluoperazine (TFP) is an antipsychotic drug used primarily in the treatment of schizophrenia.
As a repurposed compound, TFP is being used experimentally across a wide range of
indications due to its inhibition of the calcium-binding protein, calmodulin (CaM). CaM is
proposed to play a regulatory role in AQP4 trafficking between intracellularly stored and cell

membrane-expressed channels; hence, TFP was used to modulate cell surface AQP4 expression.

Experimental animals were divided into two separate experimental groups to test two different
dosing protocols. The first group (n=14) was treated with 1 mg/kg TFP subcutaneously after
complete recanalization of the MCA. Treatment was repeated every 24 hours, with animals
receiving the final, 4™ dose at 72 hours of survival. The second group (n=13) was treated with
a single dose of 5 mg/kg TFP immediately after recanalization. Animals of the control group

received the solvent 0.9% NaCl subcutaneously (n=14).

Neurological testing

Animals underwent neurological testing 24 hours prior to surgery, and daily from 24 to 72 hours
after MCAO. The Garcia Neuroscore Scale (GNS), a scoring system specifically designed to
evaluate sensorimotor deficits following ischemic brain injury in rodents was utilized®®. The
GNS score ranges from 0 (severe deficit) to 21 (no deficit). All test domains were performed in
the same order for each animal with three investigators present at a time to ensure unbiased

scoring.
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Neurovascular coupling testing by whisker stimulation

To assess the status of the neurovascular unit (NVU), neurovascular coupling (NVC) was tested
by mechanical whisker stimulation. Mechanical stimulation of the whiskers induces an increase
in cortical perfusion - called functional hyperemia - in the contralateral somatosensory barrel
cortex, that maps the whiskers. The characteristics of functional hyperemia are descriptive of

the efficacy on NVC and the condition of the nervous tissue.

After 72 hours of survival, neurovascular coupling was tested in the animals (n=19). Anesthesia
was induced according to the protocol detailed above. The animal's head was fixed in a
stereotactic frame, the scalp was incised and the skull exposed. First, a laser Doppler probe was

placed over the barrel cortex on the parietal bone with a silver ball electrode in close proximity.

Isoflurane is known to have pronounced vasodilatory effect. Therefore, to record the functional
hyperemia that develops on basal vascular tone, the anesthetic had to be changed to a drug
without vascular effects. Before the start of the NVC test, anesthesia was switched from
isoflurane alone to medethomidine (0.1 mg/kg i.p.), supplemented by a reduced amount of

isoflurane (0.1%) to maintain proper baseline vascular tone but maintain analgesic effects.

After reaching a stable baseline, mechanical whisker stimulation was performed at a frequency
of 2-5 Hz for 30 seconds, repeated at least 3 times with 2-minute intervals to allow CBF to fully
recover in between. The test was repeated in the same way in the other hemisphere spared from

1schemia to serve as control.

MRI and SPECT imaging

MRI and SPECT imaging were performed in 21 animals at 72 hours survival. [*"Tc]DTPA
(Medi-Radiopharma Co Ltd., Hungary) was administered intravenously (76.03 MBq + 34.23
MBq activity in 30-100 pl solution) 2 hours prior to the start of the SPECT imaging via tail
vein injection. Animals were kept awake for an hour and then anaesthetized by isoflurane for
the imaging studies. The animals were placed on a heated pallet during scanning, and 1,5-2%
isoflurane was used for the maintenance of anesthesia. Respiration rate and the temperature
were continuously monitored, and isoflurane concentration was adjusted accordingly.

First MRI scans were acquired using a Mediso NanoScan PET/MRI 3T system (Mediso Ltd.,
Budapest, Hungary) equipped with a maximum of 450 mT/m gradients. A dedicated mouse
head volume coil (inner diameter 30 mm) was used for both transmission and reception. The
T2-weighted fast spin echo scan was acquired with a three-dimensional acquisition scheme and

the following parameters: 35 x 35 mm field of view, 220 x 220 acquisition matrix size, and 96

23



adjacent slices of 0.2-mm slice thickness. The echo-train length was set to 96, the echo time
was 69 ms and the repetition time was 2 s with one average to deliver a total acquisition time
of ~6.5 min. The diffusion-weighted scan consisted of two b-values (b = 0 and 800 s/mm2, § =
2.4 ms, A = 12 ms) along three perpendicular directions, each repeated fourteen times. The
study utilized the spin-echo echo-planar imaging pulse sequence to produce high-quality
images of 22 adjacent slices (0.7 mm thickness) within a total acquisition time of 10 minutes.
The field of view was set at 25 x 25 mm, and the acquisition matrix was optimized at 80 x 80.
The echo time was set at 59.1 ms using 300-kHz bandwidth and repetition time 5 s. To ensure
accuracy, susceptibility and eddy current distortion corrections were applied during the
reconstruction based on reference echo scans. ADC values were calculated for the lesion, the
whole ipsilateral hemisphere to stroke, and the whole contralateral intact hemisphere using
InterView Fusion software (Mediso, Hungary). Hemispheric volumes (HV) and lesion volumes
(LV) were calculated from the T2FSE sequences and ADC maps.

MRI scans were immediately followed by the SPECT/CT measurements, performed on a
nanoSPECT/CT (Mediso Ltd., Hungary) equipped with multi-pinhole collimators. Head
SPECT scanning was performed with 30 frames per cycle and termination condition of 120 s
per frame in a scan range of 26.8 mm. The SPECT reconstruction was set to have 0.2 mm
isovoxels while the field of view was centered to the head. The results of SPECT measurements
were quantified in units of radioactivity measured per unit volume (MBq/ml). Image analysis
was performed with VivoQuant software (inviCRO, Boston, US). Stroke volume was
determined by thresholded segmentation of the high uptake area on the [**™Tc]DTPA SPECT

images and activity concentration ratio of the injured and intact hemispheres were calculated.

Data analysis and statistics

Of the 62 mice used in the MCAO experiments, 14 died before reaching the experimental
endpoint and were therefore excluded from the analysis. Data analysis followed previously
established protocols of our research group®” 8! %87 For survival experiments with MCAO,
mice were coded independently and randomized. Three investigators who were blinded to the
analysis performed the surgeries, neuroscoring, MRI imaging, and infarct size calculation.
Volumetric data were used to calculate the ratio of left/ right brain hemispheres (L/R ratio) and
hemispheric LV (%HLV). To correct for the lesion-expanding effect of tissue edema, the method
validated by Gerriets et al®® was used. Edema-corrected LV (LVc¢) for lesions measured on T2
sequences were compared to LV uncorrected for edema. The space-occupying effect of edema

formation was expressed using the increase of total hemispheric volume (%HSE).
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Multiphoton image stacks were processed offline. Image stacks were auto leveled, background
subtracted and converted to RGB color in Fiji. Movement artifacts were corrected using the
“Template Matching” plugin in Fiji. The SD associated and subsequent intracellular calcium
changes were measured on green fluorescent images (AF/F) by placing 4-10 m regions of
interests (ROI) on the soma of selected astrocytes. Cells expressing both Ca?>" waves and
subsequent Ca?" oscillations were considered for comprehensive analysis. Arterioles were
identified by their pial latero-medial anatomical branching. Arterioles and venules were
differentiated with the help of 3D reconstruction relying on a z-stack of two-photon images.
The analyzed penetrating arterioles and first order arterioles were direct branches of the pial
arterioles. In addition, venules could be reliably discriminated from arterioles on the basis of
their irresponsiveness to SD®!. Additional, specific criteria to include a vessel into the analysis
were as follows: (i) The intracellular Ca?>" wave of SD must have propagated fully over the
astrocytes next to the vessel; (ii) The baseline diameter of penetrating arterioles was above pu5
m in order to have reliable assessment of vasoconstriction with respect to pixel size (i.e., I pm);
and (iii)) The penetrating arteriole optimally appeared in cross sectional view. Vascular
diameters were either measured manually at baseline (i.e., prior to SD), maximum constriction,
subsequent maximum dilation, and recovery or using the” Diameter” plugin in Fiji®.
Recordings formed the subject of analysis in case vascular diameter alterations occurred in the

presence of astrocyte Ca** waves.

Data are presented as mean+stdev, with individual data points overlaid in several graphs.
The statistical analysis was conducted using SigmaPlot 12.5 (Systat Software, Inc.). The
normality of data distribution was assessed using the Shapiro-Wilk test. Data sets with discrete
values were analyzed using the Mann-Whitney test. For data sets showing a normal distribution,
one-way ANOVA, two-way ANOVA, or repeated-measures ANOVA was applied, depending
on the variables. ANOVA analyses were followed by Sidak-Holm’s post hoc test. Statistical
significance was set at p<0.05* and p<0.01**. The specific statistical tests applied are indicated

in each figure legend.
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RESULTS

Non-synchronized astrocyte Ca?* oscillations follow the concurrent Ca?* wave of
spreading depolarization

90, 91, and

Astrocyte Ca** waves are considered reliable indicators of astrocyte activation
astrocytic Ca?* transients contribute to the regulation of several intracellular signaling cascades.
Spreading depolarizations cause vast changes in intra- and extracellular ion concentrations and
initiate among my others, changes in Ca*" levels. Based on this, we selected a fluorescent
calcium indicator dye to visualize intracellular Ca?*" dynamics during SDs, using multiphoton

microscopy to record changes in fluorescence intensity in vivo.

Following the topical application of 1 M KCI on the brain surface, SD occurrence was
confirmed by (i) the typical 77.5 + 25.2 um/s propagation velocity of the astrocyte Ca** wave
92 and (ii) the characteristic cerebrocortical microvascular changes associated with SD*!. The
typical intracellular fast astrocyte Ca®" changes associated with SD have a fast propagation
speed of 77.5 + 25.2 um/s), therefore the peak fluorescence maximum corresponding to the
temporary steep elevation of Ca** appeared temporally synchronized in cells (Fig. 9A2,B). The
Ca®" wave was also temporally coincident with the SD-related arteriolar constriction (Fig.
9A,,B). Interestingly, the at a 183.64 + 89.21 s delay with respect to the synchronized Ca*"
wave, the same astrocyte network showed non-synchronized Ca** oscillations (Fig. 9A4.6,B).
These oscillations were of three times higher frequency (0.66 + 0.32 event/minute/cell) when
compared to spontaneous basal Ca*" activity (0.19 + 0.032 event/minute/cell). The oscillations
in individual cells were random and repetitive. Temporal coincidence of the Ca®" spikes
between cells were not observed, but the typical pattern of Ca®" oscillations occurred in
association with the plateau of the SD-related arteriolar dilation (Fig. 9B). The peak
fluorescence maximum of Ca?* oscillations was smaller compared to the maximum amplitude
of the prior Ca®>" wave in the same cells (54.02 + 22.65 vs. 98.06 + 24.35 AF/F, Ca*" oscillation
vs. Ca?" wave) (Fig. 9C). Additionally, fewer astrocytes were involved in Ca** oscillations at a
given time point, in contrast with Ca?" waves, which engaged all astrocytes in the field of view

virtually simultaneously (Fig. 9D).
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Figure 9. Astrocyte Ca>* dynamics during spreading depolarization (SD) in the mouse somatosensory cortex. A,
Schematic illustration of the closed cranial window preparation indicates the position of the imaging site (green).
SD events were triggered by topical application of KCI in a smaller rostral open craniotomy (open circle). Images
Ai-7 demonstrate astrocyte Ca" changes (Fluo-4 AM, green) associated with SD. Astrocytes (numbered 1-6 on
Al) were selectively labelled by SR101 (red). Dashed lines and arrow Az denote the direction of SD propagation;
white arrows are pointing at astrocyte somata displaying Ca?" oscillations A4-. B, Astrocyte Ca®* changes (i.e.,
wave and oscillations) extracted from regions of interests (numbered 1-6 in A1) coincide with arteriole diameter
changes (labelled with * in A1) during SD. Dark grey bars (top) indicate time points of the corresponding images
(A17). C, Ladder plot shows the peak fluorescence maximum (AF/F) of Ca?" waves and subsequent oscillations
derived from nine cells. D, Percentage of astrocytes (n = 9 in total) displaying Ca?" changes at each time point
during acquisition. Ca?" events were defined as AF/F > 13% with respect to baseline fluorescence. Images were
taken at a cortical depth of 55—75 um. Data are given as mean + st.dev. Two-tailed paired t-test was used for
statistical analysis with the level of significance set at p<0.01**.

TFP enhances the cerebral blood flow response to SD in the non-ischemic mouse cortex
Following confirmation of astrocyte activation during SDs, we hypothesized that the elevation
of intracellular Ca** may activate regulatory pathways dependent on Ca** sensitive calmodulin.
Based on this, we proceeded to investigate the effects of CaM inhibitor TFP on elicited
depolarizations and concomitant vascular responses. DS commonly occur in AIS and reflect the
excitability of brain tissue. Furthermore, the magnitude of the CBF response to SD reflects the
state of vascular reactivity.

These experiments were conducted in non-ischemic brains. Since the first SD appearing after
the onset of ischemic stroke has substantially different properties regarding both changes of
LFP and CBF, it was analyzed separately. Both the frequency of KCl-induced SDs and their
relative amplitude tended to be reduced by TFP (e.g., amplitude of the first SD in a train:
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12.96+7.05 vs. 18.88+£2.64 mV, TFP vs. control), although the reduction did not reach statistical
significance (Fig. 10A-C). TFP had no effect on the CBF response to the first SD in a train
(peak: 118.9422.7 vs. 112.7+23.5 %, TFP vs. control). However, the amplitude of subsequent
recurrent SDs exceeded baseline CBF levels in the TFP group (122.6+23.5 %), whereas it
remained below baseline in controls (93.6+26.7 %) (Fig. 10D-E). This difference was
remarkable for the area under the curve (AUC) of the hyperemic phase of the CBF response
associated with recurrent SDs (9419.4+£2173.6 vs. 5444.7+1828.2 %xs; TFP vs. control) (Fig.
10F).
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Figure 10. Treatment with trifluoperazine (TFP) augments hyperemia coupled with spreading depolarization (SD).
A, Representative direct current (DC) potential recordings from a control (upper trace) and a TFP-treated
preparation (lower trace) illustrate the pattern of recurrent SDs triggered by continuous exposure to topical KCL
B-C, Both the total number of SDs and the relative amplitude of the first (SD1) and second (SD2) events tended
to be lower in the presence of TFP, although the differences did not reach statistical significance. D, Representative
laser-Doppler flowmetry traces from a control (upper trace) and a TFP-treated preparation (lower trace) show the
kinetics of the SD-coupled cerebral blood flow (CBF) response. E-F, The amplitude of hyperemia associated with
recurrent SDs (rSDs) showed a tendency to increase in the TFP group, with a significantly greater area under the
curve (AUC). Data sets with discrete values (B) are presented as a box plot with individual data points overlaid
and were analyzed using the Mann-Whitney test. The normality of data distribution was confirmed with the
Shapiro—Wilk test (C, E, F), and normally distributed data are shown as mean+tstdev with individual data points
overlaid. One-way ANOVA was applied for statistical analysis. Statistical significance was set at p<0.01** (TFP
vs. control).

TFP: trifluoperazine, SD: spreading depolarization, rSD: recurrent spreading depolarization, AUC: area under the
curve
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Transient MCAO creates perfusion deficit and ischemic lesion formation, as verified by
laser Doppler and MRI imaging

Following experiments carried out in intact brains, we carried on by introducing an animal
model of acute ischemic stroke for further investigations. Our AIS model had a mortality rate
of 25%, which is consistent with earlier data from the relevant literature reporting mortality
rates of up to 50% following MCAO in mice®®. Successful occlusion of the middle cerebral
artery by MCAO was confirmed by measuring CBF with a laser Doppler probe placed over the
parietal cortex (Fig. 11A). Perfusion in the area supplied by the MCA dropped to levels
characteristic of the ischemic core (13.11+6.00%) and was further reduced by the appearance
of a spontaneous SD (2.95+£1.35% mean lowest perfusion) (Fig. 11B). Although filament
removal resulted in complete recanalisation, prolonged oligemia was observed following

reperfusion (Fig. 11B), which is characteristic following ischemia induced SDs** %,

Before initiating pharmacological treatments, ischemic lesion formation was verified by MRI
imaging 72 hours after MCAO. The lesion volumes (LVs) ranged between 17-130 mm?,
corresponding to a relative size of 7.31-54.17% of the total left cerebral hemisphere
(hemispheric lesion volume, HLV%; 35.71£12.06%). The regions of T2-weighted
hyperintensity were consistently accompanied by areas of restricted diffusion, as measured in
ADC maps (5.01£0.32 x 10"* vs. 7.89+0.60 x 10* mm?/sec; lesioned vs. intact hemisphere).
This confirmed the development of the lesion. The volumes of the areas with decreased ADC
were always within the T2 lesion area and ranged between 3.0-115.6 mm® and were smaller

than the adherent LV (range between 1.29-46.55 HLV%; meantstdev 23.87+11.94 HLV%)).

Progression of cerebral edema compromises lesion volume estimation

Cerebral edema progression significantly affected the accurate estimation of hemispheric LVs.
Differences in total hemispheric volumes were observed due to brain swelling, as indicated by
the left-right hemispheric ratio (L/R ratio), which ranged between 102.2-165.4 %; with a mean
of 121.90 + 16.94 % (Fig. 11C). The increase in volume of the left hemisphere distorted the
estimation of LVs (R=0.724, p=0.0023). The space-occupying effect of brain edema was
quantified by calculating the increase in volume of the affected hemisphere (%HSE). %HSE is
a numerical expression of the measured L/R ratio values, displaying linear relationship between
the two values (R=0.997, p=0.009). The swollen tissue within and around the lesion linearly
increased the volume of the affected hemisphere by 17.32+12.39% and enlarged the LVs
(R=0.705, p=0.003) (Fig. 11D).
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To accurately characterize the lesions, we corrected the LVs for edema (LVc) using a
previously described formula®. The application of edema correction resulted in a significant

decrease in LVs (44.36+23.56 vs. 87.13+£30.64 mm>; LVc vs. LV) (Fig. 11E).
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Figure 11. Verification of ischemic CBF conditions and formation of ischemic lesion following transient MCAO.
Correcting for edema in MRI images more accurately estimates lesion volume. A, Representative recording of
CBF changes during fMCAO measured by a laser Doppler probe placed over the parietal cerebral cortex of the
mouse. B, CBF in the cortical area supplied by the MCA drops to levels characteristic of the ischemic core during
fMCAO. C, The left/right hemispheric ratio (L/R ratio) was used to estimate the swelling of the left hemisphere
affected by acute ischemic stroke (AIS). Note the shift of the midline and the expansion of the left hemisphere
(outlined in yellow). D, Tissue swelling or edema (increase in hemispheric volume due to space-occupying edema,
%HSE) shows a linear relationship with lesion volume (LV) on T2 weighted MRI images (linear regression:
R=0.705, p=0.003, p<0.05*). E, Edema correction provides better estimation of true lesion volume (corrected
lesion volume, LVc¢).

Lesion volumes display no relationship with somatosensory deficits

In addition to lesion size, we planned to evaluate sensorimotor function as an outcome
following AIS. In the clinical setting, routine assessment of neurological deficits is often
predictive in AIS patients, helping clinicians to confidently estimate the extent and location of
lesions® . Furthermore, the severity of symptoms correlates well with lesion size estimated
through neuroimaging®’. Over the past two decades, preclinical rodent models of AIS have often
assumed a positive correlation between lesion size and neurological deficit, just like in human
patients”®. However, the data are contradictory, since some studies state that neurological

deficits are not necessarily related to lesion size in rodent stroke models?®. To resolve this
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discrepancy, we decided to investigate the relationship between sensorimotor deficit and lesion
volume in our own dataset.

The GNS score ranged from 7 to 15 at 72 hours of survival. Interestingly, no correlation was
observed between LVs and GNS, either before or after edema correction (LVc) at the time of
MRI (R=0.0581, p=0.837 and R=0.167, p=0.552; LVc and LV). The lack of correlation
between the T2-weighted LVc and the GNS points at 24 (R=0.170, p=0.545), 48 (R=0.0808,
p=0.775), or 72 hours of survival of the 15 mice (as shown above) confirms that the LVcs do
not predict neurological outcome (Fig. 12C&D). Furthermore, the volume of decreased ADC
within T2 lesions did not correspond to the GNS score (R=0.392, p=0.149), indicating that the
GNS score is not a reliable indicator of ADC volume. However, the GNS score measured at 24
hours strongly correlated with the GNS score at 72 hours of survival of the same animal
(R=0.748, p=0.0013). Therefore, neurological deficits assessed at 24 hours of survival proved

to be predictive of the GNS score at later time points.
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Figure 12. A subgroup of mice exhibits a paradoxical relationship between small lesion volume and severe
neurological deficit. A, A representative mouse with a typical prognosis displays low Garcia Neuroscore Scale
(GNS) score over the course of 72 hours of survival (A;), and a large lesion volume as measured on the T2-
weighted MRI sequence (Aj). B, A mouse with severe neurological deficit (B,) was identified with a poor
prognosis and small T2 lesion volume (B;). C, GNS score assessed every 24 hours after AIS induction and
corrected lesion volume (L'Vc) on day 3 are unrelated. D, There was no linear relationship between lesion volume
and GNS score assessed 72 hours after AIS (linear regression: R=0.058, p=0.837).
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Paradoxical association of small lesion volume with severe neurological impairment
Three of the 15 mice evaluated exhibited a paradoxical relationship between LVs and
neurological deficits, identified as “atypical prognoses” (Fig. 12C). These animals showed
lower LVc compared to the rest of the mice (14.64 + 6.25 vs. 51.79 £ 19.96 mm?, atypical vs.
typical prognosis) but still showed severe residual deficits (GNS score at 72h: 9+ 2 vs. 11 + 2;
atypical vs. typical prognosis) (Fig. 12C). MRI and GNS data for one mouse with an atypical
prognosis are presented in Figure 12Bi». Despite the presence of a mild lesion, severe
neurological deficit was observed. In contrast, the T2-weighted LVs were compatible with the
measured neurological deficit in 12 out of 15 mice, identified as having a “typical prognosis”.
For instance, the mouse presented in Figure 12A.; showed a typical prognosis due to the severe
LV on the T2-weighted MRI sequences, which was accompanied by a severe neurological
deficit represented by the low GNS score. The linear relationship between LVc and the GNS
score weakened by day 3 of survival (R=0.146, p=0.61 vs. R=0.485, p=0.110; 72 vs. 24 h) in
the group of animals with typical prognosis. This finding suggests that the paradoxical
relationship of the parameters is not caused by atypical cases. Finally, as expected, the corrected
lesion volumes displayed no relationship with the GNS scores measured 72 hours after AIS
(R=0.058, p=0.837). Importantly, the exclusion of "atypical cases" (n=3 animals) had no
significant effect on the data (R=0.298, p=0.92), as there was still no linear relationship between
GNS scores and lesion volume in "typical cases".

Since severe edema formation accompanied the ischemic lesion, the relationship of brain
swelling and functional deficit was also investigated. The association between the calculated
%HSE and the GNS scores at 72 hours of survival was not significant (R=0.235, p=0.398). This
suggests that the neurological deficit associated with AIS is not solely attributed either to the

progression of edema.

TFP treatment decreases lesion size irrespective of edema formation

Magnetic resonance imaging (MRI) performed 3 days after MCAO revealed distinct focal
cortical and striatal infarcts in all experimental groups (Fig. 13A), as indicated by an increased
T2 signal with concurrent restricted diffusion in the affected area. TFP was administered in two
treatment regimens. Both dosage protocols were well tolerated and reduced lesion volumes;
however, only the higher single dose of TFP administered upon recanalization resulted in a
significant reduction in lesion size compared to the control group (52.51+15.56 vs. 31.98+14.46
vs. 20.51£15.61 mm?, control vs. TFP1 vs. TFP5) (Fig. 13B). As TFP was expected to hinder
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tissue swelling, the space-occupying effect of edema concomitant to ischemia was measured as
the increase in hemispheric volume (%HSE). However, there was no difference in extent
between the groups (20.91+ 14.91% vs. 25.35+ 5.74% vs. 21.07+ 6.33%, control vs. TFP1 vs.
TFPS5) (Fig. 13C), suggesting that even smaller lesion volumes were accompanied by severe

tissue swelling.
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Figure 13. Single dose of TFP decreases lesion size but does not alter the degree of ischemia-associated brain
edema or the extent of blood-brain barrier (BBB) injury in the subacut phase of ischemic stroke. A, Representative
images of MRI T2 FSE measurements and SPECT maps of increased DTPA uptake from the same animals. Scales
on the right side represent the color-coding of intensity. B, Lesion volumes corrected to the space-occupying effect
of edema proved to be smaller in animals treated with a single, higher dose of TFP upon recanalization (One-Way
ANOVA, p=0.02). C, Average increase in hemispheric volume due to lesion expanding effect of edema is unaltered
in the treated groups (One-Way ANOVA, p=0.535). D, Standardized uptake value (SUV) describing the activity
concentration of the radiopharmacon DTPA used in SPECT experiments, was higher in the stroke-affected areas
compared to the opposite, healthy hemisphere, indicating severe BBB leakage. Intact hemisphere values were used
as the 100% baseline. No difference between the experimental groups was observed (One-Way ANOVA, p=0.126).
E, The brain volume of increased DTPA uptake indicating BBB injury is similar in all groups (orange bars).
However, the ratio of the volumes of increased enhancement in SPECT and the corresponding lesion size measured
on MRI T2 sequences (grey bars) is increased in the TS5 group (One-Way ANOVA, p=0.02).
BBB: Blood-brain barrier, SUV: Standardized uptake value, TFP1 or T1: TPF administered as 1 mg/kg every 24
with the first dose upon recanalisaton, TFP5 or T5: TPF administered as a single dose of 5 mg/kg upon
recanalization, C: control.

SPECT scans were performed right after MRI acquisitions to assess blood-brain barrier (BBB)
permeability (Fig. 13A). Under physiological conditions, the radiolabeled compound DTPA
does not cross the BBB therefore its presence in the brain parenchyma is minimal. However, in
ischemic stroke, the affected brain tissue often undergoes BBB disruption, resulting in
extravasation of DTPA. Consequently, regions displaying elevated DTPA uptake following a
stroke are likely to correspond to areas of BBB breakdown, enabling the formation of vasogenic
edema. Increased DTPA uptake was detected in areas affected by stroke compared with adjacent

areas in the ipsilateral left hemisphere and the intact right hemisphere (Fig. 13A). No significant
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differences in SUV activity were found between the control and treated groups
(558.00+185.78% vs. 820.86+285.66% vs. 632.33+247.14%, control vs. TFP vs. TFP5; one-
way ANOVA, p=0.126) (Fig. 13D), nor in the overall area of elevated isotope accumulation
(75.74£25.16 vas. 82.14+17.95 vs. 78.59+18.81 mm?, control vs. TFP vs. TFP5; one-way
ANOVA, p=0.846) (Fig. 13E). However, the volume of increased DTPA uptake relative to the
lesion volume, as measured using the T2 FSE MRI sequence, was greater in the TFP5 animals
than in both the control and TFP1 groups (ratio of 0.8440.13% vs. 0.81£0.10% vs. 1.07+0.14%;
control vs. TFP1 vs. TFP5; one-way ANOVA, p=<0.05) (Fig. 13E). This suggests that regions
with elevated uptake may even extend beyond the borders of lesions detected using MRI

imaging.

TFP treatment improves neurovascular coupling and attenuates neurological deficits
As TFP treatment was found not to reduce the extent of tissue swelling and previously, we
observed improved vascular reactions to elicited SDs, we decided to explore other possible

causes of the milder lesion volume.

Neurovascular coupling (NVC) is a fundamental physiological mechanism that ensures the
constant delivery of the oxygen and nutrients required for proper neuronal function. This
mechanism is based on the neurovascular unit, a complex system of connections between
astrocyte endfeet, neurons and endothelial cells. Neural activation results in an increase in local
CBF, known as functional hyperemia. However, ischemia damages the NVU and impairs CBF
responses, serving as a marker of ischemic injury. Whisker-pad stimulation is a well-established
method of testing NVC, so it was chosen to test the effectiveness of neurovascular coupling
three days after MCAO. The mechanical stimulation of the whisker-pad evokes neural
activation and consequent functional hyperemia in the contralateral barrel cortex, which can be

measured with probes placed over the parietal bone.

An increase in local field potential (LFP) activity was used to verify neuronal activation in
response to contralateral whisker stimulation. The functional hyperemia evoked by stimulation
was diminished in the middle cerebral artery territory of the stroke-affected hemisphere
compared to the intact, contralateral cortical region (4.01£3.77% vs. 22.39+9.48%; control
MCAO vs. control intact cortex) (Fig. 14A&B). TFP treatment significantly improved
hyperemia amplitude compared to the control group, independently of the treatment regimen.

Furthermore, CBF responses were comparable to those of the intact cortex (4.01 &= 3.77% vs.
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20.65 + 8.80% vs. 19.49 £+ 11.93% vs. 22.39 + 9.48%; control MCAO vs. TFP1 MCAOQ vs.
TFP5 MCAO vs. TFP intact cortex) (Fig. 14B).

Although all mice were equally impaired 24 hours after MCAO, as reflected by GNS values
averaging 9-10 (with 21 indicating normal performance), animals that received treatment were
found to perform better in functional tests on the second and third post-operative days,
regardless of the treatment protocol, with group averages increasing to 12-13 points compared

with 10-11 points in the control group (Fig. 14C).
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Figure 14. TFP treatment improves both functional hyperemia in response to whisker-pad stimulation and
functional outcome in the subacute phase following MCAO. A, Averaged curves of functional hyperemia in
response to contralateral whiskerpad stimulation. The dotted line marks the baseline CBF right before stimulation
onset, which is taken as the reference value of 100%. B, TFP restores the amplitude of functional hyperemia to
levels comparable with those of an intact hemisphere, regardless of the treatment regimen (One-Way ANOVA,
p<0.001). C, Sensorimotor function is improved at 48 and 72 hours post-MCAO in both TFP treatment groups
compared to the control animals (Two-Way ANOVA, p<0.001).
MCAO: Middle cerebral artery occlusion, TFP1 or T1: TPF administered as 1 mg/kg every 24 with the first dose

upon recanalisation, TFP5 or TS: TPF administered as a single dose of 5 mg/kg upon recanalisation, C: control,
CBF: Cerebral Blood Flow.
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DISCUSSION

The aim of our work was to determine whether limiting early edema formation after ischemic
stroke could reduce infarct size and improve sensorimotor outcomes. To address this question,
we pharmacologically targeted a Ca*-dependent signaling pathway in astrocytes that regulates
the intracellular trafficking of aquaporin-4, the principal mediator of water permeability in the

brain.

In the first phase of our experimental work, we visualized astrocyte Ca?* changes associated
with SD in the anesthetized mouse somatosensory cortex. Besides proving the transient
elevation of intracellular Ca®" levels concomitant to depolarizations, this is the first in vivo

study to describe the delayed astrocyte Ca** oscillations following SD in vivo.

Astrocyte Ca?* waves indicate glial activity in response to mechanical, electrical, or
pharmacological stimulation, which propagate from cell-to-cell with a relatively slow velocity
of 10-30 um/s” 1% Under pathological conditions like seizures or SD, the propagation velocity
within the astrocyte network increase, and astrocytes display much faster Ca** waves (50-80
um/s)°> 191 The Ca** waves measured in our model were typical of SD because they propagated
at a speed of 77.5 £ 25.2 pm/s, delineating the direction of SD propagation (Fig. 9).
Additionally, the arteriolar constrictions coupled with the Ca?" waves stood in good agreement

with earlier reports, and confirmed SD occurrence in our model®?.

Examining the duration of the SD related Ca*" events in individual astrocytes, we discriminated
short (<33 s) and long (>33 s) astrocyte Ca?" waves during SD. A long Ca** wave was captured
in one experiment, in which the SD-related Ca*' elevation spatially radiated from a single

astrocyte (Fig. 9).

We confirmed the occurrence of delayed random Ca®" oscillations in astrocytes 2—4 min after
the passage of the SD-related Ca®" wave, occurring at a frequency of 0.66 + 0.32 events/min/cell

(0.01 Hz) in a chosen astrocyte soma. In agreement with the slice results of Wu et al.!®,

we
observed that the frequency of these post-SD oscillations was three times higher than the
spontaneous Ca”* fluctuation of astrocytes during baseline (0.19 event/min/cell)!?2. Although
the propagation of these spontaneous Ca** oscillations in cell cultures and brain slices was

103104 " we did not discern synchronization of the Ca** oscillations

shown in an earlier study
among the cells!®. The cell-to-cell propagation of the oscillations could have escaped detection

in our preparations in case the astrocyte linked to the oscillating cell fell out of the plane of
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view, or if the velocity of cell-to-cell propagation of the signal was too rapid with respect to the
recording’s sampling frequency. Astrocyte Ca’" oscillations had a smaller fluorescent peak
amplitude when compared to the prior Ca?* waves, which could be due to different mechanisms
in the background of these two events. For instance, antagonism of GABAR receptors, depletion
of intracellular Ca®" stores, or blockade of IP3 receptors all attenuated the Ca** oscillations, but
had no significant effect on the SD-related Ca?* wave!*® 1%, One could therefore speculate that
while Ca?* waves rely on multiple pathways mobilizing external Ca", post-SD oscillations are

largely dependent on Ca?" release from the endoplasmic reticulum or mitochondria.

Among the various channels contributing to elevations in intracellular Ca** levels, one of the
principal routes of Ca** entry activated during SDs is through Transient Receptor Potential
Vanilloid 4 (TRPV4) channels. TRPV4 channels are non-selective cation channels with
substantial Ca*" conductance and are abundantly expressed in astrocytes, particularly in
astrocytic endfeet, where they form a functional complex with AQP4 channels'®. During SDs,
TRPV4 channels contribute significantly to calcium transients in both astrocytes and

neuronsl%.

TRPV4 and AQP4 act cooperatively to regulate water and ion homeostasis. Studies using
knockout mouse models demonstrate that deletion of either channel disrupts the function of the
other, indicating a strong functional interdependence!”- 1%, Further evidence suggests that Ca**-
dependent intracellular trafficking of AQP4 is initiated by Ca** influx through TRPV4
channels”. In this process, Ca> stabilizes the interaction between AQP4 and calmodulin

(CaM), the key mediator driving AQP4 translocation.

As our experiments demonstrated the presence of dynamic intracellular Ca?" changes induced
by SDs that are capable of stimulating AQP4 translocation in astrocytes, we next investigated

the effects of pharmacological interventions targeting this Ca**-sensitive signaling pathway.

In our second set of experiments, we set out to explore whether administration of TFP, a
calmodulin inhibitor that was previously shown to block AQP4 translocation to the astrocytic

plasma membrane®’- 7

, could inhibit cytotoxic edema formation during the early phase of AIS,
limit infarct maturation, and improve the recovery of neurological and cerebrovascular

function.

We selected TFP based on several key considerations. Experimental and genetic studies have
demonstrated that AQP4 plays a phase-dependent, dual role in ischemic stroke pathology: it is

critically involved in the development of cerebral edema during the acute phase, while also
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facilitating water clearance during vasogenic edema and contributing to interstitial fluid
drainage via glymphatic pathways®*. In accordance with that, permanent inhibition of AQP4
during the acute phase has been shown to reduce edema formation'® !'°. However, while
studies using AQP4 knockout mice also reported a marked reduction in early cytotoxic edema
following focal cerebral ischemia, they also described increased hemispherical swelling three
days after MCAO, despite improved functional outcome and reduced lesion size”’. Because
prolonged AQP4 deletion or sustained inhibition may impair edema resolution and potentially
exacerbate infarct expansion at later stages, the therapeutic value of targeting AQP4 is critically
dependent on timing. In this context, TFP represents a promising candidate, as it transiently
alters the cellular localization of AQP4 without directly inhibiting its function. Our therapeutic
approach in AIS mice was designed to offer translational relevance, as TFP was delivered as a
post-treatment, with administration initiated after recanalization. Moreover, TFP administration
was targeted to the hyperacute phase, when cytotoxic edema formation is prominent and the
risk of interfering with later edema resolution is minimal. Finally, the post-recanalization
application of TFP is reversible, as inhibition of AQP4 translocation is lifted once the drug is
cleared, thereby allowing AQP4-mediated edema resolution at later time points. Finally,
because TFP is a commercially available drug approved for psychiatric use, it represents a

feasible candidate for clinical translation through drug repurposing.

In contrast to the expectations, neither bolus nor repeated TFP treatment following MCAO
resulted in a reduction of edema size as assessed by MRI. Importantly, however, infarct volume

was significantly reduced in line with recent evidence’”> '

and neurological outcomes
improved, particularly when TFP was administered as a bolus immediately after recanalization
(Fig. 13&14). To resolve this discrepancy, we propose that while TFP exerts its effect on acute
osmotic stress and cytotoxic edema® and therefore helps to limit early neuronal damage, MRI
performed 3 days after MCAO reflected the additional, delayed vasogenic edema®® *°. This
concept is reinforced by a study done on AQP4 knock out mice, where infarct size was reduced
following MCAO without reduction in the concomitant cerebral edema’. Our theory is also
underlined by data obtained from osmotically challenged acute brain slice preparations, used to
gain mechanistic insight into the acute events within the first hour after the insult (T6th et al.,
2026, under review) (Fig. 15). These data demonstrated that tissue swelling and AQP4
immunolabeling are reduced in the presence of TFP. This interpretation is further supported by

our findings showing that BBB leakage, assessed by SPECT, was not affected by TFP (Fig. 13).

This appears to be in contrast to a previous report demonstrating BBB protection by TFP in
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immortalized mouse brain microvascular endothelial cells under ischemic conditions'!'. Still,
TFP was beneficial in protecting against neural injury, as evidenced by reduced infarct size after
MCAO (Fig. 13). In addition, TFP promoted functional recovery as shown with the GNS test
(Fig. 14). Taking these results together, we argue, in light of our additional cerebrovascular
findings, that TFP exerts neuroprotective effects possibly by improving cerebrovascular

function, either in addition to, or as a consequence of, counteracting astrocyte swelling.
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Figure 15. Representative cases from our ongoing work show that trifluoperazine (TFP) mitigates brain slice
swelling and represses aquaporin-4 (AQP4) expression in osmotically challenged brain slice preparations. A,
Representative intrinsic optical signal (IOS) images demonstrating brain slice swelling in hypoosmotic artificial
cerebrospinal fluid (aCSF) with reduced NaCl concentration from 130 mM to 60 mM (HM60) alone or with the
addition of TFP (HM60+TFP). Tissue swelling is indicated by the displacement of the contour of the
parietotemporal cortex in each condition (insets). The time stamp is shown as min:sec. B, Fluorescent images
immunostained for AQP4 showed reduced and more fragmented signal in TFP-treated slices.

Indeed, we found that TFP greatly improved neurovascular coupling in ischemic tissue after
MCAQO (Fig. 14), as well as the CBF response to SD in the optimally perfused cortex (Fig. 10).
Previous studies using AQP4 inhibitor TGN-020 reported significantly increased regional
cerebral blood flow in wild type mice but not in AQP4 knock-out animals, suggesting a

relationship between hindered AQP4 function and increased cerebral circulation'!?

. Astrocytes
are intimately apposed to the microvascular wall, covering more than 95% of the vascular
surface with their endfeet where AQP4 is abundantly expressed, and are essential regulators of
vascular tone during neurovascular coupling with somatosensory stimulation''®. Likewise,
astrocytes play a pivotal role in shaping the CBF response to SD** and are heavily implicated
in SD itself!!*. Adding further complexity, SD is accompanied by astrocytic swelling!'"® and
contributes to cytotoxic edema with the involvement of AQP4** %, Swelling of astrocytic
endfeet compresses the microvasculature, occurring within an hour after acute brain injury,
peaking around 6 hours post-impact, and gradually resolving by approximately day 3, as
described in human samples!!'®. This physical compression is understood to increase capillary

transit time heterogeneity, which can critically reduce oxygen availability!'®. We suggest that

targeting AQP4 and thus reducing astrocyte swelling with TFP may therefore contribute to the
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observed improvement in cerebrovascular function by relieving the physical compression of
cerebral vessels.

Alternatively, ischemia and cytotoxic edema may disrupt the neurochemical machinery
underlying astrocytic vasoregulation. Astrocytes release both vasodilatory (prostaglandin Ea,
PGE:) and vasoconstrictive (20-hydroxyeicosatetraenoic acid, 20-HETE) metabolites of
arachidonic acid in various contexts, with 20-HETE synthesis being markedly increased in
association with increased microvascular tone in ischemic brain tissue and during SD!!'"-!!°,
Although no experimental evidence currently indicates that astrocytic cytotoxic edema directly
drives increased 20-HETE synthesis, both AQP4 translocation to the plasma membrane and 20-
HETE production are mechanistically linked to astrocytic Ca** oscillations that are augmented
by ischemia’ '8 % Tt is therefore conceivable that TFP, in addition to its inhibition of AQP4
translocation and the resulting attenuation of swelling, suppresses astrocytic vasoconstrictor
signaling or rescues vasodilator signaling, thereby shifting the balance toward decreased
microvascular tone.

During the experimental work, in the MRI acquisitions assessed 3 days following we noticed
in many cases pronounced hemispherical swelling on the side affected by MCAO. The
development of ischemic lesions is always associated with cerebral edema, and this unavoidable
phenomenon is well studied not only in animal models, but also in stroke patients. The swelling
is more pronounced in patients with successful recanalization because the restoration of active
blood flow is accompanied by ion and water entry through the damaged capillary walls into the
brain'®. The development of brain edema typically peaks on day 3-4 and has been shown to
increase the mortality rate of MCA territory strokes by 80%, as the initial swelling progresses
to space-occupying edema'?!. The most severe form of brain edema following AIS involving
the entire MCA territory is called malignant MCA infarction, which is known to have
devastating effects on patients because of the compression of surrounding tissue, possible
herniation, and death in one-fifth of patients within the first week!?2. Cerebral edema is now the
subject of intense research in animal models®” 1%, Since focal brain edema exerts compression
on the surrounding tissue and expands the size of the lesion, the volume of edema, and the
volume of the edema-free infarcted regions can be calculated for accurate tracking of infarct
size. We chose to use edema correction according to a reproducible method used to estimate
brain swelling in rodents®. Although large lesional swelling volume has been found to predict
poor outcome in patients with hemispheric stroke, edema alone does not account for the deficits
observed in our study'?*. However, edema progression greatly masked LV and hindered the

accurate estimation of stroke size in our model.
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We also noticed a discrepancy between infarct size and neurological deficit in the mouse
MCAO model, therefore we examined this paradoxical relationship more in detail. Our study
provides evidence that infarct size measured alone is not a consistent indicator of sensorimotor
deficits in acute ischemic stroke. In addition to some clinical reports, we have demonstrated
here that there are unpredictable individual cases in the mouse MCAO model in which the
expected trends do not prevail and infarct size does not show a correlation with the neurological
outcome. The data presented here demonstrate that relying on lesion volume alone to predict
AIS outcome may lead to an incorrect prognosis. In our experimental groups, one-fifth of the
animals (3/15 mice) showed an “atypical prognosis” (mild lesion volume associated with severe
neurological deficit). Exclusion or outlier filtering of these cases from experimental studies
leads to incorrect conclusions because the data are overly optimized for homogeneity, do not
represent variations in real populations, and thus do not translate to the clinical cases. Such
irreproducible experimental AIS results have misled the field and contributed to the
translational gap?®.

Stroke research is saturated with over 1000 successful preclinical pharmacological treatment
studies that have failed to translate into routine clinical care®®. The reason for the continuous
failure remains unclear, but several factors are suspected. For instance, in animal AIS models,
the follow-up period is much shorter than in the clinic (typically between 1week and 1month),
and there is no universal, widely accepted symptom scale, so lesion volume is taken as a
standardized measure of outcome'?*. Predicting functional outcome in rodents is as complicated
and multifactorial as it is in humans. Furthermore, the intention to create standardized and
uniform experimental groups for better statistical comparison may obscure the natural diversity
of stroke presentation, which is found in humans'?®.

The variability of infarct size in rodent MCAO models complicates and biases the desired
homogeneity of subjects®®. Although robust earlier studies demonstrated significant correlations
between infarct volumes and neurological outcomes in mice and rats®®, the predictive value of
early infarct assessment, such as neuroimaging at 24 hours, has been shown to depend on the
timing of MRI and the duration of MCAO'?”. A more recent study confirms that lesion topology
may increase predictive accuracy when using neuroimaging to characterize residual deficit in
mice!?’. Importantly, the same study suggests that a subset of anatomical structures within the
infarct area may be particularly influential in predicting long-term stroke outcome. Taking this
into account, 2 of the possible explanations for the atypical prognosis in our study, among many

t128, 129

others, could be (i) the localization of the infarc , whose inclusion in the prediction model

could also improve the estimation of residual deficit'?’ or (ii) the clinical-DWI mismatch

41



phenomenon known from clinical studies'**!32. The clinical-DWI mismatch describes that
severe acute clinical symptoms may be accompanied by mild visible LV on DWI images, which
compromises the evaluation or prediction of early AIS outcome and final lesion size'**. In the
subacute phase, discrepancy between imaging results and neurological status may signal lesion
evolution by a secondary pathological mechanism. Also, clinically observed severe symptoms
inconsistent with small LV may result from dynamic collateral recruitment of distant brain
regions'**. Consistent with this, AIS patients with perfusion deficits have higher NIHSS
scores'>* 133, Taken together, the paradoxical relationship of sensorimotor deficit and lesion
volume after AIS is also detectable in clinical settings, and this paradox may be resolved by

careful assessment of cortical involvement.
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NOVEL OBSERVATIONS

The main novel observations of this study are as follows:

1.

We demonstrated that spreading depolarization induces an elevation of
intracellular Ca** levels in cortical astrocytes, capable of activating Ca** dependent
intracellular pathways. Moreover, this is the first in vivo study to describe the
delayed astrocytic Ca** oscillations following SD.

Although previous studies have reported an edema-limiting effect of the calmodulin
inhibitor trifluoperazine (TFP), our results showed no influence of the compound
on brain swelling following acute ischemic insult in a mouse model. However,
TFP treatment reduced ischemic lesion volume and improved functional
outcomes 72 hours after the insult. We propose that its mechanism of action involves
improved neurovascular coupling and increased cerebral blood flow.

Our findings highlight the lack of correlation between ischemic lesion volume
and the observable neurological deficit in mice 72 hours after transient middle
cerebral artery occlusion. Excluding atypical cases with small lesion volumes but
severe functional deficits strengthened the correlation, although it still did not reach

statistical significance. We suspect that lesion localization plays a key role.
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SUMMARY

This work investigated whether early modulation of cytotoxic edema can mitigate secondary
tissue damage after acute ischemic stroke (AIS) by targeting the Ca**-dependent intracellular
trafficking of aquaporin-4 (AQP4). We focused on the hyperacute phase, when astrocyte
swelling and ionic imbalance critically influence lesion maturation and long-term neurological
outcome.

First, we characterized astrocytic Ca** responses to spreading depolarizations (SDs), key drivers
of cytotoxic edema and metabolic failure after AIS. Using in vivo two-photon imaging cerebro-
cortical astrocytes, we identified fast-propagating Ca** waves followed by delayed,
low-frequency oscillations—an in vivo pattern not previously reported. These Ca*" dynamics,
partly mediated by TRPV4 channels, are hypothesized to provide a potent stimulus for
calmodulin-dependent AQP4 translocation, linking SD-evoked Ca®** influx to increased
astrocyte water permeability during early injury. Building on this putative mechanism, we
evaluated the effect of trifluoperazine (TFP), a calmodulin inhibitor that transiently blocks
AQP4 trafficking while preserving its physiological roles on early AIS outcome. Administered
after recanalization in a mouse MCAO model, TFP did not reduce edema volume on MRI at
day three, yet significantly decreased infarct size and improved neurological performance,
especially when given immediately after reperfusion. This dissociation suggests that early
cytotoxic edema and infarct maturation can be attenuated independently of later vasogenic
edema, which likely dominated MRI findings at the chosen time point. SPECT assessments
confirmed that blood—brain barrier permeability remained unchanged, and supporting
experiments in acute brain slices showed that TFP reduces rapid tissue swelling and AQP4
membrane accumulation, while in vivo assessments confirmed that blood-brain barrier
permeability remained unchanged.

A critical additional observation made during this work concerns the paradoxical relationship
between infarct size and neurological deficit. We observed that lesion volume alone is an
unreliable predictor of functional outcome: nearly one-fifth of our MCAO mice displayed an
“atypical prognosis,” exhibiting small infarcts but severe sensorimotor deficits. Excluding such
cases—as 1s common practice—creates artificially homogeneous datasets that fail to reflect
biological variability and undermine translational validity. This issue mirrors clinical
observations, where lesion volume often fails to predict early severity or long-term outcome,

and where factors such as lesion topology, cortical involvement, collateral recruitment, and
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clinica-DWI mismatch critically influence presentation and recovery. Our findings thus
reinforce that functional outcome in AIS depends on complex neuroanatomical and vascular
factors, not lesion size alone, and that embracing—mnot filtering—variability is essential for
reproducible and clinically relevant preclinical research.

Taken together, our work demonstrates that selectively modulating AQP4 trafficking during a
narrow hyperacute window can attenuate early injury processes without impairing later edema
resolution. Owing to its compatibility with reperfusion therapy and its established clinical
approval, TFP represents a promising candidate for repurposing to mitigate early secondary
injury following AIS. More broadly, our findings highlight the necessity of integrating
functional, anatomical, and mechanistic endpoints to overcome long-standing translational

barriers in stroke research.
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