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Permeability of blood brain barrier during cerebral ischemia
Abstract

Cerebral ischemia remains a leading cause of long-term disability and mortality
worldwide, with blood-brain barrier (BBB) dysfunction playing a crucial role in its
pathophysiology. This dissertation investigates the mechanisms of BBB permeability
changes during ischemic stroke through both clinical and experimental approaches,
providing new insights into stroke progression and potential therapeutic interventions.
The clinical study involved MRI-based analysis of BBB disruption in ischemic stroke
patients during the subacute phase (7-12 days post-stroke). By utilizing advanced
imaging techniques, we assessed the localization and extent of BBB impairment in
relation to ischemic lesion subregions. The findings indicate a strong correlation
between lesion volume and BBB leakage, with significant gadolinium extravasation
observed in FLAIR positive regions. The experimental study complemented these
findings by employing a middle cerebral artery occlusion (MCAQO) model in rodents,
closely mimicking clinical stroke conditions and enabling a controlled investigation of
BBB permeability changes. By comparing different rat strains, we identified significant
variations in cerebrovascular responses, infarct size, and survival rates. Fluorescence
spectrometry quantified BBB permeability by measuring Evans Blue (EB)
extravasation, providing spaciotemporal evaluation of BBB disruption. Utilizing MRI,
we assessed water diffusion abnormalities, offering insights into tissue integrity, edema
formation, and the extent of ischemic damage. The combined clinical and experimental
approach enhances our understanding of BBB disruption in ischemic stroke and its long-
term consequences. The findings provide valuable markers for early detection of BBB
dysfunction and contribute to the advancement of precision medicine in stroke care,
emphasizing the importance of BBB integrity in optimizing patient outcomes and
reducing post-stroke complications.
Keywords

blood-brain barrier, ischemic stroke, MRI, cerebral ischemia, vascular
permeability, MCAO, neurovascular unit, post-stroke epilepsy, BBB disruption,

experimental stroke model.



Prostupnost hematoencefalické bariéry pii mozkové ischémii
Abstrakt

Mozkova ischemie zlstava jednou z hlavnich pfi¢in dlouhodobé invalidity a
mortality po celém svéte, pricemz dysfunkce hematoencefalické bariéry (BBB) hraje
klicovou roli v jeji patofyziologii. Tato disertacni prace zkouma mechanismy zmén
permeability BBB bé&hem ischemické cévni mozkové piihody prostfednictvim
klinickych 1 experimentalnich ptistupl, ¢imZ poskytuje nové poznatky o progresi cévni
mozkové prihody a potencidlnich terapeutickych intervencich. Klinickd studie
zahrnovala analyzu naruseni BBB u pacientil s ischemickou cévni mozkovou piihodou
v subakutni fazi (7-12 dni po ptihod¢) pomoci magnetické rezonance (MRI). Vyuzitim
pokrocilych zobrazovacich metod jsme hodnotili lokalizaci a rozsah poSkozeni BBB v
zavislosti na subregionech ischemické 1éze. Vysledky ukazaly silnou korelaci mezi
objemem léze a extravazaci BBB, pfi¢emZ vyznamnd extravazace gadolinia byla
pozorovana ve FLAIR pozitivnich oblastech. Experimentalni studie tyto poznatky
doplnila vyuzitim modelu okluze stfedni mozkové arterie (MCAQ) u hlodavct, ktery
vérné napodobuje klinické podminky cévni mozkové piihody a umoziuje kontrolované
zkoumdni zmén permeability BBB. Porovnanim rGznych kmenl potkand jsme
identifikovali vyznamné rozdily v cerebrovaskularnich reakcich, velikosti infarktu a
mife preZiti. Fluorescen¢ni spektrometrie kvantifikovala permeabilitu BBB métenim
extravazace Evansovy modfi (EB), coZ umoznilo prostorové-¢asové hodnoceni naruseni
BBB. Pomoci MRI jsme analyzovali abnormality v difuzi vody, coz poskytlo cenné
informace o integrit¢ tkané, tvorbé edému a rozsahu ischemického poSkozeni.
Kombinovany klinicky a experimentalni pfistup rozSifuje nase porozuméni naruseni
BBB pfi ischemické cévni mozkové piihod¢ a jejim dlouhodobym disledkiim. Ziskané
poznatky pfispivaji k rozvoji precizni mediciny v péci o pacienty po cévni mozkové
piihodé, ptiCemz zdlraziuji dalezitost integrity BBB pro optimalizaci vysledkt 1écby a
snizeni rizika komplikaci po mozkov¢ ischemii.
Kli¢ova slova

hematoencefalicka bariéra, ischemicka cévni mozkové piihoda, MRI, mozkova
ischemie, cévni propustnost, MCAO, neurovaskularni jednotka, epilepsie po cévni

mozkové ptihod¢€, naruseni BBB, experimentalni model cévni mozkové piihody
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1 Introduction

Stroke remains one of the most severe and pressing health challenges
worldwide, despite the advancements in medical technologies. It is currently the
second-leading cause of death globally. Every year, approximately 12 million new
cases of stroke occur, leading to 6 million deaths, underscoring the immense
personal, familial, and societal impact of this condition. In 2021, there were
approximately 102 million stroke cases worldwide, with ischemic stroke
accounting for 70 million of those cases (He et al., 2024). Furthermore, the
incidence of ischemic stroke has been on a significant upward trajectory, rising
from 4.07 million cases in 1990 to 7.86 million cases in 2021 (Li et al., 2024).
Projections indicate that this number will continue to increase, with estimates
suggesting nearly 9.62 million new ischemic stroke cases by 2030 (Pu et al.,
2023). Despite advancements in acute stroke interventions, ischemic stroke
remains a leading cause of long-term disability, with survivors often facing
lifelong consequences. While immediate post-stroke treatments, such as
thrombolysis and thrombectomy, have improved acute outcomes, the chronic
consequences of stroke remain underexplored, and long-term recovery is often
incomplete. This highlights the critical importance of high-quality, in-depth
research that delves into the chronic effects of stroke, particularly in
understanding the underlying pathophysiological processes that contribute to
long-term disability. One such key area is the impairment of the blood-brain
barrier (BBB), which plays a central role in ischemic stroke. BBB dysfunction is
a hallmark of ischemic stroke, contributing to the progression of tissue damage,
cerebral edema, and secondary neuroinflammation. Understanding the temporal
and regional aspects of BBB impairment, especially during the subacute and
chronic phases, is crucial for identifying therapeutic targets that could mitigate

these long-lasting effects.



2 General background

2.1 Brain ischemia

Ischemic stroke occurs when there is a sudden and significant decrease in
regional cerebral blood flow (rCBF), which can result from a variety of causes.
This reduction in blood flow leads to a critical shortage of oxygen supply and a
failure to remove metabolic waste products. During the acute phase of ischemia,
a wide range of pathophysiological processes are set into motion, contributing to
the ischemic damage observed in the affected cerebral tissue. One of the first
effects is the rapid suppression of energetic metabolism, which quickly leads to a
substantial drop in adenosine triphosphate levels. This energy deficit causes ionic
imbalances, overproduction, and efflux of excitatory amino acids, as well as the
development of lactic acidosis(Dirnagl, 2012). Calcium overload triggers vast
cellular pathophysiological cascades including the massive release of reactive
oxygen and nitrogen species, which modifies sensitive cellular targets, alternating
the function of mitochondria and regulation of blood supply to the brain
(neurovascular coupling) (Otédhal ef al., 2014). It is worth mentioning that these
pathophysiological processes run on various levels affecting not only the ischemic
core where the blood flow is under the ischemic threshold but also surrounding
tissue. The above-described mechanisms lead to irreversible cell damage,
affecting neuronal and glial cells, but also components of the vascular wall
(Sarvari et al., 2020). The most relevant manifestations of vascular impairment
are a decline in vascular mechanical properties, neurovascular dysregulation, and
blood-brain barrier (BBB) breakdown. Moreover, cerebral edema either due to
vascular dysfunction (vasogenic edema) or cellular damage (cytotoxic and later
ionic edema) is a common complication of cerebral infarction and the major cause

of mortality (Yao et al., 2021).



2.2 Structure and function of BBB

The blood-brain barrier (BBB) is a highly specialized structure that
regulates the exchange of molecules between the circulatory system and the
central nervous system (CNS), maintaining brain homeostasis and preventing
neurotoxic elements from entering neural tissue (Barichello et al., 2019; Kadry et
al., 2020; Tajes et al., 2014). It is a component of the neurovascular unit (NVU),
which includes endothelial cells, pericytes, astrocytes, microglia, neurons, and the
extracellular matrix, working collectively to maintain BBB permeability through
cellular and biochemical signaling (McConnell et al., 2017; Muoio ef al., 2014).
The BBB is structurally reinforced by tight junctions (TJ) composed of
transmembrane proteins, such as claudins, occludins, and junctional adhesion
molecules, anchored to scaffold proteins like zonula occludens (ZO-1, ZO-2, ZO-
3) (Kadry et al., 2020; Tajes et al., 2014; Zlokovic, 2008). Among them, claudin-
5 is crucial for maintaining BBB integrity, limiting the passage of molecules larger
than 800 Da. Other claudins, such as claudin-3 and claudin-12, also contribute to
barrier function, though their specific roles remain under investigation. Occludin,
another essential TJ protein, regulates permeability but is not indispensable for
BBB integrity (Kadry et al., 2020; Zlokovic, 2008). Junctional adhesion
molecules (JAM-A, JAM-B, JAM-C) and zonula occludens proteins further
reinforce tight junctions, stabilizing endothelial barriers (Engelhardt and Sorokin,
2009). Adherent junctions (AJ), particularly vascular endothelial (VE)-cadherin,
also play a significant role in BBB integrity. The BBB tightly regulates the
transport of molecules through several mechanisms. Small, lipophilic molecules
such as oxygen and carbon dioxide can diffuse freely across the endothelial
membrane (Sweeney et al., 2019; Zlokovic, 2008). Essential nutrients like
glucose and amino acids are transported via solute carrier transporters, ensuring

adequate metabolic supply to the brain (Kadry et al., 2020).



2.3 Disruption of BBB in brain ischemia

Within minutes of ischemia, ATP depletion leads to Na*/K*-ATPase failure,
intracellular sodium accumulation, and cytotoxic edema (Jiang et al., 2014; Mohr
et al., 2010). Tight junction proteins, including occludin and claudin-5, undergo
phosphorylation and degradation, causing increased paracellular permeability.
However, in this early stage, the BBB primarily loses ion selectivity while
remaining structurally intact against large plasma proteins (Mansour et al., 2020;
Obenaus and Badaut, 2022).

As ischemia persists beyond the first few hours, endothelial dysfunction
further impairs BBB integrity, leading to the leakage of Na*, Cl-, and other small
ions into the extracellular space. This shift is primarily mediated by the
upregulation of the Na*-K*-2Cl~ cotransporter (NKCC1) on endothelial cells
(Jayakumar et al., 2011). Furthermore, astrocytes begin to swell due to excessive
sodium uptake via NKCC1 and dysregulated aquaporin-4 (AQP4) channel
activity (Rutkowsky et al., 2011; Thrane et al., 2011) which lead to impaired water
clearance from the extracellular space, further contributing to edema formation
(Hawkins et al., 2013). This marks the transition from purely intracellular
swelling cytotoxic edema to a state where extracellular ionic disturbances drive
further water influx into both cells and the perivascular space (ionic edema).
Importantly, at this stage, while the BBB is still relatively intact against large
proteins, the loss of ion selectivity creates osmotic gradients that facilitate
uncontrolled water accumulation, setting the stage for increased brain tissue
pressure and further neuronal injury.

Recanalization, while restoring blood flow, can exacerbate injury via so called
“reperfusion injury”. At the BBB level, an early reperfusion sets off a rapid
upregulation of matrix metalloproteinases especially MMP-9 facilitated by
cytokines (TNF-a, IL-1p, IL-6) and chemokine signals (Jin ef al., 2018). MMP-9
and MMP-2 degrade type IV collagen, laminin, and fibronectin within the

basement membrane, while also cleaving tight junction proteins (claudin-5,
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occludin, ZO-1) (Jin et al., 2018; Liu et al., 2017). As these proteins deteriorate,
the normally restrictive endothelial barrier becomes more permeable, and
vasogenic edema starts to develop. Moreover, endothelial cells themselves may
become “blebbed” or detached from the basement membrane in patches due to
cytoskeletal damage and disrupted integrin signaling.

As the stroke lesion matures, BBB disruption becomes more extensive due
to inflammatory infiltration, microglial activation (Li et al., 2022), and enzymatic
degradation of vascular structures (Curry et al., 2010). At this stage, the BBB
transitions from selective permeability loss to profound structural breakdown,
increasing the risk of hemorrhagic transformation.

Over time, the nature of the inflammatory infiltrate and the fate of the BBB
evolve. By approximately one to two weeks after stroke onset, the predominantly
pro-inflammatory M1-like microglial and macrophage profile may shift, at least
in part, to a more anti-inflammatory or reparative M2-like phenotype. These cells
produce factors such as IL-10 and TGF-J that can encourage vascular remodeling
and aid in the partial reconstitution of the BBB (Chen et al., 2019).

Persistent BBB disruption can remain in certain patients, particularly those
with large infarcts, hemorrhagic transformations, or comorbidities (hypertension,
diabetes, hypercholesterolemia). Chronically elevated levels of MMPs or
sustained oxidative stress hamper efforts at restoring normal endothelial function.
Some capillaries may undergo “pseudo-normalization” structurally yet retain
functional deficits in tight junction arrangement and transendothelial electrical
resistance (D1 et al., 2021).

While it is convenient to categorize the evolution of ischemic stroke and
recanalization-associated injury into discrete phases, it is important to note that

“in reality” these processes overlap extensively.



3 Aims of thesis

The primary objective of this thesis is to investigate the permeability of the
blood-brain barrier during cerebral ischemia, with a particular focus on the acute

and subacute phases of stroke. The specific goals of the study are as follows:

e To characterize changes in BBB permeability in human patients following
ischemic stroke, as assessed by MRI. This includes a detailed analysis of
the temporal and spatial dynamics of BBB impairment in the subacute
period (7-12 days after symptom onset), which is crucial for understanding
the progression of ischemic damage and identifying potential therapeutic

windows.

e To establish a clinically relevant experimental model of ischemic stroke
with reperfusion, specifically targeting the middle cerebral artery occlusion
(MCAO) model. This model is intended to replicate human ischemic stroke
conditions and to study the detailed mechanisms of BBB dysfunction in
vivo. By refining this model, we aim to facilitate future research on stroke

pathophysiology and therapeutic interventions.

e To create a standardized methodology for evaluating BBB disruption in
experimental models of ischemic stroke. This includes the use of advanced
MRI techniques to quantify and map BBB permeability, offering a reliable
tool for assessing the efficacy of potential therapeutic strategies targeting

BBB repair or protection.



4 Clinical study

4.1 MRI sequence overview

T1-weighted and T2-weighted imaging are primary MRI sequences,
differing in cerebrospinal fluid (CSF) appearance: dark on T1-weighted images
and bright on T2-weighted ones (Wintermark et al., 2008). Fluid-Attenuated
Inversion Recovery (FLAIR), similar to T2-weighted imaging but with longer
echo time (TE) and repetition time (TR), enhances abnormality detection by
suppressing CSF signals (Tedyanto et al., 2022).

Gadolinium-enhanced T1-weighted imaging improves visualization of
vascular structures and blood-brain barrier disruptions. This paramagnetic
contrast agent shortens T1 relaxation time, appearing bright on scans (Lin and
Liebeskind, 2016).

Diffusion-weighted imaging (DWI) detects water molecule movement,
emphasizing restricted diffusion within cells. During ischemia, sodium-potassium
pump failure leads to intracellular sodium accumulation, causing an osmotic shift
that restricts water movement. DWI effectively highlights these changes, making
it ideal for identifying acute ischemia (Lin and Liebeskind, 2016; Srinivasan et
al., 2006).

DWI, combined with apparent diffusion coefficient (ADC) mapping,
identifies ischemic changes within minutes of vessel occlusion. DWI shows
ischemic tissue as bright, while ADC maps confirm restricted diffusion by
displaying dark areas, distinguishing acute infarcts from vasogenic edema and
other T2-based effects. This ensures accurate stroke diagnosis (Lin and

Liebeskind, 2016; Srinivasan et al., 2006; Tedyanto et al., 2022).



4.1 Methods

We collaborated on this part of the thesis in tight cooperation with Ing.
David Kala PhD who created the data analysis which was included in his in his
doctoral thesis (Kala, 2022) .

Eighty-six patients after cerebral ischemia underwent MRI scanning 7-12
days after the insult. The ischemic lesion was evaluated and delineated in FLAIR
and DWI images. Lesions were segmented using semiautomatic algorithms in
both FLAIR and DWI images. Regions with hyperintensity in FLAIR and DWI
were classified as FLAIR+ and DWI+, respectively. Regions without
hyperintensity were classified as FLAIR- and DWI-. Lesions were further divided
into three subregions based on the overlap of FLAIR+ and DWI+ volumes
(FLAIR+DWI+, FLAIR+DWI-, FLAIR-DWI+). BBB integrity was evaluated on
Tlw images taken before and after contrast application. SeLECT score was
evaluated to estimate the risk of development of vascular epilepsy.
\ :.""I:-‘erilesional reqion\“E
] FLAIR-DWI- .
/"~ Ischemic lesion

FLAIR+DWI-

FLAIR+DWI+

| ——

Figure 1 Lesion detection and definition of brain sub-regions (Kala, 2022, fig.10, edited).



4.2 Results

Ischemic lesions were detected in both groups by FLAIR or DWI
hyperintensities and divided into three sub-regions: FLAIR+DWI+,
FLAIR+DWI-, and FLAIR-DWI+. The median ischemic lesion volume in the
leaking BBB group was 17.04 mL (IQR 40.04 mL), while in the intact BBB group,
it was significantly lower at 4.59 mL (IQR 10.42 mL, p=0.001). The composition
of lesions also varied between groups: the FLAIR+DWI- sub-region was
significantly larger in the leaking BBB group (57% vs 31% in the intact BBB
group). In the leaking BBB group, the volume of gadolinium extravasation (7.76
mL, IQR 16.13 mL) was compared to the ischemic lesion volume (21.6 mL, IQR
25.3 mL), showing a strong positive correlation. The spatial distribution of
extravasated gadolinium was analyzed in the leaking BBB group. Sixty-three
percent (IQR 59.4%) of the extravasated gadolinium was located in the
FLAIR+DWI- sub-region, 22% (IQR 44.3%) in FLAIR+DWI+, and less than 1%
in FLAIR-DWI+. A total of 96% (IQR 8.1%) of the gadolinium was inside the
lesion, with only a small amount (0.6 mL, IQR 2.2 mL) detected in the perilesional
tissue. Extravasated gadolinium was significantly higher in gray matter (2%, IQR

6%) compared to white matter (0.5%, IQR 2.4%).

A Extravasated Gd inside B C Extravasated Gd into
lesion

perilesional region
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Figure 2 Localization of the BBB impairment in 60 patients with leaking BBB (Kala, 2022,
fig.23, edited).
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4.3 Discussion

In our clinical study, we thoroughly described the localization of the blood-
brain barrier (BBB) impairment in relation to the ischemic lesion after a stroke at
the time, when patients are typically discharged from the hospital.

In our data, the ischemic lesion was visible in FLAIR and DWI MRI with
high contrast allowing segmentation to be performed. ADC maps are corrected
for the T2 component and represent a direct evaluation of water diffusion,
however, our datasets did not allow reliable segmentation of lesions. This likely
corresponds with findings by Lansberg. (2001) where pseudonormalization of
ADC together with maximal intensity in DWI during the second week after
ischemia was reported (Lansberg ef al., 2001). Therefore, ADC wasn’t used for
lesion detection in this study.

We utilized the post-pre contrast method to assess and pseudo-quantify
BBB leakage (Chassidim et al., 2013; Kala et al., 2017). While dynamic contrast-
enhanced MRI (DCE-MRI) is commonly employed for quantitative permeability
analysis (Thrippleton, 2019; Thrippleton et al., 2019), it was not applied in this
study.

BBB disruption was detected in 75% of patients (60/80). Patients with an
intact BBB had smaller ischemic lesions, lower ASPECTS and SeLECT scores,
and a lower risk of hemorrhagic transformation. Since the SeLECT score predicts
post-stroke seizures, our data suggest that BBB disruption may increase the risk
of vascular epilepsy. Additionally, a strong correlation was found between
ischemic lesion volume and BBB disruption, consistent with experimental stroke
models (Abo-Ramadan et al., 2009).

The composition of ischemic lesions also varies between groups. In the
group with leaking BBB, the FLAIR+DWI- sub-region extended over a
significantly larger part of the ischemic lesion. A possible explanation is that while
in patients with intact BBB FLAIR positivity is caused solely by gliosis as was
reported for small vessel disease (Gouw et al., 2011), in patients with leaking BBB

11



FLAIR+ region manifests both gliosis and vasogenic edema in the tissue where
BBB was compromised (Lansberg et al., 2015).

To further evaluate regional differences, we have segmented brain images
into gray and white matter. Although higher susceptibility of white matter to BBB
breakdown has been proposed (Bernier ef al., 2021), the analysis revealed higher
extravasation of Gd in perilesional tissue in gray matter in comparison to white
matter.

4.4 Conclusion

The study provides evidence that in the second week after ischemic insult

the ischemic lesion still undergoes maturation, and the BBB is compromised in

the majority of patients.
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5 Experimental study

5.1 Methods

This study utilized 34 adult male rats (Wistar, Long Evans, and Sprague
Dawley) to investigate middle cerebral artery occlusion (MCAOQO) and its impact
on the blood-brain barrier (BBB). Approved by the Animal Care and Use
Committee of the Institute of Physiology, Czech Republic, the protocol adhered
to the European Community Council Directive 86/609/EEC and NIH humane

standards. Efforts were made to minimize animal suffering and reduce numbers.

Anesthesia was induced with 3—4% Isoflurane and maintained at 1-2%
during surgery, with body temperature controlled at 37.1£0.25°C. The surgical
field was disinfected, and ophthalmic solution protected the eyes. Post-surgery,

analgesics (Meloxicam and Nurofen) were administered for four days.

Cerebral blood flow (CBF) was monitored using a laser Doppler
flowmeter (LDF) by carefully preparing the skull with a controlled drilling
technique to optimize signal intensity. The LDF probe was secured over the
middle cerebral artery (MCA) branch with a custom aluminum holder. The LDF
signal was continuously recorded using a Periflow 5010 system, with data

analyzed in Spike2 software (CED, Cambridge, UK).

MCA occlusion was performed under a surgical microscope. A nylon
filament with a silicone tip (Doccol, USA) was advanced through the external
carotid artery into the internal carotid artery until resistance was met, indicating
MCA blockage. CBF drop was confirmed via LDF. After 60 minutes, the filament

was withdrawn, and arteriotomy was ligated.
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Noninvasive ischemic region assessment was conducted using
microPET/CT (Albira, Bruker Biospin) in six Sprague-Dawley rats. Scans were
performed 24 hours before and after MCAO following the adapted protocol of
(Balsara et al., 2014). Rats were fasted overnight and injected with ~18 MBq of
18F-FDG an hour before scanning. Data analysis using PMOD software and
Schiffers MRI rat brain atlas (Schiffer et al., 2006) allowed bilateral assessment
of FDG activity. 3D ischemic lesion visualizations were generated using 3D Slicer
software.

BBB permeability was assessed through Evans Blue extravasation and
fluorescence spectrometry, adapted from (Wang and Lai, 2014). Thirty-two Wistar
rats underwent MCAO, divided into groups based on post-ischemia timepoints
(6h, 24h, 48h, 72h, 7d). Evans Blue dye (3 mg/kg) was intravenously administered
and allowed to circulate for one hour before brain extraction. Tissue
homogenization and spectrometric analysis were conducted using a Tecan Infinite
200 Pro plate reader (620 nm absorbance, 680 nm fluorescence). Data was

analyzed with GraphPad Prism.

Experimental MRI was conducted on three Wistar rats 48 hours post-
MCAO using a 7T Bruker Biospec 70/30 spectrometer at IKEM, Imaging
included T2-weighted (T2w), T1-weighted (T1w), T1 mapping, and diffusion
kurtosis imaging (DKI), with post-contrast T1 mapping and T1w at 10 and 20
minutes. T2-weighted imaging was used to identify edema and ischemic tissue
damage, while post-contrast T1-weighted imaging and T1 mapping were
employed to evaluate BBB impairment and vascular integrity. Diffusion Basis
Spectrum Imaging (DBSI) was used to analyze water diffusion and tissue
microstructure, differentiating axonal fibers, inflammation, and extracellular

components (Chiang et al., 2014; Wang et al., 2019).
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5.2 Resuts

The surgical procedure was consistent across all three rat strains, with no
differences in vascular anatomy. Out of 34 animals, two Wistar rats (5.9%) died
within four hours post-reperfusion, likely due to subarachnoid hemorrhage. A
slight temperature increase (+0.3°C) was noted post-MCAO, and all strains
experienced weight loss within 24 hours, with Wistar rats showing significant loss
(20.7 £ 4.6 g, P<0.05). Intraluminal MCA occlusion resulted in ischemic injury in
all animals. Sprague-Dawley and Wistar rats exhibited the most extensive infarcts
(50.2+10.3% and 36.8+5.6%, respectively), while Long-Evans had significantly
smaller infarcts (18.8+3.5%, P<0.05). The affected areas varied; Sprague-Dawley
and Wistar rats had lesions in the caudoputamen, piriform, and entorhinal cortices,
whereas Long-Evans showed moderate caudoputamen infarcts with slight
sensorimotor cortex extension.

Regional cerebral blood flow (rCBF) followed expected changes during
surgery. Initial MCA occlusion reduced rCBF to 48.0+6.2% in Wistar, 37.5+6.0%
in Sprague-Dawley, and 63.2+£5.9% in Long-Evans rats. Post-filament removal,
rCBF returned to pre-occlusion levels or slightly higher (98.0+5.7% in Wistar,
112.2+19.9% in Sprague-Dawley, and 97.2+8.4% in Long-Evans). CCA clip
release further increased rCBF (Wistar 131.1+13.0, Sprague-Dawley 143.2+26.0,
Long-Evans 140.0+14.8%).

PET/CT revealed significant metabolic reduction in ischemic areas, visible
as hypometabolic regions correlating with tetrazolium staining. FDG uptake ratios
confirmed reduced activity in caudoputamen, amygdala, hypothalamus,
diencephalon, and neocortical regions, with significant changes in the cingulate

cortex.
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Evans Blue spectrometry confirmed severe BBB disruption at all time
points. Fluorescence signal intensity (arbitrary units) in the infarcted hemisphere
was highest at 6 hours (885.5 = 53.5 vs. 671.9 = 26.9 in control, p<0.001) and
remained elevated at 24 hours (512.8 = 28.8 vs. 422.4 + 24.6, p<0.001), 48 hours
(674 + 34 vs. 558.18. p<0.01), 72 hours (375.6 + 44.3 vs. 298.6 + 73.5, p<0.01),
and 7 days (617.3 +73.5 vs. 486 =40, p<0.05). No significant differences between
time points suggest Evans Blue reached an equilibrium, confirming BBB

permeability but not its dynamic progression.
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Figure 3 Evans Blue dye extravasation was present and statistically significant in all test
groups at all time points (6h, 24h, 48h, 72h, 7d). Contralateral hemisphere was used as
control. (*p<0.05, **p<0.01, ***p<0.001)

MRI at 48 hours post-MCAO showed ischemic lesions as hyperintense T2-
weighted regions in the MCA territory, affecting the sensory cortex and
caudoputamen, indicating vasogenic edema and fluid extravasation. Post-contrast
T1-weighted imaging and T1 mapping showed enhanced signal in the ischemic

lesion, confirming BBB impairment and Gd contrast leakage. Diffusion MRI
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revealed restricted diffusion with decreased ADC values, consistent with
cytotoxic edema, while FA maps showed microstructural disorganization. DBSI
analysis indicated reduced axonal integrity and increased extracellular water,

highlighting tissue damage.
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Figure 4 Graphs A-D illustrate ischemic damage, and tissue changes 48 hours post-MCAO in the rat
model. A) Shows an increased T2 signal in the ischemic lesion compared to the contralateral side,
indicating vasogenic edema. B) Highlights an increased T1 signal following Gd contrast administration,
confirming BBB disruption. C) Demonstrates restricted diffusion with a decreased ADC signal and
tissue disorganization with reduced FA values. D) Presents DBSI analysis, revealing an increased
Axonal Fiber Fraction and decreased Restricted Isotropic Diffusion Fraction and Isotropic Fraction,
indicating reduced axonal density and integrity, axonal injury in the ischemic core, altered cellular
density, and increased extracellular water contribution. ADC - Apparent Diffusion Coefficient, FA -
Fractional Anisotropy, AFF - Axonal Fiber Fraction, HIDF - Hindered Isotropic Diffusion Fraction,
RIDF - Restricted Isotropic Diffusion Fraction
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5.3 Discussion

This study demonstrated significant differences in ischemic region extent
across rat strains. Despite similar brain vessel structures, regional cerebral blood
flow (rCBF) varied, with Sprague-Dawley rats exhibiting the most pronounced
drop (one-third of pre-occlusion levels), while Wistar and Long-Evans showed
less reduction. Variability in rCBF likely stems from differences in collateral
anastomoses (Oliff et al., 1997). Sprague-Dawley rats provided the most reliable
ischemic results.

Continuous rCBF monitoring with laser Doppler flowmetry (LDF) revealed
a sharp decrease during occlusion and a rapid increase post-reperfusion. In two
Wistar rats that died, a gradual rCBF rise suggested subarachnoid hemorrhage,
confirmed by postmortem findings (Woitzik and Schilling, 2002). Reperfusion
caused an rCBF increase beyond baseline, likely due to vasoactive substance
release (Brozi¢kova and Otédhal, 2013; ladecola and Nedergaard, 2007).

A 60-minute occlusion was selected as it aligns with clinical reperfusion
therapy windows. Ischemic lesion extent corresponded with rCBF levels, with
Sprague-Dawley rats exhibiting the most extensive infarcts (nearly half the
hemisphere, affecting cortex and subcortical structures), while Long-Evans rats
had smaller lesions primarily in the caudoputamen. The correlation between rCBF
and ischemic region aligns with prior studies (Bardutzky et al., 2005; Longa et
al., 1989; Taninishi et al., 2015).

The increasing focus on rapid stroke reperfusion in clinical practice
necessitates improved preclinical models. PET scanning at 24 hours post-stroke
reliably delineated ischemic regions (Balsara et al., 2014), supporting the use of
Sprague-Dawley rats for further studies. PET imaging detected hypometabolism
in affected regions, reflecting decreased glucose uptake, consistent with
tetrazolium staining. Advanced PET analysis methods, such as Statistical

Parametric Mapping, may enhance detection accuracy (Nie et al, 2014).
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Additionally, emerging radiotracers may help predict post-stroke complications
like epilepsy (Bertoglio et al., 2017).

Fluorescence spectrometry confirmed persistent BBB leakage up to seven
days post-reperfusion. Despite significant differences between ischemic and
control hemispheres, high background readings may stem from the absence of
transcardial perfusion (Ryu et al., 2018; Strbian et al., 2008; Wang and Lai, 2014).
The Evans Blue method, while effective in detecting BBB opening, lacks
sensitivity for quantifying permeability over time (Saunders et al., 2015).

MRI scans at 48 hours post-MCAO confirmed ischemic damage. T2-
weighted imaging revealed hyperintensity in the MCA territory, indicating
vasogenic edema (Alfadeel, 2020; Koch ef al., 2019). Gadolinium-enhanced T1
imaging confirmed BBB disruption (Matos Diaz et al., 2017). Diffusion-weighted
imaging (DWI) showed decreased ADC values, consistent with cytotoxic edema,
while reduced FA values suggested loss of tissue integrity (Gaddamanugu et al.,
2022; Li et al., 2019). DBSI further indicated axonal damage and extracellular
water redistribution (Kim et al., 2021; Matos Diaz et al., 2017). DBSI provided
more detailed microstructural insights than traditional DTI. Increased Axonal
Fiber Fraction with reduced isotropic diffusion fractions suggested ongoing
cellular damage (Kim et al., 2021; Matos Diaz et al., 2017). DBSI offers a
valuable tool for assessing ischemic pathology, particularly in evaluating white
matter integrity and edema.

A limitation of this MRI study is the small sample size, constrained by the
recent availability of the Bruker 7T MRI at IKEM. Future studies with larger
datasets will improve statistical significance and provide deeper insights into

ischemic damage progression.

5.4 Conclusion

The study demonstrated strain-dependent differences in ischemic lesion

extent and cerebral blood flow after MCAOQO, with Sprague-Dawley rats showing
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the most extensive infarcts and reliable ischemic outcomes. PET imaging
effectively identified hypometabolic regions, while fluorescence spectrometry
confirmed persistent BBB leakage, though Evans Blue had limitations in
quantifying permeability.

MRI revealed vasogenic and cytotoxic edema, BBB disruption, and
microstructural disorganization, with DBSI providing further insights into axonal
damage and water redistribution. These findings highlight the importance of
selecting suitable animal models and utilizing advanced imaging techniques for

stroke research.
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6 General conclusion

Clinical study

This study investigated blood-brain barrier (BBB) impairment in ischemic
stroke patients during the subacute phase, particularly around hospital discharge.
BBB disruption was observed in 75% of patients, predominantly within ischemic
lesions, and was significantly associated with larger lesion volumes. Patients with
intact BBB had smaller lesions, better ASPECTS scores, and a lower risk of
hemorrhagic transformation, suggesting that BBB leakage correlates with more
severe stroke outcomes and may increase the likelihood of vascular epilepsy.
Ischemic lesions were identified using FLAIR and DWI MRI, with most BBB
leakage occurring in FLAIR+ regions. Interestingly, Gd extravasation was also
detected in perilesional gray matter, suggesting BBB dysfunction beyond the
ischemic core.
Experimental study

In the experimental study, high variability between rat strains was observed
in stroke induction using the intraluminal thread occlusion method. Sprague-
Dawley rats proved to be the most reliable, whereas Wistar rats showed higher
mortality, and Long-Evans rats developed significantly smaller infarcts. Positron
emission tomography with 18F-fluorodeoxyglucose was validated as a suitable
method for assessing ischemic lesion size. BBB disruption was evident at 6, 24,
48, 72 hours, and 7 days post-ischemia, with Evans Blue detection confirming
BBB leakage. Finally, MRI revealed vasogenic and cytotoxic edema, BBB
disruption, and microstructural disorganization, with DBSI providing further

insights into axonal damage and water redistribution.
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7 Summary

This thesis investigates blood-brain barrier permeability during cerebral
ischemia, focusing on acute and subacute phases. Using clinical MRI data, it
examines BBB dysfunction in stroke patients and develops an experimental model
pipeline to replicate human stroke conditions.

Both clinical and experimental studies met their objectives. The clinical
study showed widespread BBB impairment in ischemic stroke, correlating with
larger infarcts, higher ASPECTS scores, and increased risk of hemorrhagic
transformation. BBB leakage emerged as a potential biomarker for severe stroke
outcomes and vascular epilepsy risk (SeLECT score). MRI sequences (FLAIR,
DWI, post-contrast T1w) enabled precise lesion segmentation, revealing BBB
disruption mainly in FLAIR-positive areas, extending into perilesional gray
matter.

The experimental study validated the MCAO model as reliable for
investigating BBB impairment. Fluorescence spectrometry and Evans Blue
extravasation showed significant BBB disruption in the ischemic lesion, aligning
with clinical MRI findings. These results support the role of BBB breakdown in
extending ischemic damage and sustaining neuronal injury. The model confirmed
BBB disruption at multiple time points, peaking in the acute and subacute phases.

The combined clinical and experimental results highlight the persistent
nature of BBB impairment in ischemic stroke, even after reperfusion. BBB
disruption is still present in the subacute phase when patients are typically
discharged. This prolonged BBB impairment indicates that targeting BBB repair
or stabilization could help prevent further neuronal damage and improve recovery.

This study deepens understanding of BBB dysfunction in stroke,
emphasizing its role in progression and therapeutic potential. Advanced imaging
in both clinical and experimental settings has provided key insights into BBB
impairment, highlighting the need for future research on interventions to mitigate

chronic stroke effects, including vascular epilepsy and neuronal degeneration.
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8 Resumé

Tato prace se zabyva propustnosti hematoencefalické bariéry b&hem
mozkové ischemie se zaméfenim na akutni a subakutni fizi. Na zaklad¢
klinickych dat z magnetické rezonance zkouma dysfunkci BBB u pacientl s cévni
mozkovou ptihodou a vyviji experimentalni model, ktery napodobuje podminky
lidské cévni mozkové ptihody.

Klinické 1 experimentélni studie splnily své cile. Klinicka studie prokézala
rozsahlé poSkozeni BBB u ischemické cévni mozkové ptihody, které koreluje s
vétSimi infarkty, vys$S§im skore ASPECTS a zvySenym rizikem hemoragické
transformace. Unik BBB se ukazal jako potencialni biomarker pro zavazné
nasledky cévni mozkové ptihody a riziko vaskularni epilepsie (skore SeLECT).
Sekvence MRI (FLAIR, DWI, postkontrastni T1w) umozZnily pifesnou segmentaci
1ézi a odhalily naruSeni BBB hlavné v oblastech s pozitivnim FLAIR, které
zasahovalo do perilesionalni Sedé hmoty.

Experimentalni studie potvrdila, ze model MCAO je spolehlivy pro
zkoumani poSkozeni BBB. Fluorescen¢ni spektrometrie a extravazace Evansovy
modii prokdzaly vyznamné naruSeni BBB v ischemické 1€zi, coz se shoduje s
klinickymi nalezy MRI. Tyto vysledky podporuji tlohu naruseni BBB pfi
prodluzovani ischemického poSkozeni a udrZovani neurondlniho poSkozeni.
Model potvrdil naruseni BBB ve vice ¢asovych bodech, které dosahlo vrcholu v
akutni a subakutni fazi.

Kombinované klinické a experimentdlni vysledky poukazuji na
pretrvavajici povahu poskozeni BBB u ischemické cévni mozkové piihody, a to i
po reperfuzi. Naruseni BBB je stale pfitomno v subakutni fazi, kdy jsou pacienti
obvykle propusténi. Toto dlouhodobé poskozeni BBB naznacuje, ze cilena oprava
nebo stabilizace BBB by mohla pomoci zabranit dalSimu poskozeni neuront a
zlepsit zotaveni.

Tato studie prohlubuje znalosti o dysfunkci BBB u cévni mozkové piihody

a zduraziiuje jeji roli v progresi a terapeuticky potencial. Pokrocilé zobrazovani v
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klinickych 1 experimentalnich podminkach poskytlo klicové poznatky o
poSkozeni BBB a zdlraznilo potfebu budouciho vyzkumu intervenci, které¢ by
zmirnily chronické nasledky mrtvice, v¢etné vaskularni epilepsie a degenerace

neuronu
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